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Resumen

Desde el descubrimiento del cemento Portland, hace casi dos siglos, la
produccion industrial de morteros llevo a entusiasmar a tal punto a
arquitectos e ingenieros que el cemento Portland remplazo los morteros
tradicionales en la totalidad de las nuevas construcciones.
Lamentablemente, esto ocurrio también en los edificios historicos, donde
el cemento fue usado irracionalmente como material de restauracion. La
incompatibilidad del cemento con los materiales de construccion
tradicionales ha causado la aceleracion de los procesos de deterioro, con
dafios finales irreversibles en nuestro Patrimonio Arquitectonico y
Artistico. Hoy en dia los profesionales estan demostrando un renovado
interés hacia el uso de morteros tradicionales, especialmente en base cal,
ya que estos aseguran compatibilidad, adaptabilidad y longevidad. Sin
embargo, las técnicas de produccion adoptadas en el pasado no se pueden
recuperar en la época moderna, ya que hay que tener en cuenta otros
requisitos, como tiempos y costes de produccion.

Esta Tesis doctoral quiere contribuir a la conservacion del Patrimonio
Arquitectonico, proporcionando una base para el disefio de nuevos
morteros de restauracion para revestimientos que se puedan producir y
comercializar a nivel industrial. Con este fin, los componentes de /los
morteros y los métodos de preparacion se han seleccionado teniendo en
cuenta tanto los requisitos de la restauracion, como los de la industria.

Muchas de Ilas técnicas analiticas mds empleadas para Ia
caracterizacion de los morteros se han usado en esta Tesis doctoral:

- Los componentes y morteros se han caracterizado mediante técnicas
quimicas (fluorescencia de rayos X; cromatografia de Jiones) y
mineraldgicas (difraccion de rayos X; termogravimetria) y su textura y
microestructura se han estudiado mediante microscopia OJptica y
electronica de barrido y trasmision.

- Las propiedades de los morteros en estado fresco se han evaluado
mediante métodos estandar (ensayo de consistencia) y no-estandar ("wet
packing method”). Ademads, distintos aparatos reoldgicos se han usado
para caracterizar el comportamiento de las cales hidratadas en
suspension, que esta relacionado con la trabajabilidad del mortero.

- Las propiedades fisico-mecanicas de los morteros en estado de
endurecimiento se han determinado mediante ensayos hidricos (absorcion
libre de agua y secado, imbibicion capilar; conductividad hidraulica;
permeabilidad al vapor de agua) y mecanicos. Ademds, algunas técnicas
fisico-mecanicas no destructivas y parcialmente destructivas, tales como
ultrasonidos y una prensa micro-mecanica, se han utilizado con éxito para
la caracterizacion textural de los morteros.

- Se han disenado nuevos ensayos de laboratorio para el estudio de /a
durabilidad de los morteros y de los mecanismos de deterioro inducidos
por variaciones de temperatura y humedad, lluvia, ciclos de hielo-deshielo
y ataque por sales.
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Los componentes iniciales elegidos para esta Tesis han sido: dos cales
hidratadas de composicion calcitica y dolomitica, dos a&ridos calcitico y
siliceo, dos componentes hidraulicos usados como aditivos y tres
adiciones. Las condiciones de curado de baja humedad a las que se han
expuesto los morteros durante el estudio han sido decisivas en /la
seleccion de los componentes y las dosificaciones finales, tal y como se
indica a continuacion:

- Las cales calcitica y dolomitica presentan una microestructura muy
diferente que influye en su comportamiento en suspension y,
consecuentemente, en la trabajabilidad final de la pasta de mortero, que
es mayor cuando se utiliza cal dolomitica. Sin embargo, los morteros de
cal dolomitica han mostrado una retraccion mucho mds alta y peores
propiedades durante el endurecimiento, con respecto a los de cal calcitica.
Por tanto, el uso de la cal dolomitica en esta Tesis se ha descartado.

- El uso de un arido calcitico o siliceo tiene una influencia directa sobre la
cantidad de agua de amasado, asi como sobre la porosidad abierta, que
era mdas alta en los morteros con d&rido calcitico. Sin embargo, se ha
observado que el drido calcitico induce una mejora en la microestructura y
textura de los morteros durante la carbonatacion, por lo gque se ha elegido
el drido calcitico para esta investigacion.

- Dos componentes hidraulicos se han afadido a los morteros: cemento
blanco Portland y metacaolin. El primero ha resultado ser un componente
perjudicial en la durabilidad de [los morteros y su uso se ha
definitivamente descartado. EI ultimo, en cambio, ha mejorado /las
propiedades fisico-mecanicas de los morteros. Sin embargo, los morteros
presentaban aun una alta porosidad, por lo que se ha considerado
necesario el uso de adiciones para reducir el contenido en agua.

- La perlita ha permitido disminuir la densidad de los morteros y el
contenido en agua y, ademds, ha aumentado su trabajabilidad. E/
derivado de celulosa ha reducido la cantidad de agua de amasado y
mejorado la capacidad de retencion de agua de la cal. Finalmente, el
plastificante ha aumentado ligeramente el contenido en agua pero ha
mejorado sustancialmente la trabajabilidad de los morteros, favoreciendo
la dispersion de las particulas y, por tanto, su reactividad.

- Los estudios realizados han destacado también la importancia de la
correcta eleccion de las proporciones aglomerantes-aridos mds apropiadas
para morteros de restauracion para revestimiento.

Esta Tesis doctoral cumple con los objetivos iniciales propuestos,
respecto a la seleccion de los componentes y dosificaciones mas
adecuados para el disefio de morteros de revestimiento compatibles y
durables. Ademds, esta Tesis proporciona nuevos conocimientos de los
meétodos de ensayo y lineas guia para la preparacion de morteros de cal.
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Introduccion y objetivos

En el ultimo siglo muchos edificios histéricos han sufrido intervenciones
de restauracién que se han revelado erroneas debido al uso indiscriminado
del cemento Portland que ha dado lugar, en numerosos casos, a dafos
irreparables. El cemento es un material de elevada rigidez y baja
permeabilidad y, ademas, contiene sales solubles, lo que lo hace
incompatible con los elementos de mamposteria tradicionales (Veniale et
al., 2003; Callebaut et al., 2001). El resultado de su uso en el Patrimonio
Arquitectdénico ha sido contraproducente como lo demuestra la aceleracion
de los procesos de deterioro que se han desarrollado en los edificios
historicos donde este material ha sido aplicado.

Segun numerosos estudios cientificos, el mortero de cal es el que mas
se aproxima, por sus propiedades, a los materiales tradicionales de
construccion, ademas de ser el mas longevo (Maurenbrecher, 2004; Groot
et al., 1999; Cowper, 1927), por lo que su empleo en los procesos de
sustitucién e integracién de materiales histéricos deteriorados parece, en
definitiva, el mas idoneo. El uso del mortero de cal presenta numerosas
ventajas respecto al del cemento Portland y de sus derivados. Es un
material que permite la “transpiracién” de la piedra a la que esta unido vy,
por su composicion quimica, no da lugar a la formaciéon de sustancias
inestables y dafinas en las obras de construccién. Ademas, el lento
proceso de carbonatacién que caracteriza los morteros de cal produce un
aumento gradual de las resistencias mecanicas en el tiempo, reduciendo al
minimo los esfuerzos y las tensiones entre los materiales. Su utilizacion
puede constituir incluso un beneficio para el medio ambiente, porque en el
proceso de coccidn de la cal se necesitan temperaturas mas bajas de las
que se alcanzan en la produccién de cementos, lo que requiere un menor
consumo de combustible. También, desde el punto de vista estético los
morteros de cal son mdas compatibles con los materiales originales: su
color blanco y la amplia gama de colores y tonalidades que se pueden
conseguir con la adicion de pigmentos, hacen que se mantenga el aspecto
cromatico original del monumento (Rattazzi, 2007). Por estas razones, en
los ultimos diez afios se esta reconsiderando y revalorizando el uso del
mortero de cal. Desafortunadamente, el prolongado abandono de su uso
en la construccion ha llevado a un casi total desconocimiento de las
técnicas de fabricacion tradicionales, lo que hace dificil la recuperacién de
la calidad de los productos alcanzada en el pasado con la cal, sobre todo
por la falta de mano de obra especializada en el uso de materias primas
no “cementicias”.

En los ultimos afios el mundo cientifico estd demostrando un renovado
interés hacia el estudio de las propiedades y caracteristicas de los
morteros antiguos, para llegar a un mejor conocimiento de las técnicas de
fabricaciéon y métodos de aplicacién utilizados en el pasado (Elert et al.,
2002). Gracias al avance en el estudio de los morteros, el mundo cientifico
ha logrado convencer a la industria de la necesidad de una diferenciacion
de los materiales en funcidén de su utilizacién, sobre todo cuando esta en
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juego la salvaguardia del Patrimonio Historico y Monumental, fomentando
asi el interés hacia la produccion de otros productos mas adecuados vy
“tradicionales”. Por otra parte, en el ambito de la construccidon actual, no
seria posible recuperar del todo las viejas metodologias de construccion,
ya que éstas resultan muchas veces incompatibles con los requisitos de la
industria moderna, entre ellos costes de produccion y tiempos de
ejecucidn. Ademas, no existe una normativa referida a la fabricacion de
morteros de cal sino que se debe hacer referencia a nhormas adecuadas a
cementos y hormigones. La falta de una estandarizacién de todos los
parametros que influyen en las prestaciones de este material, hace
complicada su reproduccién a nivel industrial, sobre todo por Ila
polivalencia funcional y constructiva del mortero de cal.

Una de las consecuencias principales de la produccién industrial de
morteros es el abandono de los morteros artesanales (UNE-EN 998-2,
2004) en favor de morteros en forma de polvo seco, en los cuales el arido
y la cal (también en forma de polvo seco) estan homogéneamente
mezclados y listos para ser utilizados. Si por un lado la produccion de
morteros en polvo conlleva algunas ventajas, tanto en la elaboracion
(garantia y control de calidad) como en la obra (rapidez de amasado y
ningun desperdicio del producto) (Boletin AFAM, 2003), por otro lado ésta
supone el uso de materiales de menor calidad con respecto a los
empleados tradicionalmente.

Por ejemplo, la cal hidratada en polvo no tiene las excelentes
propiedades reoldgicas de las cales en pasta (Rodriguez-Navarro et al.,
2005; Ruiz Agudo y Rodriguez Navarro, 2010), por lo que con esta cal no
se pueden obtener morteros de elevada plasticidad y reactividad (Cazalla
et al., 2000) a no ser que se ahadan aditivos. A pesar de la superioridad
de la pasta de cal, la cal hidratada en polvo es actualmente la mas
utilizada en la fabricacion de morteros, debido a sus bajos costes de
produccién y comercializacién y a la facilidad y rapidez de su uso.

El objetivo principal de esta Tesis Doctoral es la elaboraciéon de nuevos
morteros de restauracion en base cal que se puedan producir a nivel
industrial y comercializar en forma de polvo seco, para su aplicacién final
como morteros de revestimiento en edificios histéricos y modernos.

Para alcanzar este objetivo ha sido necesario lograr también los
siguientes objetivos parciales:

- seleccionar los componentes mas compatibles y las proporciones
mas adecuadas para morteros de revoco;

- considerar nuevos métodos para la evaluacion de la calidad de los
morteros de cal en estado fresco y en proceso de endurecimiento;

- evaluar la durabilidad de morteros de cal para revoco, mediante la
realizacion de nuevos ensayos de laboratorio.
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. Requisitos de la investigacion

En los ultimos afos, muchos han sido los intentos de disefiar nuevos
morteros de restauracion que se puedan comercializar a nivel industrial.
Sin embargo, la mayoria de los productos existentes en el mercado son
morteros hidraulicos o aéreos que tienen afadido cemento Portland.
Algunos estudios (Marie-Victoire and Bromblet, 1999; Jornet et al., 2010)
han demostrado que estos productos se caracterizan por mayores
resistencias mecanicas y menor porosidad capilar y permeabilidad al vapor
de agua comparado con los materiales tradicionales. Por estas razones, no
se puede reprochar a los restauradores y arquitectos su indecision acerca
de la preferencia de estos morteros a los tradicionales, preparados in-situ.

Sin embargo, no es imposible producir industrialmente morteros de
restauracién de buena calidad, siempre y cuando se respecten algunos
aspectos basicos que tienen en cuenta tanto los requisitos generales de la
produccién industrial como los mas especificos de la restauracion:

a) en primer lugar, el mortero de restauracién debe ser compatible
con los demas elementos de mamposteria. Esto puede asegurarse
mediante una cuidadosa seleccidon de los componentes de los morteros;

b) en segundo lugar, es necesario establecer cuales son las
caracteristicas requeridas en el mortero, en funcién de su utilizacién. En
el caso de morteros de revestimiento las principales son (Groot, 2010;
Hughes, 2010):

- moderada tendencia a la retraccién;

- adherencia y flexibilidad suficientes para seguir los movimientos de
mamposteria;

baja absorcién capilar;

elevada permeabilidad al vapor de agua;

alta resistencia a ciclos de hielo-deshielo;

color y textura compatibles con los objetivos definidos para la
restauracion.

c) en tercer lugar, hay que tener en cuenta que las caracteristicas
antes mencionadas pueden variar una vez aplicadas, dependiendo de
los materiales con los que el mortero esta en contacto. Por ejemplo, un
mismo mortero de revestimiento puede presentar diferentes grados de
retraccion y adherencia si aplicado sobre soportes con diferente
capacidad de absorcién de agua.

d) Finalmente, las caracteristicas de un mortero también dependen
de las condiciones climaticas a las que esta expuesto, por lo que es
necesario disefar los morteros en funcién del lugar donde se aplicara.

Por ultimo, existen otros aspectos que es necesario tener en cuenta a
la hora de disefiar un mortero de restauracion que sea producido a nivel
industrial:

e) Como se ha comentado anteriormente, la cal seleccionada debe
ser en forma de polvo seco, debido a la incompatibilidad de la pasta de



cal con la forma industrial de producir y suministrar los morteros (en
estado seco);

f) También relacionado con la anterior condicion, existen métodos de
elaboracion que estan obligatoriamente descartados en un proceso
industrial. Uno de ellos es el amasado de la cal con agua antes de
mezclarla con los demas componentes, que permite alcanzar una mayor
plasticidad de la pasta de mortero (Burnell, 1990). A pesar de que este
procedimiento seria mejor, la produccién industrial prevé la mezcla
simultanea de todos los componentes con el agua (cuya cantidad esta
indicada en la ficha técnica del producto).

Una vez tenidas en cuenta estas restricciones, es aun posible disefar
un mortero de restauracion pre-dosificados que a la vez cumpla con los
requisitos de compatibilidad y longevidad establecidos para morteros de
restauracion y posea las caracteristicas requeridas en un mortero de
revestimiento. Y es sobre la base de estas exigencias que se ha
desarrollado esta Tesis Doctoral.

. Esquema de la investigacion

Esta tesis doctoral consta de cuatro partes principales que resumo a
continuacion:

- PARTE I: Seleccién de los componentes mas adecuados para la
elaboracion de morteros de restauracion, mediante el estudio de la micro-
estructura y propiedades reoldgicas de cales calcitica y dolomitica
(capitulo I.1) y la caracterizacién mineraldgica, textural y fisico-mecanica
de morteros elaborados con cales calcitica y dolomitica y aridos calcitico y
siliceo (capitulos 1.2, 1.3, 1.4 y 1.5). En este apartado se estudia, en
particular, la influencia de la mineralogia, granulometria y textura del
arido en las propiedades de los morteros y la evolucion de estas
propiedades durante el proceso de carbonatacion (capitulos 1.3, 1.4y 1.5).
Ademas, se investiga la eficacia de técnicas no- o parcialmente
destructivas para la caracterizacién textural de morteros de cal (capitulos
I.4 y 1.5).

- PARTE II: Aplicacion de métodos estandar y no-estandar para una
correcta elaboracion de morteros de cal. En este apartado se hace
hincapié en los problemas debidos a la falta de una normativa especifica
para morteros de cal (capitulo II.1).

- PARTE III: Utilizacién de distintos tipos de aditivos para disminuir la
cantidad de agua de amasado, con el objetivo principal de reducir la
retraccion de los morteros de cal. En este apartado se realiza un estudio
de la compatibilidad quimico-mineraldgica, textural y fisico-mecanica de
los aditivos con los componentes principales de los morteros (capitulos
IIL1vy IIL2).

- PARTE IV: Estudio de la durabilidad de los morteros de cal, mediante
la evaluacion de su comportamiento frente al agua (capitulo IV.1) y de su
respuesta ante ensayos de envejecimiento especificos para morteros de
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revestimiento aplicados en zonas de baja humedad y amplias oscilaciones
térmicas (capitulo IV.2). En este ultimo capitulo se estudian los principales
factores (absorcidn capilar de agua, cristalizacién de sales, niebla salina,
hielo-deshielo) que provocan el deterioro de morteros de revestimiento.

Materiales y métodos

. Materiales utilizados
Aglomerantes

Cal calcitica apagada (CL): (CL 90-S; UNE-EN 459-1, 2002) fabricada
por la empresa ANCASA, del grupo CALCINOR (Sevilla) y proporcionada
por la empresa ARGOS Derivados del cemento S.L. (Padul, Granada);

Cal dolomitica apagada (DL): (DL 85-S; UNE-EN 459-1, 2002)
producida en los Estados Unidos y proporcionada por LHOIST-Recherche
et Développement S.A. (Nivelles, Bélgica).

Cemento Portland blanco (WPC): tipo BL II/A-LL 52,5 R (UNE-EN 197-
1, 2000), fabricado por CEMEX comercial (Valencia) y proporcionado por
ARGOS Derivados del cemento. Este aglomerante se ha utilizado en una
cantidad del 25% en peso en sustitucién de la cal en la elaboracion de
algunos de los morteros disefiados en esta tesis.

Aridos

Arido siliceo (SA): es un &rido granular natural (UNE-EN 13139, 2003)
de granulometria comprendida entre 0,1 y 0,5 mm y procedente de Arcos
de la Frontera (SIBELCO, C&adiz) y proporcionado por ARGOS Derivados
del cemento.

Arido calcitico (CA): es un arido de machaqueo (UNE-EN 13139, 2003)
de granulometria comprendida entre 0,063 y 1,5 mm. Este arido estd
formado por una mezcla de tres aridos calciticos de distinta granulometria
fabricados a partir de la misma caliza con alto grado de pureza y elevada
blancura, procedentes de una cantera de la provincia de Granada y
proporcionados por ARGOS Derivados del cemento.

Aditivos

Metacaolin (MK): es una arcilla calcinada, clasificada como CLASS N
POZZOLAN (ASTM C618-08), fabricada por BURGESS PIGMENT COMPANY
(Estados Unidos) y proporcionada por ARGOS Derivados del cemento.
Este componente se ha usado en sustitucién del 10-20% en peso de la cal
en la elaboracion de algunos de los morteros disefiados en esta Tesis.

Perlita (P): es una perlita expandida, usada como adiciéon en algunos
morteros con la funcion de aligerante. Su nombre es Otaperl 0/1-TR,
producida por Otavi Iberica Slu y proporcionada por ARGOS Derivados del
Cemento.

Derivado de celulosa (C): es una metilhidroxietilcelulosa, usada como
adiciéon en algunos morteros con la funcién de retenedor de agua. Su
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nombre es Tylose MHS 10012 P6, producida por SE Tylose GmbH&CO.KG
(Alemania) y proporcionada por ARGOS Derivados del Cemento.

Policarboxilato (R): es un policarboxilato de cadenas largas, usado
como adicién en algunos morteros con la funcién de plastificante. Su
nombre es Rheomix GT205 MA, producido por BASF Chemical Company y
proporcionado por ARGOS Derivados del Cemento.

. Elaboracion de los morteros

La fabricacion de las probetas de mortero se ha efectuado siguiendo
las normativas UNE-EN 1015-2 (1999) y UNE-EN 1015-11 (1999). Sin
embargo, en algunas etapas de la elaboracion se han aplicado las
modificaciones propuestas por Cazalla (2002). La preparacién de las
probetas ha constado de cinco etapas principales:

1) mezcla de los componentes (los componentes se mezclan primero
en seco y luego con agua);

2) amasado (90 s en amasadora);

3) enmoldado (en moldes normalizados de 4x4x16 cm);

4) desmoldado (después de 7 dias);

5) conservaciéon de las probetas en camara de curadoa T = 20 £ 5 °C
y HR = 60 = 5% durante 28 dias.

Todos estos procesos se llevaron a cabo en los laboratorios de la
empresa ARGOS.

. Caracterizacion fisica de componentes y
morteros

- Determinacion de la granulometria de los aridos: se ha realizado con
una tamizadora mecanica siguiendo las indicaciones de la norma UNE EN
933-2 (1996).

- Determinacion de la granulometria de las cales: se ha realizado con
un medidor de tamano de particulas GALAI CIS-1.

- Determinacion de la movilidad electroforética y potencial-Z: se ha
realizado mediante el método Smoluchowski (1903), usando un
instrumento Malvern Zetasizer 2000 (del Dpto. de Fisica Aplicada,
Universidad de Granada).

- Determinacion de la densidad de particulas: se ha realizado mediante
picnometro (en el Dpto. de Ingenieria Civil de la Universidad Catdlica de
Lovaina, Bélgica), segun el estandar ASTM D 854-92 (1993).

- Determinacion de los valores de RLP y RCP y la densidad de
empaquetamiento: se ha realizado segun los métodos de Shapiro and
Probestein (1992) y Wong and Kwan (2007).

- Determinacion de la superficie especifica y volumen de microporos:
se ha realizado mediante la técnica de Adsorcion de N, (Micromeritics
3000 Tristar) y segun los métodos de Brunauer-Emmet-Teller (BET)
(1938) y Barret-Joyner-Halenda (BJH) (1951).

- Andlisis reoldgicos: se han realizado mediante un viscosimetro
Viskomat PC y un redmetro Brookfield, en procedimiento de velocidad
(CR) y esfuerzo (CS) controlados.
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- Determinacion de la consistencia: se ha realizado mediante el método
de la mesa de sacudidas, UNE EN 1015-3 (1999).

- Determinacion de la retraccion: se ha realizado con el equipo SWG-H-
400 (de ARGOS Derivados del Cemento) y midiendo la variacién
dimensional de las probetas a lo largo del tiempo.

. Caracterizacion quimico-mineraldgica y
petrogréfica de componentes y morteros

- Andlisis guimicos: se han realizado mediante las técnicas de
fluorescencia de rayos X (espectrometro Bruker S4 Pioneer) vy
cromatografia de iones (Dionex IC DX500 (de la Escuela de Geografia y
Ambiente de la Universidad de Oxford, Reino Unido).

- Anaélisis mineraldgicos: se han realizado mediante las técnicas de
difraccion de rayos X (difractometros Philips PW-1710 y Panalytical X'Pert
PRO MPD) y termogravimetria (Shimadzu TGA-50H).

- Estudio petrografico: se ha realizado mediante microscopia 6ptica
(Olympus BX-60) y electrénica (FESEM, Carl Zeiss Leo-Gemini 1530;
HRTEM, Philips CM20+EDAX; ESEM, Philips Quanta 400).

- Caracterizacion del sistema poroso: se ha realizado mediante las
técnicas de porosimetria de intrusién de Hg (Micromeritics Autopore III
9410) y adsorcion de N> (Micromeritics 3000 Tristar).

- Determinacion de las propiedades hidricas: se ha realizado mediante
ensayos de absorcion, desorcion, capilaridad, conductividad hidraulica y
permeabilidad al vapor de agua.

- Determinacion de la resistencia a flexion y compresion: se ha
realizado mediante dos tipos de prensa hidraulica, una INCOTECNIC-
Matest (de ARGOS Derivados del cemento) y una Instron 4411 (del Dpto.
de Ciencias de la Tierra y del Ambiente, Alicante).

- Medida de propagacion de ultrasonidos: mediante un equipo
Panametrics HV Pulser/Receiver 5058 PR acoplado a un Tektronix TDS
3012B.

. Estudio de la durabilidad de morteros

- Ensayos de envejecimiento acelerado: se han realizado mediante una
camara climatica Sanyo-FE 300H/MP/R20 (de la Escuela de Geografia y
Ambiente de la Universidad de Oxford, Reino Unido), en las que se han
establecido variaciones de temperatura, humedad relativa y luz, y se han
simulado condiciones de lluvia, absorcion de sales y niebla salina.
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Resultados y discusion

PARTE I: cCales y aridos: estudio de su influencia en
las propiedades de Ilos morteros en estado de
endurecimiento y evaluacion inicial de las proporciones
mas adecuadas.

. Capitulo I.1: Diferencias en las propiedades reologicas de
suspensiones de cal calcitica y dolomitica: influencia de las
caracteristicas de las particulas e implicaciones précticas en la
fabricacion de morteros de cal.

Arizzi A., Hendrickx R., Cultrone G., Van Balen K.
Materiales de Construccion (2012)
DOI 10.3989/mc.2011.00311

El estudio de las propiedades reoldgicas de suspensiones de cal es una
herramienta muy util para evaluar la trabajabilidad de morteros de cal. En
este trabajo se ha estudiado el comportamiento en suspensién de dos
cales hidratadas, de composicion calcitica y dolomitica, mediante dos tipos
de redmetros con geometria y modalidades distintas de medida. Los
resultados obtenidos se han interpretado teniendo en cuenta las
diferencias en la microestructura y las propiedades de superficie de las
particulas en suspension. Las particulas de cal calcitica estan formadas por
aglomerados angulares y polidispersos y, una vez dispersadas en agua,
presentan un comportamiento tixotrépico. Por su parte, la cal dolomitica
esta formada por nanoparticulas y pequefos agregados redondeados vy
muestra en suspensidn un pronunciado comportamiento plastico. Esta
importante diferencia entre las dos cales explica la preferencia tradicional
hacia morteros de cal dolomitica para aplicaciones en revocos.

. Capitulo I1.2: Diferencias en el comportamiento de
morteros de cal calcitica y dolomitica curados en condiciones de
baja humedad: relacion entre /as propiedades texturales y
fisico-mecanicas.

Arizzi A., Cultrone G.
Enviado a Cement and Concrete Research
(aceptado)

En este trabajo se han investigado las diferencias en la textura,
mineralogia y propiedades hidricas y mecanicas de morteros preparados
con cales apagadas en polvo de composicién calcitica y dolomitica. En
particular se ha estudiado la influencia en estas propiedades de la
microestructura de la cal y de las condiciones de curado de los morteros.
Se ha examinado, ademas, el efecto del uso de dos aridos distintos (uno
granular de composicion silicea y otro de machaqueo de composicion
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calcitica). Los resultados muestran que el uso de la cal dolomitica no es
recomendable si los morteros estan aplicados en zonas secas, ya que en
estas condiciones se generan muchas fisuras de retracciéon y no se obtiene
una mejora de la resistencia de los morteros. Ademas, los morteros de cal
dolomitica presentan un sistema poroso que empeora el comportamiento
hidrico. En cambio, los morteros de cal calcitica presentan un mayor grado
de carbonatacion y mejores propiedades fisico-mecanicas. Finalmente, el
uso de un arido calcitico es preferible porque genera una mejor cohesién
en el mortero.

. Capitulo 1.3: Cambios microestructurales y evolucion de
las propiedades fisico-mecdnicas de morteros de cal aérea
debido a /a carbonatacion. Influencia de la mineralogia y
morfologia del arido.

Arizzi A., Cultrone G.
Enviado a Quarterly Journal of Engineering Geology and Hydrogeology

Este estudio se ha centrado en investigar la influencia de la mineralogia
y morfologia del arido en las propiedades microstructurales vy
macroscopicas de morteros de cal aérea. Se ha intentado también
comprender el papel del arido en el proceso de carbonatacion. Para esto,
morteros preparados con dos tipos de arido (calcitico y siliceo) se han
curado durante dos afios en condiciones estandar y se han estudiado a
distintos intervalos de tiempo mediante analisis texturales vy
mineraldgicos, asi como a través de ensayos hidricos y fisico-mecanicos.
Los resultados muestran que las diferencias en las propiedades iniciales
del mortero dependen de la morfologia del arido, que también afecta a la
evolucion de las caracteristicas del mortero. Se ha encontrado también
que el arido calcitico induce una mayor carbonatacion y mejores
propiedades texturales y fisico-mecanicas que el arido siliceo, y esto se
debe especialmente a las diferencias de composicion y textura entre los
dos tipos de aridos.

. Capitulo 1.4: Propagacion de los ultrasonidos en morteros
de cal aérea: una herramienta util y alternativa para /la
caracterizacion textural.

Arizzi A., Martinez-Martinez J., Cultrone G.
Enviado a Materials and Structures
(en revision)

La caracterizacion textural detallada de morteros de cal resulta una
tarea dificil cuando el muestreo esta limitado (por ejemplo, en edificios
historicos). En estas situaciones, técnicas no-destructivas como los
ultrasonidos representan una eficaz alternativa, debido a su amplia
posibilidad de aplicacién. En este trabajo se ha estudiado la respuesta de
la velocidad de propagacion (vp) y la atenuacidén espacial (as) de los
ultrasonidos en morteros de cal con diferentes proporciones cal-arido,
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cantidad de agua, mineralogia y granulometria del arido y grado de
carbonatacion. Los resultados muestran que los principales parametros
texturales que controlan v, y as son la porosidad y el grado de
carbonatacion de los morteros. La primera esta relacionada con la
cantidad de agua de amasado, mientras que el segundo depende de la
edad del mortero. Se han obtenido dos ecuaciones empiricas para evaluar
la porosidad y el grado de carbonatacion de los morteros mediante las
medidas de propagacion de los ultrasonidos, estableciendo asi el primer
paso para la caracterizacidon de la textura de morteros de cal en un futuro
mediante técnicas no-destructivas. Estos resultados se han corroborado
mediante microscopia optica y electrénica de barrido, difraccién de rayos
X y analisis de porosimetria de inyeccién de mercurio.

. Capitulo I.5: Evolucion de las propiedades mecédnicas de
morteros de cal aérea durante el proceso de carbonatacion.

Arizzi A., Martinez-Martinez J., Cultrone G., Benavente D.
Key Engineering Materials, 465 (2011) 483-486.

El mortero de cal es uno de los materiales de construccidn mas
antiguos y longevos. Se caracteriza por una lenta carbonatacién durante
la cual el Ca(OH), reacciona con el CO, presente en el aire para formar
calcita, dando lugar a un material mas compacto y mas fuerte. Este
proceso tiene lugar desde la superficie hacia el interior del material y esta
condicionado por las condiciones de reaccion. El objetivo de este estudio
es cuantificar los incrementos de resistencia y elasticidad de distintos
morteros de cal en relacién a su grado de carbonatacion. Para esto, se
han elaborado seis tipos de morteros con diferentes proporciones cal-arido
y con aridos de mineralogia y granulometria distintas. Para seguir el
proceso de carbonatacion se han realizado estudios mineraldgicos y
texturales. Cada mortero ha sido sometido a compresidon uniaxial después
de 15, 28 y 60 dias desde la elaboracién. Para diferenciar el
comportamiento mecanico de las partes externas e internas de los
morteros, dos micro-probetas (10x10x10 mm) se han obtenido de los
primeros 10 mm vy del interior de cada paralelepipedo. Los resultados
muestran que los incrementos de resistencia y, en particular, del modulo
elastico estan asociados al proceso de carbonatacion, pero varian en
funcidn de la composicidon y compacidad de los morteros.

. Conclusiones parciales

En esta parte de la Tesis se ha alcanzado un conocimiento detallado de
la microestructura de las cales, de las caracteristicas texturales de los
aridos y de las caracteristicas mineraldgicas y texturales y propiedades
fisico-mecanicas de los morteros.

En particular, se ha encontrado que la cal dolomitica en polvo confiere
una mayor plasticidad a las pastas de cal con respecto a la cal calcitica.
Esta diferencia de comportamiento en suspensién entre las dos cales esta
relacionada con su micro- y nanoestructura. Este estudio sugiere que se
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obtienen morteros mas trabajables con la cal dolomitica (capitulo I.1). De
ese modo, se puede pensar que los morteros de cal dolomitica presentan
también mejores propiedades en estado endurecido con respecto a los
morteros de cal calcitica.

Sin embargo, el estudio de las propiedades de los morteros de cal
calcitica y dolomitica en estado endurecido muestran resultados
contradictorios respecto a la preferencia de una cal o de otra (capitulo
I1.2). En efecto, los morteros de cal dolomitica, aunque muestran una
mejor trabajabilidad en estado fresco, no mantienen esta ventaja sobre
los morteros de cal calcitica durante el endurecimiento.

Probablemente, la razén principal de esta diferencia se debe a las
condiciones de curado a las cuales los morteros fueron expuestos durante
la fase de endurecimiento. En este estudio, se han considerado
condiciones secas (T = 20 °C; HR = 60%), ya que el objetivo principal de
esta Tesis es el disefio de morteros de revestimiento que se puedan
aplicar en zonas secas o0 de baja humedad. De acuerdo con este objetivo,
el uso de la cal calcitica se ha mantenido mientras que el de la cal
dolomitica ha sido descartado. Sin embargo, el uso de morteros de cal
dolomitica no deberia descartarse en zonas de alta humedad.

El proceso de carbonataciéon de los morteros se ha estudiado durante
dos afos desde su elaboracion (capitulos 1.3 y I.4). De acuerdo con la
mayoria de investigaciones sobre la carbonatacién, se ha confirmado que
la trasformacion de la portlandita en calcita es un proceso muy lento en
los morteros de cal aérea. Nuestros resultados muestran que la
carbonatacion ocurre principalmente durante los dos primeros meses de
vida de los morteros y después continta a una velocidad mucho menor.

Para evaluar y cuantificar la carbonatacién en el tiempo se han usado
tres parametros: el grado de carbonatacién (1) (capitulos 1.3y 1.4) y la
velocidad de propagacion (V,) y atenuacion espacial (as) de los
ultrasonidos en los morteros. En particular, se ha observado una relacion
directa entre los valores de Icp y Vp, ya que el ultimo refleja los cambios
de mineralogia en los morteros (capitulo I.4).

Otro factor que influye en los parametros ultrasonicos y mecanicos es
el sistema poroso de los morteros en el que a su vez influye la cantidad de
agua de amasado (capitulos 1.4 y 1.5). Este resultado representa el primer
paso para la caracterizacidon textural de los morteros mediante técnicas no
o parcialmente destructivas, como los ultrasonidos y los ensayos de mini-
compresion.

Se han encontrado resultados concordantes con respecto a la seleccidon
del arido (capitulos 1.2, 1.3, 1.4 y I.5). La preferencia se ha dado al arido
calcitico, que da lugar a un mayor grado de carbonatacion y mejores
cohesién entre arido y matriz, compacidad y resistencias de los morteros,
debido a una similitud de composicidén y textura entre los componentes de
los morteros elaborados con este arido.

La seleccidon de la proporcion cal-arido mas adecuada serd considerada
también en los capitulos siguientes, ya que en esta parte de la Tesis no se
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ha encontrado una satisfactoria relacién entre el contenido en arido y las
propiedades de los morteros.

PARTE II: Métodos estdndar y no estdndar: estudio
de su adaptabilidad a morteros de cal aérea.

. Capitulo II.1: Comparacion de distintos métodos para
determinar la densidad de empaquetamiento de mezclas
granulares frescas. Fracaso de su aplicacion en los morteros de
cal.

Arizzi A., Cultrone G.
Enviado a Cement and Concrete Composites
(en revision)

La densidad de empaquetamiento es uno de los factores que mas
influyen en la calidad de morteros en estado fresco. Existen métodos
estandar para su determinaciéon de forma directa e indirecta, pero en la
mayoria de los casos estos métodos no dan una estimacion realista de la
porosidad (o contenido en espacios vacios). En este trabajo se ha utilizado
el método llamado “wet packing method” recientemente desarrollado por
Wong y Kwan (2008), con el objetivo de determinar la proporcién agua-
cal a la que se alcanza el empaquetamiento en morteros de cal con
distintas proporciones cal-arido. Para apoyar la validez de este método,
los datos se han comparados con los obtenidos midiendo la densidad
aparente de los componentes en estado seco, con y sin compactacioén, y la
consistencia de las pastas de morteros, mediante el método estandar de
la mesa de sacudidas. Después, para comprobar la fiabilidad del “wet
packing method”, es decir, para confirmar si los morteros preparados con
este método presentan buenas propiedades una vez endurecidos, sus
propiedades mineraldgicas, texturales y mecanicas se han estudiado
después de dos y seis meses de carbonatacion. Los resultados han
mostrado que, aunque el “wet packing method” parece ser mas realista
gue la mayoria de los estandares usados para determinar el contenido en
poros y alcanzar una d6ptima trabajabilidad en mezclas granulares, este
método sigue sin ser el mas adecuado para la elaboracion de morteros de
cal aérea con buenas propiedades en estado fresco y endurecido.

. Conclusiones parciales

Ninguno de los métodos estudiados en esta parte de la tesis se puede
considerar totalmente adecuado para el disefno de morteros de
restauracién de cal. Sin embargo, este estudio lleva a consideraciones
importantes que se describen a continuacion.

En primer lugar, esta investigacién ha mostrado que para establecer la
correcta cantidad de agua a utilizar en los morteros, es mejor aplicar
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métodos que determinan sus caracteristicas, como densidad y contenido
en aire, cuando los morteros estan en estado fresco.

En segundo lugar, se ha descubierto que la escasa adaptabilidad del
ensayo de consistencia a morteros de cal se debe principalmente a que el
intervalo de valores de escurrimiento establecido en el estandar resulta
incorrecto para este tipo de morteros. Por tanto, es importante definir un
nuevo intervalo de valores que se aplique a los morteros de cal para su
correcta elaboracién. Por ejemplo, en el capitulo II.1, para mezclas bien
empaquetadas de cal y arido se ha encontrado un intervalo de
escurrimiento aproximativo entre 140 y 170 mm, que es mas estrecho
que el establecido en la normativa para morteros de cemento (140-200
mm).

Finalmente, el método “wet packing method” no se ha adoptado en los
estudios siguientes de esta Tesis, a pesar de ser el mas adecuado para
evaluar la densidad de empaquetamiento de mezclas de morteros de cal
aérea. La razdén es que en los morteros elaborados con este método se ha
observado un sistema poroso discontinuo (entre la superficie y el interior)
que no puede ser beneficioso para la calidad final del mortero.

PARTE III: Aditivos y adiciones: estudio de su
influencia en las propiedades de los morteros en estado
de endurecimiento y evaluacidn de las proporciones
mas adecuadas.

. Capitulo III.1: Efectos negativos del uso de cemento
Portland blanco como aditivo en morteros de cal aérea: un
estudio quimico, mineralogico y fisico-mecanico.

Arizzi A., Cultrone G.
Capitulo del libro Bricks and Mortars Research,
ISBN: 978-1-61942-927-7

Recientemente se esta reconsiderando el estudio del mortero de cal, ya
que este material presenta una elevada compatibilidad con los materiales
de construccién del Patrimonio Arquitecténico. Por otro lado, el escaso
conocimiento de las técnicas de fabricacién y de los métodos de aplicacion
utilizados en el pasado, ademas de los largos tiempos de endurecimiento
del mortero de cal, han obligado investigadores y restauradores a usar
otros aglomerantes (como cemento y puzolanas) juntos con la cal, con el
fin de reducir los inconvenientes de este material. El uso del cemento
Portland como aditivo en morteros de cal parece ser una facil alternativa
en la produccion industrial de morteros de restauracién.

En este trabajo, se han comparado las caracteristicas quimico-
mineraldgicas y fisico-mecanicas de morteros preparados con cal calcitica
y arido calcitico, con las de morteros en los cuales el cemento Portland
blanco se ha usado en sustituciéon de un 25% en peso de cal. Este estudio
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muestra que los morteros preparados con cemento Portland no
proporcionan resultados satisfactorios después de dos meses de curado.
De acuerdo con los datos mineraldgicos y los analisis porosimétricos no se
han observado mejoras con la adiciédn de cemento. En efecto, aunque el
porcentaje de cemento anadido ha reducido la retracciéon que muestran los
morteros de cal, este componente no ha mejorado sus propiedades
mecanicas e hidricas. Aun mas importante, el cemento ha causado la
formacién de ettringita que ha provocado la aparicién de fisuras en las
probetas de mortero.

Este estudio demuestra que el uso del cemento Portland blanco,
aunque solo como aditivo en morteros de cal, puede perjudicar la
longevidad de los materiales que lo rodean.

. Capitulo IIL.2: Morteros de cal aérea con un aditivo
puzoldanico y distintas adiciones: un estudio mineraldgico,
textural y fisico-mecanico.

Arizzi A., Cultrone G.
Construction and Building Materials
31 (2012) 135-143

Este trabajo trata los efectos inducidos por un arido aligerante y
agentes reductores y retenedores de agua en las propiedades de morteros
en estado endurecido, donde la cal aérea esta remplazada por un 10% vy
un 20% de metacaolin. Ademas, se ha investigado la influencia de
distintas proporciones cal-arido (1:3,1:4,1:6,1:9 en peso). Se ha
encontrado una estrecha relacion entre el contenido de metacaolin y las
propiedades fisico-mecanicas (resistencia a compresidon y sistema poroso)
de los morteros. Este estudio es muy Uutil ya que permite establecer las
proporciones adecuadas de aditivos y adiciones que se utilizan en
morteros de cal aérea disenados para obras de restauracion.

. Conclusiones parciales

La idea de usar un cemento Portland blanco como aditivos en morteros
de cal ha sido descartada, ya que este material ha demostrado tener un
efecto negativo en la durabilidad de los morteros. A pesar de haber sido
eficaz en reducir la retraccion, su uso no se puede contemplar en el disefo
de morteros de restauracién (capitulo I11.1).

Por otro lado, un importante avance se ha conseguido con la
investigacién presentada en el cap/tulo III.2.

En primer lugar, se ha observado que el contenido de metacaolin
influye de manera importante tanto en el sistema poroso como en las
propiedades mecanicas de los morteros. Cuando su proporcion es del 20%
en peso de la cal, se obtienen morteros con resistencias y porosidades
elevadas. Ya que estas caracteristicas son inadecuadas para morteros de
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revestimiento, solo la proporciéon del 10% se ha mantenido en los
siguientes estudios, mientras que la proporcién del 20% se ha descartado.

En segundo lugar, el uso simultédneo de diversas adiciones ha resultado
ser una forma eficaz de reducir el contenido en agua v,
consecuentemente, la porosidad. Ademas, esto ha sido posible con una
pequefa cantidad de adiciones (solo el 2% del total). De esta forma, la
composicion del mortero es todavia muy parecida a la de la mezcla de cal,
metacaolin y arido, lo que es beneficioso desde el punto de vista de la
compatibilidad.

PARTE IV: La durabilidad de los morteros: estudio de
su comportamiento como morteros de revestimiento.

. Capitulo 1V.1: Propiedades hidricas y retraccion plastica en
morteros de cal aérea: evaluacion de su calidad como morteros
de revestimiento.

Arizzi A., Cultrone G.
Enviado a Journal of Cultural Heritage

El agua (en su estado solido, liquido y vapor) es uno de los factores
principales que causan el deterioro de los materiales. Por tanto, es
fundamental estudiar el comportamiento de los morteros frente al agua,
para poder evaluar la calidad y durabilidad de un mortero de
revestimiento, y asi asegurar su funcién protectiva en la mamposteria. Los
morteros estudiados han sido elaborados con una cal calcitica hidratada,
un arido calcitico, una puzolana, un arido aligerante, un agente retenedor
de agua y un plastificante. El efecto de diferentes proporciones
aglomerante-arido se ha estudiado a través de ensayos de absorcion de
agua por inmersion total, secado, capilaridad y permeabilidad al agua y al
vapor de agua. Otro aspecto que se ha considerado en la evaluacién de la
calidad de los morteros ha sido la retraccion plastica, que se ha medido a
través de un aparato no-estandarizado. Se ha encontrado que los
morteros con mas alto contenido de cal absorben una mayor cantidad de
agua, mientras que los morteros con mayor proporciéon de arido muestran
un secado mas rapido y valores mas altos de permeabilidad al agua y al
vapor de agua. Tanto el comportamiento hidrico, como los valores de
retraccion, se han interpretado teniendo en cuenta las diferencias en la
microestructura y sistema poroso de los morteros.
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. Capitulo 1V.2: Estudio experimental de la durabilidad de
morteros de cal utilizados para el revestimiento de edificios
historicos.

Arizzi A., Viles H., Cultrone G.
Construction and Building Materials
28 (2012) 807-818

Para obtener un mortero de revoco con la mejor durabilidad, se han
disenado cuatro ensayos de envejecimiento acelerado que miran a simular
los movimientos del agua, la formaciéon de hielo y la cristalizacion de sales
en el interior de morteros de cal expuestos a un rango de temperatura y
humedad extremo pero, al mismo tiempo, realista. Se ha encontrado que
la respuesta de cada mezcla de mortero es diferente en relacion al
mecanismo y agente de deterioro. Estos resultados sugieren que, para
proporcionar datos Utiles, tanto el enfoque del ensayo experimental como
el tipo de mortero estudiado deben ser adaptados a la particular
circunstancia en la que el mortero sera aplicado.

. Conclusiones parciales

En esta parte final de la Tesis se ha conseguido un mejor conocimiento
de las propiedades de los morteros durante el endurecimiento.

La evaluacion de las propiedades hidricas ha sido crucial para entender
mas en detalle la susceptibilidad de estos materiales al deterioro causado
por el agua. En particular, el estudio realizado en el capitulo IV.1 ha
permitido seleccionar la proporcidon aglomerante-arido mas adecuada en
términos de comportamiento hidrico.

Al mismo tiempo, la medida de la retraccién plastica ha permitido
comprender los factores que influyen en la reduccidon del volumen de los
morteros debida a la evaporacién del agua, los cuales no estan
relacionados solo con los contenidos en agua y cal. Sin embargo, hay que
tener presente que la retraccion medida sobre muestras de laboratorio no
puede corresponder exactamente a la experimentada por los morteros
una vez expuesto a las condiciones ambientales. Ademas, la capacidad de
succion del soporte, que afecta la formaciéon de fisuras, no se ha
considerado en este tipo de medida. Por tanto, los valores de retraccién
determinados mediante el aparato usado deben tomarse simplemente
para propdsitos comparativos.

Finalmente, en el capitulo IV.2 se ha obtenido un profundo
conocimiento de los factores que afectan la durabilidad de los cuatro
morteros finales disefiados en esta Tesis. A través de este estudio, ha sido
también posible seleccionar el mortero de mayor durabilidad. Sin
embargo, la seleccién de la proporcion aglomerante-arido mas adecuada
debe ser realizada sobre la base de lo que se ha encontrado en los dos
estudios de esta ultima parte de la Tesis.
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Conclusiones

. Conclusiones generales

Esta Tesis doctoral se ha realizado con el objetivo principal de disefar
morteros de revoco para su uso en edificios antiguos y modernos. Para
esto, esta investigacion ha abordado algunos de los aspectos mas
importantes del disefio de morteros de restauracién:

1) la seleccién de los componentes de los morteros, como por ejemplo
aglomerantes, aridos y aditivos, que cumplan con el requisito de
compatibilidad y sean apropiados para intervenciones de restauracion;

2) la seleccién de las dosificaciones correctas, en cuanto a contenido en
agua y aditivos y proporcion aglomerante-arido, para disefiar morteros
con 6ptimas propiedades en estado fresco y endurecido;

3) la seleccion de métodos de elaboracion, curado y estudio apropiados
para obtener una caracterizacion precisa y exhaustiva de los morteros.

Los resultados principales y las conclusiones parciales de esta
investigacion se han comentado en los apartados precedentes (cf.
Resultados y Discusion). Las conclusiones generales que se pueden sacar
de esta Tesis se comentan a continuacidn.

Los componentes de los morteros

Los morteros de cal dolomitica han mostrado una mejor trabajabilidad,
debida a la mayor capacidad de retencidn de agua de las particulas de la
cal dolomitica y al comportamiento plastico que ésta manifiesta en
suspension. No obstante, el uso de la cal calcitica en morteros expuestos a
condiciones de curado de baja humedad ha producido un mayor grado de
carbonataciéon y mejores propiedades mecanicas. Sin embargo, en la
practica, hay que tener en cuenta que la calidad de los morteros de cal
dolomitica puede ser mejorada manteniendo himeda la superficie del
revestimiento.

El tipo de arido influye notablemente en las propiedades texturales de
los morteros y en su evolucién durante el endurecimiento. El uso de un
arido siliceo ha dado lugar a morteros fragiles, a causa de la escasa
compacidad y el bajo grado de carbonatacién alcanzados. Por otro lado, el
uso de un arido calcitico ha producido una mayor cohesién y mejores
resistencias mecdanicas. Ademas, el arido calcitico ha favorecido la
carbonatacion de la cal calcitica, gracias a una similitud en la composicion
de estos materiales.

El uso del cemento Portland blanco en morteros de cal ha producido
danos irreversibles cuando los morteros estaban en contacto con agua.
Esto indica que el cemento Portland blanco es un material perjudicial para
los materiales de fabrica tradicionales y, por esto, su empleo en
intervenciones de restauracion debe ser descartado, de la misma forma
que el cemento Portland gris.

La adicion de metacaolin es sin duda un método mejor de mejorar la
calidad y durabilidad de los morteros de cal aérea. Sin embargo, el
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incremento de la resistencias mecanicas y el efecto del metakaolin en el
sistema poroso ocurren en diferentes grados, dependiendo de la cantidad
de metakaolin afhadida. Por ello, es importante controlar su contenido
segun las propiedades finales que se requieren. Las condiciones de curado
han influido también en el resultado de la presencia del metakaolin, tal y
como se comentara a continuacion.

La inclusién de adiciones ha mejorado notablemente las propiedades de
los morteros de cal en estado fresco, ya que han actuado disminuyendo el
contenido de agua de amasado y la densidad del mortero. Sin embargo,
estas adiciones no han modificado las caracteristicas mineraldgicas y
micro-estructurales de los morteros. La perlita, de hecho, no ha
manifestado el débil caracter hidraulico esperado, probablemente por las
condiciones de baja humedad a los que los morteros estaban expuestos.
El derivado de celulosa y el policarboxilato han mejorado la capacidad de
retencion de agua y la dispersion de las particulas de cal,
respectivamente. Como consecuencia, también la reactividad de la cal
hacia el CO, ha aumentado.

Las dosificaciones de los morteros

Para la elaboracidon de los morteros compuestos exclusivamente por cal
y arido se han necesitado grandes cantidades de agua de amasado. Esto
ha resultado en una elevada retraccién durante el secado y en una alta
porosidad durante y una vez terminado el endurecimiento de los
morteros. La cantidad de agua de amasado se ha intentado reducir de dos
formas: aplicando métodos de preparaciéon no-estandardizados y usando
algunas adiciones especificas. En definitiva, el uso de adiciones se ha
revelado el método mejor para disminuir el contenido en agua y la
porosidad de los morteros, especialmente si se tiene en cuenta que la
cantidad total de adiciones empleadas no supera el 2% sobre el peso del
mortero. Sin embargo, en algunas situaciones especificas, (por ejemplo,
en verano) la cantidad del agente retenedor de agua deberia ser
aumentada para contrarrestar con mas eficacia la retraccion.

Las propiedades de los morteros han mostrado diferentes respuestas
en funcién de la cantidad de metacaolin anadida. Para morteros de
revoco, la proporcion de metacaolin mas apropiada ha resultado ser el
10% sobre el peso total del mortero, ya que ésta da lugar a cambios
moderados de las resistencias mecanicas y de la porosidad.

Las proporciones aglomerante-arido han influenciado en gran medida el
comportamiento hidrico y mecanico de los morteros. En general, los
morteros con elevados contenidos de cal (proporciones de 1:3 y 1:4 en
peso) han mostrado un mayor absorcidn de agua por inmersion y
capilaridad y bajas resistencias mecanicas, como era de esperar. Sin
embargo, la mejora de las propiedades mecanicas debida al incremento
del contenido en arido alcanza un limite después del cual mayores
proporciones de arido dan lugar a una perdida de compacidad y
resistencias (como ocurre en el mortero de proporcion 1:9). Esto se debe
principalmente a una escasa cohesion en la interfaz entre los granos de
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aridos y la matriz. Por la misma razén, en los morteros con mayor
proporcidén de arido (1:6 y 1:9 en peso) se han medido valores mas alto
de conductividad hidraulica, permeabilidad al vapor de agua y retraccién
plastica. Ademas, se han obtenido diferentes respuestas a los ensayos de
durabilidad en funcidon de la proporcién aglomerante-arido. En conclusion,
las proporciones con menor y mayor contenido de arido (1:3 y 1:9 en
peso) deben descartarse para morteros de revestimiento, ya que la
primera ha dado lugar a una porosidad y absorcion de agua demasiado
elevadas, mientras que la segunda ha producido una cohesidon muy baja y
un fuerte deterioro superficial. De acuerdo con los requisitos especificos
establecidos para morteros de revestimiento, el mortero con proporcién
aglomerante-arido de 1:6 sin duda ha mostrado las propiedades mas
adecuadas:

El contenido en agua usado para la elaboracién de este mortero ha
sido entre los mas bajos (21.5 % sobre el peso total), asi como la
porosidad (P,~31%) y la absorcién de agua (C,~7.95 g/min'/? and
A~0.03 g/cm®min’/?). El valor de permeabilidad de agua obtenido es
parecido en todos los morteros y, en éste, es inferior de sélo un 0.4
(Ky~2.69 g/m*h) respecto al mas alto.

Este mortero presenta los valores mas altos de resistencias
mecanicas (Rf~1.86 MPa and R.~3.63 MPa), sin ser demasiado
resistente para un mortero de revestimiento y, al mismo tiempo, de
restauracion.

También ha mostrado cierta resistencia al deterioro causado por la
absorcién capilar de sales y por los ciclos de hielo-deshielo y sélo un
ligero deterioro superficial debido a la deposicidon superficial de
sales.

Por ultimo, el grado de carbonatacién de este mortero ha sido entre
los mas altos después de la exposicion a las condiciones ambientales
establecidas durante los ensayos de durabilidad.

Métodos de preparacion, curado y ensayo

Todos los estandares para morteros de cemento ha mostrado ciertas
lagunas cuando se han aplicado a morteros de cal aérea. Uno de los
aspectos mas controvertidos que se han abordado en esta Tesis doctoral
es la forma de elegir el contenido mas adecuado de agua de amasado. En
particular, los valores de consistencia indicados en el estdandar UNE EN
1015-3:1999 han resultado ser inapropiados para los morteros de cal
disefiados, por los que se ha establecido un nuevo rango de flujo (entre
120 y 150 mm aproximadamente).

Las condiciones de curado de baja humedad elegidas para esta Tesis
han influenciado notablemente la calidad final de los morteros. Los
morteros de cal dolomitica han mostrado una retraccion plastica muy
importante bajo estas condiciones, con la consecuencia de que sus
propiedades finales han sido empeoradas de forma irreversible. Por la
misma razén, no se ha producido una completa hidratacion de las fases
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reactivas del metacaolin; esto, sin embargo, es una ventaja para la
calidad de los morteros, ya que se han producido solo un ligero
incremento de las resistencias mecanicas. De la misma forma, la perlita
no ha mostrado su potencial caracter hidraulico.

La técnica de ultrasonidos ha resultado ser mas util de lo esperado. En
efecto, esta técnica se ha empleado no sdlo para medir los parametros
dindmico-mecanico de los morteros, sino también como herramienta
adicional para caracterizar la textura de los morteros durante el
endurecimiento. Se han encontrado resultados concordantes a través de
las técnicas analiticas destructivas mas comunes, como difraccion de
rayos X, microscopia electrénica y porosimetria de mercurio, y la técnica
no destructiva de los ultrasonidos. Ademas, el estudio de los morteros
mediante ultrasonidos ha sido crucial para comprender la importancia del
contenido en agua sobre la microestructura de los morteros de cal.

El disefio de nuevos ensayos de laboratorio para el estudio de la
durabilidad de revocos ha contribuido a un conocimiento mas detallado de
los mecanismos de deterioro que ocurren en este tipo de mortero. La
metodologia disefada, en las que se establecen particulares condiciones
ambientales, agentes de deterioro, forma y tamaho de las muestras,
puede tomarse como referencia para evaluar la longevidad de morteros
gue se van a aplicar en otras areas con clima parecido o mas suave.
Ademas, este estudio puede facilitar la eleccion de las dosificaciones de
arido mas apropiadas, de acuerdo con la funcién principal que el mortero
va a ejercer en la mamposteria.

. Contribuciones originales

Esta Tesis doctoral lleva a un gran avance en el campo de investigacion
de los morteros de cal y, al mismo tiempo, contribuye a la sobrevivencia
de nuestro Patrimonio Arquitectonico, con el disefio de adecuados
morteros de restauracién. La originalidad de este trabajo de investigacion
estd en el tentativo de encontrar una solucion a la falta de morteros
compatibles y durables que se requieren para evitar los danos provocados
al Patrimonio Arquitecténico, asi como a la gran demanda de morteros
pre-dosificados, debida a los bajos costes y tiempos de produccién y a la
facilidad de uso de morteros producidos y comercializados a nivel
industrial. Esta Tesis ha abordado con éxito la dificil tarea de asegurar una
beneficiosa combinacién entre los requisitos de la industria y de la
restauracién, y los resultados obtenidos representan un punto de inicio
para investigaciones similares.

. Futuras perspectivas de trabajo

Multiples son las posibilidades para ulteriores investigaciones; en
particular, las pautas propuestas en esta Tesis para el disefio de morteros
de restauracion deberian ser validadas en una base mas amplia. Por
ejemplo:

- Deberian adoptarse condiciones de curado de elevada humedad para
investigar su influencia en las propiedades finales de los morteros.
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En estas condiciones, deberian estudiarse el grado de retraccién de
los morteros de cal dolomitica, el resultado de los procesos de
hidratacién y carbonatacidon en los morteros de cal con metacaolin y
el caracter hidraulico de la perlita, con el objetivo de verificar las
hipdtesis hechas.

Deberian considerarse también cales hidraulicas naturales (NHL),
especialmente para el disefo de morteros que van a aplicarse en
zonas de alta humedad.

Para mejorar ulteriormente la calidad de los morteros, deberian
ensayarse mas tipos de adiciones. En particular, se deberian
considerar adiciones naturales, organicas e inorganicas, cémo
almiddn, jugo y mucilago de Nopal, fibras y tierras diatomaceas,
entre otras.

La aplicacion de los métodos de ensayo a una variedad mas amplia
de morteros proporcionaria un conocimiento mas detallado de sus
limites y, sobre esta basis, se podrian desarrollar nuevos estandares
mas especificos para morteros de cal aérea.

Las ecuaciones empiricas obtenidas para evaluar la porosidad y el
grado de carbonatacién de los morteros deberia validarse mediante
el desarrollo de un modelo micro-mecanico basado sobre los datos
de ultrasonidos.

Finalmente, el estudio a largo plazo e in-situ de los revocos disenados en
esta Tesis completaria esta investigacion y proporcionaria un mejor
conocimiento de la calidad y durabilidad de estos morteros.
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Riassunto

Sin dalla sua scoperta, quasi due secoli fa, I'uso del cemento Portland
ha generato un entusiasmo tra architetti ed ingegneri tale da preferirlo
alle malte tradizionali in tutte le nuove costruzioni. Purtroppo pero, questo
e accaduto anche negli edifici storici, nei quali il cemento e stato usato in
modo irrazionale come materiale da restauro. Lincompatibilita del
cemento con | materiali da costruzione tradizionali ha portato ad
un‘accelerazione dei processi di degrado, con danni finali irreversibili al
nostro Patrimonio Architettonico ed Artistico. Oggigiorno i professionisti
della costruzione stanno dimostrando un rinnovato interesse verso /'uso di
malte tradizionali, soprattutto di calce, poiché esse garantiscono
compatibilita, adattabilita e durevolezza. Cio nonostante, le tecniche di
produzione che si adottavano in passato non possono essere recuperate in
epoca moderna, poiché e necessario prendere in considerazione altri
requisiti, come ad esempio i costi ed i tempi di produzione.

Questa Tesi di dottorato intende contribuire alla conservazione del
Patrimonio Architettonico, fornendo una base per il disegno di nuove malte
da intonaco per il restauro, che si possano produrre e distribuire a livello
industriale. A tal proposito, i componenti delle malte ed i metodi di
preparazione sono stati selezionati considerando | requisiti della
restaurazione, cosi come quelli del settore industriale.

Molte delle tecniche analitiche che si usano comunemente per la
caratterizzazione delle malte sono state usate in questa Tesi di dottorato:

- I componenti e le malte sono stati studiati mediante tecniche chimiche
(fluorescenza a raggi X; cromatografia ionica) e mineralogiche (diffrazione
a raggi X; termogravimetria), mentre la tessitura e la microstruttura sono
state caratterizzate mediante microscopia ottica (OM) ed elettronica a
scansione (FESEM,; ESEM) ed a trasmissione (HRTEM).

- Le proprieta delle malte allo stato fresco, cioé una volta miscelate con
acqua, sono state determinate mediante metodi standard (come il test di
consistenza) e non (“wet packing method”). Inoltre, sono stati usati
diversi reometri per caratterizzare il comportamento delle calci spente in
sospensione. Tale comportamento € connesso con la lavorabilita della
malta.

- Le proprieta fisiche e meccaniche delle malte durante il consolidamento
sono state caratterizzate mediante test idrici (assorbimento libero d’acqua
ed asciugamento,; risalita capillare; conduttivita idraulica; permeabilita
all'acqua ed al vapore acqueo) e meccanici. Inoltre, sono state usate
tecniche fisico-meccaniche non- e semi-distruttive, come gli ultrasuoni ed
una pressa micromeccanica, per caratterizzare la tessitura delle malte.

- Sono stati progettati nuovi test di laboratorio per lo studio della
durevolezza delle malte e dei meccanismi di degrado provocati da
variazioni igrotermiche, pioggia, cicli di gelo-disgelo ed attacco da parte
dei sali solubill.
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I componenti iniziali scelti per questa Tesi sono stati: due calci spente
in polvere, una di composizione calcitica e l'altra dolomitica, due inerti,
uno calcitico ed uno siliceo, due componenti idraulici come additivi ed,
infine, tre tipi di addizioni. Le condizioni di conservazione di bassa umidita
alle quali sono state esposte le malte durante la ricerca sono state
decisive nella scelta dei componenti e delle dosi finali, come viene indicato
di seguito:

- Le calci calcitica e dolomitica presentano una microstruttura molto
diversa che influisce nel loro comportamento in sospensione e, di
conseguenza, nella lavorabilita finale della malta fresca, che e stata
migliore quando si e impiegata una calce dolomitica. Tuttavia, le malte
con calce dolomitica hanno mostrato un restringimento maggiore e delle
peggiori proprieta durante la fase di consolidamento rispetto a quelle con
calce calcitica. Per questo motivo, l'uso della calce dolomitica in questa
ricerca é stato scartato.

- Luso di un inerte calcitico o siliceo influisce direttamente sulla quantita
d‘acqua necessaria per la miscela, cosi come sulla porosita aperta, che é
stata piu alta nelle malte con inerte calcitico. Cio nonostante, € stato
osservato che linerte calcitico migliora la microstruttura e la tessitura
delle malte durante la carbonatazione, percio quest’inerte e stato preferito
alla silice.

- Nelle malte sono stati aggiunti anche due componenti idraulici: un
cemento Portland bianco e un metacaolino. Il primo componente si é
dimostrato nocivo per la durevolezza delle malte, per cui il suo uso e stato
definitivamente scartato. Il secondo, invece, ha migliorato le proprieta
fisico-meccaniche delle malte. Tuttavia, le malte presentavano ancora una
porosita troppo alta, per cui si € considerato necessario I'uso di addizioni
che riducono la quantita d’acqua.

- La perlite ha favorito la diminuzione della densita delle malte e della
quantita d'acqua ed, inoltre, ha aumentato la loro lavorabilita. Il derivato
di cellulosa ha ridotto la quantita d’acqua ed ha migliorato la capacita di
ritenzione dacqua da parte della calce. Infine, il plastificante ha
aumentato leggermente la quantita dacqua ma ha migliorato
notevolmente la lavorabilita delle malte, favorendo la dispersione delle
particelle di calce e quindi la loro reattivita.

- GIi studi realizzati hanno anche messo in rilievo l'importanza della giusta
scelta delle proporzioni agglomerante-inerte piu adatte per intonaci da
restauro.

alla selezione dei componenti e le dosi piu appropriate per il disegno di
malte da intonaco compatibili e, allo stesso tempo, durevoli. Inoltre,
qguesta Tesi fornisce nuove conoscenze sui metodi di analisi e nuove linee
guida per la preparazione di malte di calce.
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Summary

Summary

Since the invention of Portland cement, almost two centuries ago, the
industrial production of mortars led to the diffusion of such an enthusiasm
among architects and engineers that the Portland cement replaced the
traditional mortars in the totality of new fabrics. Regrettably, this occurred
also in old buildings, in which cement was irrationally used as repair
material. The incompatibility of cement with the traditional building
materials resulted in the acceleration of the decay processes, with final,
irreversible damages to our architectural and artistic heritage.
Professionals are now demonstrating a renewed interest towards the use
of traditional mortars, especially lime-based ones, because they ensure
compatibility, suitability and longevity. However, the manufacturing
techniques adopted in the past cannot be recovered in modern times,
since other requirements, such as manufacturing costs and times must be
taken into account.

This PhD thesis aims to contribute to the preservation of our
architectural heritage, by providing the basis for the design of new repair
rendering mortars that can be produced and marketed on an industrial
scale. To this purpose, mortars components and preparation methods
were selected by taking into account both restoration and industry
requirements.

Most of the common analytical techniques for mortars characterization
were used to develop this research:

- Components and mortars have been characterized by means of
chemical (X-ray fluorescence; ion chromatography) and mineralogical
(X-ray diffraction; thermogravimetry) techniques and their texture and
microstructure have been studied by means of optical, scanning and
transmission electron microscopies.

- Mortars performances in the fresh state were assessed by means of
standardized (flow test) and no-standardized (“wet packing method”)
methods. Furthermore, different rheological devices have been used to
characterize the behaviour of the dry hydrated limes in suspension,
which is related to the mortar workability.

- Mortars physical-mechanical properties in the hardening state were
determined by performing hydric tests (free water absorption and
drying; capillary uptake; hydraulic conductivity; water vapour
permeability) and mechanical assays. Moreover, physical-mechanical
no- and low- destructive techniques, such as ultrasounds and a
micromechanical press, were also successfully used for the textural
characterization of mortars.

- New specific laboratory tests were designed to study the durability of
mortars and the mechanisms of decay induced by temperature and
humidity variations, rain, freeze-thaw cycles and salt attack.

The initial components selected in this thesis were: two dry hydrated
limes of calcitic and dolomitic composition, calcareous and siliceous
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aggregates with continuous and discontinuous grading, two hydraulic

components used as additives and three admixtures. The dry curing

conditions to which mortars were exposed during the study have been
crucial in the selection of the most suitable components and dosages for
repair rendering mortars, which are indicated below:

- Calcitic and dolomitic dry hydrated limes have a very different
microstructure that influences their behaviour in suspension and,
consequently, the final workability of the mortar paste, which is higher
when using the dolomitic lime. However, the dolomitic mortars showed
a much higher shrinkage and worse performances during hardening
than the calcitic ones. Therefore the use of the dolomitic lime was
discarded in this research.

- The use of a calcareous or siliceous aggregate have a direct influence
upon the amount of kneading water needed, then the initial open
porosity, which was higher in mortars with the calcareous aggregate.
However, it has been observed that the calcareous aggregate induced
a better improvement of mortar microstructure and texture during
carbonation, then the preference towards this aggregate.

- Two hydraulic components were added to mortars: white Portland
cement and metakaolin. The former turned out to be a deleterious
component for mortar durability and its use was definitively discarded.
The latter, on the contrary, improved the physical-mechanical
properties of mortars. However, mortars still presented a high
porosity, so that different admixtures were used to reduce the water
content.

- Perlite enabled to reduce the mortar density and water content and
improve the workability. A cellulose derivative enabled to further
reduce the amount of kneading water and to increase the water-
retention capacity of the lime. Finally, a superplasticiser increases
slightly the water content but it improves the workability of mortars,
by favouring the dispersion of lime particles, therefore, their reactivity.

- The studies performed also highlighted how to assess the most
suitable binder-to-aggregate proportions for repair rendering mortars.

This PhD thesis accomplishes the objectives initially proposed,
regarding the selection of suitable components and dosages for the design
of compatible and durable repair rendering mortars. Furthermore, it
provides new insights into the testing methods and useful guidelines for
the preparation of aerial lime-based mortars.
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Introduction

1.1. General Introduction
1.1.1 Subject of the Research

During the last few decades the use of lime has been gradually
reassessed in the field of architectural heritage. After almost a century,
during which the use of lime has declined in favour of Portland cement,
lime mortar is now generally accepted as being the most suitable type of
mortar for repair interventions. Nevertheless, the prolonged abandonment
of its use has led to a loss of knowledge about the traditional
manufacturing techniques involved, with the consequence that recovering
the quality achieved with lime in the past is a difficult challenge.

By means of recent research carried out into construction materials
employed in historic buildings, we have reached a deeper understanding
of the compositional characteristics and performances of the lime mortars
used in the past. The hardening processes occurring in lime mortars,
together with the mechanisms and variables that determine them, have
been investigated, revealing the influence of all these parameters on the
final quality of the mortar [1].

Thanks to recent advances in the study of lime mortars the scientific
world is managing to convince industry that it is necessary to distinguish
between materials according to their use, especially when our historic and
artistic heritage is at stake. In this way, the production of more suitable
“traditional” mortars is being encouraged. The production of repair
mortars, however, presents a considerable task for industry because of a
series of aspects that hinder a faithful re-establishment of the materials
available in the past. In modern times, the output of an industrial process
is reflected not only in the quality of the products involved but also, and
above all, in manufacturing times and costs. Furthermore, there are no
standards referring to the production of lime mortars and this makes their
reproduction more complicated at an industrial level, especially bearing in
mind the functional and constructive versatility of lime mortars. All these
aspects have a direct influence upon the outcome of both the industrial
process and restoration work.

In spite of these problems, ready-to-use repair mortar finds itself in
ever-increasing demand. Within this context, the subject of this thesis is
to design rendering mortars that can be produced and marketed on an
industrial scale and at the same time applied as repair materials in historic
buildings. This means that both industrial and repair requirements must
be taken into consideration for the development of these new materials.

1.1.2 Objectives of the Research

The main objectives of this thesis are:

- to select the most compatible components and suitable proportions
for repair rendering mortars;
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- to consider new methods for assessing the quality of fresh aerial-
lime-based mortars and their hardening processes;

- to gauge the durability of rendering mortars by conducting new
laboratory tests;

The final aim of these studies has been to design ready-to-use repair
mortars for rendering purposes.

1.1.3 Problems and Limits of the Research

In recent decades there have been many attempts to produce industrial
repair mortars, as demonstrated by the wide amount of ready-to-use
repair mortars available on the market. As proved by different researchers
[2,3] and as indicated in some technical specifications, these products are
mostly hydraulic and, in some cases, aerial mortars containing small
amounts of cement. These mortars generally have higher compressive and
flexural strengths, lower capillary porosity and water absorption and are
more resistant to water-vapour transmission compared to traditional lime
mortars [3]. For these reasons most restorers still prefer traditional
mortars, prepared /n-situ, to ready-to-use ones.

Only lately have we begun to be truly aware of the damage caused by
the use of mortars made with Portland cement, which is basically an
industrial building material that has also been used indiscriminately in
repairing architectural heritage, and is still being used as a secondary
component in repair mortars. In fact it is difficult to conceive of any kind
of close relationship between “industrial production”, which always seems
to entail "mass production” and the smaller, more specialised needs of the
restoration of old buildings and monuments.

Thence the questions:

Is it possible to produce a mortar to repair any type of historic building
regardless of the wide variety of building materials and techniques
originally employed in their construction? And will this mortar always fulfil
the specific requirements of suitability and compatibility?

The answer to these questions may well turn out to be affirmative,
even if with some reservations concerning the initial assumptions made,
as commented upon more fully below:

a) The first step in the design of any type of repair mortar is to
establish the basic requirements that the material must meet. Thus,
studies carried out into the deterioration of masonry structures clearly
stress the importance of the compatibility between the repair material and
the original masonry.

“Compatible is defined as’ not causing any damage (in a broad sense,
ranging from technical to aesthetical and historical) to the existing fabric
and being as durable as possible under that condition”[4].

When the original materials are unknown, as is the case with a general
rendering repair mortar, compatibility is ensured firstly by selecting
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mortar components that are harmless to the original masonry such as
aerial or hydraulic lime without cement, dolomite-free aggregate, chloride-
free additives, materials that do not release soluble salts and so on.

b) Secondly, it is fundamental to achieve specific characteristics in the
mortar according to its intended function in the masonry (in this case
rendering, cf. Section 1.2.2).

c) In relation to point b, it is important to consider that the substrate
(stone, brick, concrete etc.) should also play a role in the final
performance of the mortar. For example, the same render may shrink by
different degrees when applied to substrates with different suction
characteristics and this might require a mortar with high water-retention
capacity.

d) Finally, to design a repair mortar the climatic conditions to which the
mortar will be exposed (e.g. dry, low-moisture, high-moisture) must be
taken into account. From a certain point of view this limits the application
of any one type of mortar everywhere in the world. Nevertheless, this
condition is crucial for the design of durable mortars.

Hughes’s statement [5] about repair actions and mortar specifications
can be regarded as a summary of these points:

“A mortar repair action can be classified by the function of the mortar,
constrained by the typology of the masonry itself and influenced by the
choice of binder type”.

In the specific case of this research, the main objective of which is to
design a dry, ready-to—-mix, rendering mortar, there are further aspects
that need to be commented upon with regard to the limits set by industrial
production:

e) In relation to point a, the binders selected in this thesis are dry
hydrated aerial limes. Despite the superiority of lime putty (lime as a
paste) compared to the dry hydrated one (cf. Section 1.2.3), the former
has had to be discarded in this research since it is incompatible with
supplying ready-to-use mortars as dry powder.

f) As far as this last consideration is concerned, there are preparation
methods that could not be adopted in this research either. One of these
concerns the way of mixing mortar components: as a general rule, it is
better to reduce the lime to a paste, 7e. to mix it with water, before
adding other ingredients such as the aggregate [6]. In spite of this,
industrial production requires the dry components (lime, aggregate and
additions) to be mixed simultaneously and the water to be added later on
site in the quantity set out in the technical specifications.

In spite of these limits, the employment of ready-to-use mortars
entails important advantages compared to traditional ones, such as a
guarantee and quality control of the components and easier application.
Moreover, it is also important to point out that the performance of ready-
to-use mortars cannot be influenced by any subjective criterion on the
mason’s part, so that potential “personal” mistakes during mixing are
greatly reduced.
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1.1.4 Outline of the Research

This thesis is divided into four main parts, included in the Results and
Discussion chapter (Chapter 3), the contents of which in summary are as
follows:

PART I: An assessment of the compatibility and suitability of limes and
aggregates in repair mortars.

- Chapter I.1: A study of the relationship between the microstructure of
lime and its rheological properties in suspension. A comparison between
two dry, hydrated limes. one calcitic and the other dolomitic.

- Chapter 1.2: A study of the performances during the hardening of
calcitic and dolomitic lime mortars cured under dry conditions.

- Chapter 1.3: A two-year study of the carbonation process in aerial
lime-based mortars made with calcareous and siliceous aggregates. The
relationship between the mineralogy and morphology of the aggregate
and degree of carbonation and the properties of mortars during
hardening.

- Chapter I.4: A textural characterization using ultrasound techniques
of the carbonation process in aerial lime-based mortars made with
calcareous and siliceous aggregates.

- Chapter 1.5: A mechanical characterization using a micro-mechanical
press of the carbonation process in aerial lime-based mortars made with
calcareous and siliceous aggregate.

PART II: An assessment of the suitability of test methods.

- Chapter II.1: A study of the suitability of standardized and non-
standardized methods for the correct mixing of aerial lime-based mortars.

PART III: An assessment of the compatibility and suitability of additions
in lime-based mortars.

- Chapter III.1: A study of the compatibility of a white Portland cement
added to an aerial lime-based mortar.

- Chapter II1.2: A study of the mineralogical, textural and physical-
mechanical modifications induced by the use of metakaolin and different
admixtures in aerial lime-based mortars. Selection of the most suitable
additions and proportions for rendering purposes.

PART IV: An assessment of the durability of rendering repair mortars.

- Chapter IV.1: A study of the hydric behaviour and plastic shrinkage of
mortars designed for rendering purposes.

- Chapter IV.2: An experimental durability study of mortars designed
for rendering purposes.
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1.2. The design of repair mortars: history,
state of the art and general requirements

With hindsight many of the repair works carried out on architectural
heritage during the last century have been erroneous. Portland cement,
used indiscriminately in the majority of deteriorated historic buildings, has
led to highly regrettable, irreparable damage. Nowadays restoration works
must fulfil three basic requirements that have become the focal point for
restorers, architects and engineering-designers: sustainability,
compatibility and longevity. Looking back, the only material that
accomplishes these requirements is without doubt lime [7-9].

The following sections define the basis from which the present research
has been developed by dealing with some of the general aspects
surrounding the design of lime-based repair mortars, and rendering
mortars in particular, and more specific features such as their limits,
requirements, materials and properties.

1.2.1 Standards concerning mortars and problems
involved in their application to repair mortars

The first known regulations concerning construction materials and
techniques are contained in Vitruvius’s multi-volume work De Architectura
libri decem (Ten Books on Architecture). This complete, detailed handbook
represents the only remaining record of the Romans’ approach to
architecture, and much of it is still valid today.

In modern times, tests methods for the manufacture and quality
control of mortars are specified in the European (EN) and North American
(ASTM) standards. The test methods in these standards are classified
according to the state of the mortar (/e. fresh or hardened) but not
according to its final function (structural, grouting, pointing, flooring,
rendering, plastering etc.) and they refer mainly to industrial mortars in
which a hydraulic binder (cement) is used. More specific guidance on the
testing and design of repair mortars is to be found in the RILEM
recommendations. These publications provide considerable support for
restorers, architects and researchers working in the field of architectural
heritage conservation. Nevertheless, the scientific community still relies
completely upon the EN and ASTM standards for the assessment of repair
mortar properties. This has led, on the one hand, to a notable
homogeneity of methods arising within different countries. On the other
hand, many inconsistencies have derived from the application of these
test standards to lime-based repair mortars due mainly to the fact that
most of the equipment and methods used, ranges of values suggested,
curing conditions established and proportions provided turn out to be
incompatible with repair lime-based mortars. These aspects can make the
results meaningless, unless they are merely assumed for comparative
purposes.
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To overcome these limits it is feasible to adopt some modifications of
the standards that comply more closely with the specific mortar in
question [10,11].

In Spain, the Asociacion Nacional de Fabricantes de Morteros (AFAM)
(the National Association of Mortar Manufacturers) has published a guide
[12] that tackles the general aspects of the study and manufacture of
mortars in order to encourage its correct use. Although this handbook
provides practical and useful skills for architects and masons, it still deals
with cement mortars, with the consequence that it does not completely fill
the gap existing between industry and restoration.

1.2.2 Rendering mortars

Rendering is the practice of covering a wall or a building fagade with
one or more layers of mortar (Fig. 1). Being the layer most exposed to
weathering agents such as water, salts, pollutants and so on, renders are
considered to be “sacrificial layers” that fulfil a protective function towards
the substrate and the whole masonry of stone, brick, concrete, adobe or
the like [13-16].

Figure 1 Examples of renders in modern and ancient buildings.
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In many cases, a render is a finishing or decoration layer (Fig. 2) but it
never has a structural function [17]. As the external layer of a building, a
render also plays an important role in the energy balance of the building
itself [18].

Figure 2 Examples of decorated renders.

Environmental conditions during rendering must also be born in mind;
for example:

- rendering should not be undertaken in the rain and any surface
already rendered must be covered with plastic sheeting;

- rendering is not to be recommended in very hot or windy conditions
and if it is done the surface must be wetted down to avoid rapid drying.

Generally, the recommended temperature range for rendering
applications is between 5°C and 30°C [19].

Rendering can be done in one or more layers, the thicknesses of which
generally range from 1 to 2 centimetres [19], although under certain
circumstances very thin or thick coats have been applied since ancient
times [14]. When two layers are applied it is important to ensure that the
first layer is completely dry before applying the second one (Fig. 3).
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Figure 3 Examples of bad rendering: the second layer has been
applied before the first one was completely dry and this has produced
large, irregular spots that alter the final colour.

The aggregate dosage varies according to the proximity to the surface.
In the initial layers, /.e. those closest to the substrate, a “lean” mortar,
with a higher aggregate content, is recommended, whilst in the final
layers it is better to apply a “fat” mortar, with lower aggregate content. In
this way the more resistant first layers are able to withstand the shrinkage
undergone by the final ones [20]. The render is often applied on a
polyester mesh, which ensures better adhesion between the substrate and
the render (Fig. 4a) [19]. The render can be finished off in many different
ways: trowelled (Fig. 4b), smoothed, sculpted (Fig. 4c), sponged, dragged
and so on, according to the final visual aspect required.

Figure 4 Example of render application on a polyester mesh (a) and
renders with trowelled (b) and sculpted (c) finishes.

Lime-based rendering mortars are often characterized by high plastic
shrinkage, that is to say, a reduction in volume caused by a rapid drying,
with the corresponding formation of fissures (Fig. 6), a phenomenon which
is increased by the presence of an aerial lime, by an extensive surface
exposed to the air and, eventually, by high temperatures. By using the
right amount of water it is possible to reduce shrinkage and improve the
mechanical properties of a mortar. According to Burnell [6]:

“All limes lose two-fifths of their strength if mixed with too much water. It
18 then better to wet the materials to be used and to employ a stiff mortar,
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than to follow the course usually adopted by masons and bricklayers of
using very soft fluid mortar’.

The general technical requirements established by Groot [14] for repair
renders and plasters are:

¢ not to damage the existing substrate, which implies compatibility;

¢ not to be stronger than any existing old mortars;

¢ to be flexible enough to spread and fill lacunae;

e to adhere well to the masonry;

e to have a low tendency to shrink;

e to resist local adverse environmental conditions as much as possible.

Thus, the specific technical requirements for a render are [14]:

e moderate capillary water absorption;

¢ high vapour transmission [5];

e some degree of surface hardness;

e low amounts of released salts;

e good resistance to soluble salts;

e good resistance to freeze-thaw cycles;

e colour and texture compatibility with the objectives defined for the
intervention.

1.2.3 Lime

The properties of a mortar are controlled mainly by the binder and then
by the aggregate and additions used. This means that by using one or
another binder it is possible to obtain mortars that meet different
requirements and functions. Lime has been the binder of preference in the
majority of construction works undertaken by man over the last five
thousand years. Throughout this long period its use has spread to most
civilizations across most of Europe, America, North Africa and West Asia.
Evidence for the practice of burning limestone to produce lime goes back
to 2450 B.C. [21]. But, despite this, little information about lime exists
today because of the rapid abandonment of traditional lime mortars and
their replacement by industrially manufactured, hydraulic mortars after
the invention of Portland cement in 1824. The reduction of manufacturing
costs and times achieved thanks to the standardization of Portland cement
encouraged its rapid diffusion through the world of industrial construction
and, regrettably to architectural heritage as well [22,23] (Fig. 5).
Fortunately, over the last 50 years the constructive value of lime is being
reconsidered and a big effort is being made to recover our knowledge
about its use.

Nowadays masons prefer aerial to hydraulic lime for repair works,
especially for rendering and plastering, in spite of its high water needs and
the fairly slow setting [24]. One of the reasons for this preference is the
improvement in workability and increase in workable time when using
aerial lime. The inclusion of this lime in renders ensures a mortar with
high vapour transmission, medium water penetration and freeze-thaw
resistance and low thermal dilatation and strength [5]. Moreover, from the
aesthetic point of view aerial lime is the most compatible with the original
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materials: its neutral colour and the wide range of colours and shades that
can be obtained with the addition of pigments ensure the preservation of
the original colour of the masonry [25].

R e . o AR a T 4 o fe o SR

Figure 5 Examples of bad restorations, in which Portland cement
(indicated by the arrows) has been used.

Even if its use is currently limited, lime putty is still the most suitable
raw material for rendering as well as implementing decorative techniques
such as stucco, lime painting and painting al fresco [20,25]. Lime putty
has been produced since ancient times by storing the lime under water for
many years. It has been found that this type of aging causes micro-
structural modifications in portlandite crystals that lead to an increase in
the specific surface area and an improvement in its rheological properties
[26]. This has a positive effect upon the carbonation process and
consequently the final properties of the mortar [27]. Dry hydrated limes,
on the other hand, do not show the same excellent rheological properties
as lime putty [28], because they are characterized by iso-oriented crystal
agglomerates that give rise to an increase in particle size and a
concomitant decrease in their specific surface area [29].

In spite of the superiority of lime putty, dry hydrated lime is nowadays
the most widely used product in the making of mortars since it is easier
and cheaper to produce. Moreover, the lime standardization process
guarantees uniformity of composition and controls the presence of
impurities in the lime. Standard EN 459 [30] lays down the specifications
for each type of lime, classified mainly according to their chemical
composition (/7.e. content in CaO, MgO, SOs; etc.) and state (slaked or
otherwise). In the near future standard EN 459 [30] is to be reviewed and
a new group of standardized limes will be taken into account: formulated
limes (FLs). This group includes aerial limes mixed with natural hydraulic
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lime (NHLs), possibly with pozzolanic, organic and/or mineral additives,
among others. Nevertheless, as explained by Middendorf et al. [31], little
is known about the properties of the fresh and hardened states of mortars
prepared with these types of lime.

Recently, a traditional mortar made with quicklime, known as “hot lime
mortar” has been re-considered for restoration work. This kind of mortar
is produced by means of a method dating back to ancient Greece [32] and
consists of mixing the aggregate with quicklime prior to slaking. Hot lime
mortars are extremely workable due to the high water-retention capacity
of the paste, as well as having a very compact microstructure, low
porosity and far fewer shrinkage fissures compared to normal lime
mortars. Moreover, these mortars contain a large number of not
interconnected round pores, resulting in high resistance to freeze-thaw
cycles [33]. The most crucial aspects of hot lime mortars are their high
plasticity and applicability even during the hardest winter months. Despite
these advantages, it is evident that hot lime mortars cannot be produced
industrially, because of both the preparation method and the long
maturation periods required for these mortars [34].

1.2.4 Aggregate

The aggregate is a mortar’s “skeleton”; it gives it its mechanical
properties and, more importantly in the case of a render, confers volume
stability to the mixture, thus reducing plastic shrinkage. It is widely
recognized that the characteristics of the aggregate, such as mineralogy,
form and grading, have an influence on the mortar's properties
(workability, flow ability, compressive strength, porosity, water absorption
and permeability) in both its fresh and hardened state [35-37]. Thus, for
example, the form and grading of the aggregate influence the packing of
the mass. In a well-packed aggregate, voids between particles of the
same size are filled by smaller particles and this provides greater
compactness. The presence of a fine fraction plays an important role in
the packing of the aggregate. According to Romagnoli and Rivasi [38], a
mixture is densely packed when it contains a higher percentage of fine
than coarse or medium-sized grains. Moreover, they also observed that
mixtures of fine and coarse sands give a higher density compared to
mixtures of medium and coarse sands, because of the proximity of these
two latter sizes. Venkatarama and Gupta [37], on the other hand,
observed that mortars made with fine sands showed a high drying
shrinkage and a reduction in tensile bond and compressive strength
compared with mortars made of coarse and medium sands, which
required less water during their preparation.

The properties of fine sand, including particle shape, surface area,
grading, roughness, sphericity and volume, do indeed influence the water
content. Westerholm et al. [39] observed that aggregates with an angular
shape, rough surface (crushed sands) and large surface area need more
water than round aggregates with a smoother surface (natural sands).
The characteristics of fine sands also influence the mortar’s rheological
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properties, such as its workability and fluidity when fresh. In particular, an
increase in the fineness of sand and in the mortar's fines content
influences its yield stress, that is,the stress required for the mass to flow,
whilst the shape of the particles influences its plastic viscosity [40,41],
which increases when crushed sands instead of natural sands are used
[39]. Furthermore, the use of coarse aggregates seems to favour the
formation of voids, especially between the matrix and the grains, which
increases the rate of water absorption. Consequently it is essential to
choose the correct sand grading in the design of mortars.

Since the beginning of the XX century many models for mixtures with
maximum packing density have been proposed but for the most part
these theoretical models have proved to be unrealistic when compared to
real systems [42]. Feret [43] was one of the first researchers to conduct
studies into aggregate mixtures for concretes; he suggested that
maximum compactness in concretes is achieved when coarse and fine
particles are mixed, excluding medium sizes. In spite of this suggested
discontinuous distribution, Fuller and Thompson [44] found that
continuous granulometric curves provided more workable concretes with
higher mechanical strengths. The distribution proposed by Fuller and
Thompson, known as Fuller’'s method, contains a mixture of dispersions in
which all particles are exactly the same size [45]. A similar approach was
adopted by Furnas [46] but his work was not directed toward any specific
material. Simultaneously, Andreasen and Andersen [47] came up with
another packing model based on continuous distribution. The authors
described a system in which all particle sizes were represented. Some
years later Dinger [45] verified that the continuous approach proposed by
Andreasen and Andersen was correct and at the same time found a
relationship between Andreasen’s and Furnas’ packing theories. Hence, he
modified these two models and constructed a new one that described the
particle-size distribution of aggregates in greater detail.

Among the many ideal granulometric curves proposed, and probably
the most widely accepted for concretes, is that of Bolomey [48]. This
model represents a modification of Fuller and Thompson’s theory: it
includes a higher content of fines and the shape factor in the calculation of
particle packing to improve the workability of the mass when fresh.

Nowadays the aggregate grading and fines content to be used in
mortars and concrete have been standardized in the current norm [49-
51], although there is still some confusion about the most suitable
granulometric theory that should be applied to achieve optimum
aggregate packing. Indeed, differences of opinion are still to be found
concerning the advisability or not of using continuous or discontinuous
granulometric curves [38,52].
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1.2.5 The use of pozzolans in mortars

Aerial lime does not always guarantee durability, especially in moist
climates, coastal areas or dry climates with high levels of pollution, which
cause damage by acid attack, with the consequence that the use of aerial-
lime mortars with some level of hydraulicity is advisable [17].

Studies of ancient mortars have revealed that the addition of small
amounts of hydraulic components such as pozzolans, fly ashes, silica
fumes, calcined clays, brick pebbles or dust to lime mortar was an
efficacious way of improving its mechanical strength, permeability to
water and durability as well as cohesion between the matrix and the
aggregate [14,53-56]. Such hydraulic components were also employed for
decorative purposes [14]. The Romans were also aware of the advantage
of using pozzolanic components in mortars for improving their durability.
They discovered that the addition of a volcanic brown material proceeding
from the city of Pozzuoli in Naples, the so-called pulvis puteolana, allowed
calcium hydroxide to be fixed under water, thus originating solid,
insoluble, resistant mortars that they called opus caementicium. We still
have many examples of the ample range of construction ability that the
Romans were capable of thanks to the use of lime and pozzolans, among
which are aqueducts, bridges, dams, theatres, amphitheatres, public
baths and so on. The dome of the Pantheon (27-25 B.C) in Rome (Fig. 6)
is perhaps one of the most magnificent results of the Romans’
architectural capacity, which is, in Stendhal’s words,

“Le plus beau reste de I'antiquité romaine c’est sans doute le Panthéon;
ce temple a si peu souffert qu’il nous apparait comme aux Romains”
(Promenade dans Rome, 1829)
™) “The most beautiful relic of Roman times is definitely the Pantheon; this

temple had suffered so little that it appears to us in the same way as it did to
Romans”.

Figure 6 Photo of the dome of the Pantheon (Rome, Italy).
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The construction of this dome, with a diameter of 43 m, was possible
thanks to the use of hydraulic mortars of different composition that
contributed to lightening its structure. It still holds the record for being the
world's largest unreinforced concrete dome [57].

. Metakaolin

Metakaolin is one of the most commonly used pozzolanic materials
nowadays, showing as it does a high degree of activity, below that of silica
fume but above fly ashes [58]. It derives from the thermal activation of
kaolin between 700 and 800°C, a process that destroys the crystalline
structure of clays and yields highly reactive and poorly crystallized phases
such as aluminosilicates (Al,03-2Si0;). Both mineralogical characteristics
of raw kaolin [59] and calcining temperature [60,61] play a role in the
reactivity of the metakaolin.

Added to lime pastes, the hydrated phases of metakaolin react with
calcium hydroxide, yielding cementitious products, which afford added
strength and durability to the mortar. Different phases develop during this
reaction depending upon whether the binder is Portland cement or lime
[62], the calcium-hydroxide content, water-solid ratio [63], curing
temperature and time [64] and chloride content [65].

Several authors [62-64,66-68] have reported that the main hydrated
phases formed at room temperature (20°C) are calcium silicate hydrates
(Ca0-Si0,-H,0) and calcium-aluminate hydrates C,ASHg
(CazAI(AISI)O2(0H)10-2.25H,0 [stratlingite].

A third hydrated product, C4AH;3 (4Ca0-Al,03-13H,0), is a metastable
phase that appears during the initial stages of hydration. During ageing at
ambient temperature C4;AH;3 spontaneously decomposes to the more
stable solid phases CsAHg (hydrogarnet) and portlandite [69]. Rojas and
Cabrera [64] indicated the existence of C4AH;i3 as a stable phase also in
the absence of calcium hydroxide under the same curing conditions. These
results were obtained in MK-lime pastes with different MK/CH and
water/MK+CH [water-to-binder (w/b)] ratios. Murat [63] noticed that the
highest compressive strength in lime pastes with the addition of
metakaolin is attained when the MK/CH ratio is 1 and the w/b ratio is less
than 0.75. He also observed that the presence of sand in mortars implies
the use of higher amounts of water in order to reach an optimum
consistence and that this modifies the theoretical w/b ratio. Moreover, the
amount of calcium hydroxide available to metakaolin is lower than that
expected because a slow carbonation of CH takes place in mortars cured
at room temperature. Carbonation acts as a competitive reaction against
the formation of hydrated phases [63,70,71] since the latter is more rapid
at higher temperatures [64,72]. The prevalence of one of these two
reactions, carbonation or hydration, influences the mechanical strength of
mortar [73]. Wild et al. [74] observed that in ordinary Portland cement
(OPC) mortars the enhancement of strength over short and long periods is
due to three combined factors: the acceleration of OPC hydration, the filler
effect and the pozzolanic activity of metakaolin. Many studies [74-81]
have been undertaken to find the optimum amount of metakaolin required
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to improve the physical properties of mortar. To this end, the effect that
different contents of MK have on hydration rate, pore structure,
mechanical strength, water absorption and sulfate resistance have been
investigated. According to these tests, the best performances are obtained
by adding 10-20 wt% of MK to OPC mortars.

Apart from its beneficial structural and mechanical properties,
metakaolin is also appreciated for its “chromatic transparency” [82],
which is a crucial aspect of restoration.

1.2.6 The use of admixtures

The use of admixtures is an ancient practice in the field of construction,
as already indicated by Vitruvius in De Archirectura libri decem. Evidence
exists for the addition to lime mortars of organic substances, especially
proteinacious ones such as blood, hair, straw, milk, eggs etc. [83] and
sugar-based gums and animal glues etc. [7,84,85] to improve their
workability, waterproofing, mechanical resistance and durability.
Unfortunately, records of the dosages no longer exist and neither are their
effects on ancient mortars fully understood.

Nowadays admixtures are essential components of building materials
and masons greatly appreciate their use [24]. Nevertheless, their
composition, function and characteristics have substantially changed over
time since they have had to adapt not only to modern construction
techniques but also to the new requirements demanded of industrial
mortars.

The effects produced by some industrial additives on the properties of
lime mortars were almost unknown until the last decade because research
into these materials was limited to cement mortars and concrete [86].
Only lately have researchers been investigating the advantages and
disadvantages of the use of admixtures in lime mortars [87-93]. Different
additives can be used depending upon the property of the mortar that
needs to be improved. Generally these substances are distinguished
according to the moment in the mortar’s life at which they must act: when
fresh during mixing and application, during drying and hardening, or in its
hardened state.

. Admixtures to reduce shrinkage: plasticisers and
water-retaining, water-reducing agents and air-entraining
agents.

Plastic shrinkage is closely related to the water-retention capacity of
lime and fines, which in turn depends upon the specific surface area and
degree of agglomeration of the particles, among other factors (cf. Section
1.2.3). Avoiding or reducing particle agglomeration results in an increase
in specific surface area and consequently to an improvement in mortar
viscosity [29]. Particle dispersion also leads to a reduction in the amount
of kneading water necessary to achieve optimum consistence and
workability. It is known that plasticisers and water-retaining agents
prevent particle agglomeration by attaching themselves to the surface of
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the particles. This causes repulsion among the particles and leads to an
improvement in the rheological properties of the mortar [89]. The
dispersing properties of a plasticiser depend especially upon the molecular
weight and anionic groups of the polymer [94]. It has been demonstrated
that long-chain polymers, with a high molecular weight, such as
polycarboxylates, have a greater dispersing effect [95].

Other admixtures relatively new to lime mortars are the so-called
“super absorbent polymers” (SAP), which act as water-retaining agents
[96] and reduce shrinkage [97]. These admixtures may, however, worsen
the mortar’s workability with the consequence that a plasticiser is also
required [88].

The effects on mortars of organic polysaccharides such as starch,
pectin, alginates and cellulose derivatives have been subject to
considerable scrutiny since they have shown themselves to behave as
good plasticisers, dispersing agents, and water-retaining agents. For
example, starch confers better hydric and mechanical properties and
higher durability on lime mortars when it is added in a proportion of 0.5%
of the total mass [92]. Moreover, Nopal juice and mucilage (from Opuntia
ficus-indica) improve considerably the hardened performances of lime
mortars due to their dispersing effect [98,99]. This substance is added to
the kneading water of repair lime mortars in different areas of Mexico and
in the southern United States [98,100].

Other additives that reduce shrinkage are air-entraining agents. Their
effect relies on the introduction of small air bubbles (10<g<500 pm) into
the mortar matrix during mixing. Besides reducing mortar density these
bubbles also reduce any subsequent water penetration into mortar, thus
improving its resistance to freeze-thaw processes.

. Admixtures to improve durability

Lack of durability in a lime mortar is mainly related to its capillary
porosity and interconnections among pores, which favour, on the one
hand, the entry of water, salts and contaminants and, on the other, the
dissolution of Ca, which goes on to react with SO, and NO,, thus
producing soluble salts.

There exist different types of admixtures that help to reduce the
harmful effects of these weathering mechanisms in lime mortars, among
which are:

- the addition of barium hydroxide to increase durability towards acid
rain and sulphate attack [101];

- the use of linseed oil (in quantities up to 1%) to improve resistance
towards salt crystallization processes and freeze-thaw cycles by acting as
a water repellent [102];

- the inclusion of synthetic or natural fibres to improve compactness
and deformability and reduce porosity, besides conferring thermal and
acoustic insulating properties [103-105].

Similar properties are achieved with the addition of perlite, a very light,
porous, fire-resistant material that derives from a fast heating of obsidian
to temperatures between 900 and 1100°C. Perlite has a very low density
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due to air bubbles included inside it, which allow it to expand by as much
as 15 to 20 times its original volume. Perlite’s characteristics are so
peculiar that it is employed in many industrial sectors. Its use as an
aggregate, filler and additive to bricks and mortars results in a reduction
in the number of shrinkage fissures, with a final improvement in
resistance, workability [106] and insulating properties [107].

Diatomaceous earths are also effective in improving the resistance and
insulating properties [107] and the durability (especially towards the
attack of microorganisms) of mortars [108] and they also confer a certain
degree of hydraulicity to the lime [109].
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Materials and Methods

2.1 Materials used

2.1.1 Mortars components

Both the binders and the additives used in this thesis were industrial
manufactured; hence, they were used in the form of dry powders.
Aggregates used were natural and crushed.

o Binders

Calcitic lime (CL): dry hydrated lime (CL90-S, UNE EN 459-1 [1])
produced by ANCASA (CALCINOR group, Seville, Spain) and supplied by
ARGOS Derivados del Cemento, S.L. (Granada, Spain)

Dolomitic lime (DL): dry hydrated lime (DL85-S, UNE EN 459-1 [1])
produced in United States of America and supplied by LHOIST-Recherche
et Développement S.A. (Nivelles, Belgium).

White Portland cement (WPC): cement (BL II/A-LL 52.5 R, UNE EN
197-1 [2]) produced by CEMEX commercial (Valencia, Spain) and supplied
by ARGOS Derivados del Cemento, S.L. According to the technical
specifications of this product, its degree of whiteness (L*) is = 85 [3].

The WPC was used in substitution of 25 wt.% of lime in the elaboration
of some of the mortars designed in this thesis.

o Aggregates

Siliceous aggregate (SA): it is a natural granular aggregate (UNE EN
13139 [4]) with a granulometry in the range of 0.1<¢<0.5 mm, proceeding
from a quarry in Arcos de la Frontera (SIBELCO, Cadiz, Spain) and
supplied by ARGOS Derivados del Cemento, S.L.

Calcareous aggregate (CA): it is a crushed granular aggregate (UNE EN
13139 [4]) with a granulometry in the range of 0.063<¢<1.5 mm. The
granulometry of this aggregate was obtained by the combination of three
granulometric fractions of the same calcareous stone, proceeding from a
quarry in Granada and supplied by ARGOS Derivados del Cemento, S.L.

The cumulative graph (Fig.1) shows the continuity in size grading of
the calcareous aggregate, which approaches the Fuller model more than
the other ones, and the discontinuity of the siliceous one, due to the
absence of some size fractions in the grading of the latter. This is
represented in the size distribution curves as a horizontal line that covers
the lacking sizes.

Distribution moduli (n) for the calcareous and siliceous aggregates are
shown in Table 1. According to the European standard classification for
aggregate grading (UNE EN 933-2 [5]), both SA and CA can be classified
as fine aggregates.
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Figure 1 Cumulative graph representing the cumulative percentage (%
cumul. Pass.) of calcareous and siliceous aggregates grains passing from
each sieve size (in log mm). Dinger’, Fuller’and Bolomey’s ideal
granulometric curves are also represented in this graph, according to Egs.
1, 2 and 3 (cf. section 2.2.1).

Aggregate n
CA 1.9+0.5
SA 1.5+0.5

Table 1 Values of distribution modulus (n) for the calcareous (CA) and
siliceous (SA) aggregates.

o Additives and admixtures

Metakaolin (MK): calcined clay (CLASS N POZZOLAN, ASTM C618-08
[6]), produced by Burgess Pigment Company (USA) and supplied by
ARGOS Derivados del Cemento, S.L. This pozzolan was used in
combination with the calcitic lime for the elaboration of some of the
mortars designed in this thesis. Since this component was added in low
amounts (10-20 wt.% of lime), MK was considered as an additive.

Perlite (P): Otaperl 0/1-TR, produced by Otavi Iberica Slu and supplied
by ARGOS Derivados del Cemento. It is an expanded perlite, added as
admixture with the function of lightweight aggregate.

Cellulose derivative (C): Tylose MHS 10012 P6, produced by SE Tylose
GmbH&CO.KG (Germany) and supplied by ARGOS Derivados del Cemento.
It is a methylhydroxyethylcellulose added as admixture with the function
of water-retaining agent.
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Polycarboxylate (R): Rheomix GT205 MA, produced by BASF Chemical
Company and supplied by ARGOS Derivados del Cemento. It is a
polycarboxylate with log side-chains added as admixture with the function
of plasticiser.

Specific characteristics of these admixtures are reported in Appendix I,
according to their technical sheet.

2.1.2 Mortars elaboration

The elaboration and curing of mortars samples were carried out at the
laboratory of ARGOS Derivados del Cemento enterprise, following the UNE
EN 1015-2 [7] and UNE EN 1015-11 [8] standards as well as the
modifications proposed by Cazalla [9], regarding the curing conditions and
time.

. Mixing

After weighing and careful mixing the dry components, they were
poured into a stainless steel container where the kneading water was
previously added. The amount of water was established according to the
flow table method (c¢f. Section 2.2.1). The mortar mixing was carried out
in an automatic mixer that assured a uniform distribution of all the
components particles within the fresh mortar mixture. Mixing lasted 90
seconds at slow velocity, as indicated in the UNE EN 1015-2 [7] standard.

. Casting

Normalized stainless steel moulds (UNE EN 1015-2 [7]) with three
separate sections of 4x4x16 cm each were used for the mortars casting.
The internal surfaces of the moulds were lightly lubricated with a very low
viscosity non-resin mineral oil to avoid a too high adhesion of the fresh
mortar to the surfaces and thus ease the subsequent removal from the
mould (UNE EN 1015-2 [7]). The moulding was carried out pouring the
fresh mixture up to the half part of the mould and then compacting the
mortar giving 15 hits with a metal bar. After this, the second half part of
the mould was filled and 15 more hits were given to compact the mortar
in the mould (UNE EN 1015-2 [7]). The exceeding material was eliminated
with a ruler inclined at 459 that left the surface flat and without hollows.

. Curing and removal from the mould

Mortars were cured at controlled conditions of temperature (20 £ 5 °C)
and relative humidity (60 £ 5 %) until their study. They were removed
from the mould after 7 days of curing and not after 5 days, following the
modification of the UNE EN 1015-11 [8] standard proposed by Cazalla [9],
in order to ensure a sufficient hardening of the mortars.
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2.2 Methodology

2.2.1 Physical characterization of components and
mortars

e  Granulometry
- Lime particle size distribution

The particle size distribution of the limes was determined by means of
a GALAI CIS-1 particle size analyzer (CIC, University of Granada), which
measures by laser particles in a range of size between 0.5 and 600 pm.
For this measurement, the limes powder was dispersed in ethanol and
sonicated for 20 s.

- Aggregate grain size distribution

The determination of the granulometric distribution of the aggregates
was carried out with a mechanical sieve (ARGOS Derivados del Cemento,
S.L., Granada), according to the standard UNE EN 933-2 (1996). The sizes
of sieves used were: 2-1.6-1-0.8-0.5-0.25-0.125-0.063. The bigger sieves
indicated in the standard were not used, because the aggregates did not
present coarse fractions.

The aggregates granulometric curves were created by combining
different granulometric fractions, according to three different models:
Fuller [10], Bolomey [11] and Dinger [12]. The particle size distribution
equations used are the followings:

d
Fuller: CP =100 \g [Eq. 1]

where the cumulative percent (CP, in %) by the sieve with “d” size
(in mm), while D is the largest particle size (in mm).

d
Bolomey: CP = f+(100—f)\g [Eq. 2]

where fis an empirical constant related to the workability degree of a
mixture of concrete, for a defined consistence of the concrete and
morphology of the aggregate. Fvalues are reported in Table 3.

Concrete consistence
Dry Plastic Fluid
Rounded 6-8 10 12
Angular 8-10 12-14 14 -16

Shape of particles aggregate

Table 3 r values according to Bolomey'’s theory.

The £ values corresponding to a plastic consistence were chosen in
order to get the optimum workability in mortars. So, according to Table 3,
fwas 10 for SA and 12 for CA. However, it is important to remember that
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these values, here adopted for lime-based mortars, are referred to
concretes.
D”—DSn
Dinger: CPFT = 100 DLn _ Dsn [Eqg. 3]

where CPFT is the Cumulative Percent Finer Than (%), D is the particle
diameter (in mm), D_ is the largest particle size (in mm), Ds is the
smallest particle size.

The distribution modulus (or fineness modulus) (n) was calculated
adding the cumulative retained percentages obtained for each sieve size,
divided by 100:

> % cumul.ret.
100 [Eqg. 4]

n =

This value is not an index of the aggregate grading, but it is useful for
the preparation of aggregates with a given granulometry. In fact, different
values of fineness modulus measured in aggregates with the same origin
indicate an alteration of them.

o FElectrophoretic mobility and {-potential

The electrophoretic mobility (he) and (-potential, which was determined
with the Smoluchowski model [13], of the aqueous solutions (¢p~0.01;
11.2<pH<11.4) of portlandite (Ca(OH),) and brucite particles (Mg(OH)>)
were obtained at 25 9C, using a Malvern Zetasizer 2000 instrument
(Department of Applied Physics, University of Granada).

The aqueous solutions were prepared from the saturated solutions of
each lime. The value of ionic force of the saturated solutions, equal to
0.052 at pH 12.48 and 0.01988 M, was calculated by means of the
PHREEQC software [14]. After stirring, solutions were injected in the
equipment and nine measurements were carried out for each solution.

e Density

- Solid density

Solid (or particle) density (p, g/cm?®) of limes and aggregates was
measured by pycnometer analysis (Department of Civil Engineering,
Catholic University of Leuven, Belgium). Measurements were carried out
according to the ASTM D 854-92 [15] standard; pycnometers were
calibrated and filled with white spirit.

- Apparent density, RLP and RCP values

Two methods were used to measure the dry bulk density (py, g/cm?) of
limes and aggregates.

In the first one, the powders were poured loosely into a container
without any additional compaction. From this measure, the random loose
packing (RLP) of the dry particles [16] was determined.
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In the second method, the dry bulk density (pp*, g/cm?®) was
determined after vibrating them at 0.3 mm of amplitude and 50Hz of
frequency during 300 s. Then, the random close packing (RCP), which is
the densest packing having random structure, was obtained.

- Packing density of the dry particles

The value of packing density (¢4ry) of the dry components was
determined as:

e [EqQ. 5]
qg.
(pdry

where ps and ps represent the bulk and the solid densities of the
granular component, respectively.

- Packing density of the wet mixtures

The value of packing density was also determined by estimating the
solid concentration of the wet mixture of lime and aggregate, according to
Wong and Kwan’s wet packing method [17]:

Qdry =

M

Vv
Pl + PR, + PRy + PR

¢ = [Eq. 6]

where M/V represents the wet bulk density of the paste; a and B are
two different cementitious materials; s is the aggregate; pw is the density
of the water; pq, pg, and ps are the solid densities of a, B, and s; uy is the
W/B ratio by volume; and Rq, Rg, and Rs are the volumetric ratios to the
granular material.

e Specific surface area and micropore volume

The N, Adsorption technique was performed to determine the specific
surface area (SSA) and micropore volume of limes, values determined
with Brunauer-Emmet-Teller (BET) [18] and Barret-Joyner—-Halenda (BJH)
[19] methods, respectively. These values are fundamental to know, since
they indicate the surface of lime particles that is available to the
absorption of water molecules (i.e. solvation) and surfactants (present in
additives and admixtures) and to the exchange of chemical reagents.

The equipment used was a Micromeritics 3000 Tristar (Department of
Mineralogy and Petrology, University of Granada), which worked under
continuous adsorption conditions at a temperature of 77 K. Prior to the
measurements, two samples per lime were outgassed at 10~ Torr and 110
OC for 4 hours, by means of a Micromeritics Flowprep.
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e Rheological analyses

Three different rotational rheometers were used for the study of lime
suspensions.

- Viskomat PC

The viscosity measurements were performed with Viskomat PC
equipment (Fig. 2) (Department of Civil Engineering, Catholic University of
Leuven, Belgium). A controlled rate (CR) procedure was applied and
consisted of two phases:

(i) pre-shearing during 120 s at a velocity 120 rpm, which was
performed so as to ensure a comparable start point for all materials;

(ii) step-down phase, consisting of a gradual decrease in rate from 120
to 10 rpm. Each step of 10 rpm lasted 30 s. This procedure was chosen so
as to avoid a misinterpretation of the flow behaviour caused by structural
changes occurring between the rest period and the shearing.

viskomat P

Figure 2 Photos of the Viskomat PC used (a) and geometry of the paddle
(b).

The suspensions of limes in water were prepared with different solid
fractions. Besides in water, viscosity measurements of lime suspensions
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were also carried out in glycerine to obtain very dilute suspensions
(0.01<p<0.1), in which the relative viscosity increase as a function of @
corresponds to the intrinsic viscosity of the suspended material, without
any dependence on particle interactions and packing.

- Brookfield LVT Viscosimeter

Since the viscosity of glycerine is strongly dependent on temperature,
this was measured at different temperatures by means of a Brookfield LVT
Viscometer (Department of Civil Engineering, Catholic University of
Leuven, Belgium). Then, the viscosity value for the solvent was adjusted
according to the temperature recorded in the suspensions of lime in
glycerine at the different rotation speeds. This is shown in Figure 3.

1800
1600 4, , » . .
1400 - . . s
1200 % . X ¥ 2
R ;
2 1000 -7
u -
= 800 e 17.2°C
500 Jo + 185°C
x 20,4 °C
400 - 69207 °C
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0 2 4 6 g 10 12 14 16
N (rpm)

Figure 3 Viscosity (n, in cps) of glycerine (100%) represented in function
of the velocity (N, in rom,) measured at different temperatures.

- Brookfield R/S

The same test carried out in the Viskomat PC was performed in a
Brookfield R/S rheometer (Department of Mineralogy and Petrology,
University of Granada), equipped with a coaxial cylinder geometry and
smooth internal surface. This equipment was also used to perform
complete loop tests, with increasing and decreasing shear rates, at
controlled rate (CR) and controlled stress (CS). In both cases, the profile
measurements had three stages:

(i) a logarithmic increase of the shear rate from 0 to 1000 s! in 225 s;
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(ii) a 30 s plateau at the maximum shear rate (1000 s-1);
(iii) a final stage of logarithmic decrease of from 1000 to 0 s!in 225 s.

A pre-shearing of the suspensions was performed at 250 s™! for 150 s.
Temperature was maintained at 25 (£0.5) °C during measurements using
a circulatory water bath.

- Data treatment

The averaged data for torque T (Nmm) and velocity V (rpm) was
processed to obtain the values for shear rate (s™) and viscosity n (Pas),
according to the procedure based on the Couette analogy and developed
by Bousmina et al. [20] and Ait-Kaidi et al. [21].

The shear rate is calculated as follows:

Q

y = [R ) [Eq. 7]
In| =
Ri

where Q = 2nN is the angular velocity (rad/s); Re/Ri is the ratio of the
outer and inner cylinder radius of the viscosimeter, in this case 1.154
[22]. This is not the real (physical) value, which is considerably smaller,
but the calculated value according to Bousmina et al. [20].

The viscosity was obtained as:

Q 4ndR’

[Eq. 8]

being L the paddle length.

From the viscosity measurements, six values of apparent viscosity were
chosen at six different rotation speeds: 10, 30, 50, 70, 90 and 110 rpm,
which correspond to the following shear rates, according to equation 5:
7.31, 21.93, 36.55, 51.18, 65.8 and 80.42 s,

By fixing the viscosity value of the solvent, which for water is 0.001
Pas, viscosity data were fitted to the Krieger-Dougherty model [23] (Eq.
9), in which the relative viscosity n; is equal to:

[}
- (1—¢J " [Eq. 9]
=0 4 a

where n, represents the viscosity ratio of the material and the solvent;
¢ is the solid fraction; ¢ is the maximum solid fraction and [n] is the
intrinsic viscosity.

The pair of results maximum solid fraction (¢m,) and intrinsic viscosity
([n]) was obtained for each selected velocity. The average value for ¢m
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was fixed and used to recalculate [n] by the linear fitting of the
logarithmic transformation of equation 9, keeping a fixed value for the
solvent viscosity.

For the suspensions in glycerine, the same experimental routine as for
the more concentrated aqueous suspensions was performed. The intrinsic
viscosity was obtained as follows:

-1,
m = me

e Consistence of fresh mortars mixtures

The consistence defines the workability of a mortar and it is achieved
with the Jaddition of a correct amount of water that varies in function of
the mortar granulometry, the amount of fine particles, the presence of
additives and the environmental conditions [24]. The most accepted
method to determine the consistence of a mortar is the flow table test,
indicated in the UNE EN 1015-3 [25] standard and adopted in this thesis.
The consistence was determined by measuring the deformation of a
mortar fresh sample that is poured inside a conical frustum, on the
surface (made of stainless steel and lightly lubricated with very low
viscosity non resin mineral oil) of the flow table, and then lifted every
second for 15 s.

In the standard UNE EN 1015-6 [26] three types of consistence are
distinguished, as expressed in Table 4.

[Eq. 10]

Mortar
: Flow
consistence
Fluid > 200
Plastic 140 - 200
Dry < 140

Table 4 Type of consistence for established ranges of flow (in mm), as
established in the UNE EN 1015-6 [26] standard.

Since the consistence depends on the amount of water added to the
mortar mixture, this property was used to establish the optimum amount
of kneading water needed to obtain workable mortars.

e  Shrinkage of mortars

The plastic (or drying) shrinkage is the volume reduction that a mortar
suffers due to the water evaporation occurring during the drying process.
This phenomenon was measured by means of the following methods. In
both of them the shrinkage is determined by measuring the mortar
dimensional variations over time.
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- Shrinkage Measuring Device

A SWG-H-400 shrinkage-measuring device (ARGOS Derivados del
Cemento, S.L., Granada) (Fig. 4) was used to measure the initial
shrinkage of mortars. This apparatus measures the horizontal dimensional
variations of a fresh mortar, by means of two sensors connected to a PC.

The internal surfaces of the apparatus were covered with a
polyethylene film to easy the mortar removal after the measurement. The
fresh mortar mixture (~ 3 kg) was poured into the apparatus and the
sensors were connected to the two extremities. Theses sensors recorded
the length of the mortar sample each 30 minutes during 7 days and data
were collected simultaneously by a computer. This allowed obtaining a
curve of shrinkage over time, the slope of which corresponded to the
shrinkage coefficient (Cshr, in mm/h). In addition, the shrinkage
percentage on the length of the sample measured was determined.

Figure 4 SWG-H-400 shrinkage measuring device.

- Sample length variation

Shrinkage of hardened mortars was determined measuring the
dimensional variations (expressed as percentage) of mortars samples, on
three perpendicular directions: a, parallel to the compaction plane; b,
parallel to the compaction plane along the largest face of the sample; c,
perpendicular to the compaction plane. Measurements were carried out on
three samples per mortars.
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2.2.2 Chemical, mineralogical and petrographical
characterization of components and mortars

e Chemical study
- X-ray fluorescence (XRF)

The X-ray fluorescence technique was used to analyze the chemical
composition of major and minor elements of the mortars components.

Samples were analyzed by means of a Bruker S4 Pioneer X-ray
fluorescence spectrometer (IACT-CSIC, University of Granada) with
wavelength dispersion, equipped with a goniometer that analyzes crystals
(LIF200/PET/OVO-55) and a Rh X-ray tube (60 kV, 150 mA).
Measurements were performed in a vacuum with a rotating sample.
Semiquantitative scanning spectra were obtained using Spectraplus
software.

Before the analysis, samples were grinded and powders (~ 5g) were
dispersed in KBr, deposited in an aluminium cup and then pressed at 10
ton to obtain a pressed pellet (40 mm sample disc).

- Ion cromatography

Ion chromatography analysis was performed by means of a Dionex IC
DX500 instrument (School of Geography and the Environment, Oxford,
United Kingdom), in order to determine and quantify the concentration of
soluble ions (Na*, NH4*, Ca®*, Mg?*, CI, NO>", SO4%) in mortars samples.

Prior to the analysis, three samples per mortar were grinded in an
agate mortar, then 1 g of powder was dissolved in 68 mL of ultradeionised
water and, finally, the solution was sonicated during 60 minutes.

e Mineralogical study
- X-ray diffraction (XRD)

The mineralogical characterization of components and mortars was
carried out by powder X-ray diffraction. Samples were grinded in an agate
mortar and then characterized by means of two diffractometers.

In the first part of this thesis, samples were analyzed by a Philips PW-
1710 diffractometer (disoriented powder method) (Department of
Mineralogy and Petrology, University of Granada) equipped with an
automatic slit window. Analysis conditions were: radiation CuK, (A: 1.5405
R), 40 kV voltage and 40 mA current intensity. Explored area was
between 30 and 60° 28 and goniometer speed of 0.1° 26/s.

Later on, samples were analyzed by a Panalytical X'Pert PRO MPD
diffractometer (Department of Mineralogy and Petrology, University of
Granada), with automatic loader. Analysis conditions were: radiation CuKa
(A=1.5405 R), 4 to 70 °26 explored area, 45 kV voltage, 40 mA current
intensity and goniometer speed using a Si-detector X’Celerator of 0.01
026/s.
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In both cases, the interpretation and identification of the mineral
phases was performed using the X-Powder software package [27].

- Thermogravimetric analysis (TGA)

The thermal treatment of samples allowed identifying and quantifying
the mortar phases. Moreover, this showed to be a useful method for the
study of the carbonation degree of mortars and for the identification of
mineral phases with low-cristallinity (i.e. silicate and aluminate hydrated
phases), which were difficult to detect by means of X-ray diffraction.

Thermal measurements were performed with a Shimadzu TGA-50H
analyzer (CIC, University of Granada). Approximately 50 mg of sample
was heated in an alumina crucible, in a flushed-air atmosphere (100
mL/min), at a heating rate of 59/min over a range of 25-950 °C. TGA data
treatment was carried out according to the UNE EN ISO 11358 [28]
standard.

- Evaluation of the carbonation degree of mortars

In both analyses (XRD and TGA), the decrease in portlandite content
was taken as a reference to estimate the carbonation degree index (/¢p, in
%), according to the equation:

CH, —CH
Iep = #XNO [EqQ. 11]

0

where CHy is the amount of portlandite at time x and CHy is the initial
content of portlandite (at time 0). This value was determined at different
intervals of time to obtain a curve that shows the evolution of the
carbonation process over time.

e Petrographical study

The petrographical characteristics (texture and mineralogy) of mortars
were studied by means of optical and electron microscopy. These
techniques are qualitative tools that allow identifying the individual
components of the mortar samples and, in some cases, the interaction
between these constituents. In particular, they were useful for the study
of the cohesion between matrix and aggregate grains at the interface
transition zone (ITZ) and for the characterization of minerals morphology
(crystal habit, shape and size) and particle agglomeration. Microscopic
observations were also helpful in the evaluation of mortars shrinkage.

- Polarized optical microscopy (POM)

Microscopic observations were carried out using an Olympus BX-60
microscope equipped with digital microphotography camera (Olympus
DP10) (Department of Mineralogy and Petrology, University of Granada).
To this end, polished thin sections were prepared with a minimum
quantity of water, in order to avoid calcite dissolution in fresh mortars
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samples. Observations were performed both under transmitted and
reflected (polarized) light.

- Field emission scanning electron microscopy (FESEM)

The observation at micro-scale of the limes, aggregates and mortars
was performed by means of a Carl Zeiss Leo-Gemini 1530 microscope
(CIC, University of Granada).

The limes were observed both in form of powder and as paste, oven
dried for 24 h at 100 °C and then carbon-coated. The same procedure was
adopted for the aggregate grains and the mortars fragments (~ 1 cm)
before their observation.

- High-resolution transmission electron microscopy (HRTEM)

The observation at nano-scale of the limes was performed by using a
Philips CM20 equipped with an EDAX solid-state ultrathin-window energy
dispersive X-ray (EDX) detector that operated at a 200 kV acceleration
voltage (CIC, University of Granada). Before the analysis, limes were
dispersed in ethanol and were sonicated 15 s. Then, particles were
deposited on carbon-coated copper grids and they were observed using a
40 pm objective aperture. A low concentration was used to reduce
particles agglomeration. No contrast agent was added to the limes, since a
good contrast is obtained with these materials alone.

The identification of mineral phases was possible by performing
selected area electron diffraction (SAED), using a 10 pm objective
aperture.

- Environmental scanning electron microscopy (ESEM)

Micro-scale crystallization cycles were performed to observe the
crystalline phases of a salt at different degree of hydration present in
mortars after the salt crystallization durability tests. This study was
carried out by using a Philips Quanta 400 microscope (CIC, University of
Granada) on mortars fragments of ca. 1 cm, without need of previous
drying and sputter coating. Before observation, the microscope chamber
was purged at a temperature of 10 °C and a range of pressures between
0.9 and 5 torr, corresponding at this temperature to about 8% and 40%
of relative humidity, respectively.

e Characterization of the pore system

- Mercury intrusion porosimetry

This technique was used to determine the open porosity (P,, %), pore
size distribution (PSD) and bulk (ps, g/cm?®) and solid (ps, g/cm?®) density
in @ range of pore radius comprised between 0.002 and 200 um. The
equipment used was a Micromeritics Autopore III 9410 porosimeter
(Department of Mineralogy and Petrology, University of Granada). Mortar
fragments of ca. 1 cm® were oven-dried for 8 h at 100 °C before analysis.
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- N> adsorption

This technique gave the same information as the MIP analysis but in a
smaller range of pore radius, comprised between 0.0001 and 0.025 pm
(15<d<500 A). A Micromeritics 3000 Tristar (Department of Mineralogy
and Petrology, University of Granada) was used to obtain N, sorption
isotherms (T = 77 K) under continuous adsorption. Before the
measurements, samples were heated to 110 °C for 4 h and outgassed to
107 Torr using a Micromeritics Flowprep. Pore size distribution curves
were obtained by applying the Barret-Joyner—-Halenda (BJH) [19] method.

e Study of the hydric properties

The study of the hygric properties of mortars is fundamental for the
evaluation of their quality and durability, since water (in the solid, liquid
and vapour state) is one of the main factors that drive construction
materials to deterioration [29,30].

The influence of the characteristics of mortars pore system on the
amount of water absorbed and the kinetics of absorption was carried out
by means of different hygric assays. In each one of them, the mass
variation of mortars samples was measured over time, due to movement
of the water in the pore system.

- Free water absorption and drying

Water absorption depends on the characteristics of the pore system of
the mortar (pore form, size, distribution and interconnection). Basically,
the quantity of water absorbed at the end of the test depends on the total
volume of pores and the interconnection among them, whilst the
absorption kinetics depends on the porometric distribution. Moreover,
absorption is conditioned, in a certain way, by the pressure, temperature
and relative humidity [30].

The absorption assay was carried out according to the UNI EN 13755
[31] standard, on three mortars samples of 4x4x4 cm in size. Mortar
samples were oven-dried at 100 °C for 24 h before measurements were
taken.

Free water absorption (Ap) (absorption of water at atmospheric
pressure) was measured as follows:

Ay = MLMM°><100 [Eq. 12]

0

Where M, is the mass of the sample saturated with water at
atmospheric pressure (until constant mass is reached) and My is the initial
mass of the sample.

The absorption coefficient (C;) was determined as the slope of the first
two points in the curve representing the mass variation as a function of
the square of time (4 minutes after the beginning of the test) (UNI EN
13755 [31]).
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The water-drying test was performed according to the NORMAL 29-88
[32] standard, on the same samples at the end of the free water
absorption test. Drying was followed by measuring the mass drop of
samples, due to the loss of water over time. The drying index (I4) was
measured according to the equation [32]:

t
[ F (Mt
b
Iy = M.t [Eq. 13]
Where M represents a decreasing water weight content as a function of
time, Mg is the saturated mass and tr is the end time of the test.

- Capillary uptake

The capillary uptake test was performed according to the UNI EN 1925
[33] standard, on three samples of 4x4x16 cm.

Two capillary coefficients (A and B) were determined according to the
Beck et al. [34] procedure:

A= AM [Eq. 14]
S\t
and
B = L [Eq. 15]
Jt

which correspond to the slop of the two curves representing the weight
increase (AM, in g) per surface unit (S, in m?) and the height of the
capillary front (h, in mm) versus the square of time (v/t, in min™Y/?).

- Hydraulic conductivity

The hydraulic conductivity (or water permeability) of mortars was
determined with the falling head method, by means of the experimental
apparatus performed by Domenico and Scwartz [35]. The falling-head
permeameter (School of Geography and the Environment, Oxford
University, United Kingdom) is configured to suit the measurement of
material over a large range of permeabilities from approximately 10°® ms™
(typical of coarse grained sandstones / silty sediments) to 10! ms™ (fine
grained limestone / consolidated clay).

The apparatus (Fig. 5) consisted of ten rigid Perspex tubes as the
standpipe with 4 mm internal diameter. The tubes were mounted on a
board covered in a graph paper with gridlines marking 1, 5 and 10 mm, to
allow head measurement (Fig. 5a and b). The standpipe was terminated in
an inverted Y connector of which one arm was used to fill the standpipe
with water using a syringe and the other connected to the sample. Each
arm had a clamp placed on it in order to control flow in each pipe. The
sample was connected to the standpipe using a rubber bung that was
pushed into the sleeving of the prepared sample (Fig. 5¢c and d). To set up
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the apparatus the valve on the sample side arm was closed and water was
injected using a big syringe through the other arm. Once the water level
had reached a sufficient height in the tube, the syringe side valve was
closed and water was allowed to flow from the sample side arm to remove
air bubbles trapped in the system as this may affect the results. To start a
measurement, water was again filled in the tube, syringe valve was closed
and sample valve was opened to allow water to flow through the sample.
The time required for a given change in head at different intervals was
noted manually and used in the Eq. 16 to determine the hydraulic
conductivity (Ks, in ms™) of mortars as follows:

aL h,
- “n| -t
Kn="a nLth [Eq. 16]

where a is the cross sectional area of the tube (in m?), L is the length
of core (in m), A is the cross sectional area of cores (in m?), t is the time
(in s) taken for head fall from initial head h; to final head h,. This equation
is derived from equating flow through the tube with flow through the
sample.

Figure 5 Falling-head permeameter. (a) and (b): standpipes mounted
on a board covered in a graph paper with gridlines, (c) and (d):
connection of the sample to the standpipe by means of a rubber bung.

Previous to the experiment, samples (2x4x4 cm) were polished to
reduce as much as possible the roughness in the surface and their edges
were rounded off (Fig. 6a). This was necessary for the next preparation
step, in which samples were wrapped in a single length PTFE tape
(plumber’s thread sealing tape) to create at least ten overlapping layers
that completely cover the largest surface of the sample (Fig. 6b). To
compress the tape-layer into the surface of the mortar and produce a
watertight sleeve, samples were then encapsulated with electrician’s heat
shrinkable sleeving (Fig. 6¢). The heat shrinkable sleeving was shrunken
with a hot-air gun to its minimum diameter. The water flow during the
permeability test would be possible only in one direction, through two
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parallel surfaces of the samples, as shown in Fig. 4c and d. Samples were
stored underwater for one day and then completely saturated under
vacuum before the test.

Figure 6 Sample preparation before the permeability test. (a):
polishing and smoothing of the sample, (b): covering of the sample
surface with PTFE tape, (c): aspect of the samples after being
encapsulated with electrician’s heat shrinkable sleeving.

- Water vapour permeability

Water permeability is the capacity of a material to transmit water, as
liquid or vapour, through it. Mortars with high water vapour permeability
are preferred because they allow the masonry to breathe and dry out
quickly, thus preventing the trapping of water behind the substrate and
reducing damage due to freeze-thaw phenomenon. Moreover, it is
fundamental that the mortar has a higher vapour transmission rate than
the masonry substrate.

The water vapour permeability (K,) is the quantity of water vapour
passing per time unit and surface units through a porous material under
isothermal conditions. For the determination of this parameter, three
samples per mortar of 1.5x4x4 cm in size were oven-dried at 90 °C for
24 hours. Afterwards, they were placed in experimental permeameters
filled with deionised water, avoiding the contact of water with the sample

47



CHAPTER 2

surface. Permeameters were then sealed by using dishes of silicon rubber
(Fig. 7).

The water vapour permeability assay was performed for 5 days in total,
at controlled conditions of temperature (T = 25 9C). The whole mass
(permeameter + sample + water) was recorded every day and a lineal
trend curve was obtained from the mass drop over time.

Figure 7 Image of a water vapour permeameter.

The water vapour permeability (K,, g/m?h) was calculated according to
the following equation:

AM
K, = f-o.7378-e [Eq. 17]

Where AM/S is the mass variation of the permeameter + sample +
water per surface unit (surface of the sample exposed to vapour), t is the
duration time of the assay, 0.7378 is a correction factor applied to
determine the water vapour permeability value at T = 20 ©°C, as
established in the NORMAL 21/85 [36] and e is the sample thickness.

e Study of the mechanical properties

- Flexural and compressive resistances

Flexural and compressive strength (Rf and R, were measured by
means of an INCOTECNIC-Matest hydraulic press (ARGOS Derivados del
Cemento), S.L., Granada). According to the UNE-EN 1015-11 [8]
standard, flexural assays were carried out on three samples per mortar (of
4x4x16 cm). The six samples obtained after the flexural rupture were
used for the compressive assays.

- Micromechanical mode/

A micromechanical model was applied to study the changes of the
mechanical characteristics of mortars due to the carbonation process.
Moreover, it allowed studying the differences in the evolution of the
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carbonation process between the exterior and the interior of mortars. To
this end, two micro-samples (10x10x10 mm) were obtained from the first
10 mm and from the core of each mortar prism. Then, the micro-samples
were tested in an Instron 4411 uniaxial compression press (Department of
Earth Science and Environment, University of Alicante), which can achieve
a maximum load of 5000 kN and a constant load velocity of 0.1 MPa/s.
The stress-strain curve was recorded and strength (in MPa) and Young
modulus (in MPa) were calculated for each sample.

- Ultrasonic measurements

The ultrasonic wave propagation technique was used to determine the
elastic-dynamic properties of mortars, which are related to their
mechanical resistance and degree of compactness. Measurements were
performed using a Panametrics HV Pulser/Receiver 5058 PR coupled with
a Tektronix TDS 3012B oscilloscope (Department of Mineralogy and
Petrology, University of Granada and Department of Earth Science and
Environment, University of Alicante), in transmission-reception mode. A
couple of non-polarized piezoelectric transducers were used, with a
frequency spectrum of 1 MHz. Measurements were carried out on mortar
samples of 4x4x16 cm along three perpendicular directions: a, parallel to
the compaction plane; b, parallel to the compaction plane along the
largest face of the sample; ¢, perpendicular to the compaction plane. The
velocity of propagation of primary (Vp) and secondary (Vs) waves within
the mortar samples was determined as the ratio between the specimen
length and the transit time of the pulse.

Once calculated the average velocity of V, and Vs waves along a, b and
c directions for three samples of each type of mortar and knowing the bulk
density (pp, g/cm?) of the mortar at each time, the Poisson coefficient (v),
and the rigidity (G), Young (E) and volume (or compressive) moduli (K) of
the mortars were calculated using the following equations:

Y [VT [Eg. 18]
2l 2| -1
VS
G= pV, [Eq. 19]
E= 2G(l+v) [Eq. 20]
E
K= 31-2v) [Ea. 21]
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2.2.3 Study of the durability of mortars

e Accelerated ageing tests

To study the durability of mortars, they were subjected to different
accelerated weathering tests that simulated changes of temperature and
relative humidity, solar radiation, rain, salt fog and salt capillary
absorption. Four different tests were performed: 1) weathering cycles with
T, light and RH variations (WS); 2) weathering cycles and rain simulation
(WS+R); 3) weathering cycles and salt resistance by capillary absorption
(WS+SS); and 4) weathering cycles and salt resistance by surface
deposition (salt fog) (WS+SD).

All the tests were carried out in a Sanyo-FE 300H/MP/R20
environmental cabinet (internal dimensions of 675W 630D 650H mm)
(School of Geography and the Environment, Oxford University, United
Kingdom), which can operate at temperature range of -20 to +100°C and
can be programmed with different conditions of temperature, relative
humidity and light.

Previous to the weathering, samples of 2x4x4 cm were oven-dried and
then placed on a sand layer (ca. 4 cm thick) in a tray, following the
experimental procedure as in Goudie and Parker [37] and Goudie et al.
[38]. The smaller surface (2x4 cm) was put in contact with sand and the
larger surface (4x4 cm) perpendicular to it (Fig. 8). In this way, samples
reproduced the real situation of a render (1-3 cm thick) on a wall.

Figure 8 Durability study. (a): mortars samples placed in a tray over
a sand layer; (b) and (c). interior of the environmental cabinet, where the
samples were analysed.

Each climatic cycle lasted 12 hours and consisted of 4 steps, of 3 hours
duration each step, with a cooling and warming rate of 25 °C/hour.

Rain was simulated by spraying both the sand (water level of 2 mm)
and the mortar surface with around 25 mL of tap water, which was applied
every 4 cycles just before the step at the lowest temperature. The water
absorbed by the samples (by capillary rise from the sand and by
absorption from the wetted surface) froze when temperature decreased
below 0 °C and dried when temperature increased up to 40 °C, with the
consequence that freeze-thaw cycles were also simulated in this test.

The experimental design proposed by Goudie et al. [38] was used, with
some modifications, to evaluate the damage caused by the capillary
uptake of a saline (sodium sulphate) ground water within the mortar. In
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this test, samples were placed in a tray on sand 4 cm thick and sodium
sulphate was dispersed in the sand (1:10 salt to sand ratio by weight).
Tap water (water level of 1 mm) was applied over the tray for around 60
s, using a spray every 4 cycles before the step at the highest
temperature.

Finally, to analyse the damage caused by the deposition of a salt fog on
the mortar surface, a sodium sulphate solution (14% w/w) was sprayed
on the surface of the mortar samples, every two cycles before the step at
the highest temperature.

During the weathering tests, samples were weighed and photos taken
every day in order to record any morphological change in mortars.

Temperature and relative humidity trends were also checked with a
data logger (ibutton® Hygrolog which records temperature and RH) to
ensure that the programmed cycle was reproduced accurately (Fig. 9).

—T(©)

WS and WS+R (a)
50 RH. (%) 90
40 .'.';'-':' AR SHE .,“;,ﬂ..:"""80
LA AL AL AL oL B st stk AL b ] ult il 70
30 Jffli AL A :;;_"‘-:":“"”‘::“\,:“:“::;:”"—60
) " At - 50 2
2 20 ; :
= | ' 40
10 30
L 20
0
10
-10 0
T e
n. cycles
—T(C)
T Rbqw Ws+ss (b)
50 120
. :2‘. ".‘
40 \ (. q = n‘ et 100
30 [Pt S 80
Y ATATAYAVATAVAVAVAT.E:
=
mlﬂlﬂl\\r\!\l |
0 U U 20
-10 0
U »
n. cycles
R WS+SD (c)
50 RH. (%) 120
40 S S 1 Y Ot Y B e R
;’ V] i I . ! .
30 i Pt 80
o 1 ] ! | o
eI A it i x
€ 20 60 T
- S

ooooooooooooo

;;;;;

eeeeeeeeeeeeeeeeeeeeeeeeeee

n. cycles

Figure 9 Temperature (T, in °C) and relative humidity (RH, in %)
variations during the cycles performed in the weathering tests: WS,
normal weathering;, WS+R, weathering study and rain simulation;

WS+S5S, weathering study and salt resistance by capillary absorption,
WS+5SD, weathering study and salt resistance by surface deposition.
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PART I

Limes and aggregates: a study of their
influence on mortar hardening properties
and an initial assessment of the most
suitable proportions.
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Objectives

The first part of this thesis tackles important variables that needed to
be considered prior to the design of mortars. I especially refer to the
selection of the most suitable types of lime and aggregate to be used as
the main components of the designed mortars.

Chapter I.1 deals with the micro-structural and rheological properties
of the two industrial limes (calcitic and dolomitic) considered in this thesis,
with the aim of understanding their influence in the development of the
plasticity and workability of the fresh mortar mixtures.

The following chapters focus on the comparison between the
mineralogical, textural and physical-mechanical properties of mortars
prepared with different binders (chapter 1.2) and aggregates (chapters
1.2, 1.3, I.4 and L.5).

A special attention is given to the evolution of mortars properties due
to carbonation (chapters 1.3, 1.4 and I.5). The main aim of these studies is
to investigate whether and how aggregates of different mineralogy,
grading and texture influence the outcome of this process.

In particular, chapters I.4 and 1.5 claim to point out the effectiveness
of non-destructive and low-destructive techniques as tools for the textural
characterization of mortars.

In these two chapters, the selection of the optimal binder-to-aggregate
proportions is also discussed, although this topic will be tackled practically
throughout the thesis.
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Chapter 1.1

Differences in the rheological properties of
calcitic and dolomitic lime slurries: influence
of particle characteristics and practical
implications in lime-based mortar
manufacturing.

Arizzi A., Hendrickx R., Cultrone G., Van Balen K.
Materiales de Construccion (2012)
DOI 10.3989/mc.2011.00311

Abstract

The study of the rheological properties of lime suspensions is a useful
means to evaluate the workability of lime mortars. In this work, we
studied the flow behaviour of two industrial hydrated limes, one of calcitic
and the other of dolomitic composition, by means of two types of
rheometer with different geometry and setup mode. The obtained results
were interpreted taking into account the differences in microstructure and
surface properties of the suspended particles. Calcitic lime dry particles
are formed by angular and polydisperse clusters and, once dispersed in
water, they behave like thixotropic materials. On the other hand, the
dolomitic lime is formed by nanoparticles and small round cluster and it
shows a pronounced plastic behaviour in suspension. This fundamental
difference between the two materials explains the traditional preference
for dolomitic lime mortars for plastering and rendering applications.

59



PART I - Chapter I.1

1. Introduction

The preparation of a mortar paste with high plasticity is essential for
obtaining good performance of the mortars in both the fresh and hardened
states, and this is why mortar workability and the factors affecting it are
now being widely investigated. Several studies have pointed out that a
workable mortar paste is achieved by optimally combining the effects of
packing density [1], water/binder ratio, particle shape and size
distribution [2-4], air content [5,6], presence and type of admixtures
[6,7] and filler addition [8].

In addition to these factors, the workability of a mortar mixture
depends greatly on the effect of the lime particles on the viscosity in
suspension. For equal compositions the viscosity was demonstrated to be
higher when lime putty is used instead of dry hydrated lime [9]. The latter
is obtained in powder by adding a stoichiometric amount of water vapour
to the quicklime (CaO), whereas lime putties are slaked with water in
excess and left submerged in water for some time. It is also stated in
literature that DL has better rheological properties than CL for certain
applications (for renders, for example) [10]. More specifically, the first is
claimed to behave more “plastic”.

This paper concentrates on the difference of plasticity between calcitic
and dolomitc lime by means of a rheological study of the micro- and nano-
structural characteristics of their particles, as well as their properties in
suspension. Differences found in the flow behaviour of the two limes were
linked to their microstructure and surface properties. The determination of
the surface charge of the particles (defined by the C-potential) was
fundamental for corroborating the interpretation of the colloidal forces
(repulsion or attraction) established between particles in water [11],
which has an important influence on their state of aggregation.

To this objective, lime slurries were prepared with different lime
concentrations, considering the plasticity that is typically required for
practical purposes.

Particle packing density is a key parameter in the rheology of CL and
DL. The approach in this article follows the terminology of Shapiro and
Probstein [12], which correlates the fluidity limit with the random loose
packing fraction (RLP) of the solid particles and which defines the random
close packing (RCP) as the densest packing with random structure. The
RLP and RCP values of the two limes will be compared with the maximum
solid fraction (¢m) that will be obtained by means of the rheological
measurements.

2. Materials and methods

Two dry powder hydrated limes were studied: one of calcitic
composition (CL) CL90-S, produced by ANCASA (Seville, Spain) and one
dolomitic (DL) DL85-S, produced in the USA and supplied by LHOIST
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enterprise (Nivelles, Belgium). The mineralogy of the limes is indicated in
the abbreviations, as set out in the European standard [13].

An extensive characterisation of the limes was carried out before
making the rheological measurements. Specific surface area (SSA) and
micropore volume (determined with BET [14] and BJH [15] methods,
respectively) were measured by using the N, Adsorption technique, by
means of an equipment Micromeritics 3000 Tristar, which workes under
continuous adsorption conditions at a temperature of 77 K. Prior to the
measurements, two samples per lime were outgassed at 10~ Torr and 110
OC for 4 hours, by means of a Micromeritics Flowprep.

Particle size distribution (PSD) was determined by using a GALAI CIS-1
particle size analyzer. For this measurement, the lime samples were
dispersed in ethanol and were sonicated for 20 s.

Particle shape and microstructure were observed using a field emission
scanning electron microscope (FESEM, Carl Zeiss, Leo-Gemini 1530). Two
samples of each lime with a thickness of about 1 cm?® were oven dried for
24 h at 100 °C and then carbon-coated before their observation.

Observations were also performed with more detail by means of a high-
resolution transmission electron microscopy (HRTEM), by using Philips
CM20 equipment that operates at a 200 kV acceleration voltage, in order
to calculate the aspect ratio (rp, Eq. I.1.1) of the micro-sized lime
particles, according to the equation:

d
rp— T

[1.1.1]

In Eqg. I.1.1, d is the particle length measured along [100] and | is the
thickness measured along [001]. The rp value was calculated on a total of
100 particles For the HRTEM analysis, limes were dispersed in ethanol and
were sonicated 15 s. Then, particles were deposited on carbon-coated
copper grids and they were observed using a 40 um objective aperture
whilst selected area electron diffraction (SAED) was performed using a 10
MM objective aperture. A low concentration was used to reduce particles
agglomeration. No contrast agent was added to the limes, since a good
contrast is obtained with these materials alone.

Solid (or particle) density (p, g/cm?®) of the limes was measured by
pycnometer analysis. Measurements were carried out according to the
ASTM, D 854-92 standard [16]; pycnometers were calibrated and filled
with white spirit.

Two methods were used to measure the dry bulk density (py, g/cm?®) of
the limes. In the first one, the limes were poured loosely into a container
without any additional compaction and the RLP value was obtained [12].
In the second one, the dry bulk density (p» , g/cm?) was determined after
vibrating them at 0.3 mm of amplitude and 50Hz of frequency during 300
s. In this case, the calculated value corresponds to the RCP [12].

The electrophoretic mobility (he) and C-potential (determined with the
Smoluchowski model [17]) of the aqueous solutions (¢p~0.01;
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11.2<pH<11.4) of portlandite (Ca(OH),) and brucite particles (Mg(OH)>)
were obtained at 25 ©C, using a Malvern Zetasizer 2000 instrument.

The aqueous solutions were prepared from the saturated solutions of
each lime. The value of ionic force of the saturated solutions, equal to
0.052 at pH 12.48 and 0.01988 M, was calculated by means of the
PHREEQC software [18]. After stirring, solutions were injected in the
equipment and nine measurements were carried out for each solution.

The RLP and RCP of the two limes were compared with the maximum
solid fraction (¢pn) obtained by means of the rheological measurements, in
order to evaluate eventual differences due to the lime state.

For the rheological measurements, five CL suspensions and four DL
suspensions were prepared with different solid fractions (Tab. I.1.1).

CL suspensions DL suspensions

Name W/B ratio Pwb () Name W/B ratio Pwb ()
CL1 1.1 1.41 0.28 DL1 2.0 1.27 0.18
CL2 1.2 1.39 0.26 DL2 2.2 1.26 0.17
CL3 1.3 1.36 0.24 DL3 2.5 1.26 0.15
CL4 1.4 1.33 0.23 DL4 3.0 1.24 0.13
CL5 1.5 1.31 0.22 - - - -

Table I.1.1 Values of W/B ratio (by mass), wet bulk density (pws, g/cnr’)
and solid fraction (@) for calcitic (CL) and dolomitic (DL) lime slurries.

Due to the differences in plasticity of the two lime suspensions,
different ranges of solid fractions were considered for CL and DL, as the
main objective of this study was to determine the visual plasticity of
workable pastes. For the determination of the plasticity of the pastes we
did not use any numerical criterion, because to fulfil the objectives of this
work, one of the established requirements was to respect the conditions of
preparation and mixing of mortars paste applied in-situ (i.e. during
building works).

Three different rotational rheometers were used for the study of lime
suspensions. The viscosity measurements were performed with Viskomat
PC equipment. In this case, a controlled rate (CR) procedure was applied
and consisted of a first phase of pre-shearing (120 s at 120 rpm) followed
by a gradual decrease in rate from 120 to 10 rpm. Each step of 10 rpm
lasted 30 s. The pre-shearing was performed so as to ensure that we had
a comparable start point for all the materials, while the step-down
procedure was chosen so as to avoid a misinterpretation of the flow
behaviour caused by structural changes that occur during the time
between the rest period and the shearing. The rate range we chose was
considered the most appropriate for analysing the viscosity of the
suspensions, since in everyday practical uses of mortars, such as
spreading over a surface, the real shear rate applied to the lime pastes is
within this range. The averaged data for torque T (Nmm) and velocity V

(rpm) was processed to obtain the values for shear rate ¥ (s?) and
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viscosity n (Pas), according to the procedure based on the Couette
analogy and developed by Bousmina et al. [19] and Ait-Kaidi et al. [20].
The shear rate is calculated as follows:

[1.1.2]

where Q = 2nN is the angular velocity (rad/s); Re/R; is the ratio of the
outer and inner cylinder radius of the viscosimeter, in our case 1.154 [5].
This is not the real (physical) value, which is considerably smaller, but the
calculated value according to Bousmina et al. [19]. The obtained
parameters allow calculating the following viscosity n:

Q 471R° [1.1.3]

being L the paddle length.

From the viscosity measurements, six values of apparent viscosity were
chosen at six different rotation speeds: 10, 30, 50, 70, 90 and 110 rpm,
which correspond to the following shear rates, according to equation 2:
7.31, 21.93, 36.55, 51.18, 65.8 and 80.42 s™'. By fixing the viscosity
value of the solvent, which for water is 0.001 Pas, viscosity data were
fitted to the Krieger-Dougherty model [21] (Eq. I.1.4), in which the
relative viscosity n. is equal to:

~[n]¢n
e = (1—¢j [1.1.4]

where n, represents the viscosity ratio of the material and the solvent;
¢ is the solid fraction,; ¢ is the maximum solid fraction and [n] is the
intrinsic viscosity.

The pair of results maximum solid fraction (¢n) and intrinsic viscosity
([n]) was obtained for each selected velocity. The average value for @n
was fixed and used to recalculate [n] by the linear fitting of the
logarithmic transformation of equation I.1.4, keeping a fixed value for the
solvent viscosity.

Besides in water, viscosity measurements of lime suspensions were
also carried out in glycerine to obtain very dilute suspensions
(0.01<p<0.1), in which the relative viscosity increase as a function of @
corresponds to the intrinsic viscosity of the suspended material, without
any dependence on particle interactions and packing. Also the viscosity
measurements of the lime suspensions in glycerine were performed in the
Viskomat PC, following the same procedure as the lime suspensions in
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water. The interest in comparing the values of viscosity and maximum
solid fraction obtained in diluted (in glycerine) and concentrated
(aqueous) suspensions stays in the possibility of evaluating the weight
that particles interaction factors has in real suspensions (at higher
concentration).

For the suspensions in glycerine, we followed the same experimental
routine as for the more concentrated aqueous suspensions. The intrinsic
viscosity was obtained as follows:

b 77_77.5
[n] = m o [1.1.5]

Since the viscosity of glycerine is strongly dependent on temperature,
this was measured at different temperatures by means of a Brookfield LVT
Viscometer.

Finally, a Brookfield R/S rheometer equipped with a coaxial cylinder
geometry and smooth internal surface was also used to perform the same
test carried out in the Viskomat as well as complete loop tests, with
increasing and decreasing shear rates, at controlled rate (CR) and
controlled stress (CS). In both cases, the profile measurements had three
stages: (i) a logarithmic increase of the shear rate from 0 to 1000 s™ in
225 s; (ii) a 30s plateau at the maximum shear rate (1000 s™); and (iii) a
final stage of logarithmic decrease of ¥ from 1000 to 0 s in 225 s. A pre-
shearing of the suspensions was performed at 250 s for 150 s.
Temperature was maintained at 25 (£0.5) °C during measurements using
a circulatory water bath.

Whilst all the rheological parameters has been obtained by means of
Viskomat measurements, the use of a coaxial cylinder rheometer allowed
us to study the flow behaviour (thixotropic or anti-thixotropic) of lime
suspensions in a wider range of shear rates with the aim to verify the
differences existing in the rheological properties of the two limes.

3. Results and discussion

3.1 Characterisation of limes

Dry hydrated calcitic lime (CL) particles exhibit a great tendency to
agglomeration, phenomenon driven by capillary forces that overcome
electrostatic repulsion during drying [9]. Aggregates are polydisperse and
angular-shaped, both at nano- (Fig. I.1.1a) and micro-scale (Fig. I.1.2a-
d). They are predominantly formed by portlandite nanocrystals and,
occasionally, by sub-microsized particles of between 400 nm and 1 ym
(Fig. I.1.2c). Clusters of nanoparticles are predominantly randomly
oriented (Fig. I.1.1a), although a few alignments were found (Fig. I.1.1c
and I.1.2d). Individual nanocrystals with a hexagonal habit were also
observed, such as the plate-like Ca(OH)> nanocrystal shown in Fig. I.1.1b.
The majority of aggregates are 4-6 um in size, which corresponds to the
main peak found in the PSD curve of calcitic lime (Fig. I.1.3).
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-

Figure I.1.1 HRTEM images of the calcitic lime CL. (a) Micro-sized
aggregates formed by randomly oriented Ca(OH). nanoparticles, as shown
by the diffraction rings in the SAED pattern (inset). (b) Plate-like Ca(OH)>
nanocrystal; the basal plane (0001) is normal to the image plane, as
shown by the SAED pattern (inset). (c) Individual nanoparticles and small

aligned aggregates.
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Figure 1.1.2 FESEM images of the calcitic lime CL. (a) and (b)
Aggregates of sub-microsized particles of different sizes. (c) and (d)
Aggregates of individual sub-microsized prism-shaped Ca(OH). crystals
and oriented aggregates of colloidal particles.

Dolomitic lime (DL) by contrast is predominantly characterised by
nanoparticles, while the sub-micro- and micro-prismatic crystals observed
in CL are absent. In fact, FESEM observations dismiss the presence of
individual particles of over 500 nm. Dolomitic lime particles give rise to
monodisperse and round aggregates, which are mainly between 1 and 2
Mm in size (Fig. I.1.4a-c).

According to the PSD curve (Fig. 1.1.3), DL is also characterised by
large clusters of over 10 um. HRTEM observations show that dolomitic
lime is characterized by hexagonal platelets of portlandite and brucite,
which are different in length and thickness (Fig. I.1.5a-c). Microanalyses
performed at a nanoscale by means of TEM indicate that plate-like crystals
with an average length of 124 nm (d) and a thickness of 17 nm (l) are
brucite crystals (Fig. I.1.5a). For these particles, the aspect ratio (rp)
(calculated with Eq. 1.1.1) is 7.4. Another type of platelet that was bigger
both in length and thickness (d=163 nm, |=63 nm) corresponded to
portlandite crystals (Fig. I.1.5a and I1.1.5c), with an average r, equal to
2.6. In TEM images (Fig. 1.1.5), brucite and portlandite platelets are easy
to distinguish, because the former are clearer and more elongated than
the latter. The clusters of DL particles have no orientation, although we
did observe some brucite platelets that appeared to be aligned
perpendicularly to the [001] direction (Fig. I.1.5b).
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For calcitic lime particles, r, was found to be equal to 2.5, which is very
similar to the aspect ratio found for portlandite crystals in dolomitic lime.
However, this value is much lower than that found by Ruiz Agudo and
Rodriguez Navarro [22] for plate-like portlandite crystals in lime putty
(rp=7.5). This discrepancy is due to the thickness of the plate-like
crystals, which is higher in dry hydrated calcitic lime (CL) (I =34.8 nm)
than in calcitic lime putty (1 =11.5 nm) [22], while the crystal length is
almost the same (dis 87 nm and 85 nm in CL and lime putty [22],
respectively).
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Figure I.1.3 Particle size distribution of the calcitic (CL) and dolomitic
(DL) limes. The volume (in %) of particles is represented on the basis of
the particle diameter (in um).

The electrophoretic mobility (pe) and C-potential values found for the
two limes are significant for the estimation of the kinetic stability of the
lime dispersions in water (Tab. I.1.2). The higher (-potential in DL
corresponds to a higher surface charge density, which is logical, given that
the volume of the Ca atom (29,9 cm3/mol) is twice that of the Mg atom
(Mg=14,0 cm>®/mol). This may be why DL dispersions, characterised by
smaller particles (according to the higher value of SSA, Tab. 1.1.2), are
more stable than those of CL, knowing that relative kinetic stability
depends on particle size (the smaller, the more stable) [23].
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The C-potential value in CL particles is slightly lower than 34 mV, which
is the value indicated by Giorgi et al. [24] for portlandite. This is probably
due to the wider PSD of portlandite particles in the dry hydrated calcitic
lime with respect to the calcium hydroxide synthesized by these authors.
In fact, the increase of particle size would lead to a decrease in kinetic
stability [23], and therefore of the {-potential.

Figure I.1.4 FESEM images of the dolomitic lime DL. (a) and (b)
Aggregates of particles. (c) Nanosized particles.
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Figure 1.1.5 HRTEM images of the dolomitic lime DL. (a) Clusters formed
by portlandite (Ca(OH).) and brucite (Mg(OH);) crystals, according to the
microanalysis performed on the particles indicated by the dark lines. (b)
Two clusters of apparently oriented brucite platelets. (c) Clusters of
polydisperse portlandite crystals and brucite platelets. The white points in
the SAED pattern (inset in b and c) indicate that there are various crystals
with the same habitus, although they are not exactly oriented in the
aggregates.
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Dry lime powder

CL DL
SSA 13.8 23.1
HVol. 0.0569 0.0898
p 2.42 2.38
Pb 0.496 0.416
P 0.611 0.496
RLP 0.205 0.175
RCP 0.253 0.208
Dispersions in water

CL DL
He 2.31+£0.25 2.81+0.35

C-pot.  29.43+3.23 34.33+4.83

Table I.1.2 Particle properties of the dry powders of calcitic (CL) and
dolomitic (DL) limes and of the dispersions of CL and DL in water. specific
surface (SSA, n’/g); micropores volume (uVol., cn’-g); solid (or particle)
density (p, cnr/qg); bulk density determined without compaction (ps,
cnr/g); bulk density determined with compaction (p»~, cn’/g); Random
Loose Packing (RLP, m3/m3); Random Close Packing (RCP, m3/m3);
electrophoretic mobility (ue, n’-V1.s?): electrokinetic potential ({-pot.,
mv).

The isotherm curves are typically S-shaped (Fig. I.1.6a). The low-
pressure portion is concave to the pressure axis, that of higher pressure is
convex to the pressure axis and the intermediate region is more or less
linear with respect to pressure [14]. These curve shapes correspond to
Type II, which indicates a monolayer-multilayer adsorption typical of non-
porous adsorbents [25]. Moreover, the hysteresis loop, both for the CL
and the DL isotherm, is of type Hs (inset in Fig. I.1.6a), which is typical of
aggregates of plate-like particles [9]. Dolomitic lime presents a higher
volume of pores with a diameter comprised between 20 and 500 A (Tab.
[.1.2 and Fig. I.1.6b). This is consistent with the higher SSA value found
for DL (Tab. 1.1.2), which has to be attributed to the lower size of its
particles and aggregates.

It is interesting to notice that lime suspensions always show higher
values of solid fractions than the maximum packing estimated for dry lime
powders, both vibrated and unvibrated (RCP and RLP values, respectively;
Tabs. I.1.1 and 1.1.2). This underestimation of the packing density in dry
powders is due to the tendency to agglomerate of dry particles of less
than 100 pm [26], which gives rise to the polydisperse agglomerates
described above. However, during the preparation of the lime suspensions
in a polar medium such as water [27], aggregates are dispersed because
of the electrostatic forces between the charges present on the surface of
portlandite crystals [22, 27-28].

Although the suspensions of DL prepared for the rheological
measurements have lower solid fractions (0.13<p<0.18) than the CL
suspensions (0.22<@<0.28), their viscosity (or plasticity), estimated
manually, is considerably higher than that of CL pastes. The higher
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surface charge of DL (c¢f. (-potential in Tab. I.1.2) may also cause higher
water adsorption capacity of this lime. Besides, water molecules may be
immobilized between ions and not available in the suspensions, thus
increasing the apparent solid volume fraction and, consequently, the
viscosity of the suspension.
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Figure 1.1.6 N sorption analysis of the calcitic (CL) and dolomitic (DL)
limes: (a) adsorption isotherms, in which the relative pressure (p/po,
where py is the saturation pressure of the pure adsorptive at the
temperature of the measurement) is plotted against the adsorbed volume
(in cm’/g STP), determined at standard conditions of temperature and
pressure. The inset in (a) shows the adsorption-desorption isotherms with
a Hs hysteresis loop. (b) BJH pore size distribution curves, in which the
pore diameter (in A) is plotted against the incremental volume (in cni’/g).

3.2 Viskomat rheometry

Viscosity and flow curves for CL and DL suspensions are plotted in Figs.
[.1.7. The higher viscosity of DL with respect to CL for comparable solid
fractions is due to the higher number of particle-particle collisions and the
higher charge density of Mg ions, which attract more water molecules that
lead to a higher apparent solid fraction. Moreover, the interactions
between electric double layers, which are bigger in DL particles, increase
the viscosity and the bulk stress.

The viscosity curves (Figs. I.1.7a and c) show a decrease in apparent
viscosity as the shear rate increases. Both DL and CL show a Bingham-like
behaviour, characterised by a high vyield stress, which increases with
increasing solid fraction (Tab. I.1.3). The plastic viscosity decreases for CL
but remains approximately constant for the DL.

This shear-thinning behaviour observed in CL suspensions (Fig. I.1.7a),
typical of non-Newtonian suspensions [11], is attributed to
disagglomeration and orientation of lime particles which, in conditions of
high pH and low ionic force, form a disordered “house-of-cards” structure,
described by other authors to explain the arrangement of suspensions at
rest of angular and polydisperse hexagonal plate-like particles [28] and,
more specifically, of calcitic lime particles [22]. At increasing shear rate
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this structure is destroyed because hydrodynamic forces overcome
electrostatic interactions between opposite charges present in the basal
planes (positive-charged) and in the side-planes (negative-charged) of
individual plate-like particles [22]. As the shearing continues, platelets
may align spontaneously with the direction of the flow [29].
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Figure 1.1.7 Semi-logarithmic curves obtained for calcitic (CL) and
dolomitic (DL) lime slurries, by means of the Viskomat: viscosity curves
for CL (a) and DL (c) slurries, in which shear rate (dy/dt, s-1) is plotted
against apparent viscosity (n, Pas); flow curves for CL (b) and DL (d)
slurries, in which shear rate (dy/dt, s-1) is plotted against shear stress (T,
Pa).

Calcitic lime suspensions Dolomitic lime suspensions

CL1 CL2 CL3 Cl4 CL5 DL1 DL2 DL3 DL4

@ 0.28 0.26 0.24 0.23 0.22 0.18 0.17 0.15 0.13
Mot 1.43 0.61 0.23 0.21 0.15 0.07 0.06 0.05 0.05
r 106.11 55.44 28.89 18.14 7.03 51.26 35.71 20.12 6.07

Table 1.1.3 Analysis of the Bingham parameters of calcitic (CL) and
dolomitic (DL) lime suspensions in water: solid fraction (@); plastic
(Bingham) viscosity (np, in Pas); yield stress (Bingham) (z, in Pa).
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The thixotropic nature of the CL slurries was verified by performing
constant rate experiments where suspensions were subjected to constant
speeds rotation of 120, 110, 30, 20 and 10 rpm, each for 10 min. At 120
rpm, the torque decreases sharply during the first 3 minutes until it
reaches a constant level. In this case, the spontaneous alignment of
platelets with the flow direction leads to a lower resistance to the flow. At
110 rpm, the torque is quite constant, so we can assume that no changes
happen in the microstructure at this shear rate. Finally, at 30, 20 and 10
rpm, the torque increases because hydrodynamic forces are again
overcome by colloidal forces and particles tend to recover their initial
structure of “house of cards”.

The flow curves for DL slurries (Fig. I.1.7d) are quite flat, which means
that there is almost no change in shear stress at increasing shear rate.
The high decrease in viscosity and the narrow shear stress range obtained
for DL suspensions (Fig. I.1.7c and 1.1.7d) may be related with the shear
localisation effect. Given the colloidal character of DL particles, we may
assume a flocculation of these particles during shearing which creates
regions at different concentration and shear rate, resulting in an “apparent
slip” of the suspended particles (or “shear localisation effect”). These
heterogeneous zones are formed inside the suspension, likewise other
authors studied [22, 30], given that the geometry of mixer-type
rheometers like the Viskomat considerably reduces the slip at the wall of
the container (“wall slip”).

According to Barnes [31], the slipping effect depends on particle size,
state of dispersion and concentration of the suspension and it can be
assumed in suspensions of nanometric particles, as in the case of DL. At
high shear rates, hydrodynamic forces decrease the resistance of particles
to flow. On the other hand, flocculation is enhanced at these conditions
because the collision frequency increases [29] and this results in higher
stresses. The final result of these opposing effects is manifested in the
flow curves of DL (Fig. I.1.7d), in which a constant shear stress is
registered. Whilst in CL the achievement of a constant viscosity value is
due to a equilibrium between particle dispersion (which increases n) and
particle orientation (which decreases n), in DL this equilibrium is more
difficult to achieve, due to difficulty in dispersing the flocks.

3.3 Coaxial cylinders rheometry

The same measurement conditions used in the Viskomat were applied
in the Brookfield rheometer, in order to study the influence of instrument
geometry on the flow behaviour of the suspensions. The loop experiments
were done over a high shear rate range and without reaching steady
states. Viscosity and flow curves of DL and CL were found to show similar
trends to those obtained with the Viskomat.

Interesting results were obtained when lime suspensions were
subjected to a wider speed range in CR mode (described in section 2). The
hysteresis curves, shown in Fig. 1.1.8, indicate that the flow changes with
time but in opposite flow way for the two limes. In fact, in CL we obtained
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a hysteresis curve typical of thixotropic suspensions, for which viscosity
decreases over time. In the downward part of the curve, as the shear rate
decreases, the shear stress obtained is lower than the value registered in
the upward section of the curve. This curve confirms the assumptions
discussed above on the microstructure of CL suspensions under shearing.
On the other hand, DL behaves anti-thixotropically, because the shear
stress increases in the downward part of the curve. This result is an
experimental evidence of the flocculation occurring under shearing in a
suspension of dolomitic lime particles, which have a very small size and a
high surface charge. In fact, anti-thixotropic (or rheopectic) behaviour is
frequently associated with gelification processes [28], which involve the
development of a new structure, such as flocculation (i.e. formation of
agglomerates of colloidal particles).
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Figure I.1.8 Flow behaviour of the calcitic CL (¢p=0.23) and the dolomitic
DL (¢p=0.19) lime suspensions, studied by means of a Brookfiled
rheometer with coaxial cylinders geometry, in CR mode and in a wide
range of shear rates. Flow curves, in which shear rate (dy/dt, s) is
plotted against shear stress (1, Pa). Arrows show the up and down branch
of the hysteresis curves, indicating the thixotropic and anti-thixotropic
behaviour of calcitic and dolomitic lime, respectively.

3.4 Intrinsic viscosity and maximum packing fraction

Apparent viscosity values obtained from measurements in the Viskomat
were plotted to the solid fraction of the suspensions. As expected, the
viscosity tends to infinity at the value for the maximum solid fraction. For
CL slurries, the values of maximum solid fraction (¢n) and intrinsic
viscosity ([n]) obtained were not the same at different velocities (Tab.
I.1.4). The increase in the maximum solid fraction with increasing shear
rate has been attributed to the ability of particles to pack more densely
when subjected to higher shear rates [32]. In fact, particles tend to
disagglomerate with shearing, so that a closer packing is possible.
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Likewise, the decrease in the intrinsic viscosity at the higher shear rates
may be related to changes in the degree of agglomeration of the
suspended particles and also to the Brownian motion contributions [29].

CL Slurries
N 10 30 50 70 90 110
[n] 19.75 18.58 17.97 17.71 17.66 17.42
Pm 0.36 0.38 0.39 0.40 0.41 0.41

Table I.1.4 Values of intrinsic viscosity ([n]) and maximum solid fraction
(®m) found for calcitic ime (CL) slurries at different rotation speeds (N,

pm).

The average value of ¢, obtained for CL (0.39) is twice the RLP value
found for the dry CL (0.20, Tab. I.1.2). Once more, this is an effect of the
agglomeration of CL particles in the dry state, which gives a lower
maximum packing value. This result supports Wong and Kwan’s statement
about the inaccuracy of the dry method for the determination of maximum
packing [6].

In our case the ¢, obtained for calcitic lime was lower than the
expected, given the theoretical values of maximum packing for
monodisperse (pm=0.52-0.74) and polydisperse particles (¢m=0.87). The
discrepancy between the values we obtained and the theoretical ones is
due to the fact that the double layer of lime particles has not been
considered in the calculations. In reality, the presence of surface charges
on particles produces a higher particle diameter (effective diameter) and
lower volume fraction (effective volume fraction).

The intrinsic viscosity average value found for calcitic lime (18.1)
approach the value obtained by Hendrickx [5] for calcitic hydrated lime
(19.1).

For DL suspensions, we did not obtain a good fitting of the Krieger-
Dougherty model at any shear rate. On the other hand, it was possible to
fit the viscosity values of particles dispersed at very low concentrations in
glycerine (Eq. I.1.5), which yields a value of [n] equal to 16.82 for DL,
which is higher than what would be expected from the high solid fraction
data of the concentrated aqueous suspensions. Considering the reliability
of the direct method in glycerine this different result indicates the
existence of a non-homogeneous flow in suspensions at high
concentrations, because of the presence of a zone with lower solid fraction
and viscosity. The [n] value found for DL in the diluted regime (in
glycerine) is slightly lower than the obtained for CL ([n] = 17.60) at the
same conditions. This can be explained by the fact that whilst diluted
suspensions of DL in glycerine are formed by individual colloidal particles,
suspensions of CL are presumably formed by particle agglomerates which
cannot disperse in a medium with a small dipole moment like glycerine.
Logically, round-shaped nanoparticles give rise to a lower value of intrinsic
viscosity than clusters of particles, which are larger.
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The value of ¢, for DL is expected to be lower than the value found for
CL with the Krieger-Dougherty model. As we know that the double layer of
DL particles is bigger than that of CL particles, we can state that the
effective volume of DL particles is bigger and this inevitably results in a
lower packing density.

4. Conclusions

The differences in flow behaviour between calcitic and dolomitic lime
hydrate slurries were investigated in the light of the properties of the
particles. CL particles occur in micro- and nano-scale polydisperse and
angular aggregates and clusters are randomly oriented. On the other
hand, DL is characterised by nanoparticles in more monodisperse and
round aggregates. It has higher SSA and ( -potential than CL and more
pores in the nano-range. Four important rheological differences were
discussed and linked to micro-structural aspects of the materials. Firstly
the viscosity of DL slurries is higher than of CL slurries when both are
made with the same solid fraction. This is due to the higher electrical
potential of DL, which leads to higher apparent solid fraction and also to
electroviscous effects. Secondly CL slurries present a pseudo-plastic
behaviour whereas DL approaches perfect plastic materials, having a more
horizontal flow curve. For CL the plastic viscosity shows a similar
dependence. A third difference is in the solid fraction dependence of
viscosity. For CL slurries a clear Krieger-Dougherty relation was found,
whilst for the DL slurries the rheological parameters were not obtained by
fitting this model. Notwithstanding, a direct measurement (in diluted
suspensions) of the intrinsic viscosity indicates a slightly lower value than
for CL, due to differences of particles shape, size and aggregation state.

Finally rate-controlled loop experiments revealed that CL follows the
expected trend for thixotropic materials whilst DL shows an anti-
thixotropic behaviour. Both phenomena are related to shear-driven
breakdown and build-up of the particles in suspension.

This study fulfils the main proposed objectives regarding the practical
aspects of the use of two limes for mortars manufacturing, given that the
rheological parameters have been determined in a range of concentrations
and shear stresses similar to those adopted in mortars manufacturing
processes. Besides, these findings confirm and quantify the more
qualitative practical knowledge about the plasticity of plasters and renders
made with DL. From a practical point of view, the dolomitic lime presents
the most suitable behaviour for the application of mortars, because it
results in a constant resistance of the mortar at any spreading rate. This is
the reason of the traditional preference for dolomitic lime mortars for
plastering and rendering applications.

However further investigations are necessary in order to gain deeper
insight in the mechanisms taking place in limes suspension. Future work
should concentrate on particle observation and flow field visualisation
during shear (by Nuclear Magnetic Resonance, for example) in order to
clarify the observed phenomena.
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Chapter 1.2

The difference in behaviour between calcitic
and dolomitic lime mortars set under dry
conditions: the relationship between textural
and physical-mechanical properties

Arizzi A., Cultrone G.
Submitted to Cement and Concrete Research
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Abstract

Differences in the texture, mineralogy, hygric and mechanical
properties of mortars prepared with dry hydrated limes of calcitic and
dolomitic composition are investigated in this work. Special attention is
given to the influence of the lime microstructure and the mortars curing
condition. The effect of using two different aggregates (natural and
crushed of calcitic and siliceous composition) is also examined. Results
showed that the use of dolomitic lime is not recommendable if mortars are
applied in dry areas since, under these conditions, a great shrinkage
occurs and no strength improvement is induced. Moreover, dolomitic
mortars presented a pore network that negatively affects the water
transfer properties. On the contrary, calcitic mortars present higher
carbonation degree and better physical-mechanical properties. Finally, the
use of a calcareous aggregate is preferred because it produces better
cohesion in the mortar.
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1. Introduction

At the present time, when designing repair mortars, nobody questions
the recommended preference for aerial or hydraulic limes [1-3] with
respect to Portland cement, knowing the deleterious effects that this
binder has provoked in ancient building [4,5].

If an aerial binder is selected, often the question is which lime, whether
calcitic or dolomitic, has to be preferred for elaborating repair mortars.

In the past, this choice depended mostly on the availability of the
geological source (namely the proximity to stone quarries to be exploited
for obtaining the raw material), as demonstrated recently by Diekamp et
al. [6] who identified dolomite in more than 250 samples of renders and
plasters collected in buildings from Northern (Austria) and Southern Tyrol
(Italy).

However, the choice can be controversial if it is grounded on the
properties that each lime confers to the mortar. One of the reasons is that
the quality of a lime depends on different factors, burning [7] and slaking
[7,8] are some of them, which are in part overcome by the adoption of
standardised limes [9], in which the amounts of portlandite (Ca(OH),),
brucite (Mg(OH),) and calcite (CaCOs3) are strictly controlled. However,
although standardization guarantees the production of limes with the
same compositional quality, potential differences in their microstructure
may still exist depending on the manufacturing process of the lime
(industrial or traditional). This can be influential on the out coming of the
carbonation process [10] and, therefore, on the final quality of the mortar,
together with other factors, such as curing conditions [11] and aggregate
type [12,13].

Conflicting results about the characteristics of the dolomitic limes in
suspension are published in literature. Arizzi et al. [14] stated that
dolomitic dry hydrated limes show a much more pronounced plasticity
than the calcitic ones, therefore the dolomitic lime requires higher amount
of water to attain the same consistence as calcitic lime suspensions. On
the contrary, Chever et al. [15] found that the dolomitic lime possesses a
lower water demand than the calcitic one although, finally, it leads to a
greater shrinkage.

Further uncertainty exists regarding the hardened performances of
dolomitic lime mortars. Some studies agree that dolimitic lime mortars are
good for masonry mortars [6,15] because of their expected durability. On
the other hand, Cultrone et al. [16] strictly warned not to use dolomitic
lime for the elaboration of repair mortars exposed to urban environment,
since the sulphation of this binder leads to the formation of highly soluble
and deleterious hydrated magnesium sulphates, such as epsomite and
hexahydrite, and the total amount of sulphates developed is higher
compared to calcitic limes.

With respect to the physical-mechanical properties of dolomitic lime
mortars, previous studies agree that they show higher mechanical
strengths and lower porosity and capillary suction than the corresponding
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calcitic mortars [13,15,17]. Dheilly et al. [17] attributed the higher
strength of dolomitic lime mortars to the formation, under high moist
conditions (RH = 98%), of a network of fine plate-like particles of
hydromagnesite (Mgs(CO3)4(0OH),:4H,0) that improve the cohesion
between binder and aggregate grains. Similarly, other authors observed
that the Mg-lime binders perform superiorly in areas subject to presence
of moisture [18]. This can be explained with a feeble hydraulic character
that the dolomitic lime seems to posses [19].

Since the formation of magnesite and hydromagnesite is kinetically
hindered below 52°C [20], this strength enhancement is not expected to
occur under dry conditions. Lanas et al.’s study [13] on dolomitic lime
mortars set under atmospheric conditions (T = 20+5 °C and RH = 60+10
%) reports that the strength enhancement is due to the formation of
portlandite and calcite after a dedolomitization process, which occurs
when dolomite is present in the mortar.

In this work, dry hydrated dolomitic and calcitic limes are used, with
the consequence that the microtextural characteristics of the lime can be
consistently different than those of a lime slaked manually from a light
calcined calcite or dolomite (as in Lanas et al.'s study [13]). The
microstructure and flow behaviour of the limes used have been studied
previously [14] and this allowed us to find a relation between the
rheological properties of calcitic and dolomitic limes, and the quality of the
fresh and hardening mortars prepared with them.

In this work we compared the mineralogical, textural, hygric and
mechanical properties of calcitic and dolomitic lime mortars, in order to
find out which lime (whether calcitic or dolomitic) is the most appropriate
for the elaboration of repair rendering mortars to be applied in dry or low-
moist zones. Especially, we claim to know if mortars prepared with a dry
hydrated dolomitic lime still show good physical-mechanical properties
under a dry environment and to investigate the cause of an eventual
improvement.

In this sense, it is important to remember that when a mortar is
applied as coating of wall or building facades, mechanical strength is not a
crucial property as it may be in masonry mortars, whilst water capillary
absorption, porosity and shrinkage are characteristics that need to be
strictly controlled.

The influence of the characteristics and mineralogy of the aggregate is
also investigated.

2. Materials and methods

2.1. Limes and aggregates

The calcitic lime (CL) chosen is a CL90-S [9], produced by ANCASA
(Seville, Spain) whilst the dolomitic lime (DL) is a DL85-S [9], produced in
the USA and supplied by LHOIST enterprise (Nivelles, Belgium).

Two aggregates of calcareous (CA, 0.063<g<1.5 mm) and siliceous
(SA, 0.1<¢<0.5 mm) composition were used. Following the European
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standard classification for aggregate grading [21], CA and SA can be
classified as fine aggregates.

2.1.1 Characterization of the limes

The mineralogical phases of the limes were determined by X-ray
diffraction (XRD), using a Philips PW-1710 (disoriented powder method).
Analysis conditions were: radiation CuK, (A=1.5405 A), 3 to 60 ©°26
explored area, 40 kV voltage, 40 mA current intensity and goniometer
speed of 0.1 °26/s. The interpretation and quantification of the mineral
phases were performed by using the X-Powder software package [22].

Specific surface area (SSA) and micropore volume (determined with
BET [23] and BJH [24] methods, respectively) were measured by using
the N2 Adsorption technique, by means of an equipment Micromeritics
3000 Tristar that works under continuous adsorption conditions at a
temperature of 77 K. Prior to the measurements, two samples per lime
were outgassed at 107 Torr and 110 °C for 4 hours, by means of a
Micromeritics Flowprep.

Solid density (p, g/cm?®) of the limes was measured by pycnometer
analysis. Measurements were carried out according to the ASTM D 854-92
standard [25]; pycnometers were calibrated and filled with white spirit.

The bulk density of the limes was measured without (py, g/cm?) and
with (p»', g/cm>®) compaction. In the first case, the limes were poured
loosely into a container without any additional compaction. In the second
one, the bulk density was determined after vibrating them at 0.3 mm of
amplitude and 50 Hz of frequency during 300 s.

2.2 Mortars preparation and curing

Four types of mortars were prepared with a binder-to-aggregate ratio
of 1:3 by weight. Their names and composition are shown in Table 1.2.1.
The water amount (Tab. I.2.1) was determined in order to obtain mortars
with a plastic consistence. The flow was calculated as the average of the
spread diameter (in mm) measured on three fresh samples during the
flowability assay [26] and it was equal to 1505 mm. After the
preparation [27], mortars were cured for 7 days in normalized steel
moulds (4x4x16 cm) at RH = 60+5% y T = 20+5 °C and, after
desmoulded, cured for further 21 days in the same laboratory
(modification of the standard UNE-EN 1015-2 [27] proposed by Cazalla
[28]). Mortars samples were cured at RH = 60+£5% y T = 205 °C for the
whole period of the study.

Mortar name CC CS DC DS

Lime CL CL DL DL
Aggregate CA SA CA SA
W (%) 31 27 35 34

Table 1.2.1 Composition, names and water amount (W, expressed in %
on the total mass) of the four mortars studied, with a binder-to-aggregate
ratio of 1:3 by weight. CL: calcitic lime; DL: dolomitic lime; CA:
calcareous aggregate,; SA: siliceous aggregate.
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2.3 Mortars characterization

In order to follow mineralogical, textural and physical mortars changes
due to the carbonation process, mortar samples were analyzed after 28
days and 2 months since their elaboration.

2.3.1 Carbonation degree

The mineralogical phases of mortars were determined by means of
thermogravimetric analyses (TGA), by using a Shimadzu TGA-50H
equipment. Approximately 50 mg of sample was heated in an alumina
crucible, in a flushed-air atmosphere (100 mL/min), at a heating rate of
50/min and 25-950 ©°C interval. TGA data treatment was carried out
according to the standard UNE-EN ISO 11358 [29]. Mortars phases were
determined by measuring the weight loss corresponding to the
stoichiometric reactions of brucite (300<T<400 ©C) and portlandite
(450<T<550 ©°C) dehydroxylation and calcite thermal decomposition
(700<T<900 ©°C). The decrease in portlandite and brucite content was
taken as a reference to estimate the carbonation degree index (Icp, in %)
at the same time intervals indicated above, according to the equation:

(R +By) - (P +B,)
(Po+By)

Icp = x100 [[.2.1]

where P4 and Bx are the amounts of portlandite and brucite at the time
x and Pp and Bp are the initial content of portlandite and brucite (at the
time 0).

2.3.2 Textural study

The observation of internal and external zones of the mortars
microstructure (morphology, cohesion, porosity) was carried out by means
of optical (OM) and field emission scanning electron microscopy (FESEM).
In the first case, thin sections were observed by using an Olympus BX-60
microscope equipped with digital microphotography camera (Olympus
DP10). In the second case, mortars fragments previously dried and carbon
coated were analyzed by using a Carl Zeiss, Leo-Gemini 1530 microscope.
The application of FESEM was also useful for the observation of the
aggregate morphology at micro-scale whilst the use of OM on hardening
mortars allowed observing the cohesion of mortars samples.

Both external (1 cm from the surface to the core) and internal (core)
zones of the mortars samples were periodically analyzed.

2.3.3 Pore system

The pore system was evaluated by means of mercury intrusion
porosimetry (MIP). Open porosity (P,, %) and pore size distribution (PSD,
in a range of 0.002<r<200 pm) were determined using a Micrometics
Autopore III 9410 porosimeter with a maximum injection pressure of 414
MPa. Three measurements were performed on mortar fragments of ca. 1
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cm?® collected in the internal and external zones, which were oven-dried
for 24 h at 60 °C before the analysis.

2.3.4 Hydric properties

The water capillary imbibition test was performed to study mortars
hygric properties after two months of carbonation. Three samples
(4x4%x16 cm) per mortar were oven-dried at 100 °C during 24 h before
the measures. Two imbibition coefficients (A and B) were determined from
the mass uptake per surface unit and the height during the time,
according to Beck et al. [30] procedure.

2.3.5 Mechanical properties

Flexural and compressive strength were measured by means of a
hydraulic press INCOTECNIC-Matest. According to the UNE-EN 1015-11
[31] standard, flexural assays were carried out on three samples per
mortar (of 4x4x16 cm). The six samples obtained after the flexural
rupture were used for the compressive assays.

3. Results and discussion

3.1 Mineralogy of limes

The main mineral phases detected by means of XRD (Fig. 1.2.1) are
portlandite and brucite (the latter only in DL). The X-ray pattern of the
limes also shows the presence of a small quantity of calcite (around 5%),
which reveals that a little carbonation occurred during limes storage and
use. Even if it is preferable to use non-carbonated limes, the amount of
calcite found is very low and it cannot affect importantly the limes
reactivity.

°20

Figure I.2.1 X-ray diffraction patterns of the calcitic (CL) and dolomitic
(DL) limes: P, portlandite,; B, brucite; C, calcite.
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3.2 Behaviour of mortars in the fresh state

In agreement with a previous study [14], the dolomitic lime conferred
a higher plasticity to the mortar pastes and required a bigger amount of
water compared to CL (Tab. 1.2.1). This is due to the higher values of
specific surface area (SSA) and micropore volume (p-Vol) of DL (Tab.
[.2.2) and depend on the differences in the microstructure of the dry
limes, which give rise to opposite behaviours when the limes are in
suspension [14]. SSA and p-Vol are the parameters that influence the
water content rather than the lime composition. In fact, the finer the lime,
the higher the water demand. In a similar way, Chever et al. [15]
reported that calcitic mortar pastes show a higher water demand than the
dolomitic ones to achieve a specific flow (17510 mm), since the calcitic
lime they studied had a greater fineness than the dolomitic one. In our
opinion, differences in the microstructure of limes with the same
composition can be caused by variations in the manufacturing process
that produced them. Notwithstanding, knowing the morphology of
Mg(OH), and Ca(OH), particles (brucite particles are thinner and larger
than portlandite ones [14]), we would expect always a greater fineness in
the dry hydrated lime of dolomitic composition.

CL DL
SSA 13.8 23.1
u-Vol  0.0569 0.0898
) 2.42 2.38
Db 0.496 0.416
ob” 0.611 0.496

Table 1.2.2 Particle properties of the dry powders of calcitic (CL) and
dolomitic (DL) limes: specific surface (SSA, m°/g); micropores volume (u-
Vol, cm’-g); solid density (p, cn/qg); bulk density determined without (pe,
cn’/q) and with (py,", cn’/g) compaction.

Differences in the amount of kneading water were also observed
depending on the type of aggregate used: mortars elaborated with the
calcareous aggregate required more water than those prepared with the
siliceous one (Tab. 1.2.1). This is because CA is a crushed aggregate,
formed by angular and porous grains, whilst SA is characterized by
rounded, harder and smoother grains that absorb less water.

3.3. Characteristics of mortars in the hardening state

3.3.1 Carbonation degree of mortars

According to TGA curves (Fig. 1.2.2), the amount of portlandite (P)
decreased in time, always faster in the exterior than in the interior of
mortars. On the other hand, the amount of brucite (B) remained almost
unvaried for the all duration of the study, being only a 1% less in the
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internal zones of the samples at every time interval. This is because in
dolomitic lime mortars (DC and DS) only a part of the lime, corresponding
to portlandite (Ca(OH),), is involved in the carbonation process, whilst the
rest of the binder, composed of brucite (Mg(OH),), does not undergo to
any transformation at these curing conditions, as also observed by other
authors [13]. This is why the carbonation degree index is lower in
dolomitic lime mortars at the end of this study (Tab. 1.2.3).
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Figure I.2.2 Most representative TGA curves of the four types of mortars
after 28 and 60 days of carbonation. CC: calcitic lime+calcareous
aggregate; CS: calcitic Ilime+siliceous aggregate; DC: dolomitic
lime+calcareous aggregate;, DS: dolomitic lime+siliceous aggregate; P:
portlandite; B: brucite; C: calcite.
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In mortars with siliceous aggregate (CS and DS) the weight loss
recorded is much lower since quartz does not undergo to any
transformation in the range of temperature analysed during
thermogravimetric analyses (c¢f. Section 2.3.1).

Mortar name —2c2 (%)
Ex In

CC 74.3 53.8

Cs 73.0 16.8

DC 50.6 20.8

DS 51.9 32.1

Table I.2.3 Carbonation degree index (Icp, in %) of the external (Ex)
and internal (In) zones of the four mortars at the end of the study (2
months of carbonation). CC: calcitic lime+calcareous aggregate; CS:
calcitic  lime+siliceous aggregate;, DC: dolomitic Ilime+calcareous
aggregate; DS: dolomitic lime+siliceous aggregate.

3.3.2 Mortars texture and morphology

FESEM images show the loss of some siliceous grains from the surface
of CS and DS samples (Fig. I.2.3a and b). The rounded and smooth
surface of the siliceous aggregate does not allow a strong attachment of
the matrix particles (formed by the binder and the newly-formed calcite)
to the surface of the aggregate grains (Fig. 1.2.3c), thus causing
desegregation in some cases. A better cohesion is observed in CC and DC
mortars, because of the rough and more porous surface of the calcareous
aggregate (Fig. 1.2.3d and e).

-

Figure 1.2.3 FESEM images of calcitic (a and d) and dolomitic (b, ¢ and
e) lime mortars: loss of some siliceous grain from the matrix of CS (a) and
DS (b); cohesion between the matrix and the siliceous (c) and calcareous
(d and e) grains.

The particles of calcite formed after carbonation of portlandite have
different morphology in calcitic and dolomitic lime mortars (Fig. I.2.4a and
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b). Distinguishing them in the matrix was possible only in limited zones of
the samples observed, where they appear more compact than the matrix
(Fig. I.2.4c and d).

The calcitic lime is composed by agglomerates of nano- and,
occasionally, micro-crystals (around 1 pm in size) of portlandite with
hexagonal habit (plate-like particles) (Fig. I.2.4e). On the other hand, the
dolomitic lime is predominantly characterized by nanoparticles that
present certain homogeneity in size (not bigger than 500 nm) (Fig.
1.2.4f), confirming the previous study by Arizzi et al. [14]. FESEM
observations of the mortars samples also revealed that the morphology of
the new particles of calcite precipitated after carbonation is conditioned by
that of the original particles of portlandite. In fact, in dolomitic mortars,
the calcite particles are smaller and their shape is homogeneous (Fig.
[.2.4b). In calcitic lime mortars, by contrast, the calcite particles present
different morphology and sizes (Fig. 1.2.4a), as well as the portlandite
particles from which they originate (Fig. I.2.4e).

s

o R P T N T | o B 38 R LA

Figure 1.2.4 FESEM images of calcitic (a, ¢ and e) and dolomitic (b, d
and f) lime mortars: newly-formed calcite in calcitic (a and c) and
dolomitic (b and d) lime mortars; the clearer agglomerates indicated by
the arrows (in c and d) are formed by the binder particles. Calcitic (e) and
dolomitic (f) lime in mortars; the arrows (in e) indicate the hexagonal
plate-like sub-micro particles of portlandite, whose size is around 2 um,
which are present in calcitic lime mortars.
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By means of optical microscopy little dark spots (between 5 and 40 um
in size) were observed in some localised areas of the dolomitic mortars
(Fig. 1.2.5). These spots were defined by Diekamp et al. [32] as “brownish
patches” or “"magnesium enriched areas” of size comprised between 20
and 300 um (larger than the ones observed here), because of the higher
concentration of Mg in these zones.

Figure 1.2.5 OM images of the black spots in dolomitic lime mortars.

A proof of the preferential localisation of Mg is the sporadic
identification of hydromagnesite particles, by means of FESEM (Fig. 1.2.6),
in pores of around 10 pum in size, which probably correspond to some
zones with high Mg content recognised by optical microscopy. In 28-days
old samples, hydromagnesite is characterized by nanometric plate-like
particles (up to 1 pm in size) (Fig. I.2.6a) as those formed under moist
conditions described by Dheilly et al. [17]. In 60-days old samples, the
hydromagnesite particles appear more elongated (Fig. 1.2.6b), being more
similar to the phases observed by Diekamp et al. [32] in old dolomitic
mortars samples. This indicates a growth of the hydromagnesite particles
over time.

Figure 1.2.6 FESEM image of the internal samples of dolomitic lime
mortar after 28 (a) and 60 (b) days of curing. Arrows indicate some
nanometric plate-like (up to 1 um in size) (a) and more elongated (b)
particles of hydromagnesite.

If nesquehonite formation is favoured at atmospheric conditions this is
not the case of hydromagnesite (T = 20 °C, according to Lanas et al.
[13]), unless it has grown under disequilibrium conditions [32]. The
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identification of hydromagnesite is an unexpected finding since until now it
was found only in old mortars or in young samples cured under moist
conditions. However, its amount is very low in the mortar because it was
not detected by TG analyses at any time during the study. Interestingly,
hydromagnesite has been detected in the core of the mortar, which is a
zone characterized by a much slower drying than the exterior. Then, we
can assume that the formation of hydromagnesite, although very scarce,
has been favoured by the combined presence of a higher humidity
together with the high concentration of magnesium in this zone.

The transformation of a small content of Mg(OH), into hydromagnesite
would explain the little variations in its amount found by means of TGA
(cf. Section 3.3.1).

3.3.3 Pore system of the mortars

Calcitic and dolomitic lime mortars present very different pore size
distribution curves (Fig. I.2.7). On the one hand, the PSD of CC and CS is
characterized by a main peak comprised between 0.1 and 1 um (Fig.
I.2.7a and b), which is typical of calcitic lime pastes and mortars
[28,33,34].
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Figure 1.2.7 Pore size distribution curves of the calcitic (CC and CS) (a
and b) and dolomitic (DC and DS) (c and d) lime mortars with calcareous
(CC and DC) (a and c) and siliceous (CS and DS) (b and d) aggregate
after 28 (28d) and 60 (60d) days from their elaboration.

On the other hand, DC and DS present two main families of pores with
different volumes: one of them includes pores with radius equal to 0.01-
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0.5 um, the other peak correspond to pores whose radius is comprised
between 2 and 25 ym (Fig. I.2.7c and d). Bimodal curves in the dolomitic
lime mortars were also observed by other authors [16,28] who calcined
the dolomite and slaked the lime manually for the preparation of the
dolomitic lime mortars. The similarities found in the pore size distribution
curves between our dry hydrated limes and other limes differently
produced may suggest that the lime manufacturing processes do not
affect very much the pore size distribution of the mortar. The composition
of the lime, in turn, influences strongly the mortar pore system.

Another factor to take into account is the effect of the aggregate on the
volume of the bigger pores of the mortars. In calcitic lime mortars, the
siliceous aggregate gives rise to the formation of a small family of pores in
the range of 1<r<10 pm (Fig. I.2.7b). In the dolomitic ones, the presence
of the same aggregate produces an increase of the pores of radius
comprised between 2 and 25 uym (DS, Fig. I.2.7d). This porosity has to be
related to the poor cohesion between the matrix and the aggregate grains
found in mortars with siliceous aggregate (c¢f. Section 3.3.2).

During carbonation, the volume of the main pores decreases slowly in
the four mortars types (Fig. 1.2.7), because the lime is progressively
transformed into calcite. Nevertheless, the open porosity values found
after 60 days are in some cases higher (in CC and CS, Tab. 1.2.4) or
remain almost unvaried (DC and DS, Tab. 1.2.4). This can be due to the
formation of small calcite particles that fill the pores left by the portlandite
and brucite particles but, at the same time, create new smaller pores
(r~0.01 um) that are especially visible in CC mortar (Fig. 1.2.7a), since
the carbonation process in dolomitic mortars is slower.

Mortar P, (%)

name 28d 60d
CC 32.5+2.74 35.0+1.10
CS 32.8+3.34 34.3+£3.39
DC 34.4+1.56 34.2+0.64
DS 36.4+1.17 37.5+£2.01

Table 1.2.4 Open porosity (P, in %) values and standard deviation of
the four mortars types after 28 (28d) and 60 (60d) days from their
elaboration.

3.3.4 Hydric behaviour

. Water capillary imbibition

Figure 1.2.8 shows the different behaviour of mortars during the water
capillary uptake. We have to mention that mortars samples were not
totally carbonated when the capillary test was performed, therefore
potential reactions between water and the binders might have occurred,
thus influencing the results. Between the calcitic lime mortars, CC absorbs
the biggest amount of water, due to its higher porosity (Tab. 1.2.4), but
the weight saturation is reached almost at the same time than in CS (Fig.
[.2.8a). The same occurs with the visual saturation of CC and CS samples,
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which is attained when the capillary front achieves the top of the samples
(Fig. 1.2.8b). At the end of the capillary test, in calcitic mortars samples
all connected pores are filled and both mass and visual saturations are
achieved because the majority of the pores are in the same range of size
(0.1<r<1 um, Fig. I.2.7a and b).
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Figure I.2.8 Capillarity curves of calcitic and dolomitic lime mortars after
60 days of carbonation, representing the weight increase (AM, in g) per
surface unit (S, in m?) and the height of the capillary front (h, in mm)
versus the square of time (vt in min™/?). The imbibition coefficients (A, in
g/cn? min*? and B, in cm/min*?), which correspond to the slop of the two
curves, are indicated in each graphic.

On the other hand, in dolomitic mortars (DC and DS), the water
absorbed during time is much lower than in calcitic ones. Moreover, the
curve representing the mass taking over time (Fig. 1.2.8a) is not linear but
it is formed by two sections with different slops, due to the fact that the
pore system of these mortars is characterized by two main families of
pores with small (0.01<r<0.5 pm) and big (2<r<25 pm) radius [30] (Fig.
I.2.7c and d). In this kind of pore network, water is absorbed faster by the
biggest pores, through which it reaches the top of the sample (as shown
in Fig. 1.2.8b). However, sample continues absorbing water even after the
visual saturation because the smallest pores, in which the capillary
pressure is higher (according to Laplace’s equation), absorb water from
the biggest ones [35-37]. This causes a time lag between the visual and
the real saturation of the sample [30] (Fig. 1.2.8). The test was ended
after the total saturation of the calcitic lime mortars; it is evident that DC
and DS mortars have still not reached a constant weight and further
increase is expected considering their higher porosity (Tab. 1.2.4) and the
characteristics of their pore system (Fig. I.2.7c and 7d).

. Shrinkage and water-retention capacity

Dolomitic lime mortars experimented a much bigger shrinkage
compared to the calcitic ones, as observed by means of optical and
electron microscopy (Fig. 1.2.9). The plastic shrinkage, namely the mortar
volume reduction due to water evaporation, depends on the amount of
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water in excess present in the mixture but, above all, it is related to the
water-retention capacity of the lime. Generally, a lime with a higher
specific surface area gives rise to a mixture with higher viscosity and
better water-retention capacity [38]. The dolomitic lime presents these
characteristics (c¢f. SSA value in Tab. 1.2.1) and, in fact, the DC and DS
fresh mixtures showed a higher viscosity and needed a bigger amount of
water with respect to CC and CS (Tab. 1.2.2). Then, we wondered why DC
and DS are characterized by such big shrinkage. Since the shrinkage is a
consequence of the water evaporation, it is sensible to relate the drying
behaviour of the dolomitic mortars to the water transport properties and,
as a consequence, to the pore system of these mortars. According to
Scherer [39], the shrinkage due to drying of a solid porous body is the
result of internal stresses produced by capillary forces and the probability
of cracking is related to the strength of the pore network, among other
factors. In a heterogeneous pore system, the largest pores empty first
and the capillary pressure compresses the smaller pores, causing great
tensions that finally crack the network. This is what occurred in the
dolomitic mortars, which are characterized by both large and small pores
(cf. Section 3.3.3). As consequence of the formation of shrinkage fissures,
an increase in the volume of the largest pores is likely to have occurred,
especially in the DS mortars (Fig. 1.2.7d).

Figure 1.2.9 OM (a and c) and FESEM (b and d) images of the shrinkage
fissures observed in calcitic (a and b) and dolomitic (¢ and d) limes
mortars.

3.3.5 Mechanical behaviour

After 28 days of curing, mortars achieve quite low mechanical
strengths (Tab. I1.2.5) because mortars are in the early stage of
carbonation and resistances are not extensively developed yet. Contrary
to that studied by other authors, dolomitic lime mortars are characterized
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by very low mechanical strengths, especially DS. In fact, when the
siliceous aggregate was used, extremely weak dolomitic mortars samples
were obtained, to such a degree that their strength could not be measured
by the mechanical press.

Mortar name Rr Rc
CC 1.43+0.16 1.03+0.03
CS 1.35+0.16 0.05+0.00
DC 1.15+0.16 0.90+0.19
DS - -

Table 1.2.5 Flexural (Ry, in MPa) and compressive (R, in MPa) strengths
and standard deviation of the four mortars types after 28 days since their
elaboration.

Our results disagree with Dheilly et al.’s study [17] on the mechanical
resistances of dolomitic lime mortars after 28 days of curing. However the
curing conditions in this study were not the same (we exposed mortars to
a dry environment instead to a moist one) and this seems to be a crucial
factor on the development of strengths. Moreover, the fragility shown by
the dolomitic lime mortars was expected since they have been subjected
to internal stresses, due to shrinkage, that obviously affected the
mechanical performances.

In addition to this, it is important to point out that the formation of
hydromagnesite in some small areas of the dolomitic mortars samples (c¢f.
Section 3.3.2) did not yield any strength improvement, as expected due to
the low amount of this phase.

4. Conclusions

This work claims to clarify the uncertainty that arises due to different
and, sometimes, conflicting results published in literature about the
performances of dolomitic lime mortars; uncertainty that makes
controversial the choice of the correct lime for the elaboration of repair
mortars.

Two are the interesting aspects of this research: 1) the calcitic and
dolomitic limes used were standardised limes industrially manufactured in
the state of dry powder (i.e. dry hydrated limes); 2) the mortars were
cured under dry conditions. By comparing our results with those published
in literature up to know, we have understood that the manufacturing
process of the dolomitic lime (i.e. manually or industrially calcined and
slaked) and the curing conditions (dry or moist) are the main causes of
the variability of the mortars properties. The first factor affects the
microstructure of the lime, then the water demand and the viscosity of the
fresh mortar mixture; the second one influences the formation of different
mineralogic phases, then the development of strength. As respect this last
point, we have observed that the brucite amount remains almost unvaried
during carbonation, unless it turns into small amounts of hydromagnesite.
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We found that the formation of hydromagnesite is possible at ambient
conditions if a low humidity is present, but its presence does not increase
the mechanical resistances of the dolomitic mortar. A great strength
improvement can be expected only in dolomitic mortars exposed to
moisture areas.

The heterogeneous pore network of the dolomitic lime mortars,
characterized by micropores connected to large pores, has demonstrated
to be crucial in the capillary imbibition behaviour and the drying cinetic,
which caused a great shrinkage and produced low mechanical strengths.
These microstructural characteristics and the fragility of the dolomitic
mortars studied here indicate that they might be more susceptible to
weathering than the calcitic mortars.

The textural characterisation of calcitic and dolomitic lime mortars
showed that the calcite particles formed during carbonation are similar in
morphology (shape and size) to the original particles of portlandite from
which they originate. In this sense, the dolomitic lime generates a more
uniform texture.

Finally, differences due to the aggregate type are especially visible in
the textural properties of the mortars, more specifically in the degree of
cohesion between the surface of the grains and the matrix. About this,
calcareous aggregates, which present an angular, rough and porous
surface, perform better than siliceous aggregates, with a smoother and
rounded surface.

The main conclusion that can be drawn from this study is that the use
of a calcitic dry hydrated lime should be preferred to a dolomitic one for
the elaboration of repair mortars to be applied in dry zones. In practice,
however, it is possible to reduce the shrinkage of dolomitic mortars by
wetting the surface during rendering and by keeping the render moist
during the initial setting. Moreover, we rely on the better performances
that the dolomitic lime generally confers to mortars when cured in moist
areas.
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Chapter 1.3

Microstructural changes and the evolution of
the physical-mechanical properties of aerial
lime-based mortars due to carbonation. The
influence of aggregate mineralogy and
morphology

Arizzi A., Cultrone G.
Submitted to Quarterly Journal of Engineering Geology and Hydrogeology

Abstract

The aim of this study was to investigate the influence of the aggregate
mineralogy and morphology on the microstructure and macroscopic
properties of aerial lime-based mortars. We also sought to understand the
role of the aggregate in the outcome of the carbonation process. To do
that, mortars set with two aggregates (calcareous and siliceous) were
cured for two years under standard conditions and studied at different
time intervals by means of textural and mineralogical analyses and hydric
and physical-mechanical assays. Results show that differences in the
initial properties of the mortar depend on the morphology of the
aggregate and that the aggregate affects the evolution of mortar
properties. We also found that the calcareous aggregate induced higher
carbonation and better textural and physical-mechanical properties than
the siliceous aggregate, mostly due to the compositional and textural
differences between the two aggregates.
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1. Introduction

In the case of mortars in which aerial lime is the only binder, hardening
occurs due to the carbonation process, during which portlandite is
transformed into the less soluble calcite, so causing an increase in weight
and in volume of 35% and 11.8%, respectively.

Although the reaction is presented in Eq. 1.3.1 as a single step,

Ca(OH); + CO; - CaCO3 + H;0 [[.3.1]

it actually involves 3 main stages:

1) Diffusion of CO, within the material;

2) Dissolution of CO; and Ca(OH); in the pore water;

3) Precipitation of CaCOs.

The factors that control these different stages are: CO, permeability,
relative humidity and temperature [1-4].

In general, the carbonation process causes an increase in compactness
and strength, and a change in the pore system of the mortar [5-6]. But in
most cases, these changes take a long time because the formation of
calcite at the expense of portlandite decreases the porosity and reduces
the permeability of the material to CO;, so slowing the process down. The
diffusion of CO,, governed by Fick’s and Knudsen’s laws, depends strongly
on the pore size and the tortuosity of the mortar [3] and is generally
higher (and the carbonation enhanced) at the interface between the
surface of the grains and the matrix (ITZ, Interfacial Transition Zone) than
in the matrix itself [7]. An increase in porosity in this area was observed
by Lawrence et al. [5], who attributed it to the formation of amorphous
and semi-amorphous calcium carbonate aggregates at the border of the
grains.

The characteristics of the lime particles (shape, size and aggregation)
influence the speed of carbonation and the performance of the final
product [9-12].

Moreover, the presence of non-carbonated areas in an apparently
carbonated mortar is due to the heat released (74 kJ/mol) during the
carbonation reaction, which is sufficient to evaporate the water produced
by the reaction and sometimes also the free and capillary water in the
paste [4].

It is evident that all the factors that affect the microstructure of the
mortar influence the outcome of this process. For this reason, during the
preparation of mortars the components and their proportions must be
selected carefully to ensure the best textural properties. In the non-
carbonated mortar, the total porosity and the pore size distribution (PSD)
depend to a large extent on the binder-to-aggregate (B/A) and water-to-
binder (W/B) ratios, the binder composition, the presence of additives and
also the shape and grading of the aggregate [13]. In general, aggregates
with an angular shape, rough surface (crushed aggregates) and large
surface area need more water than round aggregates with a smoother
surface (natural aggregates) [14]. In addition, aggregates with continuous
grading produce a well-packed system in which voids between grains of
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the same size are filled by smaller grains, thus reducing the porosity [15-
17]. Water content varies depending on the properties of the fine
aggregate (g<4 mm, [18]) (particle shape, surface area, porosity,
roughness and roundness).

Previous research has shown that the use of different aggregates
produces mortars with different microstructures [19]. Moreover, as the
carbonation process is strongly influenced by the microstructure, the
velocity of transformation of portlandite into calcite is likely to vary
depending on the aggregate used. Secondly, aggregates with the right
shape and grading improve the textural and mechanical properties of the
mortar. Finally, aggregate mineralogy is another factor to consider
especially with regard to mortar durability. Siliceous aggregates composed
exclusively of quartz are inert from a chemical point of view (i.e. resistant
to sulphate attack), the main reason why they are so commonly used in
mortars. By contrast, a calcareous aggregate is weaker than quartz and
more easily damaged by salt crystallization and contamination products,
especially if dolomite is present.

The indirect role of aggregate in the carbonation process is then
evident because:

1) the shape and grading of the aggregate influence the microstructure
of the mortar paste (i.e. the porous system), while its mineralogical
composition mostly influences the mechanical properties and the durability
of the hardened mortar;

2) the speed and the degree of carbonation depend on the pore
characteristics of the paste;

3) the formation of calcite leads to changes in the pore system of the
mortar.

The objective of this work is therefore to study the influence of
aggregate in the microstructural changes of mortars made with two
aggregates of different morphology and composition and evaluate the
physical and mechanical properties of the mortars for two years, so as to
find out which is the most suitable aggregate to use in the design of aerial
lime-based mortars. An aerial lime and a fixed B/A ratio were used for the
preparation of mortars, so that differences in the amount of water would
be due only to the absorption characteristics of the aggregate used.

2. Materials and methods

2.1. Components of mortars

2.1.1 Binder

The binder used in the preparation of the mortars is a dry hydrated
lime (CL90-S, [20]) supplied by ANCASA (Seville, Spain).

2.1.2 Aggregates

Two mortars were prepared, one using a natural siliceous aggregate
(SA) and the other using a crushed calcitic aggregate (CA) [21]. Their
granulometric curves were created by combining different granulometric
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fractions according to three different models: Dinger [22], Bolomey [23]
and Fuller [24]. The grading of the calcitic aggregate approaches the
Fuller model very well, whilst for the siliceous aggregate (SA) it was more
difficult to achieve a continuous grading in the fine particle range, because
quartz is harder (H = 7) than calcite (H =4). According to the European
standard classification for aggregate grading [18], both SA and CA can be
classified as fine aggregates.

2.1.3 Characterization of binder and aggregates

The chemical composition (major and minor elements) of the
components of the mortars was studied using a Bruker S4 Pioneer X-ray
fluorescence spectrometer (XRF), with wavelength dispersion equipped
with a goniometer that analyses crystals (LIF200/PET/OVO-55) and a Rh
X-ray tube (60 kV, 150 mA). Semiquantitative scanning spectra were
obtained using Spectraplus software. Mortar powders (ca. 5g) were
dispersed in KBr, deposited in an aluminium cup and then pressed at 10
ton to obtain a pressed pellet (40 mm sample disc). Measurements were
performed in a vacuum with a rotating sample.

The mineralogical phases of binder and aggregates were determined by
X-ray diffraction (XRD) and thermogravimetric analysis (TGA). In the first
case, we used a Panalytical X'Pert PRO MPD, with automatic loader.
Analysis conditions were: radiation CuK, (A=1.5405 A), 4 to 70 ©26
explored area, 45 kV voltage, 40 mA current intensity and goniometer
speed using a Si-detector X'Celerator of 0.01 °28/s. The interpretation
and quantification of the mineral phases was performed using the X-
Powder software package [25]. Thermal measurements were made with a
Shimadzu TGA-50H analyzer. Approximately 50 mg of sample was heated
in an alumina crucible, in a flushed-air atmosphere (100 mL/min), at a
heating rate of 59/min over a range of 25-950 °C. TGA data treatment
was carried out according to the UNE-EN ISO 11358 standard [26].

2.2 Mortars preparation

Two types of mortar were prepared with a calcitic dry hydrated lime
(CL) and a binder/aggregate ratio of 1:3 by weight: CC (CL+CA) and CS
(CL+SA).

The amount of water, established in order to obtain mortars with a
plastic consistency, was 31% and 27% of total mass, for CC and CS
mortars, respectively. The flow was calculated as the average of the
spread diameter (in mm) measured on three fresh samples during the
flowability assay [27], in the range of 150-200 mm. After preparation
[28], the mortars were cured for 7 days in standard steel moulds
(4x4%x16 cm) at RH = 60+£5% and T = 205 °C and, after removal from
the moulds, were cured for a further 21 days in the same laboratory
(modification of the UNE-EN 1015-11 standard [28] proposed by Cazalla
[29]). Mortar samples were cured at RH = 60+5% and T = 205 °C
throughout the study.
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2.3. Mortars characterization

In order to monitor the mineralogical, textural and physical changes in
the mortars due to the carbonation process, we analysed the mortar
samples after 7, 15 and 28 days, 2 and 6 months and 1 and 2 years.

2.3.1 Study of the carbonation degree of the mortars

The mineralogical phases of the mortars were determined by XRD and
TGA using the same analytical devices described in section 2.1.3. Mortar
phases were determined by measuring the weight loss resulting from the
stoichiometric reactions of portlandite dehydroxylation (450<T<550 ©C)
and calcite thermal decomposition (700<T<900 ©C). In both analyses
(XRD and TGA), the decrease in portlandite content was taken as a
reference to estimate the carbonation degree index (ICD, in %) at the
same time intervals indicated above, according to the equation:

CH,—CH,

0

Iep = x100 [1.3.2]

where CHy is the amount of portlandite at time x and CHy is the initial
content of portlandite (at time 0).

Both inner (core) and outer (1 cm? from the surface to the core) parts
of the mortars samples were analysed periodically.

2.3.2 Textural characterization of mortars

We observed the inner and outer areas of the microstructure of the
mortars (morphology, cohesion, porosity) using optical (OM) and field
emission scanning electron microscopy (FESEM). In the first case, we
observed thin sections using an Olympus BX-60 microscope equipped with
digital microphotography camera (Olympus DP10). In the second case, we
used a Carl Zeiss Leo-Gemini 1530 microscope to analyse previously
dried, carbon-coated mortar fragments. FESEM was also useful for
observing aggregate morphology at a micro-scale whilst the use of OM on
hardening mortars allowed us to assess the cohesion in the area between
the aggregate grains and the matrix.

2.3.3 Pore system of mortars

The pore system was evaluated using two complementary techniques:
mercury intrusion porosimetry (MIP) and N, adsorption. Open porosity (P,,
%) and pore size distribution (PSD, in a range of 0.002<r<200 uym) were
determined using a Micromeritics Autopore III 9410 porosimeter. Mortar
fragments of ca. 1 cm?® collected in the internal and external areas were
oven-dried for 8 h at 100 °C before analysis. A Micromeritics 3000 Tristar
was used to obtain N2 sorption isotherms (T = 77 K) under continuous
adsorption. Before the measurements, samples were heated to 110 °C for
4 h and outgassed to 107 Torr using a Micromeritics Flowprep. Specific
Surface Area (SSA) was determined according to the BET method [30].
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The BJH method [31] was applied to determine PSD and pore volume (in a
range of 15<d<500 A).

2.3.4 Hydric properties

Free water absorption, drying and capillary uptake tests were
performed to study the hydric properties of the mortars. Hydric tests were
not performed until the mortars had been cured for 28 days, because
“younger” mortars are less compact and therefore may dissolve in water.
Mortar samples were oven-dried at 100 °C for 24 h before measurements
were taken. The absorption and drying kinetics were evaluated on three
samples (4x4x4 cm) per type by measuring the changes in the mass of
mortar samples over time, due to the movement of the water in the pore
system. The absorption coefficient (C;) was determined as the slope of the
first two points in the curve representing the weight increase as a function
of the square of time (4 minutes after the beginning of the test) [32]. The
drying index (Ig) was measured according to the NORMAL 29-88 standard
[33]. The capillary uptkae was performed on three samples of 4x4x16
cm. Two imbibition coefficients (A and B) were determined from the mass
uptake per surface unit and the height over time, according to the Beck et
al. [34] procedure.

2.3.5 Physical-mechanical properties

Flexural and compressive strength of mortars were measured using an
INCOTECNIC-Matest hydraulic press, according to the UNE-EN 1015-11
[28] standard.

The ultrasonic wave propagation technique was also used to determine
the elastic-dynamic properties of mortars, which are related to their
mechanical resistance and degree of compactness. Measurements were
performed using a Panametrics HV Pulser/Receiver 5058 PR coupled with
a Tektronix TDS 3012B oscilloscope, in transmission-reception mode. A
couple of non-polarized piezoelectric transducers were used, with a
frequency spectrum of 1 MHz. Measurements were carried out on three
mortar samples of 4x4x16 cm along three perpendicular directions: a,
parallel to the compaction plane; b, parallel to the compaction plane along
the largest face of the sample; c, perpendicular to the compaction plane.
The velocity of propagation of primary (V,) and secondary (Vs) waves
within the mortar samples was determined as the ratio between the
specimen length and the transit time of the pulse.

Once we had calculated the average velocity of V, and Vs waves along
a, b and c directions for three samples of each type of mortar and
knowing the bulk density (p», g/cm?®) of the mortar at each time, the
elastic moduli (Poisson coefficient, v; rigidity modulus, G; Young modulus,
E; volume (or compressive) modulus, K) of the mortars were calculated
using the following equations:
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v= 2l [1.3.3]
V
2l 2| -1
¥
G= pV.’ [1.3.4]
= 2G(+v) [1.3.5]
3 E
= i) [1.3.6]

3. Results and discussion

3.1 Characteristics of the aggregates

Calcitic aggregate (CA) is composed of grains with irregular edges (Fig.
[.3.1a), covered by micrometric particles of calcite that make the surface
of the aggregate rough and porous (Fig. I.3.1b). The siliceous aggregate
(SA) however is composed of rounded grains of quartz with a smooth
surface and few discontinuities (Fig. I.3.1b and d).

Figure I.3.1 FESEM images of the smallest fraction of the grading of
calcitic (a and c) and siliceous (b and d) aggregates at different
magnifications.

Using optical microscopy, we also observed that the calcareous grains
were quite heterogeneous in shape, especially the grains of around 0.5
mm in size that appear more oblate than spherical (Fig. I.3.2a and b). The
siliceous aggregate, on the other hand, is characterised only by rounded
grains (Fig. 1.3.2 ¢ and d). In the first week of curing, the calcitic
aggregate mortars had higher porosity in the ITZ (Fig. 1.3.2).
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Figure 1.3.2 OM images with plane (a and c) and crossed (b and d)
polars of CC (with calcitic aggregate) (a and b) and CS (with siliceous
aggregate) (c and d) mortars.

—E-um—

Table I.3.1 shows the chemical and mineralogical composition of the
lime and aggregates used, characterized by the absence of impurities.

Chemical composition (XRF)

(Oxides %) CL SA CA
SiO; 0.35 95.11 0.16
Cao 78.01 0.35 59.59
SO3 1.39 0.05 0.03
MgO 0.70 0.25 0.87
Fe,O3 0.10 0.21 0.04
Al;O3 0.18 0.55 0.06
K>0 0.05 0.26 0.01
P,0s 0.04 0.10 o0.01
Mineralogical composition (XRD)

Mineral phases (%) CL SA CA
CC 3.8 - 100
CH 96.2 - -
Qtz - 100 -
Mineralogical composition (TGA)

Mineral phases (%) CL SA CA
CC 8.9 * 99.5
CH 87.1 * -
Qtz - * -

Table I1.3.1 Chemical (X-ray fluorescence analysis, XRF) and
mineralogical (X-ray diffraction analysis, XRD) composition of calcitic lime
(CL), calcareous (CA) and siliceous (SA) aggregates. CC = calcite; CH =
portlandite; Qtz = quartz. *Thermogravimetric analysis (TGA) was not
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performed on SA because quartz only undergoes structural transformation
(quartz a-quartz ) within the established temperature, with no weight
loss.

The specific surface area (SSA, Tab. 1.3.2) as determined by N
adsorption was found to be much higher in CA (0.6555 m?/g) than SA
(0.0493 m?/g), which explains why more water is required in the
preparation of CC mortars (4% more) than CS. Generally, under the same
composition and proportion conditions, differences in the amount of
kneading water depend on the absorptiveness of the aggregate, which is
in turn related to its particle shape [35]. Hence, the high difference in the
SSA values of the two aggregates is due to both the micrometric particles
observed on the surface of the CA grains (by FESEM) and the oblate and
angular shape of these grains.

Mortar name  Time Po SSA Pore volume
7D 39.9(1.30) 4.04 0.011
15D 35.2(1.68) 4.13 0.013
28D 32.5(2.74) 3.56 0.023
CC 2M 35.0(1.10) 3.35 0.021
6M 41.0(2.06) 3.27 0.005
1Y 39.0(3.09) 2.32 0.008
2Y 38.6(0.06) 2.25 0.007
7D 36.8(2.18) 2.91 0.010
15D 37.8(1.58) 2.32 0.008
28D 32.8(3.34) 3.10 0.027
CS 2M 34.3(3.39) 3.62 0.029
6M 37.4(0.25) 3.69 0.010
1Y 35.7(0.22) 2.37 0.008
2Y 35.3(0.73) 2.13 0.006

Table 1.3.2 Open porosity (P,, in %) and standard deviation in square
brackets obtained by mercury injection porosimetry (MIP), specific surface
area (SSA, in m?/g) and pore volume (cnr’/g) obtained by N adsorption,
of lime mortars made with calcitic (CC) and siliceous aggregates (CS)
after 7 (7D), 15 (15D) and 28 (28D) days, 2 (2M) and 6 (6 M) months, 1
(1Y) and 2 (2Y) years.

3.2 Carbonation degree of the mortars

The quantification of the mineral phases was carried out from the initial
amounts of calcite, portlandite and quartz in mortars determined by XRD
and TGA. As we knew that 96.2% of the lime (CL) is portlandite (Tab.
[.3.1) and the binder represents 25% of the total mass, we calculated an
initial amount of portlandite of 24.05%. Both XRD and TGA techniques
show that portlandite content decreases over time, a process that occurs
more quickly on the exterior of the mortars than on the inside, because
carbonation progresses from the surface to the core [29,36].

The fall in the portlandite content of the mortars over time is an
indicator of the carbonation degree, which is expressed here as Icp (in %).
This parameter was calculated according to Eq. 1.3.2 and represented as a
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function of time (Fig. 1.3.3). The slopes of the curves provide interesting
information about the carbonation rate inside and on the surface of the
two types of mortar.
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Figure I.3.3 Evolution of the carbonation process: carbonation degree
index (Icp, in %) represented as a function of the time (in days) for the
outer (-EX) and inner (-IN) areas of CC (with calcitic aggregate) and CS
(with siliceous aggregate) mortars after 28 days (28D), 2 (2M) and 6 (6M)
months, 1 (1Y) and 2 (2Y) years. Icp was calculated from the amount of
portlandite obtained at each time interval by means of thermogravimetric
analysis.

The outer part of the mortars carbonates very fast within the first two
months of curing (at 28 days for CS and at 2 months for CC), when the
carbonation degree is almost 75% in both mortars. From this point
onwards the Icp increases much more slowly (about 1% a month) and
after two years reaches 89% in the outer part of CC as compared to 80%
for CS. The carbonation reaction is enhanced in the CC mortar due to both
the compositional continuity of the mortar system [29] and the grain
morphology. In fact, calcite precipitates more easily in the nucleation sites
of aggregates whose grains have an angular shape and a rough surface,
such as calcitic aggregates [13]. The curve for the surface of the mortars
shows a slight final slope that suggests that carbonation is still ongoing in
this area after two years of curing.

The trend of the curves showing the carbonation of internal samples
indicates that carbonation is much lower inside the mortar than on the
surface, due to the fact that it is difficult for CO, to diffuse from a
carbonated network (i.e. the surface), which is less porous, to the non-
carbonated part (i.e. the core) of the mortar [3]. Moreover, carbonation is
much faster in CC internal samples during the first months of curing. This
indicates that the CC mortar has a more open, more permeable pore
network than the CS at the beginning of the process, as the values for
open porosity also show (Tab. 1.3.2). After two years of carbonation, the
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degree of carbonation inside the mortars is 77% in CC mortars and 74%
in CS mortars.

3.3 Textural characteristics of mortars

Carbonation led to a fall in porosity and an improvement in the
cohesion of the mortars, as observed by FESEM over 2 years (Fig. 1.3.4).
Interestingly, CC mortars, which were characterized by the worst textural
properties over the first month, showed a bigger increase in compactness
after the first year (Fig. I.3.4c and e) and an improved cohesion between
the matrix and the grain surface. The higher degree of carbonation
recorded in CC mortars at this time is responsible for this improvement.
By contrast, we observed poor cohesion between the newly formed calcite
and the surface of the siliceous grains in CS mortars even after 2 years of
carbonation. In fact, in CS mortars the aggregate grains were easily
visible at different magnification (Fig. I.3.4f), whilst in CC mortars it was
almost impossible to recognise the calcareous grains, as their surface was
completely covered by the newly-formed calcite (Fig. I.3.4e).

Figure 1.3.4 FESEM images of CC (with calcitic aggregate) (a, ¢ and €)
and CS (with siliceous aggregate) (b, d and f) mortars after 28 days (a
andb), 1 (cand d) and 2 (e and f) years.
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3.4 Pore system of mortars

Pore size distributions obtained by means of the MIP and N, adsorption
techniques are shown in the same graphs (Figs. 1.3.5 and 1.3.6).

CC and CS mortars are mainly composed of pores with a radius of
between 0.1 and 1 um, which is a structural peak typical of lime pastes,
whose height depends on the amount of water initially added when
making the mortars and then evaporated [5,37].

The porosity of CC mortars decreases during the first month (Tab.
1.3.2), the period in which the carbonation process is fastest (Fig. 1.3.3),
leading to a 12% increase in volume caused by the transformation of
portlandite into calcite. The clearest result of the carbonation process in
mortars is the rapid disappearance of the family of largest pores (r>1um)
(Fig. 1.3.5) that are filled by both microcrystalline and amorphous calcite
[4]. This is because a phase is more likely to precipitate inside the larger
pores, where the energy required for their growth is lower than in the
smaller pores [38]. Interestingly, an increase in the porosity percentage is
recorded from 1 to 6 months after the experiment began (Tab. 1.3.2) and
this is due to an increase in the volume of pores in the 0.01 - 0.15 um
size range (Fig. 1.3.5) This phenomenon was also observed by Lawrence
et al. [5] and is due to the formation of agglomerates of small calcite
particles at the interface between aggregate grains and matrix. On the
other hand, Arandigoyen et al. [39] found that in lime and blended pastes
the volume of pores with a radius of between 0.01 and 0.03 pm falls
sharply during carbonation. This apparent discrepancy demonstrates the
important influence of the aggregate on the microstructure of the mortar.

The volume of the smaller pores continues increasing until it reaches a
stable value after 1 year.

No clear relation was found between carbonation time and the changes
in the main family of pores (0.1<r<1 um). During the first month, when
most of the microstructural changes caused by the carbonation process
took place, the main peak on the x-axis shifted slightly towards greater
radii (from 0.41 to 0.48 uym) and the volume of pores within this range
increased. During the following five months, the volume of these pores
increased but their size did not. After 1 year the main peak has the same
shape (size and volume) observed after the first two weeks of
carbonation. These small changes in the size of the main pores must be
due to the heterogeneity of mortar samples and not to the carbonation
process.

CS mortars show a smaller volume of pores between 0.1 and 1 pym
(Fig. 1.3.6), due to the fact that less kneading water is used in the
preparation of this mortar (c¢f. Section 2.2). CS mortars are characterized
by the presence of large pores (1<r<10 um) that are likely to exist at the
ITZ, where poor cohesion was found (c¢f. Section 3.3). In CC mortars, the
presence of large pores at the ITZ was observed only after 7 days of
curing (cf. Section 3.1), as the pore size distribution curve at this time
also confirms (Fig. 1.3.5). PSD curves obtained for CC at other time
intervals do not show the presence of large pores and this indicates, once
more, that these pores are filled by newly-formed calcite.
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Figure 1.3.5 Pore size distribution curves of CC mortars (with calcitic
aggregate) determined after 7, 15 and 28 days, 2 and 6 months, 1 and 2
years of carbonation. The grey curves refer to the secondary y-axis,
which is the incremental volume (cm’/g) of nanopores determined with
the BJH method. In these curves, the circles indicate the 2 year-old
mortars and the asterisks refer to the samples studied at the different

time intervals.
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Figure I.3.6 Pore size distribution curves of CS mortars (with siliceous
aggregate) determined after 7, 15 and 28 days, 2 and 6 months, 1 and 2
years of carbonation. The grey curves refer to the secondary y-axis, which
is the incremental volume (cm’/q) of nanopores determined with the BJH
method. In these curves, the circles indicate the 2 year-old mortars and
the asterisks refer to the samples studied at the different time intervals.
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This also occurs in CS mortars but after one year of carbonation and to
a lesser extent than in CC mortars. The porosity values of CS mortars are
quite constant in the first month of carbonation and only a bit higher after
1 year.

In Table I1.3.2, SSA values are obtained from N, adsorption
measurements, because this technique is more precise than MIP especially
in the smallest pores (when “ink-bottle” pores are analysed, the smallest
pores are overestimated and the biggest ones are underestimated). In
both mortars the specific surface area decreases from one year of
carbonation onwards and almost no differences were found in the SSA
values of CC and CS. However, the SSA value of the CC mortar is higher
in samples after 28 days of curing due to the fact that the calcitic
aggregate has a higher initial specific surface area (cf. Section 3.1). In the
same way, the volume of nanopores obtained by N, adsorption increases
until 28 days in CC and two months in CS mortars, after which it
decreases again.

3.5 Hydric properties

CC mortars absorb a higher quantity of water than CS mortars but this
quantity decreases for both mortars as carbonation progresses (cf. C;
values, Tab. 1.3.3). In samples with 28 days of curing, CC and CS appear
to be saturated after around 10 hours of the free water absorption test
(Figs. 1.3.7a and b). Nonetheless, mortar samples continue absorbing
water very slowly over the next three days. This part of the curve, more
pronounced in CC mortars, reflects the differences in the volume of pores
of mortars already detected by MIP. In particular, the decrease in the
absorption rate indicates the presence of small pores, as research has
shown that the absorption rate slows down when water encounters
smaller pores [40].

Mortar name Time (days) Ca I4 A B
28D 12.67 0.68 0.21 3.25
2M - - 0.08 9.72
CC 6M 8.03 0.88 0.08 7.47
1Y 11.92 0.80 0.09 9.50
2Y - - 0.07 9.14
28D 11.00 0.77 0.06 8.45
2M - - 0.06 8.89
Cs 6M 10.87 0.88 0.07 7.20
1Y 11.09 0.80 0.07 9.63
2Y - - 0.07 7.43

Table I.3.3 Absorption coefficient (C,, in g/min*?), drying index (I,) and
imbibition coefficients (A, in g/cm? min*? and B, in cm/min*?) of CC and
CS mortars after 28 days (28D), 2 (2M) and 6 (6 M) months, 1 (1Y) and 2
(2Y) years. — Absorption and desorption tests were not performed at 2
months and 2 years of carbonation.
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Figure I.3.7 Free water absorption and drying curves of CC (with calcitic
aggregate) (a) and CS (with siliceous aggregate) (b) mortars after 28
days (-28D), 6 months (-6M) and 1 year (-1Y) of carbonation,; the solid
line indicates the beginning of the free water drying of mortars samples.
Capillarity curves of CC (with calcitic aggregate) (c and e) and CS (with
siliceous aggregate) (d and f) mortars after 28 days (-28D), 2 (-2M), 6 (-
6M) months and 1 (-1Y) and 2 (-2Y) years of carbonation. Time (V% in
min¥?) is plotted versus the weight increase (AM/M, in %) (c and d) and
the water uptake level (h, in mm) (e and f).
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As regards drying, more than one slope is observed in the curves of CC
and CS samples, especially in samples with six months and one year of
carbonation that dry more slowly than samples that have been cured for
shorter periods (Figs. I.3.7a and b), as indicated in the Ip values for
mortar samples (Tab. 1.3.3). This results in a worsening of the hydric
properties of both mortars, because slower drying means that water is
retained longer in the mortar pore system, thus affecting their durability.
Once again, the pore system is responsible for the different drying speeds,
as larger pores are the first to empty, whilst smaller pores remain full of
liquid [41].

Another consideration that must be drawn from these curves regards
the absorption and drying ability of mortars during carbonation. A high
absorption of water is obtained in samples carbonated for 28 days, as a
consequence of the higher porosity and shrinkage fissures of samples at
this age, as was also found by Martys and Ferraris in mortars and concrete
[40]. The decrease of the water absorbed in samples with six months’
curing seems in contrast with the increase in open porosity observed by
MIP from two to six months of carbonation (Tab. 1.3.2). However, if we
observe the PSD curves for both mortars (Figs. 1.3.5 and 1.3.6) we can
see that in this period the volume of pores with a radius of between 0.01
and 0.15 pm decreased, which indicates that these pores do influence
water absorption in mortars. Finally, after one year of carbonation, water
absorption was similar to that obtained at 28 days in both mortars.

The capillarity test also shows that the amount of water absorbed by
CC mortars is higher than in CS mortars (Figs. 1.3.7c and d). Water
imbibition is slower in CC samples with 28 days of carbonation, as
indicated by the higher A value (Tab. I.3.3). A partial dissolution of
portlandite in water is likely to occur in fresh samples and this slows down
the water rise. In 2 and 6 month-old CC samples, water capillary uptake is
faster than in less cured samples (28 days) (Fig. 1.3.7c). These
observations are confirmed by the values for imbibition coefficients A and
B, presented in Table I.3.3. The opposite trend was observed for CS
mortars (Fig. I1.3.7d).

The capillary front reaches the top of the samples after 6 hours in CC
and after 8 hours in CS, as shown in Figures 1.3.7e and f. Nonetheless,
this visual saturation does not coincide exactly with real saturation, which
occurs three hours later as the mass uptake curves show (Fig. I.3.7c and
d). This small time lag between visual and real saturation of the sample
indicates that although the water has already reached the top of the
sample (as shown in Figs. I.3.7e and f), it continues filling the pores at a
lower velocity because of the presence of different pore ranges. When all
connected pores are filled the sample stops absorbing water and mass
saturation is achieved. However, the pore network of both types of mortar
can be considered quite homogeneous (the majority of pores are between
0.1 and 1 ym, c¢f. Section 3.3) because the capillary ascent and mass
taking represented as a function of the square root of time are linear in
the majority of the samples [34] and the time-lag between visual and real
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saturation is not as big as in other heterogeneous materials (such as tuff)
that are characterised by a higher volume of large pores.

It is important to bear in mind that the interpretation of hydric tests in
mortars is often complicated by the fact that portlandite can dissolve
during water absorption, especially during the first months of mortar life.
Clear evidence of this can be seen in Figure 1.3.8, in which part of a 28-
day-old mortar sample dissolved when water was forced into it.
Interestingly, the non-dissolved zone is located at the border of the
sample and is 4 mm deep. This coincides with the advancing carbonation
margin (from the surface to the core) [29,36]. In the same way, during
water capillary imbibition in CS samples, two different zones were clearly
distinguished on the top surface, one saturated and the other still dry. The
wet zone formed a contour at the edges of the surface, which resembled
the carbonation border. In CC samples, saturation was reached in a more
uniform way and no clear border was perceived. The presence of
carbonated and non-carbonated zones in mortars produces a
heterogeneity that directly affects the hydric properties of the mortars.

Figure I.3.8 Appearance of the mortar samples when water is forced into
the mortar. The dissolved part marks a clear edge of about 4 mm that
highlights a carbonation border.

3.6 Mechanical properties

Our mechanical assays demonstrated that mortars prepared with
calcitic aggregate (CC) show higher compactness and cohesion between
matrix and aggregate grains, compared to CS mortars (Fig. 1.3.9a). This
behaviour coincides with that observed by Lanas and Alvarez-Galindo [13]
for mortars prepared with calcareous and siliceous aggregate. CS mortars
are more fragile and show a high tendency to pulverize during and after
rupture, especially when they are submitted to mechanical assays when
only one month old.

Mortar strength increases during the carbonation process, especially
during the first 6 months, after which resistance values remain quite
constant.

The way in which mortars broke during compressive assays is shown
schematically in Fig. 1.3.9b. In mortars, the first visible effect of the
compressive strength applied along the direction perpendicular to the
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compactation plane is the detachment of superficial layers. It is well
known that the carbonation process causes mortars to develop high
mechanical resistance (due to the increase in compactness and the
decrease in porosity). Nevertheless, we think that this higher strength
does not develop at the same time throughout the whole material. A lower
degree of cohesion must exist between the carbonated and the non-
carbonated zone of the sample, due to the fact that fractures mostly
develop at this interface. This heterogeneity is bigger at the beginning of
the process, when the type of rupture shown in Figure 1.3.9b occurs
(outer layers break off), and is expected to decrease, due to the progress
of carbonation through the core of the samples.
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Figure 1.3.9 (a) Mechanical strengths (in MPa) of CC (with calcitic
aggregate) and CS (with siliceous aggregate) mortars determined within 2
years. Solid and dotted lines refer to compressive and tensile strength,
respectively; (b) rupture in sheets of a mortar sample after the
compressive assay,; velocity of p waves (V,, in m/s) (c) and s waves (Vs,
in m/s) (d) in CC (with calcitic aggregate) and CS (with siliceous
aggregate) mortars. Error bars represent the standard deviation of the
values at each time interval.

The application of ultrasounds was useful for corroborating the results
obtained with the mechanical assays. Ultrasounds propagate more rapidly
in CC mortars and the increase in velocity is higher in these mortars than
in CS, especially after 6 months (Fig. 1.3.9b and c¢). A close
correspondence was found between P waves’ propagation velocity and the
carbonation degree of mortars. This similarity is clear in the curves in
Figures 1.3.3 and 1.3.9c¢, in which we can see a common initial steep slope
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during the first month, followed by a slight and almost constant slope until
2 years of carbonation. This common trend indicates that the carbonation
process induces microstructural changes that have a direct effect on the
macroscopic properties of mortars. In addition, the most carbonated
mortars at the end of the study are also the strongest and the most
compact, which is the case of CC mortars. This tight correlation with the
degree of carbonation of the mortars was not found for the V. values,
although this parameter also increases over time (Fig. 1.3.9c). However,
the study of V¢ value has been dismissed by other authors [42-43]
because secondary waves (S) proved to be useless for the
characterisation of stone materials.

As shown in Table 1.3.4, the elastic moduli values for the mortars
increase over time and this coincides with the improvement in the
cohesion and compactness of mortars. In general, CS mortars are
characterised by slightly higher elastic moduli values, although this is
more likely due to the different composition of the aggregate than to the
microstructure of the mortars. The exception in this general trend is the
Poisson coefficient value, which decreases after one year of carbonation.
These variations are probably due to the bulk density values (obtained by
MIP) used for calculating these moduli (cf. Section 2.3.5), which may be
affected by the high heterogeneity of mortar samples.

4. Conclusions

In this work we have investigated in detail the influence of the
aggregate in the carbonation process of aerial lime mortars. A dry
hydrated lime and two aggregate types (calcitic and siliceous) were used
to prepare sample mortars. The study of the textural characteristics of the
aggregates and their relationship with the carbonation of lime help us to
understand the physical-mechanical properties of mortars and their
evolution over time.

The carbonation degree index, which combines and contrasts the
results provided by X-ray diffraction and thermogravimetric analyses, has
been shown to be an accurate method for studying the evolution of the
carbonation process on the surface and in the core of mortars. Results
showed that the transformation of portlandite into calcite occurs mainly in
the first two months after preparation of the mortars, after which the
transformation rate falls sharply. Mortars with a calcitic aggregate are
more carbonated than those with a siliceous aggregate, both on the outer
part and in the core of the samples. This is due to the active role of the
calcareous aggregate in the transformation of portlandite into calcite
because of its composition and irregular morphology. After two years, 3%
to 6% of non-carbonated binder was found in all the samples, confirming
how slow the carbonation process is in aerial lime mortars.

The specific surface area values indicate that the water required during
the preparation of the mortars also varies depending on the aggregate
used; the calcitic aggregate requires more water than the siliceous one.
This results in a higher open porosity of the mortars made with calcitic
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aggregate due, above all, to the shrinkage fissures observed in these
mortars at the beginning of their life. Interestingly, in mortars with a
calcareous aggregate the cohesion at the interface between the binder
and the aggregate is greatly improved during carbonation and this is
reflected in the pore size distribution of mortars. In fact, three main
families of pores have been observed: the largest family contains pores of
between 0.1 and 1 pm and is larger in mortars made with calcitic
aggregate because they require more water; a second peak of pores with
a radius of more than 1 ym was only obtained in calcitic aggregate
mortars after 7 days, whilst it was present in siliceous aggregate mortars
throughout the study; a third peak of smaller pores (ranging between
0.01 and 0.15 um) is produced due to the formation of calcite and its
height increases especially in the first months, when carbonation is faster.
This phenomenon is particularly evident in mortars made with calcitic
aggregate because of the growth of new micrometric calcite crystals on
the surface of the calcite grains.

This heterogeneous pore network is reflected in the hydric properties of
the mortars. The higher absorption observed in mortars made with calcitic
aggregate suggests that the pores with a radius of between 0.1 and 1 um
have the greatest influence on capillary uptake, as there is a higher
volume of these pores in this type of mortar.

Furthermore, the volume of pores with a radius of between 0.01 and
0.15 um influences the amount of water absorbed during the free water
absorption test.

Pores larger than 1 pm have less influence on total water uptake but
they play an important role in the capillary absorption rate. In this sense,
mortars with siliceous aggregate absorb water more slowly than those
with calcitic aggregate, since the former have more large pores.

Finally, we found that portlandite partially dissolves in water during
hydric assays, especially in fresh samples (i.e. low-carbonated samples),
and this slows down water absorption and rise.

The greater compactness of mortars with calcitic aggregate produces
higher mechanical resistance in these mortars, and a higher propagation
velocity of ultrasounds within the material. A close correlation has been
found between the carbonation degree index at each time and the
evolution of the propagation velocity of primary waves in all mortars. This
shows that ultrasounds are a useful tool for characterizing the physical
properties of mortars.

The results obtained from this research indicate that the aggregate
strongly affects the mortar microstructure and the evolution of its textural
and physical properties. We have also found that it is better to use a
calcareous aggregate when making aerial lime mortars than a siliceous
one, because the former promotes higher carbonation and better textural
and physical-mechanical properties.
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Ultrasonic wave propagation through lime
mortars: an alternative and non-destructive
tool for textural characterization

Arizzi A., Martinez-Martinez J., Cultrone G.
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Abstract

The detailed textural characterization of lime mortars can be a difficult
task when samples collection is restricted (i.e. in historic buildings). In
these situations, non-destructive techniques, such as ultrasonic tests,
represent a powerful alternative, due to their wide possibilities. In this
paper the response of the wave propagation velocity (v,) and spatial
attenuation (as) in mortars with different binder-to-aggregate proportions,
kneading water content, aggregate mineralogy and grading, and
carbonation degree was analysed. Results show that the main textural
parameters controlling v, and as are mortar porosity and carbonation
degree. The former is related to the amount of kneading water added
during mortar preparation, whilst the latter depends on the age of lime
mortar. Two empirical equations have been obtained in order to assess
the porosity and carbonation degree of mortars from ultrasonic
measurements, establishing the first step for characterizing the texture of
lime mortars in future, by means of non-destructive procedures. These
results have been corroborated by means of optical and electronic
microscopy, X-ray diffraction and mercury intrusion porosimetry analyses.
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1. Introduction

The non-destructive evaluation of mortars is a major issue for
estimating the quality, durability and characteristics of pieces in which
samples cannot be collected. For example, the study of mortars employed
in architectural heritage requires the use of techniques as low invasive as
possible. Among all non-destructive testing methods available, the
ultrasonic waves is, probably, the most used tool due to the possibility of
determining the elastic properties (such as Young Modulus), and also of
characterizing micro-structural properties of materials (porosity, grain size
or micro-cracks). On the other hand, the correct interpretation of
ultrasonic signals is difficult because these micro-structural aspects have
different effects on wave propagation, i.e. on velocity and/or attenuation
[1]. Consequently, knowing the influence of a specific factor (for example:
porosity) on wave velocity or attenuation is very difficult and requires a
deep study by means of both empirical and nhumerical approximations, and
only when this influence is completely understood it will be possible to
assess mortar characteristics from ultrasonic data with enough exactitude.

The most crucial parameter affecting mortar quality (in terms of its
durability) is the water dosage [2], because it is directly related to the
pore system characteristics (quantity, size and connectivity of pores), and,
as a consequence, it determines the water accessibility as well as the
mortar resistance against salt crystallization processes [3]. Several works
have been carried out to assess the porosity and the strength of mortars
and concretes by means of the use of ultrasounds [4-9]. However, the
effects of porosity on ultrasounds are disguised by other wave disruptions
caused by aggregates, for example. In fact, the ultrasonic signal obtained
after its propagation through the mortar is the result of the initial signal
modified by the scattering and the delay caused by pores and sand.
Moreover, mortars with different aggregate content, mineralogy and
grading can be elaborated, and they will have different ultrasonic
response.

In the case of mortars and concretes, ultrasonic test may be also useful
to study the changes in mechanical properties and microstructure caused
by hardening. Generally, carbonation and hydration processes produce an
increase in mechanical strength and compactness that determine a
proportional increase in the velocity of propagation of longitudinal waves,
as well as to a decrease in the anisotropy of the sample [7]. However, the
great majority of these studies are focused on cement mortars and
concrete, whilst a lack of information exists about the factors that
influence the propagation of ultrasonic waves within lime-based mortars.
In fact, the latter are characterized by a hardening process (i.e.
carbonation) that is much slower in time with respect to the hydration
reactions that occur in cement mortars and concrete. Initially, a lime-
based mortar is composed of aggregates surrounded by a matrix, in which
the main mineralogical phase is portlandite (Ca(OH),), although small
guantities of calcite (CaCOs3) can be present as a result of a previous slight
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carbonation of the lime. The carbonation of a lime-mortar takes place
when CO, dissolves in the condensed water and reacts with dissolved
portlandite. This reaction results in the precipitation of calcium carbonate,
due to the rapid supersaturation with respect to CaCOs in the solution
existing in the mortar pores [10-13]. As it has been commented above,
the carbonation process is much slower in time than the hydration of
cement components, and in fact, portlandite has been detected in Roman
mortars after more than 2000 years after their elaboration. The hardening
products (calcite in lime-based mortars, aluminates and silicates hydrated
phases in cement and concrete) do not produce the same mineralogical ad
microstructural changes in the mortars matrix, with the consequence that
the ultrasonic response within lime mortars cannot be correctly
interpreted only on the basis of the previous studies on cement mortars
and concrete.

The aim of this study is to clarify the influence of mineralogy, grading
and dosage of the aggregate on the propagation velocity and the spatial
attenuation of P waves within lime-based mortars. To this purpose, four
binder-to-sand ratios and two aggregates with different composition
(siliceous and calcareous) and grading (continuous and discontinuous)
were used for the preparation of six types of lime mortars. Differences in
mortar microstructure and mineralogy are considered to understand the
differences in the values of propagation velocity and attenuation of P
waves. Moreover, the evolution of elastic properties during the
carbonation process of lime-based mortars was considered as an
important point to study. In order to evaluate this evolution, textural and
mineralogical characterization of each mortar type were carried out as well
as ultrasonic measurements of every sample, at 7, 10, 15, 60 and 730
days since mortar elaboration.

2. Materials and methods

2.1. Mortars components and preparation

A calcitic dry hydrated lime (CL90S, [14]) was used for the preparation
of six types of mortars, with different proportion, as shown in Table 1.4.1.
Three types of aggregate were used: a calcareous one with both
continuous (CA, 0.063<@<1.5 mm) and discontinuous (CDA, 0.1<@<0.8
mm) grading, and a siliceous one, with a discontinuous grading (SA,
0.1<@<0.5 mm). CA was used to prepare mortars with increasing
aggregate volume, corresponding to the following binder-to-aggregate
ratios by weight (B/A): 1:2, 1:3, 1:4 and 1:6 (mortars named CC1:2,
CC1:3, CC1:4 and CC1:6 in Table 1.4.1). Mortars with CDA and SA were
prepared with a unique B/A ratio, equal to 1:3 (mortars named CD and
CS, Tab. 1.4.1). The amount of water (i.e. kneading water) was
established in order to obtain mortars with plastic consistence, which
corresponded to a flow comprised between 145 and 150 mm [15].

After the mixing, mortars were left during 7 days in normalized steel
moulds (4x4x16 cm) at RH = 60£5% and T = 20+5°C and after removal
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from the mould, they were cut in prisms of 4x4x5 cm. In total, 54 mortar
samples were tested in this study (9 of each mortar type) and they were
kept at the same temperature and relative humidity during carbonation.

Mortar name Aggregate B/A B A W/TOT
CC1:2 CA 1:0.65 60.4 39.6 29.5
CC1:3 CA 1:1 50.4 49.6 31.3
CC1:4 CA 1:1.3 43.3 56.7 24.0
CC1:6 CA 1:2 33.2 66.8 20.0
CD1:3 CDA 1:1 50.4 49.6 27.0
CS1:3 SA 1:1 50.6 49.4 26.5

Table I.4.1 Proportions used during the preparation of the six types of
mortar.: B/A, binder-to-aggregate ratio by volume,; W/TOT, water amount
expressed in % of the total mass, B, proportion of the binder expressed in
% by volume; A, proportion of the aggregate expressed in % by volume.
Legend: CC = mortar with calcitic lime and calcareous aggregate with
continuous grading, CD = mortar with calcitic lime and calcareous
aggregate with discontinuous grading, CS = mortar with calcitic lime and
siliceous aggregate with discontinuous grading; CA = calcareous
aggregate with continuous grading;, CDA = calcareous aggregate with
discontinuous grading;, SA = Ssiliceous aggregate with discontinuous
grading,; 1:2, 1:3, 1:4, 1:6 of mortars name indicate the B/A proportions
by weight.

2.2. Textural and mineralogical characterization

2.2.1 Optical and electronic microscopy (OM and FESEM)

The observation of mortars texture and microstructure (morphology,
cohesion, porosity) was carried out on thin sections by means of a
polarized microscope (OM) (Olympus BX-60) equipped with digital
microphotography camera (Olympus DP10). Mortars fragments, previously
dried, were carbon-coated and analysed by using a Leo-Gemini 1530 field
emission scanning electron microscopy (FESEM).

2.2.2 Mercury intrusion porosimetry (MIP)

Open porosity (P,, %) and pore size distribution (PSD, in a range of
0.002<r<200 pm) were determined by means of a Micrometics Autopore
ITT 9410 porosimeter. Three measurements per mortar type were
performed on samples with 15, 60 and 730 days (2 years) of carbonation.
Mortar fragments of ca. 2 cm® were oven-dried for 24 h at 60 °C before
the analysis.

2.2.3 X-ray diffraction (XRD)

The identification and quantification of the mineralogical phases of
mortars was carried out by means of a Panalytical X'Pert PRO MPD, with
automatic loader. Analysis conditions were: radiation CuK, (A=1.5405 R),
4 to 70 928 explored area, 45 kV voltage, 40 mA current intensity and
goniometer speed using Si-detector X’Celerator of 0.01 ©°26/s. The
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interpretation and quantification of the mineral phases was performed by
using the X-Powder software package [16]. The decrease in portlandite
content was taken as reference to estimate the carbonation degree of
mortars (Icp, %).

The analysis was performed at different intervals of time: 7, 10, 15 and
60 days and 2 years of carbonation.

2.3. Mortars components and preparation

A Panametrics HV Pulser/Receiver 5058 PR coupled with a Tektronix
TDS 3012B oscilloscope was used to perform the ultrasonic tests in
transmission-reception mode. A couple of non-polarized piezoelectric
transducers was employed, with a frequency spectrum of 1 MHz.
Ultrasonic measurements were carried out on six prisms (40x40x50 mm)
of each mortar samples along three perpendicular directions,
perpendicular and parallel to the compaction plane, and they were
performed at the following intervals of time: 7, 10, 15, 60 and 730 (2
years) days of carbonation. From the ultrasonic measurements we
obtained propagation velocity (vp) and spatial attenuation (as) values. The
former parameter (vp) was determined as the ratio between the specimen
length and the transit time of the pulse. The latter (as) quantifies the
energy lost during the wave propagation through the material [17]. This
quantification was carried out by comparing the amplitude of the signal
emitted by the transmitter sensor and the amplitude of the signal received
by the receptor. Moreover, spatial attenuation was normalised according
to the distance between transmitter and receptor. The as value (in dB/cm)
was calculated as:

A
201 -t
OQM J

X

as = L [1.4.1]

where A; is the maximum amplitude emitted by the transmitter sensor,
Anx is the maximum amplitude (in absolute values) registered by the
receptor sensor, and L is the length of the sample.

3. Results and discussion

3.1 Texture and porosity of the mortars samples

A mortar system is characterized by the presence of aggregate grains
surrounded by a matrix in continuous transformation. In fact, since the
first hours of curing at standard conditions water evaporation takes place.
This first step of mortar life, named drying process, affects importantly the
matrix texture, because it produces a big porosity in the mortar, as
observed in CC1:2, CC1:4 and CC1:6 (Fig. 1.4.1) in the form of occasional
shrinkage fissures and rounded pores that are more or less big depending
on the amount of water [13].
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Figure 1.4.1 Optical images taken at the same magnification with plane
polars. Large pores and shrinkage fissures in CC1:2 (a), CC1:4 (b) and
CC1:6 (c).

The values of open porosity measured by MIP after 15 days since
mortars elaboration are comprised between 30 and 40% (Tab. 1.4.2) and
are lower in mortars with decreasing content of lime. The differences
among these values can be linked to the amount of kneading water used
in each mix, as also found by Arandigoyen et al. [13] for lime pastes. In
fact, CC1:3, which was prepared with the biggest amount of water (Tab.
1.4.1), shows the highest value of open porosity among all the mortars
(Tab. I.4.2), while CC1:6 mortar presents the lowest porosity (Tab. 1.4.2),
because of the least amount of water used for its preparation, followed by
CC1:4.

Mortar name Time P,

15 41.0
CC1:2 60 40.8
730 35.7
15 35.2
CC1:3 60 35.0
730 35.7
15 34.5
CC1:4 60 34.3
730 31.1
15 30.0
CC1:6 60 32.1
730 27.9
15 34.5
CD1:3 60 36.0
730 32.7
15 37.8
CS1:3 60 34.2
730 35.1

Table 1.4.2 Average values of open porosity (P, in %) determined by
MIP of mortars after 15 and 60 days and 2 years (730) from their
elaboration. Standard deviation of open porosity values ranges between
0.05 and 3.50.
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When we consider mortars prepared with the same binder-to-
aggregate ratio (1:3), CD1:3 shows the lowest porosity, followed by
CS1:3 and CC1:3 (Tab. 1.4.2). Notice how in the case of CS mortar there
is no relationship between the amount of water (Tab. 1.4.1) and the
porosity, as in CC and CD. The reason of this discrepancy stays in the
different morphology of the siliceous aggregate, which is not porous (Fig.
[.4.2a) and, consequently, it does not absorb a part of the added water,
as it occurs with the calcareous aggregate that presents pores and many
fissures (Fig. 1.4.2b). After mixing, this water remains free in the CS
mortar paste and it is likely to evaporate faster than in the other mortars
during drying, thus producing a porosity bigger than the expected (Tab.
1.4.2).

Figure I.4.2 Optical images taken at the same magnification with
crossed polars. Morphology of the aggregates: (a) grain of Ssiliceous
aggregate, with rounded and smooth surface, in which no internal porosity
appears,; (b) grain of calcareous sand with irregular edges and rough
surface, which presents a big internal porosity and some fissures paralle/
to the exfoliation planes of calcite.

After 2 years of carbonation, the values of porosity (Tab. I1.4.2)
decreases in all mortars, of around 2-5%, whilst it remains almost
unvaried in CC1:3 mortar. The porosity decreases due to the growth of
new-formed calcite that has a bigger volume than portlandite and fills the
pores of the matrix [10].

Pore size distribution (PSD) curves give important information about
the micro- and nanopores that are not easily visible by means of optical
microscopy. The main peak obtained in the PSD curves of mortars
corresponds to radius of pores comprised between 0.1 and 1 pm (Figs.
1.4.3). This is a structural peak typical of lime pastes and it can appear
more or less shifted in the x axis, depending on the amount of water
added during mixing [13].

The same pores size distribution is maintained after two years of
carbonation although there is a decrease in the amount of pores with radii
comprised between 0.1 and 1 uym (Fig. 1.4.3). Since MIP analysis only
detects interconnected pores, the volume reduction of pores of the same
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size indicates that the interconnection among these pores decreases. This
occurs due to calcite crystallization during the carbonation process [18].
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Figure 1.4.3 Pores size distribution curves of CC1:2, CC1:3, CCl1:4,
CC1:6, CD1:3 and CS1:3 (f) mortar samples after 7 days (7D) and 2

years (2Y) since their elaboration.
Apart from porosity, the micro-characteristics of mortars are defined by

the form of the mineral phases present in the matrix, namely if they
appear in agglomerates or in single particles, as well as their shape and

size.

Mortars matrix is mainly characterized by agglomerates of particles,
which consist in portlandite crystals and agglomerate, as well as in new
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formed calcite crystals (Fig. I1.4.4) that occasionally surround the
aggregate grains (Figs. 1.4.4b and f).

== x 3 —

Figure 1.4.4 FESEM images of the mortars after 15 days of carbonation:
CCi:2 (a), CC1:3(b), CC1:4 (c), CC1:6 (d), CD1:3 (e), C51:3 ().

This calcite has precipitated under semi-crystalline or amorphous
particles that have maintained the aspect (in form and size) of the original
component of the mortars matrix. In fact, there is a similarity between
these particles and both the polydisperse aggregates of microsized
particles (about 1 pm in size) of the calcitic lime (Fig. I.4.5a), and the
finest fraction of the calcareous aggregate (Fig. 1.4.5b).

¥ : % S e g % .
4, . W ¥ ¥ty 7 g ogiiia s

Figure 1.4.5 FESEM images of the calcitic dry hydrated lime (CL) (a) and
of the fine fraction of the aggregate (b).

The precipitation of calcite is especially favoured in nucleation sites of
the aggregate when it is characterized by grains with angular shape and
rough surface [19], such as the case of the calcareous aggregate. This
increases the cohesion in the zone between mortar grains and matrix
(interfacial transition zone, ITZ). The optical and electronic observations
performed on mortars with aggregates of different mineralogy (CC and
CS) agree with this finding. In fact, a worse cohesion was observed in the
ITZ of CS1:3 (Fig. 1.4.4f), compared to the other mortars prepared with
calcareous aggregate (CC and CD). The grains of the siliceous aggregate
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have rounded shape and smoothed surface (Fig. I.4.2a) that do not favour
the joining with new-formed phases and create a zone of disconnection
between sand and matrix. In addition to the grain morphology, the
heterogeneous textural properties of CS mortars are provided also by the
different mineralogy and hardness of the mineral phases present in the
matrix and in the grain (calcite/portlandite and quartz, respectively). On
the contrary, in mortars prepared with calcareous aggregate there is a
compositional continuity that may enhance the transformation of
portlandite into calcite. Therefore, CA morphology favours the nucleation
and growth of the new crystals or amorphous agglomerates of calcite,
which often recover the surface of the grains (Figs. 1.4.4a, c-e).

3.2 Carbonation degree of the mortars samples

Carbonation of aerial lime mortars is a slow process that involves three
main steps: 1) CO, diffusion within the mortars; 2) Ca(OH), and CO,
dissolution in the pore water; 3) precipitation of CaCOs; [10]. The
carbonation degree depends both on curing conditions (RH and T are two
controlling factors, [10, 20-21]) and on the microcharacteristics of the
mortar system (i.e. porosity). Here, curing conditions were the same for
all mortars (cf. Section 2.1.), so that any variation in the carbonation
degree has to be attributed to the intrinsic properties of mortars.
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Figure 1.4.6 Carbonation curves of the six mortars. Icp (%) is the
carbonation degree index, estimated considering the decrease in
portlandite content, which was determined by means of X-ray diffraction
quantitative analysis.

The carbonation curves (Fig. 1.4.6) present three slopes: a rapid
increase of the carbonation degree index (Icp) during the first month,
when about half of the portlandite has turned into calcite; a slower
increase of I¢cp in the second month (60-65%) and a final section in which
Icp undergoes to a very slight increase (Icp after 2 years is around 70%).
The final values of carbonation degree suggest that among the studied
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mortars, those prepared with calcareous aggregate (CC and CD mortars)
are the most carbonated whilst CS1:3 is the least carbonated at all time
intervals. This result can be linked with the compositional and
morphological discontinuities that are present in CS and do not favour
carbonation, according to our previous considerations (cf. Section 3.2.).
Among CC mortars, CC1:6 is the most carbonated one followed by CC1:2,
whilst CC1:3 and CC1:4 present the lowest carbonation degree of their
group. CD1:3 mortar, which was one of the least carbonated at the
beginning of the process, achieves after 2 years the same Icp value than
CC1:6.

3.3 Ultrasonic response

3.3.1 Influence of components dosages on ultrasounds

Table 1.4.3 shows both the v, and os values measured in mortar
samples with different components dosage.

Time Mortar name

(days) CC1:2 CC1:3 CC1:4 CC1:6 CD1:3 CS1:3

15 1255453  1064+40  1307+57 1492+70 131767 1052+43
28 1512452 1295438  1641+54 1795463 161165 1320443
60 1693+78  1379+38  1729+44 1873+75 1719+35 1406+32
730 1898+58  1452+29  1885+60 2090497 1875+30 1553+35

V,

15 1.23+0.16 1.43+0.14 1.31+0.16 1.26+0.17 1.13+0.15 1.33+0.09
28 1.10+£0.15 1.32+0.12 1.25+0.17 1.16+0.14 1.00+£0.16 1.25+0.05
s 60 1.0940.09 1.19+0.11 1.22+0.23 1.08+0.13 0.97+0.96 1.23%0.10
730 0.99+0.05 1.174+0.10 1.194+0.07 1.05+0.10 0.99+0.26 1.27+0.10

Table 1.4.3 Average and standard deviation values of v, (in m/s) and as
(in dB/mm) measured in the different mortar types studied at 7 days of
carbonation.

Lime mortar can be considered ideally as a two-phase media
constituted by an aggregate and a porous matrix. The ultrasonic wave
propagation is different in both phases, and the final registered v, value
depends on the particular wave velocity of matrix and aggregate, as well
as on the relative volume content of each component in the sample.

a

Differences in both matrix and aggregate velocities (v; and v,

respectively) are due basically to differences in the pore content and, in
some cases, in mineralogy, considering constant other parameters such as
crystal and pore size.

The final v, value is proportional to the sum of v and v;, which

correspond to the propagation velocities within the matrix and the
aggregate, respectively. According to this, v, can be expressed as:

Vo=V oy +vpe x° [1.4.2]
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where, y" and y° are the relative volumes of sample matrix and
aggregate, respectively.

According to previous studies [2], the wave velocity increases when
calcareous aggregate is added to the lime paste. This increase is higher in
mortars with higher sand content. The obtained data in the present work
(Tab. I.4.3) seems to corroborate the general trend shown in bibliography.
Vp is higher when the aggregate content in the mortar increases, varying
from 1255 m/s to 1492 m/s between CC1:2 and CC1:6, respectively (at
15 days since mortar elaboration). However, CC1:3 is an exception in this
general trend, since this mortar has a higher aggregate content than
CC1:2 but a lower ultrasonic velocity. This finding suggests that the sand
content in lime mortars is not the most important factor controlling
ultrasonic propagation, as it will be discussed below.

It has been possible to determine  measuring it directly on a stone
sample of the quarry from which the calcareous aggregate is obtained.
This stone is a micritic limestone with very low porosity (<2%). The value
of vp measured in this stone was 6120 m/s.

Taking into account the propagation velocity value obtained for the

aggregate (v;), the ultrasonic velocities measured in the mortar samples

(Tab. 1.4.3) and the relative volumes of matrix and aggregate (" and
y?) established during the preparation of mortars (Tab. I1.4.1), it is

possible to know the specific velocity at which the ultrasonic wave
propagated through the lime matrix (replacing data in equation 1.4.2). For
instance, vp of mortar CC1:2 is 1255 m/s after 15 days since mortar
elaboration. Knowing that " and y®are 60.4% and 39.6%, respectively,

and v; is 6120 m/s, it is possible to calculate de propagation velocity value
for the matrix in this mortar. In this case, v would be -1935 m/s. If these

calculations are repeated in every mortar at each age, it will be possible to
observe that negative values are always obtained for the propagation
velocity of ultrasound through the matrix mortar. These negative values
indicate that equation I.4.2 is not valid for the study of mortars, since the
propagation velocity of ultrasonic waves cannot be negative. It becomes
evident the fact that the aggregate content has a very low influence on
the wave propagation through these materials, as it will be discussed in
the next subsection.

3.3.2 Acoustic impedances and wave reflection

The low significance of aggregate content on v, is related to the strong
differences between both matrix and aggregate acoustic impedance. This
parameter (acoustic impedance, Z) represents the opposition to the flow
of sonic wave through a material, and it is dependent on the density of
the material in which wave propagates through. Numerically, acoustic
impedance is quantified by:
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where Z is the characteristic acoustic impedance, p is the density of the
medium, and c is the ultrasonic wave velocity. When an ultrasonic wave
crosses an interface between two media with different acoustic
impedance, the wave divides in two components: a transmitted and a
reflected wave. The amount of reflected and transmitted wave depends on
the impedance of each one of the media, and it is quantified by the
reflection coefficient, R:

R = Z,-Z, :szz_ Vi
Z,+2Z, PV, + pV,

[1.4.4]

where Z, p and V are the impedance, bulk density and ultrasonic wave
velocity of the first and second medium (subscripts 1 and 2, respectively).

The R value varies between -1 and 1. When R<0, the impedance (the
ease of wave propagation) of the medium 1 is much higher than Z;, and
consequently, the reflection process is more important than transmission.
R = -1 means that the ultrasonic wave is completely reflected and no
fraction of the incident wave will be propagated to the second medium.
When R >0 a higher wave fraction will be transmitted and a small part will
return as reflected wave. R =1 means the complete transmission of the
ultrasonic wave.

By analysing the aggregate surroundings in mortars from an acoustic
point of view, the aggregate surface constitutes an interface which
separates two media with different impedance. The aggregates have an
average bulk density of 2.66 g/cm?® and an average vp of 6200 m/s, but it
is not possible to know exactly the density and the propagation velocity
values of the mortar matrix. In order to obtain a critical value of
impedance, matrix is considered as an ideal homogeneous material
without porosity (unreal conditions). Under these conditions, matrix
density is 2.24 g/cm?® (corresponding to the portlandite density) and is
6750 km/s (propagation velocity through an ideal portlandite crystal).
Considering these values, the acoustic impedances of both aggregates and
the ideal matrix are 19.77 and 15.12 MPa:s/m, and the reflection
coefficient for a wave travelling from the aggregate to the matrix results
of -0.13. It means that around the 56.5% of the incident wave is reflected
and the transmitted wave is strongly attenuated. This value is a critical
(optimum) approximation considering the most favourable conditions for
the wave propagation (ideal homogeneous matrix without porosity).
However, if more real characteristics are supposed for mortar matrix, such
as a matrix bulk density of 1.57 g/cm? (considering a matrix porosity of
30%) and a propagation velocity of 2000 m/s (closer to the total mortar
vp), a reflection coefficient of -0.68 is obtained. It means that when
ultrasonic waves go from the aggregate to the matrix, 84% of the incident
wave is reflected and only a small component of the initial wave is
propagated into the matrix.

Taking into account any of both situations (ideal or real matrix
characteristics), it is clear that the ultrasonic wave is strongly attenuated
and delayed when it travels from aggregates to matrix, and consequently,
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the final received signal at the end of the mortar sample corresponds
mainly to the wave propagated through the matrix.

At the beginning of Section 3.4.1, a direct relationship between mortar
aggregate content and v, was found. This can seem a contradiction after
our previous discussion, in which it is demonstrated that the aggregate
has not a significant influence on v,. Effectively, the connection between
mortar dosage and v, is not due to the aggregate content, but to the
initial quantity of water added to the mortar mixture in order to obtain an
optimum workability (kneading water). The lower the binder content in
the mortar, the lower the kneading water (Tab. 1.4.1). Mortars with low
kneading water result in samples with less porous matrix, and
consequently, they present better characteristics to the wave propagation.

Aggelis and Philippidis [2] observed that the water content has a small
impact on pulse velocity concluding that cement paste samples with low
w/c specimens exhibit slightly higher pulse velocities. The trend is the
same than that observed in this study, but the influence of water content
on Vp is much higher in our case. This difference in the importance of the
effects of the kneading water on v, is due to the fact that in cement
mortars, the majority of the water is consumed in the hydration process of
cement components and the water in excess evaporates producing
porosity. On the other hand, hydration processes do not take place in lime
mortars and the whole water content evaporates producing a more porous
matrix and, consequently, a more important wave delay.

When the relationship between mortar aggregate content and v, was
studied at the beginning of Section 3.4.1, CC1:3 was an exception since
this mortar had a higher aggregate content than CC1:2 but a lower
ultrasonic velocity. Now it is possible to understand the apparently
anomalous behaviour of CC1:3, attending to the amount of kneading
water employed in each case. Table 1.4.1 shows that CC1:3 is the mortar
with the highest content of kneading water (higher than CC1:2 and
CC1:4), and consequently, it has the most porous matrix and the worst
characteristics to ultrasonic propagation.

3.3.3 Influence of aggregate content and kneading water on
spatial attenuation

Values of spatial attenuation are very similar in all mortar types (Tab.
1.4.3). However, a small as decrease is observed when the aggregate
content of mortars increases. This trend is valid for all samples except for
CC1:3 in which it was measured a higher wave attenuation than in CC1:2,
although CC1:3 has a bigger aggregate content. As discussed above,
differences between mortars are not mainly due to aggregate content, but
to the water content. Since CC1:3 is the mortar with the highest water
content, and consequently with the most porous matrix, it is predictable
that it will be the mortar with the highest wave attenuation values.

Ultrasonic waves can be attenuated by several causes, such as
absorption in each of the individual phases, visco-inertial losses due to
density discrepancies of the constituent materials, thermal dissipation
losses, and scattering [22]. Several works demonstrate that scattering is
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the most important causes involving wave attenuation in mortars [2-
3,23]. Those studies also demonstrate that the aggregate content has a
direct relationship with the wave attenuation due to this phenomenon (the
higher the aggregate content, the higher the wave attenuation), and a
higher w/c (higher porosity) logically gives place to higher values of the
attenuation parameter. In the mortars studied in this paper, the effect of
one type of inclusions (pores or aggregate) on wave scattering is offset by
the effect of the other one, given that CC1:6 is the mortar with the
highest aggregate content, the lowest water content, and consequently,
the lowest matrix porosity, whilst the samples with the lowest aggregate
content (CC1:2 and CC1:3) are mortars with high w/c ratio. The result is
that the water content has a slightly bigger influence on the total wave
scattering than the aggregate content in mortars with similar os.

3.3.4 Influence of aggregate mineralogy and grading on
ultrasounds

In order to evaluate the influence of aggregate mineralogy and grading
on vp and as three different mortars have been studied (CC1:3, CD1:3 and
CS1:3) which have the same dosage (Tab. 1.4.1), but different grading
(CC1:3 and CD1:3) or aggregate mineralogy (CD1:3 and CS1:3) (cf.
Section 2.1 for mortars characteristics). Table 1.4.3 shows the measured
Vvp and as in these mortars. Aggelis and Philippidis [2] assert that the
grains size is very important in wave attenuation. In their study, mortars
prepared with coarse sand exhibit much greater attenuation than mortar
with fine sand. This result is coherent with the data shown in this paper,
where CC1:3 has the highest aggregate sizes and the highest o5 value
(1.63 dB/mm). However, CC1:3 has also a higher water content than
CD1:3 (i.e. a higher porosity) and consequently it is not possible to
distinguish the weight of the effect of both variables on as.

With respect to the influence of grading on wave velocity, no evidences
have been found about the dependence of v, and aggregate size. Previous
studies [1] do not show any relationship between both variables, and no
apparent connection seems to exist between them according to the results
obtained in this paper. The v, increase observed in data (from 772 to
1093 m/s in CC1:3 and CD1:3, respectively) is related to the lower water
content of CD1:3, which causes a lower porosity in the matrix.

Another important aspect is the influence of aggregate mineralogy on
both v, and as. In this case, CD1:3 and CS1:3 are composed by
aggregates with the same grading (discontinuous) and the same dosage,
but different mineralogy (calcareous and siliceous, respectively).
Differences in both ultrasonic parameters are observed, showing that the
siliceous mortar presents the lowest wave velocity and the highest spatial
attenuation. Although quartz has a lower ultrasonic P-wave velocity than
calcite (6060 m/s and 6650 m/s, respectively, after Schén [1]), which
could cause a slower propagation of the wave through the mortar with
siliceous aggregate, differences on aggregate mineralogy can not explain
significant variations on v, and as due to the fact that ultrasonic wave is
strongly attenuated after its propagation through aggregates (c¢f. Section
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3.4.1). Consequently, the causes of ultrasonic variations between siliceous
and calcitic mortars have to be related to matrix characteristics.

The quantity of initial water added to the mixture is almost the same in
both mortars (27 and 26.5 % in CD1:3 and CS1:3, respectively), so the
matrix porosity can be considered practically the same, and therefore, it
can not explain the differences in ultrasonic behaviour.

However, there is a strong difference in the pores located at the
interfacial zone (ITZ, the zone between the matrix and the surface of
grains) of the two mortars. As explained in Section 3.1, mortars prepared
with calcareous aggregates have a textural continuity between matrix and
sand grains, whilst mortars with siliceous aggregate show some porosity
developed at the matrix-aggregate contact. These differences in the ITZ
can explain the variations observed in the ultrasonic parameters since a
higher nucleation of calcite in the matrix surrounding the aggregate grains
offers a slightly more continuous interface between aggregate and matrix,
thus favouring the ultrasonic propagation and decreasing the proportion of
reflected wave. This certain continuity between aggregate and matrix is
exclusive of lime mortars with calcite aggregates, whilst the low cohesion
at the ITZ found in CS1:3 contributes to increase the wave reflection,
getting more difficult the propagation of ultrasonic pulses. This
relationship between low-cohesion in the ITZ and increase of the
ultrasonic attenuation was also observed by Chekroun et al. [23].

3.3.5 Influence of carbonation degree on ultrasounds

Figure 1.4.7 shows the time evolution of both v, and as during the
carbonation process. In these graphs it is possible to observe the
mechanical improvement of mortars due to the textural and mineralogical
changes led by carbonation. All mortars suffer an increase of v, and a
decrease of as and they show parallel trends: a rapid v, increase and as
decrease during the first 60 days and a quasi no variation of vy, and os
(respectively) from 60 days to 2 years.

As explained above, two main changes are produced in mortar during
the carbonation process: on the one hand, the mineralogical
transformation of portlandite into calcite and, on the other hand, the
matrix porosity reduction. The first change is responsible for the rapid
changes in the ultrasonic response in the first 60 days. It has been found
that carbonation degree increases rapidly in the first moments of the
mortar life, reaching about the 70% of the total carbonation in only two
months.

The transformation of portlandite into calcite leads to important elastic
considerations. It is known that the velocity of the ultrasonic wave
propagation through minerals depends directly on two elastic constants:
Ci1 and Cy4; this relation is mathematically expressed after equation 1.4.5
and 1.4.6:

C
Vo= \p“ [1.4.5]
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C44

Vs = \7 [1.4.6]

Ci1 in portlandite and calcite is 102 GPa and 144 GPa, respectively
(after data published in Speziale et al. [24] for portlandite and Schén [1],
for calcite), while C44 is 12 GPa and 33.5 GPa. Taking into account that
Pportiandite = 2.24 g/cc and peacite = 2.71 g/cc, the P-wave velocity in a pure
crystal of portlandite and calcite will be 6750 m/s and 7290 m/s,
respectively. Therefore, the acceleration of P-waves during the first weeks
can be completely explained by the carbonation degree of the sample.
Moreover, the porosity reduction also contributes to improve the
ultrasonic propagation through mortar.
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Figure 1.4.7 Propagation velocity (V,) and spatial attenuation (as) of
ultrasonic waves during the carbonation process.

3.3.6 Quantitative approach to textural influence on
ultrasonic propagation

According to previous discussions, ultrasonic wave propagation on lime
mortars is mainly influenced by two textural parameters: the porosity of
the matrix and the carbonation degree, remaining independent of other
aspects such as aggregate mineralogy or grading.
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Figure 1.4.8 shows the average values of v, and os of each mortar type
according to their porosity and their age since preparation (15 days, 60
days or 2 years). Moreover, three additional points are added in the v,-P,
graph. These points have been calculated from theoretical considerations
and correspond to three ideal mortars without porosity (P,=0%).
Propagation velocity at these ideal materials was calculated from the
specific velocity of each constituent mineral (6750 m/s and 7290 m/s for
porlandite and calcite, respectively) knowing their abundance at different
ages after the X-ray diffraction data.
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Figure I1.4.8 Relationship between porosity, carbonation degree and
ultrasonic response, where the open porosity (P,) is represented as
function of the velocity of propagation (v,) (a) and the spatial attenuation
(as) (b) of ultrasonic waves. Solid and dot lines represent the exponential
(a) and lineal (b) fitting of high and low-carbonated mortars, respectively.
Legend: 15D = 15 days; 60D = 60 days; 2Y = 2 years of carbonation.

It has been possible to obtain two line fitting from each graph, finding a
numerical relationship between the ultrasonic parameters and both
porosity and carbonation degree. Dot lines show the relationship between
ultrasonic parameters and porosity for low-carbonated mortars (measures
carried out 15 days after mortar preparation). Solid line shows the
relationship for high-carbonated mortars. In the case of v,, measures at
60 days and 2 years fall on the same line, showing a unique trend. In the
case of as, solid line is fitted only for data at 60 days because values at 2
years appear scattered and no correlation can be established.

We obtained the following empirical equation for v,, as function of
mortar porosity and carbonation degree:

a1y
Vp =V -e [1_4_7]

where x is the porosity (in %) and I¢p is the carbonation degree index.
v is the theoretical velocity obtained from the mineralogical composition
of mortar (calculated by X-ray diffraction) and the characteristic ultrasonic
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velocity of each constituent mineral. This value (v”) was obtained by
using a second empirical equation:

m __ p p C C
Vi= vl P+ vy [1.4.8]

where, x? and ¢, v” and v° are the relative volumes and specific

ultrasonic velocity (respectively) of portlandite and calcite (p and ¢
respectively).
A third empirical equation was obtained for as, as function of mortar
porosity and carbonation degree:
—1.9&0.231|CDJ

a,= (2.58-0.321 ;) -eX( 100 [1.4.9]

where x is the porosity (in %) and I¢p is the carbonation degree index.

Although these equations are supported by numerous data, it will be
necessary to develop a higher amount of tests and measurements in the
future in order to confirm the trends and equations obtained in this paper.

4. Conclusions

The aim of this study was to investigate the influence of the textural
characteristics of different aerial lime-based mortars on the propagation
velocity and the spatial attenuation of P waves. Six types of mortars were
studied and divided in two main groups: the first one composed by four
mortars of the same composition and different binder-to-aggregate ratios,
and the second one constituted by three mortars prepared with the same
binder-to sand ratio but different aggregate characteristics. In this second
group, two aggregates with different composition (siliceous and
calcareous) and grading (continuous and discontinuous) were used for the
preparation of mortars. The mineralogical and textural properties of
mortars have been studied for two years in order to interpret the
ultrasonic response at every interval of time.

Ultrasounds have proved to be a sensitive tool for determining textural
characteristics of lime-mortars. Several textural aspects were considered
initially as controller factors of the wave propagation through mortars:
porosity, binder-to-sand ratio, aggregate mineralogy and grading and
carbonation degree of mortars. Finally, only two parameters result to be
the most significant for ultrasonic propagation: matrix porosity and
carbonation degree.

Textural parameters related to the aggregate (mineralogy, grading and
aggregate content) result little influential on wave propagation velocity
(vp) and spatial attenuation (as). This fact is due to the strong differences
in acoustic impedance between both mortar matrix and aggregates.
Aggregates are obtained from a very low-porous limestone (porosity lower
than 2%) and considerably high bulk density (around 2.66 g/cm?). As a
result, the propagation velocity of waves through aggregates is high
(6200 m/s), and, consequently, its acoustic impedance is high too (around
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19.77 Mpa-s/m). On the contrary, mortar matrix has high porosity
(~30%), low bulk density and presumably low ultrasonic propagation
velocity. The matrix acoustic impedance is estimated at 4 MPa-s/m. This
difference between acoustic impedances causes a strong reflectance of the
ultrasonic wave when it is propagated from aggregate to matrix (the
reflected wave component is estimated at ~80% of the incident wave).
Accordingly, the registered wave at the end of the mortar sample
corresponds mainly to the front wave propagated through the mortar
matrix, and therefore the waveform is a result of the matrix
characteristics.

In accordance with previous reasoning, v, and as are a reflection of the
porosity and mineralogy of the mortar matrix. The first one is related to
the amount of kneading water added during mortar preparation, whilst the
second one is dependent on the age of lime mortar. The whole water
content evaporates producing pores in the mortar matrix, and,
consequently, causing wave delay and scattering. The most porous
mortars present the lowest v, and the highest os values. The carbonation
process, for its part, causes a mineralogical transformation of the matrix
as well as a slight porosity reduction (both factors favour the wave
propagation). A high-carbonated matrix (characterized by a high content
of calcite) has better elastic characteristics than low-carbonated matrix
(with a predominant content of portlandite), and hence, the wave
propagation is more favoured in the first one.

Finally, all these results have been integrated in numerical equations
that allow assessing the textural characteristics of lime mortars from v,
and as measurements.

This study constitutes a useful approximation for the evaluation of lime
mortars texture by means of non-destructive tests, which is in many cases
a crucial point, such as in the field of Cultural Heritage.
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Chapter 1.5

Mechanical evolution of lime mortars during
the carbonation process

Arizzi A., Martinez-Martinez J., Cultrone G., Benavente D.
Key Engineering Materials, 465 (2011) 483-486.

Abstract

Lime mortar is one of the most ancient and durable building materials.
It is characterized by a slow carbonation during which Ca(OH), reacts with
CO, present in air and forms calcite, giving rise to a stronger and more
compact material. This process takes place from the surface to the interior
of the material and it is strongly affected by the reaction conditions. The
aim of this study is to quantify the increase in strength and elasticity of
different lime mortars according to their carbonation degree. For that, six
types of mortars were elaborated, with different [lime/aggregate
proportions and aggregate mineralogy and grading. Mineralogical and
textural studies were carried out to follow the carbonation process. Each
mortar was tested in a uniaxial compression press after 15, 28, 60 days
from the elaboration. In order to differentiate the mechanical behaviour of
the external and internal parts of the mortars, two micro-samples
(10x10x10 mm) were obtained from the first 10 mm and from the core of
each prism. Results show that an increase in strength and especially in the
elastic modulus is associated to the carbonation process, but it is different
depending on the composition and compactness of the mortars.
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1. Introduction

The mechanical resistance of lime mortars is strictly related with their
carbonation degree, which represents the quantity of portlandite
(Ca(OH),) transformed into calcite (CaCO3). This transformation (Ca(OH)>
+ CO; - CaCOs3) depends on CO, permeability, temperature and humidity,
as well as on the textural characteristics of the mortar [1-3]. In turns, the
microstructure of mortars strongly depends on the elaboration and curing
conditions, so that a correct choice of components and mixing proportions
is essential to ensure good final performances. The aim of this work was
to link the microstructure of six different types of mortars with their
mechanical properties during early carbonation ages (7, 15 and 60 days).
For that, micro-compressive essays were performed on micro-samples of
each mortar and their behaviour was related to the textural properties
studied at the same time intervals.

2. Materials and methods

Six types of mortars were prepared with a calcitic dry hydrated lime
(CL90-S, UNE-EN 459-1) whose components and mixing proportions are
shown in Table 1.5.1. Two types of aggregates were used, a calcitic one
with continuous (CA, 0.063<@<1.5 mm) and dicontinuous grading (CDA,
0.1<p<0.8 mm), and a siliceous one, with a discontinuous grading (SA,
0.1<p<0.5 mm). After their preparation, mortars were left during 7 days
in normalized steel moulds (4x4x12 cm) at HR = 60+5% y T = 20+5°C
and after desmoulding, they were cutted in prisms of 4x4x5 cm. Two
micro-samples (10x10x10 mm) were obtained from the first 10 mm and
from the core of each mortar prism. The observation of the mortars
microstructure (morphology, cohesion, porosity) was carried out by means
of optical microscopy (OM) (Olympus BX-60) equipped with digital
microphotography camera (Olympus DP10). X-ray diffraction analyses
(XRD) were performed in order to identify and quantify the mineralogical
phases, by means of a Philips PW-1710 diffractometer. The interpretation
of diffractograms was carried out using “X-Powder” software package [4].
Open porosity (P,, %) and pore size distribution (PSD) were determined
using a Micrometics Autopore III 9410 porosimeter (MIP analysis).

In order to study the mechanical characteristics of each type of mortar
and their evolution during the carbonation process, the whole micro-
samples (above described) were tested in an wniaxial compression press.
This press (Instron 4411) can achieve a maximum load of 5000 kN and a
constant load velocity of 0.1 MPa/s was selected for this test. The stress-
strain curve was recorded and strength and Young modulus were
calculated for each sample.
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) Strength Young modulus
I\lfljgl;aaer ['Id';n;g] Aggregate | B/S \[Aé/fl]- [z;gt] [MPa] [MPa]

Ext. Int. Ext. Int.

7 38.22 | - . . .
_ 15 40.96 | 1.12 | 0.83 | 199.32 | 182.77
CC1:2 g4 CA 1/2129.5 — 153 | 1.08 | 514.29 | 269.75

60 40.84 | 1.67 | 0.89 | 815.01 | -

7 39.87 | - . : .
_ 15 35.18 | 0.82 | 1.01 | 32.45 | 251.46
CC1:3 g CA 1/3 1313 =197 | 0.98 | 330.41 | 218.09
60 35.03 | 1.13 | 0.85 | 501.23 | 192.91

7 33.64 | - . . _
_ 15 34.50 | 1.16 | 1.035 | 173.91 | 179.98
CC1:4 g CA 1/4 | 24.0 1.04 | 1.05 | 239.66 | 127.93
60 34.30 | 1.56 | 0.94 | 623.71 | 147.59

7 29.51 | - - : 5
_ 15 30.04 | 0.93 | 1.10 | 296.43 | 154.86
CC1:6 g CA 1/6 1 20.0 == 1.15 | 0.91 | 378.38 | 112.07
60 32.12 | 1.34 | 1.11 | 568.82 | 178.52

7 35.41 | - - : -
, 15 34.50 | 1.12 | 1.41 | 343.14 | 778.85
CD1:3 g CDA | 1/3]26.5 7 1.33 | 1.18 | 680.98 | 310.32

60 36.03 | 1.60 | - |803.80 | -

7 36.77 | - 5 : 5
_ 15 37.82 | 0.62 | 0.68 | 96.67 | 99.05
CS1:3 g4 SA 1/3127.0 =199 | 0.93 | 108.49 | 105.10
60 34.25 | 1.05 | 0.95 | 373.36 | 192.10

Table 1.5.1 Sketch of the six types of mortars studied in this work. Several
information is showed from each one. aggregate used (CA: calcite aggregate
with continuous grading, SA: siliceous aggregate with discontinuous
grading, CDA: calcite aggregate with discontinuous grading); binder/sand
ratio (B/S, by weight); the amount of water employed in the mass (W/T,
expressed in % of the total mass); open porosity (P,) at 7, 15 and 60 days
after mortar preparation; mechanical properties (strength and elastic
modulus) of micro-samples obtained from the inner and external part of
prisms (Internal and External, respectively).
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3. Results and discussion

The main difference between the textures of each mortar is based on
the porosity percentage (Tab. 1.5.1) and predominant pore types. Porosity
appears in different forms: 1) as shrinkage fissures (present in the matrix
and in the interfacial zone (ITZ: surface between the matrix and the
grains); 2) as rounded and big pores typical of water evaporation; 3) as
interparticle porosity, especially along the exfoliation planes of calcite.

Mortars with the same binder/sand (B/S) ratio (CC1:3, CS1:3 and
CD1:3) present similar total porosity value (Tab. I.5.1). However, an
important difference between these three mortar types was observed in
CS1:3. These three varieties present a good cohesion in the matrix.
However, the ITZ in the mortar prepared with siliceous aggregates
(CS1:3) shows frequently a dishomogeneous contact (shrinkage
fissuration processes).

The highest value of P, was found in CC1:2, because of the high
shrinkage caused by the big amount of lime. By means of OM, shrinkage
fissures and big pores (Fig. I1.5.1) were observed in CC1:2 and CC1:3,
although in lower quantity and smaller size in the latter.

In CS1:3, CC1:2, and partially in CC1:4, rounded and big pores
(r>100um) are observed, due to a rapid water evaporation. CC1:6
mortars present the lowest porosity, because of the lowest B/S ratio and
the least amount of water added for their preparation.

The carbonation curves (Fig.I.5.2) show that mortars prepared using
calcitic aggregate with continuous grading are the most carbonated ones.
Carbonation degree of mortars was estimated considering the decrease in
portlandite content, determined by means of X-ray diffraction quantitative
analysis. CC1:3 is the most carbonated mortar almost at every time
intervals, while its analogous containing siliceous aggregate (CS1:3)
presents at the end of the study the least quantity of portlandite
transformed into calcite.

In table 1I.5.1 it is possible to observe the mechanical properties
(strength and elastic modulus) of each mortar type, as well as its
evolution during the carbonation process. Some interesting results are
obtained from these data. External micro-samples (from the first 10 mm
of the prism) have always higher strength and Young modulus values at
60 days than at 15 days. Moreover, the values at 60 days obtained in the
external micro-samples are always higher than those measured on the
internal ones. This is due to the fact that the carbonation process takes
place from the surface to the interior of the mortar prisms. Consequently,
the external micro-samples will contain progressively more calcite in their
matrix from 7 to 60 days. The micro-samples obtained in the prism core,
however, contain similar calcite content in every step (there is not
strength increase).
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Figure 1.5.1 OM images of all the mortars at 7 days since the elaboration.
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Figure 1.5.2 Representation of the carbonation trend in mortar types.
Ico (%) represents the carbonation degree, estimated considering the
decrease in portlandite content, determined by means of X-ray
diffraction quantitative analysis.

In addition to the carbonation process, changes in the porous system of
the mortar are caused by water evaporation. In general, mortars present
a very open structure and high porosity values (between 30 and 40%).
These textures involve a very low strength (lower than 2% in every case).
Porosity changes during the curing process do not involve significant
variations in the mechanical properties of mortars with calcite aggregate.
However, mortar CS1:3 (with siliceous aggregate) present both the lowest
strength and elastic modulus. This mortar presents shrinkage fissures in
the grain-matrix contact surface, making easy the fissure nucleation and
its propagation. Moreover, the lowest carbonation degree at 60 days
corresponds to this mortar.

Finally, strength and Young modulus of CC1:2, CC1:3, CC1l:4 and
CC1:6 are defined between the same limits during the whole process.
However, CD1:3 presents values of strenght and Young modulus a bit
higher with respect to the compositionally similar mortars. Although the
only difference between CD1:3 and CC1:3 stays in the grading of the
aggregate, the higher value of strength can not be attributed to this
factor, because continuous grading always produces more resistant
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mortars. The strenght of CC1:3 is lower because the porosity of this
mortar is much higher than that of CD1:3. On the other hand, the lowest
value of porosity, obtained in CC1:6, does not correspond to the highest
resistance. In this case the reason stays in the low amount of lime of this
mortar, which produces less compact and resistant matrix.

4. Conclusions

This study confirms that the carbonation process affects positively the
mechanical properties of mortars, by producing an increase of strength of
these materials, always higher in the external zone that is the most
carbonated one. It has been found that the use of calcareous aggregates
give place to more carbonated and resistant calcite lime mortars.

Among the six types of mortars studied in this work, CC1:3 showed the
highest carbonation degree and one of the highest values of resistance
and elastic modulus.

On the other hand, we found that the use of a siliceous aggregate gives
place to weaker mortars, in spite of the higher hardness of quartz
compared to calcite. The reason of that stays in the insufficient cohesion
between the grains of quartz and the matrix.
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Concluding Remarks

A deep knowledge of the microstructure of limes, the textural
characteristics of aggregates, the mineralogical, textural and physical-
mechanical properties of mortars has been achieved in this part of the
thesis.

In particular, it has been found that the dry hydrated dolomitic lime
confers a more pronounced plasticity to the lime paste than the
corresponding calcitic one. This difference in the behaviour between the
two limes in suspension is strictly related to their micro- and
nanostructure. This study suggests that more workable lime mortars are
obtained with the dolomitic lime (chapter I.1). Thereby, it is reasonable to
think that the dolomitic lime mortars might show also greater
performances during hardening to the calcitic ones.

However, the study of the properties of calcitic and dolomitic lime
mortars during hardening shows contrasting results regarding the
preference of the lime (chapter 1.2). In fact, even if the dolomitic lime
mortars actually show higher workability in the fresh state, they do not
maintain the predominance on the calcitic lime mortars during hardening.
Moreover, the characteristics of the pore system and the fragility of the
dolomitic mortars studied indicate a higher susceptibility to weathering
compared to the calcitic lime mortars. The main reason of these contrasts
may rise from the curing conditions to which mortars are exposed. Here,
dry conditions (T=20 °C; RH = 60%) have been considered, since the
prime objective of this thesis is to design rendering mortars that can be
applied in dry or low-moist zones. In accordance with this objective, the
calcitic lime is maintained to the detriment of the dolomitic one.
Otherwise, the use of dolomitic lime mortars in high-moist zones should
not been dismissed.

The researches focused on monitoring the carbonation process have
been carried out for a total of two years since mortars elaboration
(chapters 1.3 and I.4). In agreement with the majority of the studies on
carbonation, it has been confirmed that the transformation of portlandite
into calcite is a very slow process in aerial lime-based mortars. Our results
have shown that carbonation occurs mainly in the first two months of
mortars life, after which it continues at a much lower rate.

Three related parameters have been successfully used to qualify and
quantify carbonation over time: the carbonation degree index (Icp)
(chapters 1.3 and I.4) and the propagation velocity (V,) and spatial
attenuation (as) of ultrasonic waves through mortars (chapter 1.4). In
particular, a direct correlation has been observed between I and V,
values, since the latter reflects changes of the mineralogy in mortars
(chapter 1.4).

Interestingly, another factor that influences both ultrasonic and
mechanical parameters is the mortars pore system that, in turn, is mainly
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influenced by the initial water dosage (chapter 1.4 and I.5). This finding
establishes the first step for the textural characterization of mortars by
means of non- and low-destructive techniques, such as ultrasounds and
mini-compression tests.

Absolutely concordant results have been obtained from different
studies (chapters 1.2, 1.3, 1.4 and I.5) as regards to the selection of a
calcareous or a siliceous aggregate. From here onwards, the preference is
given to the calcareous one, which gives place to higher carbonation
degree, better cohesion at the matrix-grain interface and bigger
compactness and resistances, because of the similarity in composition and
texture between the mortar components when a calcareous aggregate is
used.

Given that no direct relationships has been found between the
aggregate content and the parameters studied in this part of the thesis,
the selection of the optimal binder-to-aggregate proportions will be still
tackled in the following chapters.
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PART II

Standardized and non-standardized
methods: a study of their adaptability to
aerial lime-based mortars.
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Objectives

Considering the influence that the initial water dosage has shown to
exercise on the performances of mortars during hardening, and the
uncertainty that still exists about the optimal binder-to-aggregate ratios,
further researches needed to be carried out in order to assess an
adequate method for the preparation of mortars with the minimal porosity
and the most suitable aggregate proportions.

The second part of the thesis claims to highlight the importance of
choosing the correct ratios during the preparation of any type of mortars.
With this objective, chapter II.1 makes a little digression on some of the
most used methods of determining the consistence and packing density of
granular mixtures, aspects that are strictly related to the water dosage.

Chapter II.1 also stresses the fact that standardized methods originally
developed for cement mortars are often unsuitable for lime mortars. From
this, the need of adopting new and non-standardized methods that might
adapt better to this kind of materials.

158



Results and discussion

Chapter II.1

A comparison of different methods of
determining the packing density of fresh
granular mixtures: the failure of their
application to aerial lime-based mortars

Arizzi A., Cultrone G.
Submitted to Cement and Concrete Composites
(under review)

Abstract

Packing density is considered one of the most influential factors on the
performances of fresh mortar and concrete. Standardized methods exist
for both direct and indirect determination, but in most cases they do not
give a realistic estimation of the voids content. In this work, the recently
developed "wet packing method” has been used to assess the optimum
water-to-binder ratio at which the packing density is achieved in lime
mortars with different binder-to-aggregate proportions. To support the
validity of this method, data have been compared with those obtained by
measuring the bulk density of the dry granular components, with and
without vibration applied, and the consistence of the pastes by means of
the flowability test. Then, to verify the reliability of the "“wet packing
method”’, i.e. to test out if mortars prepared with this method have good
properties once hardened, their mineralogical, textural and mechanical
properties have been studied after two and six months of carbonation.
Results showed that although the wet packing method seems to be more
realistic than the majority of standards used for the determination of the
voids content and the achievement of the optimum workability in granular
mixtures, it is still not the most adequate for the elaboration of aerial lime
mortars with good performances in the fresh and hardened state.
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1. Introduction

The packing density (¢) of a mixture, which represents the solid
volume in a unit total volume [1], is influenced by the random
arrangement of the particles and, in turn, depends on particle shape and
size distribution. The dependence on the latter parameter is evident in the
case of a broad particle size distribution, in which the smaller particles fill
up the voids between the coarser ones, thus increasing the value of
maximum packing. The influence of particle shape is widely recognized by
several studies [2-4], which demonstrate that different values of packing
are obtained when spheres, ellipsoids or oblate ellipsoids are used.

In a mortar where a high density is achieved, all components (i.e.
binder plus aggregate) are densely packed, and the number of voids
between them is reduced compared to less densely packed mixtures. This
minimal porosity is saturated by a minimum water dosage. The excess
water (i.e. amount of water theoretically free in the mixture) allows the
mobility of particles, thus influencing the flow of the mixture. On the other
hand, if the water in excess is too high, the shrinkage during drying will
be too great and the strength of the hardened mortar will decrease
significantly. To design good mortars and concretes, it is fundamental to
determine the water-to-binder ratio (W/B) at which the optimum
workability is achieved by estimating the maximum packing density of
these mixtures. Several theories and models have been created to identify
the most suitable aggregate packing for concrete [1, 5-7]. The reduction
of voids with consequent improvement of the workability of a mixture can
be achieved also adding plasticisers (or superplasticisers) to the mixture
that induce a high degree of particles dispersion [8-9].

The value of packing density (®4ry) Of individual components has been
estimated in the past by measuring the bulk density of the dry materials
(i.e. lime, cement, aggregates). This value is determined as:

Po.
Ps

where pp, and ps represent the bulk and the solid densities of the
granular component, respectively. The voids index (u) of the dry
component is:

Pary = [11.1.1]

T
q)d ry

u= [1I1.1.2]

in which n is the porosity, calculated as: 1-®q4ry. The dry method not
only depends very much on the state of compaction, but also tends to
overestimate the void content and underestimate the packing density of
fine particles [10].

In the case of a mixture with a cementitious material and an
aggregate, indirect and standardized methods exist for the determination
of the void content in terms of the amount of water needed to form a
paste with a certain consistency (i.e. flow tests, penetration depth of a
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plunger). These methods assume there is a minimum amount of water for
the formation of a paste in which the void content is also minimized, and
the water volume can be considered as the porosity of the dry packing
[1]. However, some problems are correlated with the water content
needed to saturate the voids and the air content of the paste, therefore,
the methods mentioned above for determining packing density of finer
particles are neither precise nor realisticc To counter these
inconveniences, Wong and Kwan [10] proposed another method to
determine the maximum packing by estimating the solid concentration of
the wet mixture instead of the packing density of the dry one. The solid
concentration obviously depends on the amount of water added, and, for
this reason, it does not coincide with the packing density. According to
these authors [10], a minimum amount of water produces a mixture with
a maximum solid concentration, which corresponds to the packing density.
The wet packing method was demonstrated to be valid not only for
cementitious materials, but also for fine aggregates and mixtures of both
[10-12]. According to this method, the solid concentration (¢) of a mortar
is determined as:

M

Vv
Pl + PRy + psR, + PR

¢ = [1I.1.3]

where M/V represents the wet bulk density of the paste; a and B are
two different cementitious materials; s is the aggregate; pw is the density
of the water; pq, pg, and ps are the solid densities of a, B, and s; uy is the
W/B ratio by volume; and Rq, Rg, and Rs are the volumetric ratios to the
granular material. In mortars where only a binder is present, pg and Rg
values in the equation II.1.3 are equal to zero. By applying this equation
to the suspensions prepared with different dosages of water, a maximum
value of ¢ is obtained, which corresponds to the packing density of the
mixture [13].

The voids content, indicating the porosity (€) of the wet mixture, is
calculated as:

u

E= — II.1.4
1+u [ ]

where u is the void ratio, estimated by means of the following formula:

p=1-¢= [11.1.5]

1+u

A minimum value of voids ratio is obtained by plotting u against u,
and it corresponds to the basic water ratio (uwmin) [10], which is the water
content necessary to fill up the voids.

The objective of this work is to establish the optimum W/B ratio at
which the packing density is achieved in mortars of calcitic lime and
calcareous aggregate mixed with different binder-to-aggregate ratios, in
order to obtain fresh mixtures with good workability, without the use of
any plasticizers. Since other authors [11-12] have already adopted the
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wet packing method as a successful way to fix the packing density of
granular mixtures, its validity is proved in this work and compared with
other methods, such as the determination of the bulk density of the dry
granular components and the consistence of the fresh mixtures by means
of the flow test. The reliability of this method is then verified by studying
the mineralogical, textural and mechanical properties of the mortars, once
hardened.

2. Materials and methods

Components used in this study were a calcareous aggregate (CA), with
a continuous grading between 0.063 and 1.5 mm in size, and a calcitic
lime (CL), which is a standardized CL90-S [14].

Packing density of single components (¢p4ry) was measured by means of
the dry method (Eq. II.1.1). Pycnometer analysis was performed to
measure the solid (or particle) density (ps, gr/cm?) of lime and aggregate.
Measurements have been carried out following the ASTM D854-92
standard [15]; pycnometers have been calibrated and filled with white
spirit. Dry bulk density (pp, gr/cm?®) of components was determined by
simple pouring, with and without vibration applied. The vibration was led
at an amplitude of 0.3 mm during 300 s; the value of dry bulk density
obtained after vibrating was indicated as py" (gr/cm?).

Regarding the determination of mortars packing density, four types of
mortars were differentiated according to their binder-to-aggregate ratio by
volume (B/A): CC1:1, CC1:2, CC1:3, and CC1:4. Six mixtures of each
mortar were prepared, maintaining the fixed B/A ratio and changing the
water content. Solid concentration and the void ratio of every mixture
were calculated by applying Eqgs. II1.1.3, II.1.4, and II.1.5. Values of
minimum (or basic) water content, corresponding to the maximum solid
concentration and to the minimum void ratio, were used for the
preparation of mortars whose flow was determined with the flow test [16].

After their preparation, mortars were left for 7 days in normalized steel
moulds (4x4x16 cm) at T = 20+x5°C and HR = 60+5% and after
desmoulding, they were maintained under the same conditions for six
months in total.

After two months, X-ray diffraction analyses (XRD) were performed in
order to identify and quantify portlandite and calcite, by means of a
Panalytical X'Pert PRO MPD, with automatic loader; analysis conditions
were: radiation CuKa (A=1.5405 A), 4 to 70 026 explored area, 45 kV
voltage, 40 mA current intensity and goniometer speed using a Si-
detector X'Celerator of 0.01 26/s. At the same time, the carbonation
degree index (Icp, in %) of mortars was estimated by measuring the
decrease in the portlandite content, according to the equation:

CH,—CH,
Ip = éH x100 [11.1.6]
0
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where CHy is the amount of portlandite at time x and CHy is the initial
content of portlandite (at time 0). The interpretation of diffractograms was
carried out using “X-Powder” software package [17].

At the same interval of time, open porosity (P,, %) and pore size
distribution (PSD) were determined using a Micrometics Autopore III 9410
porosimeter (MIP analysis) with a maximum injection pressure of 414
MPa. Three measurements were performed on mortar fragments of ca. 2
cm?, which were oven-dried for 24 h at 60 °C before the analysis.

Values of carbonation degree and porosity were obtained both in
internal and external samples of mortars (1 cm from the core to the
surface).

Six months of carbonation were considered the most adequate period
of time for measuring the mechanical resistance developed by mortars.
Flexural and compressive strength were measured by means of a
hydraulic press INCOTECNIC-Matest. According to the UNE-EN 1015-11
[18] standard, flexural assays were carried out on three samples per
mortar (of 4x4x16 cm). The six samples obtained after the flexural
rupture were used for the compressive assays.

3. Results and discussion

3.1 Packing density of the dry materials and their
suspensions

As shown in Table II.1.1, values of packing density obtained for the dry
materials change depending on their preparation procedure (with and
without compaction). In fact, when the powder is simply poured into the
container without any forces applied to it, the quantity of voids (indicated
in Table II.1.1 as porosity, n) is bigger because particles cannot arrange in
a more dense system. Vibration causes a reduction of porosity with a
consequent increase of packing, which is much bigger in the case of CA,
characterized by a continuous grading in which the smaller particles can
easily move and set between the coarser ones.

Sample Ds Db 2% QCay  Pan™ n n* u u*

CL 2.421 0.496 0.611 0.205 0.253 0.795 0.747 3.877 2.959
CA 2.550 1.514 1.831 0.594 0.719 0.406 0.281 0.682 0.390

Table II.1.1 Values of solid density (ps, in g/cn’), bulk density (ps, in
g/cnr’), packing density (@ar,), porosity (r1) and voids ratio (u) of the dry
granular components CL (calcitic lime) and CA (calcareous aggregate). *
is referred to the values obtained when vibration was applied.

Another factor causes an error in the estimation of the packing density
of dry fine powders: the calcitic lime is formed by micro- and
nanoparticles that agglomerate due to the interparticle forces acting on
them [19]. When water is added, repulsion forces between charged
portlandite crystals cause the agglomerates to disperse [20], and particles
rearrange into a denser system, achieving a higher packing density in
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suspension. As shown in Table I1.2.2, (pmax Of CL suspensions is about
three times higher than the value of packing density found in the dry
powder. In the case of the calcareous aggregate, a similar increase of
packing density was registered, although the value was only 1.5 times
higher than that measured for the dry aggregate. This is because in CA
only 19% of the total aggregate is formed by particles smaller than 100
Mm in size, which disagglomerate in water.

Water

Mortar name Uy min @ max (%) Flow (mm)

CL 1.95 0.77 - -

CA 0.84 0.98 - -
CC1:1 0.81 0.59 32.30 172
CC1:2 0.81 0.62 31.94 >180
CC1:3 0.49 0.74 20.00 143

CC1:4 0.58 0.73 22.68 >180

Table II.1.2 Values of basic water ratio (Uwmin) and maximum solid
concentration (Pmax) Of the suspensions of lime (CL), aggregate (CA) and
the mortar mixtures, determined by means of the wet packing method.
Values of water content on the total granular material (in %) and flow (in
mm) were determined only in the case of the fresh mortar mixtures.

3.2 Packing density and water content of the mortars
mixtures

Of the four mortar mixtures, CC1:3 had the best packing (Tab. II.1.2);
the basic water content (uwmin) corresponding to this packing was also
optimal since a good workability (flow) was achieved with this mixture. In
the other mortars, the water content used for the preparation of mixtures
(corresponding to the maximum solid concentration) was too high and
gave place to quite fluid pastes. However, in all the cases the value of flow
is within the range established for a plastic mortar (140-200 mm of flow)
[21]. In particular, according to the consistence appreciated during the
manual mixing, it is possible to fix the limit of plasticity of lime mortars to
a maximum of 170 mm of flow. However, ones must consider that the
flow test is not a precise method for the determination of the optimal
amount of water, because of the different functionality of lime mortars
(i.e. render, structural mortars, etc.) and the low adaptability of
standards, which are defined for cement mortars [16,21].

It has been observed that the value of QPmax generally increases with
the increasing of aggregate volume, except in the case of the highest
proportion of aggregate. The basic amount of water, represented by the
value uwmin, does not present the same linear trend, because there is a
sharp decrease in this value from the 1:2 to the 1:3 B/A ratio. This can be
explained by considering the decrease in the amount of lime. In CC1:2,
the packing is a bit higher than in CC1:1, but the minimum void ratio
(Umin) is almost the same (Fig. II.1.1), as is the basic amount of water
(uwmin), Which is only slightly reduced. The most influential difference is
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the amount of lime present in the two mortars, considering that CC1:2
contains half the lime amount than CC1:1. This means that water is not
entirely absorbed by the lime but is free in the mixture, producing a much
more liquid mortar.

On the other hand, we obtained for CC1:4 a packing density a bit lower
than that of CC1:3, which produced a mixture with high flow (due to its
higher water content). In CC1:4 mortar, the high packing density is
produced quite exclusively by the continuous grading of the aggregate,
because the lime content is very low and insufficient to fill the voids. The
flow is, however, a bit lower with respect to that of CC1:2 because of
reduced quantity of water.
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Figure I1.1.1 Curves representing the water ratio (u,) versus the solid
concentration (p) (black lines) and the void ratio (u) (gray lines) for the
calcitic lime (CL), the calcitic aggregate (CA) and the four mortar mixtures.
Maximum solid concentration (Qmax), basic water content (Uwmin) and
minimum voids ratio (Umin) are indicated in each graphic with a e.
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3.3 Physical-mechanical study of mortar types once
hardened

The water content determined by the WPM and used for the
preparation of CC1:2 and CC1:4 was too high and gave place to too fluid
mixes that were not possible to mould. Therefore, only CC1:1 and CC1:3
mortars were studied once hardened, because they showed the best
packing, the minimum amount of kneading water and the best workability
of the fresh paste compared to the other binder-to aggregate proportions.

The lowest amount of water used for the preparation of CC1:3 (Tab.
I1.1.2) resulted in a very low porosity (about 25%, Tab. II.1.3), which is
similar to that of cement-lime mortars [22]. By contrast, CC1:1 showed a
porosity value (about 35%, Tab. II.1.3) that is typical of lime mortars
(ranging between 30 and 40%, [23]).

Open porosity (P,)

Mortar sample Ex In
CC1:1 36.2+0.17 26.3+0.16
CC1:3 35.8+1.76 25.3+0.29

Carbonation degree index (Icp)

Mortar sample Ex In
CC1:1 70.5 68.2
CC1:3 97.1 68.0

Mechanical strengths

Mortar sample Rr R
CC1:1 0.07+0.01 1.31+0.08
CC1:3 0.07+0.01 1.65+0.18

Table II.1.3 Values of open porosity (P, in %) and carbonation degree
index (Icp, in %) determined on the external (Ex) and internal (In)
samples of CC1:1 and CC1:3 mortars, and flexural (Rf) and compressive
(Rc) strengths (in MPa) of CC1:1 and CC1:3 mortars determined after six
months of hardening.

The pores size distribution (Fig. II.1.2) is the same in both mortar
mixtures because they have the same composition, but the volume of the
main pores (0.1<r<1 pm) in CC1:1 is twice that of CC1:3. This reflects
that CC1:1 has bigger lime content with respect to CC1:3 [24-25]. The
smaller pores (r = 0.03 pm) have similar volume in both mortars,
although a bit higher in CC1:1.

A tight similarity was found in the pore size distribution of the internal
and external parts of mortars, apart some small differences in the position
and height of the peaks (i.e. in the radius and volume of the main pores).
In fact, in both CC1:1 (Fig. II.1.2a) and CC1:3 (Fig. II.1.2b) the main
peak (0.1<r<1 upm) obtained in the PSD of the internal samples is
centered at radius slightly smaller than the obtained in the external ones.
Moreover, a smaller porosity has been obtained in the same range in the
internal samples of CC1:3 (Fig. II.1.2b). Regarding the second peak
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(centered at 0.03 um), its volume is a bit higher in the internal sample of
CC1:1 mortar but the position of this peak is the same in all samples.
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Figure II.1.2 Pore size distribution curves of the external (EX) and
internal (IN) parts of CC1:1 (a) and CC1:3 (b) mortars after six months of
curing.

These small differences found in the porosity of mortars samples must
be related with the differences in their carbonation degree. The
carbonation degree index (Icp, Tab. II.1.3) is about 70% in CC1:1, both in
the upper and the internal zone, whilst it is much higher in the surface of
CC1:3. The high Icp value of CC1l:3 is contrasted by a much lower
carbonation degree measured in the interior of this mortar. This maybe
due in part to the lower interconnection among pores in the interior of
CC1:3 (as indicated by the smaller volume of pores in the internal sample,
Fig. II.1.2b), which makes harder the diffusion of CO, in this zone. This
fact is certainly not positive, since it may produce physical discontinuities
in the material. Moreover, if in CC1l:1 a further carbonation can be
expected due to the more open system of this mortar, the same cannot be
done in the case of CC1:3, if we consider the low porosity registered in
this mortar after only two months of hardening.

By means of the mechanical study, we obtained the same value of
flexural strength (R¢, Tab. II.1.3) for both mortars, whilst CC1:3 showed a
slightly higher value of compressive strength than CC1:1 (R, Tab. II.1.3).
In theory, much higher R. and R¢ should be expected for CC1:3, given that
one of the interests of elaborating mortars with a high packing density is
the improvement of mechanical strengths. As commented above, these
low resistance values can be a consequence of the different degree of
carbonation between the internal and external zone of this mortar.

4. Conclusions

The determination of the packing density of the dry granular materials
used for the production of mortars (calcitic lime and calcareous aggregate)
was proven to be strongly dependent on the procedure used for the
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preparation, being always higher in the vibrated powders compared with
the non-vibrated ones. The measurement of solid concentration in fresh
pastes by means of the wet packing method has found to be more realistic
with respect to the dry method, but also with respect to the flow test,
which is imprecise, especially when Ilime mortars are studied.
Notwithstanding, not all the mixtures prepared by adopting the wet
packing method have shown a good workability, since half of the mortar
mixes studied resulted too liquid to be moulded. Among the four types of
mortars, the best values of packing density and basic water ratio were
found in the mixture with the 1:3 binder-to-aggregate ratio (CC1:3). This
proportion gave place to the most packed mixture, in which the quantity
of voids and the amount of water necessary for their saturation were
minimal. These important characteristics produced a mortar with optimal
workability. However, the properties of this mortar once hardened have
found to be slightly contradictory. In fact, CC1:3 mortar presented a much
lower porosity than the majority of lime mortars elaborated without any
additive. Although the porosity reduction is generally considered a positive
aspect for mortar durability, here it has demonstrated to be a negative
factor in relation with the outcome of the carbonation process and the
development of mechanical strengths.

This research demonstrates that the application to lime mortars of
standards and methods originally created for cement mixtures results
quite unsatisfactory and controversial. We think that the difference in the
rheological properties between aerial lime and cement are one of the main
responsible for the low adaptability of these methods to lime based
mortars. This fact leads us to expect also different results from the
application of these methods to calcitic and dolomitic lime mortars, since
the rheological behaviour of these limes in suspension are known to be
very different [20]. Further studies are certainly needed in order to
customise new methods and standards specific for aerial lime mixtures.
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Concluding Remarks

None of the methods studied in this part of the thesis can be considered
totally suitable for the design of repair lime-based mortars. However, this
study leads to important considerations that are tackled below.

Firstly, this investigation has clearly shown the superiority of the “wet”
methods compared to the “dry” ones for the establishment of the correct
water dosage.

Secondly, the flowability test shows a low adaptability to aerial lime-based
mortars, because the range of flow values settled in the standard is
inaccurate for aerial lime mortars. Therefore, defining a new range of
flowability for aerial lime-based mortars could be crucial for a correct
design of these materials. For example, chapter II.1 has shown that the
approximate range of consistence for a packed mixture of lime and fine
aggregate stays between 140 and 170 mm, which is narrower than the
range defined in the standards for cement mortars and concrete (140-200
mm).

Finally, the “wet packing method” is not adopted in the following studies
of this thesis, although it has shown to be the most realistic method
among the others we have considered. This decision derives from the fact
that the achievement of the highest packing density resulted in a
discontinuous pore system between the interior and the surface of the
samples, which cannot be a positive aspect for the mortar quality.
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PART III

Additives and admixtures: a study of their
influence on mortar hardening properties

and an assessment of the most suitable
proportions.
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Objectives

Once established the main components of mortars (calcitic lime and
calcareous aggregate) and studied the properties during hardening of the
basic mixes elaborated in part I and II, new components are taken into
account in the third part of this thesis, with the aim of improving or
modifying some of the most undesired properties of the aerial lime-based
mortars.

As general overview, shrinkage is the most negative aspect observed in
the mortars mixes studied up to here (). This phenomenon is due to the
big water amount absorbed by the lime during mortar preparation and, at
the same time, to a high water evaporation rate. This leads to a rapid
volume reduction, with the formation of many shrinkage fissures and high
porosity.

The studies presented in chapters II1.1 and II1.2 claim to find out a way of
decreasing the water dosage, with the objective of reducing shrinkage and
porosity in lime mortars, thus improving their final performances. With
this aim, blended mortars will be studied in this part of the thesis.

Firstly, a white Portland cement is added to the lime in order to find out
whether it can be a favourable component when used in low amounts in
repair mortars (chapter III.1). The use of cement has been considered
since this material suffers lower plastic shrinkage than the aerial lime.
Secondly, different types of additives and admixtures are added, alone or
blended together, to the lime mortars (chapter II1.2). The additive used is
a pozzolan, chosen because it confers good properties to lime mortars in
fresh and hardened state. The admixtures used are known to indirectly
reduce shrinkage, by acting in a physical or chemical way. The main
proposal of this study is to discover in which way these components affect
the properties of the lime-based mortars once hardened.

In both researches, a mineralogical, morphological and physical-
mechanical study has been carried out, in order to verify the compatibility
of these materials with the general conditions established for repair
mortars.

Moreover, the selection of the appropriate dosages of additions and
aggregate is tackled in chapter II1.2.
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) Photos of the shrinkage fissures formed during 24 hours in lime mortar
layers of 1 (a) and 2 (b) cm applied on a concrete substrate and left
drying under atmospheric conditions (T ~ 20 °C; RH ~ 60%)).
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Chapter III.1

Negative effects of the use of white Portland
cement as additive to aerial lime mortars set
at atmospheric conditions: a chemical,
mineralogical and physical-mechanical

investigation

Arizzi A., Cultrone G.
Chapter in Bricks and Mortars Research book,
ISBN: 978-1-61942-927-7

Abstract

In recent years the use and study of lime mortars are being improved
because lime shows a high compatibility with the ancient materials of the
Architectural Heritage. On the other hand, the scarce knowledge of the
fabrication techniques, the application methods used in the past and the
long time of setting have driven scientists and restorers to add other
binders (i.e. cement, pozzolans) to the lime, which claim to obviate the
inconveniences of the use of this material alone. The use of Portland
cement as additive in lime-based mortars seems to be an easy and
diffused solution for the industrial production of repair mortars. In this
work, we have compared the chemical-mineralogical and physical-
mechanical properties of mortars prepared with calcitic lime and a
calcareous aggregate, with mortars in which a white Portland cement
(WPC) has been used in substitution of a 25 wt.% of the lime. This
chapter shows that mortars prepared with Portland cement do not provide
satisfactory results after two months since their elaboration. From
mineralogic data and porosimetric analyses no improvements were
observed by the addition of cement. In fact, even If this percentage of
cement produced lower shrinkage than lime mortars, it did not improve
the hydric and mechanical properties. Most importantly, the WPC caused
the formation of ettringite that provoked fissures in mortars samples. This
chapter demonstrates that the use of cement, even if only as additive in
lime mortars, would impair the longevity of the masonry that encloses it.
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1. Introduction

After its discovery in 1824, Portland cement, a binder of high
mechanical resistances and workability, has replaced lime in the great
majority of new construction and restoration works. The rapid diffusion of
this material all over the world was promoted by the low costs and times
of production that, in turn, were favoured by the standardization of the
cement properties. Due to these economic advantages, in the last century
Portland cement has been used in many historic buildings as repair
material, where it has caused serious and irreversible damages. The
reasons of that stay in the high stiffness, low permeability and content of
soluble salts of this binder, which make it non-compatible with the
traditional construction materials [1,2]. Because the application of
Portland cement in the Architectural Heritage has demonstrated to be
counterproductive, its use in this field has been drastically reduced in the
last decades whilst, in contrast, the production of lime mortars is being
improved.

On the one hand, lime is the binder that better performs in ancient
buildings, because of its high permeability and porosity that allow the
materials to “transpire”, its low mechanical strengths that allow the
materials to “move”, and its high reversibility that allows the repair
materials to be removed without damaging the original ones. On the other
hand, there exists a scarce knowledge of the methodologies used in the
past for its production and application, as well as there is a lack of
standards that prevents its production at an industrial level, especially if
ones consider the wide functional and constructive versatility of lime
mortar (i.e. renders, plasters, structural and pointing mortars, etc.).

These problems have pushed manufacturers and architects to the use
of other materials blended to the lime in the mortar mix, with the function
of second binders or additives. This halfway solution is being achieved
with the use, for example, of the Portland cement. It has been found that,
by blending cement to the lime, it is possible to reduce cracking, to
quicken the application and hardening of the mortar, thus providing
protection from rain before carbonation has been completed, and to
ensure reliability and predictability of its properties [3]. Moreover, new
types of cement have been developed to obtain better performances with
the lime, such as the white Portland cement (WPC). This material is
manufactured from materials virtually free of iron oxide and other
impurities, which impart the grey colour to the normal Portland cement.
However, because of the different manufacturing processes (the absence
of iron causes a temperature increase), it is much more expensive (i.e.
twice the price) than the equivalent grey product. Typical applications of
WPC are architectonical elements, such as rendering, cast stone, precast
and in-situ structural concrete and pointing, and ornamental elements
that require a white colour for eventual pigment addition.

The main interest of this work is to find out whether and how the
addition of white Portland cement improves the physic-mechanical
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properties of an aerial lime-based mortar cured at atmospheric conditions,
by checking the mineralogical and textural changes induced by it. In this
research, the WPC is used as an additive rather than as a real binder,
therefore it seems reasonable to expose the mortars to a non-moist
environment, at which aerial lime mortars are normally cured. In this way,
it is possible to know if the cement is still effective in the mortar
hardening and, consequently, in the improvement of its physical
characteristics (i.e. water absorption, shrinkage), without developing
excessive high strength and low porosity. This study claims to verify if the
use of cement as additive in repair lime mortars is a really good halfway
point or, instead, represents a solution that has to be definitively
discarded in restoration works.

2. Materials and Methods

2.1 Mortars elaboration

CC mortar was prepared with a calcitic dry hydrated lime, (named CL,
CL90-S [4]) produced by ANCASA (Seville, Spain) and a calcareous
aggregate (named CA) with a continuous grading from 0.063 to 1.5 mm.
A white Portland cement (named WPC, BL II/A-LL 52.5 R [5]), produced
by CEMEX commercial (Valencia, Spain), was used in substitution of 25
wt.% of lime in the elaboration of a new mortar named CPC. The binder-
to-aggregate (B/A) ratio used in both mortars is 1:3 by weight. The
amount of water, established in order to obtain mortars with a plastic
consistency, was 31% and 27% of total mass, for CC and CPC mortars,
respectively. The flow was calculated as the average of the spread
diameter (in mm) measured on three fresh samples during the flowability
assay [6], in the range of 140-160 mm. After preparation [7], mortars
were cured for 7 days in standard steel moulds (4x4x16 cm) at RH =
60+£5% and T = 205 °C and, after removal from the moulds, were cured
for a further 21 days in the same laboratory following the modification of
the UNE-EN 1015-2 standard [7] proposed by Cazalla [8]. Mortars were
conserved at the same conditions throughout the study.

2.2 Characterization of the mortars components

The chemical composition (major and minor elements) of the
components of mortars was studied using a Bruker S4 Pioneer X-ray
fluorescence spectrometer (XRF), with wavelength dispersion equipped
with a goniometer that analyzes crystals (LIF200/PET/OVO-55) and a Rh
X-ray tube (60 kV, 150 mA). Semiquantitative scanning spectra were
obtained using Spectraplus software. Mortar powders (ca. 5g) were
dispersed in KBr, deposited in an aluminium cup and then pressed at 10
ton to obtain a pressed pellet (40 mm sample disc). Measurements were
performed in a vacuum with a rotating sample.

The mineralogical phases of binders and aggregate were determined by
X-ray diffraction (XRD) and thermogravimetric (TGA) analyses. In the first
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case, a Philips PW-1710 (disoriented powder method) was used. Analysis
conditions were: radiation CuKa (A=1.5405 A), 3 to 60 °28 explored area,
40 kV voltage, 40 mA current intensity and goniometer speed of 0.1
0208/s. The interpretation and quantification of the mineral phases was
performed using the X-Powder software package [9]. Thermal
measurements were made with a Shimadzu TGA-50H analyzer.
Approximately 50 mg of sample was heated in an alumina crucible, in a
flushed-air atmosphere (100 mL/min), at a heating rate of 5°/min over a
range of 25-950 °C. TGA data treatment was carried out according to the
UNE-EN ISO 11358 [10] standard.

2.3 Mortars characterization

Both inner (core) and outer (1 cm from the core to the surface) parts
of the mortars samples were analyzed after 28 and 60 days since mortars
elaboration.

The mineralogical phases of the mortars were determined by TGA using
the same analytical device described above. Mortar phases were
determined by measuring the weight loss resulting from the stoichiometric
reactions of:

1. gypsum decomposition (110<T<170 °C);

2. calcium silicate hydrates decomposition (100<T<125 °C);
3. portlandite dehydroxylation (450<T<550 °C);

4. calcite decomposition (700<T<900 °C).

The decrease in portlandite content was taken as reference to estimate
the carbonation degree of mortars (Icp, %).

The textural characteristics of mortars were studied by means of field
emission scanning electron microscopy (FESEM), using a Carl Zeiss Leo-
Gemini 1530 microscope on previously dried, carbon-coated mortar
fragments.

Open porosity (P,, %) and pore size distribution (PSD, in a range of
0.002<r<200 pm) were determined using a Micrometics Autopore III
9410 mercury intrusion porosimeter (MIP). Mortar fragments of ca. 2 cm?®
were oven-dried for 24 h at 60 °C before the analysis.

The capillary imbibition test was performed only after 60 days since
mortars elaboration, on three samples per mortar type of 4x4x16 cm that
were oven-dried at 100 °C for 24 h before measurements were taken.
Two imbibition coefficients (A and B) were determined from the mass
uptake per surface unit and the height over time, according to the Beck et
al. [11] procedure.

Flexural and compressive strength (Rf and R.) were measured by
means of a hydraulic press INCOTECNIC-Matest. According to the UNE-EN
1015-11 [12] standard, flexural assays were carried out at 28 days of
carbonation, on three samples per mortar (of 4x4x16 cm). The six
samples obtained after the flexural rupture were used for the compressive
assays.
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Shrinkage of hardened mortars was determined after 60 days
measuring the variation of the dimensions (expressed as percentage) on
three perpendicular directions: a, parallel to the compaction plane; b,
parallel to the compaction plane along the largest face of the sample; c,
perpendicular to the compaction plane. Measurements were carried out on
three samples per mortars.

3. Results and discussion

3.1 Characterization of the mortars components

The chemical analysis (XRF, Tab. III.1.1) of the white Portland cement
shows high contents of CaO and SiO,. These elements (Ca and Si)
correspond to the calcium silicates C3S (tri-calcium silicate, or alite) and
C,S (di-calcium silicate, or belite), found by XRD (Tab. III.1.1). The TiO;
proceeds from a pigment added to white Portland cement to further
enhance the whiteness.

Chemical composition (XRF)

(Oxides %) WPC
SiO; 14.98
CaO 70.49
SOs3 5.58
MgO 0.61
Fe O3 0.26
Al,O; 4.22
TiO2 0.08

Mineralogical composition (XRD)
Mineral phases (%) WPC

CC 20.9
CH 16.8
Gyp 2.3

C,S 29.9
CsS 30.1

Mineralogical composition (TGA)
Mineral phases (%) WPC

CC 22.2
CH 2.2
Gyp 2.4

Table III.1.1 Chemical (X-ray fluorescence analysis, XRF) and
mineralogical (X-ray diffraction, XRD and thermogravimetric analysis,
TGA) composition of white Portland cement (WPC). CC=calcite;
CH=portlandite; Gyp=gypsum, C.S=dicalcium silicates; CsS=tricalcium
silicates
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The presence of Al in WPC was detected only by XRF and this indicates
that aluminate phases are present in amounts not detectable by XRD (Fig.
IT1.1.1, Tab. III.1.1).
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Figure I1I. 1.1 X-ray diffraction pattern of white Portland cement (WPC).
CC = calcite; CH = portlandite; Gyp = gypsum, C,S = dicalcium silicates;
C3S = tricalcium silicates.

By means of thermogravimetric analysis only calcite (CC), portlandite
(CH) and gypsum (Gyp) phases were identified (Fig. III.1.2, Tab. III.1.1).
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Figure III. 1.2 Thermogravimetric curve of white Portland cement (WPC)
where the weight loss (TGA, expressed in %) is represented as function of
temperature (T, in °C). CC = calcite; CH = portlandite;, Gyp = gypsum.
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3.2. Evaluation of the hardening processes in lime
and cement-lime mortars

3.2.1 Carbonation Degree

An important question to consider is whether and how the cement
takes part in the hardening of mortars at these curing conditions.
According to Cizer et al. [13], in cement-lime mortars there is no
competition between hydration and carbonation under atmospheric
conditions because cement hydration always takes place initially and
evolves before carbonation becomes effective. This means that in CPC
mortars, which have been cured at atmospheric conditions (cf. Section
2.1), both processes took place, although it is likely that this happens at
different degrees in the surface and in the core of the mortars.

After 2 months since the elaboration, CC and CPC mortars show the
same carbonation degree (expressed as Icp, in %, Tab. III.1.2) in the
external part (-ex) of the samples, whilst the interior of mortars (-in)
presents always a lower degree of carbonation than the surface.
Moreover, this difference in the degree of carbonation between the surface
and the core is much higher in CPC mortars (about 55%) than in CC ones
(about 23%).

We remember that the carbonation degree index (Icp) is calculated for
each mortar considering the variation in the amount of portlandite
obtained between the beginning of mortar life and the end of the study.
This determination does not consider the amount of portlandite liberated
during the hydration reactions in cement-lime mortars, so that the Icp is
not an accurate value in this case, although it is useful for estimating the
progress of carbonation and hydration of mortars. Thus, a lower Icp value,
which indicates a higher amount of calcium hydroxide, is due to a slower
consumption of the lime during time (i.e. formation of a smaller amount of
calcite) in CC mortars; whilst, in CPC mortars, it indicates the formation of
more CSH phase (c¢f. Tab. III.1.2) that, during the hydration reaction,
liberates Ca(OH), [14], thus increasing its amount in the internal samples.
Both options can be attributed to the fact that the interior of mortars dries
slower than the exterior and this might result in a more moist ambient in
the core than in the surface. In the smallest pores, water condensation is
likely to occur and this would hinder the diffusion of CO, [15], thus
slowing down carbonation in this zone. Moreover, the formation of calcium
silicate hydrates would be enhanced by the alkaline ambient created due
to the dissolution of calcium hydroxide in the pore water [16].

This result confirms our initial assumption that carbonation and
hydration happens at different degrees in the exterior and the interior of
cement-lime mortars: in the surface, the carbonation process takes place
at the same degree than in lime mortars whilst, in the core, carbonation is
less favoured and hydration reaction enhanced.
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Carbonation degree index (Icp)

Zone
Mortar sample Ex In
CC 71.67 49.04
CPC 71.77 17.12
Open porosity (Po)
Time (days)
Mortar sample o 60
CC 32.5+2.74 35.0+1.10
CPC 36.2+1.80 37.3+£1.00
Imbibition coefficients
Mortar sample A B
CC 0.08 9.95
CPC 0.09 10.79
Mechanical resistances
Mortar sample R¢ Rc
CC 1.03+0.03 1.43+0.16
CPC 2.59+0.09 1.62+0.23
Shrinkage
Mortar sample a b C
CC 3.6+1.41 3.8+0.03 6.8+0.00
CPC 3.3+£0.71 0.0+0.00 6.0+0.35

Table III.1.2 Physical parameters of CC (CL+CA) and CPC
(CL+WPC+CA) mortars: Carbonation degree index (Icp, in %) of the
surface (ex) and the core (in) after 60 days since the elaboration; Open
porosity (P,, in %) values and standard deviation after 28 and 60 days
since the elaboration; Imbibition coefficients (A, in g/cm? min*? and B, in
cm/min*?) after 60 days since the elaboration,; Flexural (R, in Mpa) and
compressive (R, in Mpa) resistances and standard deviation after 28
days, according to the UNE-EN 1015-11 (2000); Shrinkage values (in %)
and standard deviation along a, b and c directions of mortars samples
after 60 days since their elaboration.

3.2.2 Identification of the Hydrated Phases in Cement-Lime
Mortars

The CSH phase in cement paste is amorphous or semicrystalline and it
gives powder patterns very similar to those of the calcium silicates
present in cement (C,S and C3S) [17]. However, the X-ray diffraction
analysis was not able to detect the presence of hydrated phases in CPC
mortars, because their peaks were marked by other mineral phases
(calcite and portlandite) with higher cristallinity and reflecting power. The
thermogravimetric analysis, in turn, allows the identification of CSH that
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decomposes at a temperature between 100 and 125 ©C. However, this
range of temperature coincides partially with that in which gypsum
decomposes (cf. Section 2.3 and Fig. II1.1.2), so the quantification of CSH
and gypsum phases in the carbonated mortars by means of TGA can be a
difficult task.

The electron microscopy, in turn, is effective in the identification and
characterisation of the hydrated phases morphologies [18] although not in
their quantification. Both upper and inner zones of mortars were observed
by FESEM after two months since their elaboration. After this period of
time, the CPC external samples presented some CSH phases in form of
small fibres (only 200 nm long, Fig. III.1.3a), which have been recognised
elsewhere as an early hydration structure [17], and many unhydrated or
partially hydrated phases (Fig. III.1.3b) in form of particles with a rough
surface. Internal samples of CPC showed some flattened particles of CSH
(Fig. III.1.3c), which are typically present in samples with twenty-eight
days of hydration [17].

Figure III. 1.3 FESEM images of CPC mortar: upper part of the mortar, in
which there are small fibres of CSH (a) and partially hydrated or
unhydrated particles (CS- and CS3) with rough surface (b); internal part of
mortar (c), in which small and flattened particles of CSH are observed.

The morphologies observed in Figure III.1.3 suggest that a poor
hydration takes place in the exterior of CPC mortars, whilst this process is
more extended in the interior. Once again, it is shown that carbonation
and hydration processes take place at different degrees in the mortar
zones.

3.2.3 Pore System

The pore system is another textural aspect that helps to understand
the progress of the hydration and carbonation processes. Two main types
of pores typical of cement mortars have been obtained here (Fig. II1.1.4):
the gel pores, of radius comprised between around 0.01 and 0.05 um, and
the capillary pores, in the range of 0.1-1 um. The former do not depend to
the water amount but to the production of hydrated phases, as also
observed by other authors in lime [19] and cement [20] mortars. The
latter depend to the water-to-cement ratio and decrease as the hydration
reaction progresses; they are responsible for the water transfert
properties and the mechanical behaviour of cement mortars [21]. One of
the advantages of adding cement to lime-based mortars is that the
hydrated phases give place to a segmentation of the capillary pores, which
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reduces importantly the water absorption in mortar [21]. Here, this effect
was not obtained, since CPC mortar presents only slight lower volume of
capillary pores compared to CC mortar (Fig. III.1.4), and this little
difference has to be attributed only to the lower amount of water used for
the preparation of CPC mortar (cf. Section 2.1).

CC mortar CPC mortar
0.5 0.5
04 - —— 28 days 04 ~ —— 28 days
S - - --80 days S - - --60 days
3 034 3 0.3 -
E E
< 02- £ 02-
0.1 0.1 -
0.0 T . 0.0 . . ==
0.001 0.1 10 1000 0.001 0.1 10 1000
Radius (pum) Radius (um)

Figure IIl.1.4 Pore size distribution curves of CC (CL+CC) and CPC
(CL+WPC+CA) mortars after 28 and 60 days of curing.

A volume of pores with radius smaller than 0.06 ym was registered in
the CPC 28 days-old sample (Fig. III.1.4b), and it remained almost
unvaried in the 60 days-old sample, although a lower volume might be
expected, since the hydrated phases change their morphology in this
period of time and occupy the pores left by the cement phases and the
CSH gel [17].

In turn, in CC mortar, an increase of the volume of pores in the 0.01 -
0.06 um size range was registered from 28 to 60 days (Fig. III.1.4a), and
it is responsible for the porosity increase registered after 2 months (Tab.
IT1.1.2). This phenomenon is attributed to the formation of agglomerates
of small calcite particles at the interfacial transition zone (ITZ) between
aggregate grains and matrix [22], which is also expected to occur in
presence of cement.

The final consequence of these two opposite mechanisms (decrease of
the pore gel volume and increase of the pores at the ITZ) is that the
volume of small pores remains unvaried in CPC mortars, as well as the
open porosity value determined at 28 and 60 days (Tab. II1.1.2).

3.3. Physical-Mechanical Properties of Mortars

3.3.1 Capillary Uptake

Figure III.1.5 shows the capillarity curves obtained for CC and CPC
mortars after 2 months of curing. It can be noticed that, although CPC
mortar presents slightly higher values of open porosity (Tab. III.1.2), it
does not absorb the highest amount of water. This fact, related with the
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pore size distribution of mortars, indicates that only pores of radius
ranging between 0.1 and 1 pm, whose volume is bigger in CC samples at
every curing age, are responsible for the water capillary uptake in
mortars. However, this difference in the amount of water absorbed and
the rate of absorption is not big between the two mortars, as reflected in
the similar values of open porosity and imbibition coefficients (P,, A and B,
Tab. III.1.2).
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Figure III. 1.5 Capillarity curves of CC (CL+CA) and CPC (CL+WPC+CA)
mortars after 60 days since their elaboration. Time (in minutes) is plotted
versus the weight increase (AM/M, in %) (a) and the water uptake level
(h, in mm) (b).

During the capillary test, some fissures appeared on the three samples
of CPC, mainly between the dry and the wet zones of samples, and spread
out, causing even important fractures in some points, as shown in Figure
IT1.1.6.

Figure III.1.6 Development of fissures on the three samples of CPC
(CL+WPC+CA) mortar after the capillary assay.
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Once the capillary assay was finished, CPC samples were broken and
the internal parts, in which the fissures had propagated, were analysed by
means of X-ray diffraction to find out the cause of these fractures. XRD
pattern (Fig. II1.1.7) shows the presence of small amount of ettringite, in
addition to the original phases initially detected in this mortar.
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Figure IIl.1.7 X-ray diffraction pattern of CPC mortar after the water
capillary uptake. Et = ettringite; CH = portlandite; CC = calcite.

Ettringite (CagAl2(S04)3(0OH)12:26H,0) derives from the reaction
between the aluminates phases and the SO4* ions present in cement.

The moist conditions created during the water imbibition test may have
induced this reaction between the gypsum and the few aluminate phases
of cement (c¢f. Section 3.1), which had remained unhydrated in the
cement matrix until this moment, given that no traces of aluminate
hydrates were found during this study. Then the ettringite precipitated at
the interface between the dry and wet zones of the samples, where the
fissures had been initially observed. In fact, drying-wetting cycles
contribute to a slight acceleration of the reaction although they are not
necessary for the occurrence of ettringite [23].

3.3.2 Mechanical Strength

CPC mortar shows the highest values of mechanical resistances
(especially R, Tab. III.1.2), as expected for the presence of cement,
although this increase was not high, due to the low percentage of cement
replacing the lime [24] as well as to the atmospheric conditions to which
the CPC mortar was exposed during the curing [21].

3.3.3 Shrinkage

The shrinkage values (in %) measured on the hardened samples (after
60 days) in three perpendicular directions (a, 4 cm; b, 16 cm; ¢, 4 cm)
are shown in Table III.1.2.
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In CPC mortar, shrinkage is smaller than in CC, especially in the
longest direction (b), where is equal to zero. The highest value of
shrinkage has been measured in both mortars along the c direction. This
is caused by the fact that the surface perpendicular to direction c is the
most exposed to the air when the sample is in the mould (first 7 days of
curing) and, consequently, faster water evaporation occurs in this face at
early age.

4. Conclusions

This study shows that at the curing conditions applied for aerial lime
mortars (T=20 °C and RH=60%), the phases of Portland cement do not
undergo to complete hydration so that only few changes in the
microstructure and physical-mechanical properties are produced in the
blended mortars. It was observed that the progress of the carbonation
and hydration processes occurs at different degrees in the interior and the
surface of mortars but few hydrated phases are formed in both cases. This
is the reason of the scarce reduction of the capillary pores volume, which
has resulted in no improvement of the water transfer properties (i.e. no
reduction of the capillary uptake).

On the contrary, the little hydration occurred gave place to similar
mechanical resistances between the lime and cement-lime mortars, which
may represent a positive aspect for the whole masonry. The addition of
cement presented also the advantage of reducing importantly the
shrinkage in one of the three dimension of mortar sample.
Notwithstanding, these benefits of using white Portland cement in lime-
based mortars are totally countered by the occurrence of soluble salts,
such as the ettringite found here.

In summary, the white Portland cement has demonstrated to be
harmful and not very effective when mixed to lime mortars, even if only
as additive. In view of these results, we recommend using and producing
repair mortars without cement and, at the same time, we encourage
researchers to improve the study of other alternative and more effective
materials to be added to the lime.
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Chapter III.2

Aerial lime-based mortars blended with a
pozzolanic additive and different
admixtures: a mineralogical, textural and
physical-mechanical study

Arizzi A., Cultrone G.
Construction and Building Materials
31 (2012) 135-143

Abstract

This work deals with the effects of a lightweight aggregate, plus water-
retaining and a water-reducing agents on the hardened properties of
mortars in which the aerial lime is replaced by a 10% and 20% metakaolin
content. The influence of different binder-to-sand ratios (1:3, 1:4, 1:6,
1:9 by weight) is also investigated here. A tight relationship between
metakaolin  content and mortar physical-mechanical  properties
(compressive strength and pore system) has been found. This study is
especially helpful for the establishment of the adequate proportions of

additives and admixtures to be used in aerial lime mortars designed for
restoration works.
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1. Introduction

The addition of inorganic or organic substances to artificial materials
such as mortars and bricks is an ancient practice in the field of
construction. There are evidences that many organic materials, especially
proteins-based (i.e. blood, hair, straw, milk, eggs) [1] were used in the
elaboration of historic mortars, in order to improve their workability,
resistance and hardening.

Nowadays, although practices and materials have changed and new
performances are required in modern constructions, additions are
essential components of masonry materials, especially concrete. These
additions are divided in two groups: additives (i.e. pozzolans, mineral
fillers, ceramic powder) that are used in lime based mortars with the aim
to improve certain properties or obtain special performances mainly
related to the increase of mortar strength, and admixtures, added in low
amounts (i.e. not higher than a 5% of the total mass) in order to produce
a permanent modification in the fresh or hardened mortar, such as density
decrease, workability improvement or waterproofing.

The use of lime as binder in mortars involves well-known
inconveniences (i.e. slow setting and carbonation times, high drying
shrinkage, low mechanical strength) [2] that, in the last fifty years, have
been overcome with the use of Portland cement. On the other hand, the
ill-omened effects of the use of Portland cement in the Architectural
Heritage [3-4] have forced workmen, restorers and scientists to find out
alternative materials apt to improve the performances of lime-based
mortars. In this sense, it is opportune to use specific admixtures, such as
air-entraining and water-retaining agents and pozzolans, which improve
workability in the fresh state, and mechanical strength, water permeability
and frost resistance in the hardened state of lime-based mortars.

The effects that some admixtures (i.e. water-retaining agents, air-
entraining agents and water repellents) have on fresh and hardened
performances of air lime-based mortars were almost unknown until the
last decades, because the research on these substances was limited to
concrete and cement mortars [5]. Only recently, researchers have
demonstrated interest in highlighting the advantages and disadvantages
of the use of admixtures on aerial lime pastes [6] and aerial lime mortars
[7-10]. Nevertheless, none of these studies deals with the effect that
those admixtures have on mortars in which a pozzolan is blended to the
binder (aerial lime). There exist many evidences of the use of pozzolanic
materials, such as brick pebbles or dust and calcined clays [11,12], in
ancient mortars. Pozzolans were used in combination with lime to improve
the resistance to moisture of rendering mortars, the compactness of floor
bedding mortars and the mechanical strength of structural mortars
[13,14]. Nowadays, the addition of pozzolanic additives (i.e. fly ashes,
silica fumes and calcined clays) to aerial lime mortars is recommended
because they confer good properties in the early age, high values of
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mechanical strength, low water permeability, good cohesion between
binders and aggregates and durability [15-20].

Our aim is to study the changes in mineralogical, textural and physical-
mechanical characteristics caused by the addition of different admixtures
(both organic and inorganic) in mortars composed by a calcareous
aggregate and an aerial lime blended with metakaolin. Three types of
admixtures have been considered and blended together or individually in
mortars: a lightweight aggregate (perlite), a water-retaining agent
(cellulose derivative) and a plasticiser (polycarboxylate). The study of the
fresh properties of mortars is not considered here, since the effectiveness
of these admixtures in exerting their function is already known within the
scientific community [5, 8,10,21,22]. On the other hand, there is a lack in
the petrophysical characterization of partially carbonated mortars with
such mixtures. For this reason, the characteristics of mortars will be
investigated after 60 days since their elaboration.

Perlite is an obsidian derivative that is transformed into a very light,
porous and fire resistant material, after a rapid heating at temperatures
between 900 and 1100 °C. It has a low density, due to the formation of
bubbles inside it that cause an expansion up to 15-20 times its original
volume. Perlite is used as additive in mortars, concrete and bricks because
it provides thermal insulation, reduces fissures and improves long-term
mechanical performances [21] and durability [22].

The cellulose derivative increases the adhesion power of mortar and
controls the water retention capacity in the fresh state [23], thus lowering
the shrinkage during drying and the water film formation. It confers an
initial high consistence to the mortar, although this is not maintained
during the mortar application phase (consistence changes from very high
to moderate).

On the other hand, the polycarboxylate is a synthetic polymer that, by
dispersing the lime particles, supplies a high maintenance of the mortar
workability and reduces the voids content [24].

This study deals with the morphological, textural, mineralogical and
physical-mechanical modifications that the addition of these admixtures
produces in mortars, when added alone or blended together. One part of
the study refers to mortars in which these admixtures are blended in
different combinations whilst the binder-to-aggregate ratio is maintained
fix. Another part focuses otherwise on the modifications that occur in
mortars prepared with fixed amount of the same admixtures but different
binder-to-aggregate ratios.

2. Materials and Methods

All mortars were prepared with a calcitic dry hydrated lime (CL90-S,
[25]) produced by ANCASA (Seville, Spain) and a calcareous aggregate
(CA) with a continuous grading from 0.063 to 1.5 mm. The pozzolan used
is @ metakaolin (MK) (CLASS N POZZOLAN, [26]), produced by Burgess
Pigment Company (USA).
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The chemical composition (major and minor elements) of these
components (CL, CA and MK) was studied by means of a Bruker S4
Pioneer X-ray fluorescence spectrometer (XRF) (with wavelength
dispersion equipped with a goniometer that analyzes crystals
(LIF200/PET/OVO-55) and Rh X-ray tube (60 kV, 150 mA)), as it is shown
in Table III.2.1. The mineralogy of metakaolin was also characterised by
means of X-ray diffraction, using a Philips PW-1710 (disoriented powder
method, analysis conditions: radiation CuKa (A=1.5405 &), 3 to 60 ©°26
explored area, 40 kV voltage, 40 mA current intensity and goniometer
speed of 0.1 020/s), and its X-ray pattern is shown in Fig. III.2.1.

(Oxides,
%) CL CA MK
SiO; 0.35 0.16 50.84
Cao 78.01 59.59 0.22
SO; 1.39 0.03 0.09
MgO 0.70 0.87 0.66
Fe,03 0.10 0.04 0.44
Al>O3 0.18 0.06 45.26
K20 0.05 0.01 0.24
P.Os 0.04 0.01 0.17

Table III.2.1 Chemical composition of the calcitic lime (CL), calcareous
aggregate (CA) and metakaolin (MK).
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Figure III.2.1 X-ray diffraction pattern of the metakaolin. Qtz = quartz.

Eight mixtures were prepared with different binder/sand (B/S) ratios,
metakaolin-to-binder proportions and admixtures amounts, as shown in
Table III.2.2.

The flow of the fresh mortar pastes, determined according to the
European Standard EN 1015-3 [27], is comprised between 120 and 150
mm. Mortars were conserved during 7 days in normalized steel moulds
(4x4%x16 cm) at T = 20+5 °C and RH = 60+5%, instead of being cured at
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a RH of 95%, following the modification of the standard EN 1015-11 [28]
proposed by Cazalla [2]. Despite the presence of metakaolin, the mortars
studied here are not hydraulic mortars but aerial ones, hence the
preference of curing them at conditions that favour carbonation more than
hydration. After desmoulded, they were cured at the same conditions of T
and RH for 60 days in total. Then, mineralogical, morphological and
textural characteristics of mortars were determined.

Components
Mortars name and Water
name proportions
B/S MK P C R
CCM 1:3 20 - - - 31.5
CCMP 1:3 20 X - - 30.5
CCMPC 1:3 20 X X - 27.5
CCMPCR 1:3 20 X X X 29.0
CCMPCR3 1:3 10 X X X 28.0
CCMPCR4 1:4 10 X X X 26.5
CCMPCR6 1:6 10 X X X 21.5
CCMPCR9 1:9 10 X X X 20.0

Table III.2.2 Proportions of components used in the elaboration of the
eight mortar types. Abbreviations indicate: binder-to sand ratio (B/S, by
weight); metakaolin (MK, in % of the total weight of the binder); perlite
(P); cellulose derivative (C); polycarboxylate (R). The symbols - and X
indicate the absence and presence of the corresponding phase,
respectively. The total amount of admixtures does not exceed the 2% of
the total mass. The amount of kneading water (as % of the total mass)
was determined in order to obtain a paste with a flow comprised between
120 and 150 mm (EN 1015-3 [27]).

The mineralogical phases of both internal and external zones of mortar
samples were determined by means of two different techniques:
thermogravimetry (TGA) and X-ray diffraction (XRD). In the first case, it
was employed a Shimadzu TGA-50H thermogravimetric analyser, working
in air in a temperature range of 25-950 °C, with a heating speed of 5
OC/min. For the XRD analysis, it was used a Panalytical X'Pert PRO MPD
diffractometer, with automatic loader and X Celerator detector, 4 to 70
026 explored area. The identification of the mineral phases was performed
by using the X-Powder software package [29].

For the textural study, mortars fragments were metalized with a carbon
layer and the microstructure analyzed by using a Carl Zeiss Leo-Gemini
1530 field emission scanning electron microscope (FESEM).

Open porosity (P,, %) and pore size distribution (PSD, in a range of
0.002<r<200 pm) were determined using a Micrometics Autopore III
9410 porosimeter (mercury injection porosimetry, MIP). Mortar fragments
of ca. 1 cm? were oven-dried for 24 h at 60 °C before the analysis.
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Flexural and compressive strength were measured by means of a
hydraulic press INCOTECNIC-Matest. According to the EN 1015-11 [28]
standard, flexural assays were carried out on three samples per mortar (of
4x4x16 cm). The six samples obtained after the flexural rupture were
used for the compressive assays.

3. Results and discussion

3.1 Mineralogical phases of mortars

The XRD patterns of the core (IN) and the surface (EX) of mortars are
shown in Fig. III.2.2. The main phase formed in mortars is calcite (CC,
Fig. III.2.2) because of the high presence of calcium carbonate as
aggregate and also because of the carbonation of lime. The portlandite
amount found in mortars after only 28 days of carbonation is low
compared to the quantity that is likely to be found in aerial lime-based
mortars without admixtures. This is because a part of the portlandite
dissolved in water transforms into calcite (i.e. carbonation) whilst another
part is involved in the lime-pozzolan reactions (i.e. hydration) favoured by
the alcaline environment. The fact that mortars prepared with a lower
amount of metakaolin (CCMPCR3-9 with 10% of MK on the total binder)
show slightly higher peaks of unreacted lime (i.e. portlandite) in their X-
ray diffraction patterns (Fig. III.2.2) confirms that a faster lime
consumption does not indicate a quicker carbonation but only the
development of hydrated phases.

Calcium aluminate and silicate hydrates of variable steichiometry are
formed after activation of the aluminate and silicate phases of metakaolin,
in presence of calcium hydroxide (i.e. portlandite) and water [30]. By
means of XRD analysis, three general hydrated phases were detected:
CSH, (Ca0O-Si0,-H,0) or calcium silicate hydrates; CASH, (CaO-Al,0s-
Si0,-H,0) or calcium alumina silicate hydrate; and CAéH,
(Ca4Alz(CO3)(0OH)12 - 6H,0) or monocarboaluminate. The latter is one of
the mono-phase calcium hydrates and derives from the reaction between
the reactive aluminates of metakaolin and the COs* ions present in
mortars [31]. In mortars with fixed amount of admixtures, lower
metakaolin content and different B/S ratios (i.e. CCMPCR3-9), CACH
phases have precipitated in very low amounts compared to the other
mortars, and they have been detected only in the internal part of the
mortars (Fig. III.2.2). Calcium silicate hydrates (CSH) and calcium
alumina silicate hydrate (CASH), which are among the main hydrated
phases formed at room temperature after pozzolanic reaction of
metakaolin [30,32,33], were detected in very low amounts by means of
X-ray diffraction because of their low crystallinity and reflecting powder.
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Figure III.2.2 X-ray diffraction pattern of external (EX) and internal (IN)
zones of mortars with different amounts of admixtures and fixed B/S ratio
and mortars with different B/S ratios and fixed amount of admixtures. CC
= calcite, CH = portlandite, CA CH: monocarboaluminate; CSH: calcium
silicate hydrate; CASH: calcium alumina silicate hydrate,; Qtz: quartz.
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CSH and different calcium aluminate hydrates (CAH) were also
detected by means of thermogravimetric analysis (TGA). The thermal
decomposition of CSH occurs at temperature comprised between 100 and
125 °C, whilst CAH decompose in a temperature range equal to 150-310
OC. According to Saikia et al. [34], in the latter range of temperature both
CAH and CASH decompose. Also portlandite and calcite were determined
in the ranges of temperature of 350-480 and 650-900 °C, respectively.

As it was expected, carbonation is more extended in the surface than in
the core of mortar as indicated by the higher peaks of portlandite obtained
in the internal samples.

3.2 Textural characteristics of mortars

The textural aspect of mortars (porosity, compactness, cohesion
between aggregate grains and matrix, amount of the different phases) is
shown in Fig. II1.2.3. In general, the core of mortars appears more porous
than the surface, and this is due to the fact that carbonation proceeds
from the exterior to the interior of mortar (see differences between EX
and IN, in the FESEM images of Fig. II1.2.3).

Mortars with fixed B/S ratio show a similar cohesion and porosity (Figs.
II1.2.3a-d), whilst some differences of compactness were found in mortars
with different B/S ratios (Figs. II1.2.3e-h). In CCMPCR mortars with bigger
lime content (1:3 and 1:4 B/S ratios, Figs. III.2.3e and f) the aggregate
grains are not easily distinguished at low magnification because they
appear completely recovered by the matrix. Whereas, in mortars with
bigger amount of sand (1:6 and 1:9 B/S ratios, Figs. II1.2.3g and h), this
cohesion is worse and isolated grains of aggregate can be observed. This
indicates that the Ilatter mortars are characterised by a lower
compactness.

3.3 Morphology of the hydrated phases

Aluminates (as CACH) crystallise as hexagonal platelets similar to those
of portlandite but normally larger and thinner [30] (Figs. III.2.4a-f).
Generally, they appear tangled in the mortar matrix, in some cases
randomly oriented (Figs. III.2.4a and b) and in others in form of
overlapping sheets oriented perpendicularly to the basal plane, along the
[001] direction (Figs. III.2.4c-e). Bigger quantity of aluminates was found
in CCM at higher magnifications (Fig. III.2.4a and c). On the other hand,
few aluminate phases were found in mortars with different B/S ratios (i.e.
CCMPCR3-9). As shown in Fig. III.2.4f, they have smaller size (almost 2
Mm) and they occasionally share one plane. The common morphologies
that calcium silicate hydrate (CaO-SiO,-H,0, i.e. CSH) phases adopt after
precipitation are: fibres (Fig. III.2.4g), flakes (Fig. III.2.4h), honeycomb
structure (Fig. II1.2.4i), and reticular network (Fig. III.2.4j). In CCMPCR3
and CCMPCR4 mortars all the calcium silicate morphologies were observed
(Fig. III.2.4i and j) whilst in the other mortars only fibres (Fig. II1.2.49)
and flakes (Fig. III.2.4h) of CSH were recognised.
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Figure III.2.3 FESEM images of the eight types of mortars: differences
in mortars texture between the surface (EX) and the core (IN) of CCM (a),
CCMP (b), CCMPC (c), CCMPCR (d), CCMPCR3 (e), CCMPCR4 (f),

CCMPCR6 (g) and CCMPCR9 (h).
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CSH phases do not appear in CCM at the magnification of 5000 X (Fig.
ITI.2.3a EX and IN), whilst they are visible in CCMP (Fig. II1.2.3b) and in
lower quantity in CCMPC (Fig. III.2.3c) and CCMPCR (Fig. III.2.3d),
always in the internal zone (IN) of the samples. This is an unexpected
finding, given that these mortars were prepared with the highest quantity
of metakaolin (Tab. III.2.2). On the other hand, a much bigger amount of
CSH was observed in CCMPCR3-9 mortars at the same magnification (Fig.
ITI.2.3e-h) and few evidences of aluminates were found. The amount of
CSH phases seems to decrease with decreasing the lime content of
mortars, being the biggest in CCMPCR3 (Fig. III.2.3e) and CCMPCR4 (Fig.
IT1.2.3f), and the lowest in CCMPCR6 (Fig. III.2.3g) and CCMPCR9 (Fig.
I11.2.3h).

L Ly AT BT e v A5

Figure III.2.4 FESEM images of the hydrated phases (aluminate and
silicate) formed after pozzolanic reaction in mortars: hexagonal AFmM
platelets randomly oriented observed in CCM (a) and CCMPCR (b);
overlapping sheets of aluminate observed in CCM (c) and CCMPC (d);
aluminate crystals oriented along the [001] direction in CCMPC (e);
smaller AFm crystals precipitated in the matrix with hexagonal habit and
identical orientation in CCMPCR3-9 mortars (f); CSH fibres in CCMP (g)
and CSH isolated flakes in CCMPCR (h); honeycomb structure (i) and
reticular network (j) of silicate hydrates in CCMPCR3-9 mortars.
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3.4 Morphology of the organic and inorganic
admixtures

Perlite has a peculiar empty structure formed by big and ordered
circular cavities (around 10-20 um in size) (Fig. III.2.5a-c) that confers
lightness to the mortar. Notwithstanding, it appears as a very fragile
structure that is broken in many big fragments dispersed in the matrix
(Fig. II1.2.5d).

T Ly . W f

Figure III.2.5 FESEM images of perlite in mortars. porous structure of
this admixture observed in CCMP (a and b (detail)) and CCMPCR (c);
fragments of perlite within the matrix of CCMPCR3-9 mortars (d).

In CCMPCR mortars the porous structure of perlite was not observed in
any sample, and only its fragments were found in the matrix. It is likely
that the processes of mixing and kneading of the mortar, as well as the
mechanical tensions produced during carbonation and hydration
processes, cause the rupture of the perlite structure.

No evidences of the presence of the other admixtures (C and R, c¢f.
Tab. II1.2.2) were found by means of FESEM observations.

3.5 Characteristics of the pore system of mortars

3.5.1 Open porosity value

The values of open porosity of the surface and the core of mortars are
presented in Table III.2.3. Mortars that present the highest porosity
values (CCM, CCMP, CCMPCR) were prepared with the highest amount of
kneading water (from 29 to 31.5%, c¢f. Tab. III.2.2). The porosity is
lowered by about 3% in CCMPC mortar, because of the effect of the
cellulose derivative (C) that retains the water longer in the matrix, like
this preventing a rapid evaporation and the porosity formation. The
introduction of the polycarboxylate causes the porosity to be higher in the
interior than in the surface of mortars (see all CCMPCR and CCMPCR3-9
mortars compared to the others, Tab. II1.2.3) that, in this case, indicates
a normal behaviour of lime mortars, in which carbonation reduces porosity
at the surface more than in the interior. This fact may indicate that the
lime particles dispersion induced by the polycarboxylate gives place to an
improvement of the lime reactivity towards CO,. This difference of
porosity between the surface and the core is constant in CCMPCR3-9
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mortars, where the external samples showed a reduction of porosity by
about 2% with respect to the internal ones.

CCMPCR and CCMPCR3 mortars, which differ only for the metakaolin
and water dosage, show a porosity difference of about 4%. This suggests
that in lime-based mortars an amount of metakaolin above 10% of the
total binder gives place to a porosity increase. This is not in agreement
with Frias and Cabrera’statement [35], who found that MK contents have
no effect on the total porosity of metakaolin-cement pastes. On the other
hand, the decrease of porosity found from mortar 1:3 to 1:9 must be
related only with the different amounts of water used according to the
initial lime content, since the MK proportion on the total binder is the
same in these mortars.

MIP analysis Mechanical assays
Mortar name
Zone Po Rf Rc
ccMm Ex_ 43.320.6 38403 7.18%1.1

In 34.2+6.6

Ex 42.7+0.4
CCMP In 20.740.6 2.72+0.3 8.57+£0.7

Ex 39.1+0.1
CCMPC In 33.542.5 3.04+0.2 8.27+0.2

Ex 41.1+0.8
CCMPCR In 44 1£1.3 3.44+0.1 11.96+0.4

EX 37.8+4.1
CCMPCR3 In 39,9162 1.41+0.2 3.35+0.1

EX 33.1+0.1
CCMPCR4 In 359103 1.69+0.2 3.48+0.1

EX 30.9+0.1
CCMPCR6 In 32.740.2 1.86+0.1 3.63+0.3

EX 30.4+1.3
CCMPCR9 In 320405 0.07+0.1 3.05+0.2

Table III.2.3 Results of the mercure intrusion porosimetry (MIP)
analysis and the mechanical assays on the eight types of mortar: open
porosity (P,, in %) of the external (Ex) and internal (In) zones of samples,
flexural (Rr, in Mpa) and compressive (R, in Mpa) strengths.

3.5.2 Pores size distribution curves (PSD)

The main peak obtained in all samples corresponds to pores whose
radius is comprised between 0.1 and 1 ym and whose volume is the most
influent on the total porosity of mortars (Fig. II1.2.6). This is a structural
peak, typical of lime pastes, whose height and width normally depend on
the amount of kneading water [36]. Here, the presence of metakaolin
makes the dependence between water content and pore size distribution
not as clear as in lime mortars, since a part of the water is consumed
during the pozzolanic reaction. In CCMPC and CCMPCR the main peak is
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wider because a new small peak appears, contiguous to the main one and
corresponding to bigger radius (around 0.6 um). This peak has been
observed also in MK-OPC pastes with MK contents up to 10% after 28
days of curing [35] and it is produced by the presence of metakaolin.
Here, the peak at 0.6 pm is only evident in CCMPC and CCMPCR, perhaps
because in the other mortars it is hidden by the peak at 0.1 and 1 pm.

In all mortars a second minor peak of pores whose radius is comprised
between 0.01 and 0.1 um is present. The presence of metakaolin results
in the development of these smaller pores [35] normally formed by the
network of hydrated calcium silicates (the range of these pores is
0.01<r<0.04 um, according to Pandey and Sharma [37]). The volume of
these pores is much higher in mortars with 20% of metakaolin. Among
these mortars, this peak is slightly bigger in CCMP, CCMPC and CCMPCR,
in which more CSH phases were observed. In general, it appears slightly
shifted to smaller radius in the internal samples. Mortars with only a 10%
of metakaolin present a significant reduction of the volume of these pores.
This suggests that the degree of hydration in CCMPCR3-9 mortars is lower
with respect to the others, even if a bigger quantity of CSH phases has
been observed during FESEM observations. Moreover, by comparing
CCMPCR3-9 mortars PSD curves (Fig. II1.2.6), one can notice that the
volume of these pores is slightly bigger in CCMPCR3 and CCMPCR4, which
were prepared with a higher content of binder (i.e. lime + metakaolin).

These findings confirm that pores with radius in the range of 0.01 and
0.1 pum are formed because of the presence of metakaolin and they
indicate that these pores constitute a significant part of the pore system
only when metakaolin is added to the binder in proportions bigger than
10%. Another important deduction that must be made according to the
PSD curves obtained for CCMPCR3-9 mortars is that their pore system is
similar to that of mortars with only calcitic lime and calcareous aggregate
(i.e. without the addition of pozzolans and admixtures) which are almost
exclusively characterised by pores in the range of 0.1 and 1 ym in size
[38]. In addition to have the same pore system, CCMPCR mortars are
characterised by a much lower porosity, which is a positive aspect in
relation with their durability.

The presence of perlite does not affect the pore size distribution, which
is similar to that obtained for CCM samples (Fig. II1.2.6). The pores of the
unbroken structure of perlite observed in some zones by means of FESEM
(Fig. III.2.5a-c), whose main size is 20 um, do not appear in these curves
probably because the pressure of mercury during the MIP analysis
destroys this structure, which seems to be very fragile, as discussed in
section 3.4.
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Figure III.2.6 Pore size distribution curves of external (Ex) and internal
(In) zones of mortars. The radius of pores (r, in um) is represented in
function of the incremental volume of mercury intruded (DV/Dlogr, in

cnr’/g).
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3.6 Mechanical properties of mortars

As shown in Table III.2.3, mechanical strengths (both Rf and R values)
of mortars with a pozzolan and other admixtures are much higher than
those of aerial lime-based mortars composed by only lime and aggregate
(up to 2 MPa) [39,40].

We have obtained increasing values of compressive and flexural
strengths with increasing aggregate proportions, except for the mortar
with the lowest B/S ratio (CCMPCR9). The function of the aggregate in a
mortar stays in conferring volume stability to the lime paste and in
improving its mechanical resistance. Notwithstanding, a too high content
of aggregate may result in a mortar with poor cohesion between the
grains (low binding ability) and, consequently, with lower mechanical
resistances.

The values of mechanical strengths of mortars also indicate that a 20%
of metakaolin content produces a larger enhancement of the mechanical
strengths, compared to a 10% metakaolin content, which has produced
values of compressive strength between twice and three times lower. This
finding is in agreement with a previous study carried out by Wild et al.
[41] on metakaolin-cement pastes, in which the optimum amount of
metakaolin in replacement of OPC for the strength enhancement was
found to be about 20%.

The presence of admixtures affects strongly the compressive resistance
of the mortars prepared with 20% of metakaolin. An increase of Rf and Rc
is obtained with the addition of perlite and, mainly, of the polycarboxylate
because of its ability in dispersing the lime particles and thus reducing the
quantity of voids in the matrix [24]. On the other hand, the cellulose
derivative decreases slightly the mortar compressive strength, as also
found by other authors [5,7].

4. Conclusions

This study aimed to find out differences in the mineralogical,
morphological and textural characteristics and in the mechanical
properties of aerial-lime based mortars induced by the addition of a
pozzolanic additive (metakaolin) and inorganic (perlite) and organic
(cellulose derivative and polycarboxylate) admixtures.

It has been observed that the pozzolan leads to the formation of
hydrated phases such as CSH, CASH and CACH, whilst the perlite, the
cellulose derivative and the plasticiser do not produce any mineralogical
and morphological change in mortars. The amount of the hydrated phases
was found to be small according to the X-ray diffraction analysis, whilst
many non-crystalline CSH phases have been observed by means of
scanning electron microscopy, especially in samples with 10% of
metakaolin.

Important variations of the open porosity values have been found in all
mortars, as consequence of the amount of water used for their
preparation, which in turn is affected by the presence of the organic
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admixtures. On the other hand, the only additional component that affects
the pore size distribution is the pozzolan, which leads to the formation of
pores with radius comprised between 0.01 and 0.1 pm. It is fundamental
to point out that this family of pores is only present in mortars prepared
with 20% of metakaolin content on the total binder, whilst the pore
system of mortars with 10% of metakaolin is closer to that of aerial lime
mortars without additives.

The addition of 20% of metakaolin also causes a bigger strength
enhancement. Among the mortars prepared with the lowest metakaolin
content (10%), those with higher content of binder (i.e. lime +
metakaolin) are characterised by higher porosity values and lower
mechanical strength. Notwithstanding, it has been found that the use of a
binder-to sand proportion higher than 1:6 does not lead to any change in
the pore system (open porosity value and pore size distribution) but
instead produces a decrease in the mechanical strength of mortar.

This paper demonstrates that, by establishing adequate proportions of
pozzolanic additives and admixtures, it is possible to improve mortars
properties without modifying excessively the original characteristics of the
aerial lime mortar. This aspect is crucial in the design of aerial lime-based
mortars that have to be applied in restoration works. In this sense, we
have demonstrated that it is possible to overcome the inconveniences of
the application of an aerial lime based mortar (for example, slow
hardening process and high porosity) by means of the use of additives in
adequate proportions, at the same time avoiding undesired modifications
of the hardened properties (for example, an excessive improvement of the
mechanical strength), which might cause incompatibility with the original
materials.

In view of these results, we consider that a metakaolin content of 10%
on the total binder, a B/S proportions between 1:4 and 1:6 and a total
amount of admixtures lower than 2% on the total mass can be the
appropriate dosages for the obtaining of compatible and durable repair
mortars with good workability in the fresh state, low shrinkage and low
mechanical strengths, which can be used, for example, as rendering
materials.
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Concluding Remarks

The idea of using a white Portland cement as additive has been discarded
since it has a deleterious effect on the durability of mortars. Even if, as
expected, the cement has been effective in reducing shrinkage, its use
cannot be considered in the design of repair mortars (chapter I11.1).

A great step forward has been taken with the study carried out in chapter
II1.2.

Firstly, it has been pointed out that the metakaolin content plays an
important role both in the pore system and in the mechanical resistances
of the lime mortars. When the proportion is the 20% of the lime, mortars
with high mechanical strengths and porosity are obtained. Since these
characteristics are not the most suitable for rendering mortars, only the
10% proportion is kept for the following investigations, whilst the 20%
one is no longer considered in this thesis.

Secondly, the use of three admixtures together seems to be an efficacious
way to reduce the water dosage and, consequently, porosity.
Interestingly, this has been possible with a small amount of admixtures
(less than the 2%). In this way, the mortar composition is still very close
to that of the mortar prepared only with lime, metakaolin and aggregate,
which is a benefit in terms of compatibility.

Further researches are needed to settle the most suitable binder-to-
aggregate content to be employed.
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PART IV

The durability of mortars: a study of their
behaviour for rendering applications.
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Objectives

Part IV arises as a continuation of the mineralogical, morphological,
textural and mechanical studies performed in part III, and it tackles
another essential aspect of mortars quality: the durability.

The study presented in chapter IV.1 concentrates on the assessment of
the behaviour of mortars towards water movements. The relationship
between the mortars hydric parameters and microstructure is also
considered, thus linking the results achieved in chapter II1.2 to this last
part of the thesis.

Moreover, the shrinkage of mortars is also measured in chapter IV.1, in
order to consider its potential influence on the hydric properties and final
performances of each mortar.

Chapter IV.2 deals with the study of the different factors that affect
mortars durability, by performing new laboratory ageing tests that have
been designed specifically for rendering mortars and include a wide range
of atmospheric conditions and ageing agents (e.g. water and salt).

This study rises especially from the perplexity about the adoption of
standardized methods for evaluating the durability of mortars. Standards
are often not very specific, with the consequence that they are used in an
indiscriminate way on a wide materials range. In the specific case of
rendering mortars, only a general recommendation about performing
freezing-thawing cycles exists (). Therefore, the durability study
presented in chapter IV.2 claims to supply a reference for the assessment
of mortars longevity.

To conclude, part IV has the final aim of defining the most suitable
rendering mortar among those designed in this thesis.

JUNE EN 998-1 (2003). Specification for mortar for masonry - Part 1: Rendering
and plastering mortar. AENOR, Madrid.
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Chapter IV.1

The water transfer properties and plastic
shrinkage of aerial lime-based mortars: an
assessment of their quality as rendering
materials

Arizzi A., Cultrone G.
Submitted to Journal of Cultural Heritage

Abstract

Water (in the solid, liquid and vapour state) is one of the main factors
that drive construction materials to deterioration. To assess the quality
and durability of a rendering mortar, thus ensuring its protective function
in the masonry structure, it is fundamental to study the behaviour of this
mortar towards water. Mortars were elaborated with a calcitic dry
hydrated Ilime, a calcareous aggregate, a pozzolan, a lightweight
aggregate, a water-retaining agent and a plasticiser.

The effect of different binder-to-aggregate proportions on the mortars
hydric behaviour was assessed, by performing free water absorption and
drying, capillary uptake, hydraulic conductivity and water vapour
permeability tests. Another aspect that was considered in the assessment
of mortar quality was the plastic shrinkage that was measured by means
of a non-standardized device. It has been found that higher amount of
water are absorbed by mortars with higher lime content, whilst faster
drying and higher permeability to water and water vapour are obtained in
mortars with higher aggregate content. The hydric behaviour, as well as
the plastic shrinkage of mortars have been interpreted taking into account
the differences in microstructure and pore system between mortars.
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1. Introduction

In the last decades, many investigations have been carried out to
understand the mechanisms of deterioration driven by water in building
materials [1-5]. Processes like moisture gas diffusion [6], rising damp [6-
7], draining rain [8], freezing-thawing phenomena [9], salts transport and
crystallization [10] and biodeterioration [11] occur in the majority of the
historic and modern buildings all over the world.

The practice of rendering, i.e. covering a wall or a building facade with
one or more layers of mortar, has the main aim to protect the masonry
structure against the processes above mentioned, which are all driven by
water [7,8,12]. Repair mortars, in general, are considered “sacrificial”
materials because, as explained by Maurenbrecher [13], “it is easier to
repair mortar joints than replace masonry units”. In the same way, a
rendering mortar is a “sacrificial layer” that fulfils a protective function
towards the substrate (stone, brick, concrete). Therefore, to evaluate the
quality and durability of a rendering mortar, thus ensuring its protective
function in the masonry structure, it is fundamental to assess the
behaviour of this mortar towards water.

In the case of structural (with a "“joining” function) or rendering
mortars, the water absorption should be not very different to that of the
existing masonry materials [13,14], in order to ensure a homogeneous
flow of water through different materials, to avoid the localisation of water
in certain zones of the masonry (which would lead it to a faster
deterioration). In addition, water vapour transmission rates should be
higher so as to encourage drying through the mortar [15]. In practice, the
drying of a porous surface occurs in two stages: the early stage, which
depends mainly on the conditions of temperature, relative humidity and
ventilation, and the later stage, which is determined primarily by the
water transfer properties of the material [16]. This explains the
importance of ensuring a fast drying kinetics in a rendering mortar.

The aim of this work is to assess the water transfer properties of aerial
lime-based mortars designed for rendering purposes. Four types of
mortars of the same composition but different binder-to-aggregate ratios
have been compared, in order to determine which proportions give place
to a mortar with the best hydric behaviour and, consequently, the highest
durability. Mortars were elaborated with a pozzolanic additive and
different admixtures. The study was carried out by performing hydric
assays on laboratory samples, which allowed assessing water absorption
and drying, capillary uptake, hydraulic conductivity and water vapour
permeability in mortars. By means of these tests, we were able to
establish a relationship between the hydric behaviour of mortars and their
microstructural characteristics. Indeed, the water transfers through a
mortar are influenced by its pore system; in particular main pore size and
tortuosity are the factors that most determine the amount of water
absorbed and the kinetics of absorption/desorption [17].
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However, there is another factor that is not taken into account during
the hydric assays but which plays an important role in the water transfer
properties of a rendering mortar: the shrinkage. This process, caused by
the rapid evaporation of the kneading water (i.e. water added to the
mortar mixture) with the final formation of cracks, is especially strong in
aerial lime-based mortars, which need more water for their mixing. On the
one hand, shrinkage is a negative aspect for mortar durability since it
gives place to open ways of access through which water can entry and
diffuse easily. On the other hand, the presence of shrinkage fissures
allows maintaining water moisture diffusion from the substrate to the
surface [18]. These factors are rarely taken into consideration during the
hydric assays performed in laboratory, since mortar samples of 4x4x16 or
4x4x4 cm in size do not undergo to such degree of shrinkage. For this
reason, the mortar shrinkage in large samples was also studied here and
then considered in the final assessment of mortars hydric properties.

2. Materials and Methods

2.1 Mortars preparation

Four mortars types were elaborated with the following components: a
calcitic dry hydrated lime (CL90-S [19]; ANCASA, Seville, Spain), a
calcareous aggregate (CA, 0.063<@g<1.5 mm), a pozzolanic additive
(CLASS N POZZOLAN, [20]; Burgess Pigment Company, USA), and three
different admixtures: a lightweight aggregate (perlite), a water-retaining
agent (cellulose derivative) and a plasticiser (polycarboxylate) (additional
detail of these components can be found at www.argosdc.com). The
mortars have been labelled CCMPCR3, CCMPCR4, CCMPCR6, CCMPCR9,
according to their binder-to-aggregate (B/A) ratio (1:3, 1:4, 1:6 and 1:9
by weight); the pozzolan was kept at 10% of the total binder (by mass)
and the total admixtures proportion was less than 2% of the total mass.
The fresh mortar pastes had a flow comprised between 120 and 150 mm
[21]. The components and dosages used in each mortar are shown in
Table IV.1.1.

Components name and proportions

Mortars name B/S MK P+C4R Water
CCMPCR3 1:3 10 1.7 28.0
CCMPCR4 1:4 10 1.7 26.5
CCMPCR6 1:6 10 1.7 21.5
CCMPCR9 1:9 10 1.7 20.0

Table 1V.1.1 Proportions of components used in the elaboration of the
four mortar types. Abbreviations indicate: binder-to sand ratio (B/S, by
weight); metakaolin (MK, in % of the total weight of the binder); perlite
(P); cellulose derivative (C); polycarboxylate (R). The total amount of
admixtures (P+C+R) is in % of the total weight of mortar. The amount of
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kneading water (as % of the total weight) was determined in order to
obtain a paste with a flow comprised between 120 and 150 mm.

Mortars were conserved during 7 days in normalized steel moulds
(4x4x16 cm) at T = 20+5 °C and RH = 60+5%, instead of being cured at
a RH of 95%, following the modification of the standard EN 1015-11 [22]
proposed by Cazalla [23]. After desmoulded, they were cured at the same
conditions of T and RH for 60 days in total. The pore system of these
mortars was determined in a previous study [24].

2.2 Hydric assays

Free water absorption, drying, capillary imbibition, hydraulic
conductivity and water vapour permeability tests were performed to study
the hydric properties of mortars. Hydric tests were not performed until the
mortars had been cured for 60 days, because “younger” mortars are less
compact and lime may dissolve in water. Mortar samples were oven-dried
at 100 °C for 24 h before measurements were taken.

2.2.1 Free water absorption and drying

The absorption and drying kinetics were evaluated on three samples
(4x4x4 cm) per type by measuring the changes in the mass of mortar
samples over time, due to the movements of water in the pore system.
The absorption coefficient (C;) was determined as the slope of the curve
representing the weight increase as a function of the square of time 4
minutes after the beginning of the test [25]. The drying index (I4) was
measured according to the NORMAL 29-88 standard [26].

2.2.2 Capillary uptake

Capillary rise was performed on three samples of 4x4x16 cm,
according to the UNI EN 1925 [27]. Two imbibition coefficients (A and B)
were determined from the mass uptake per surface unit and the height
over time, following the Beck et al. [6] procedure.

2.2.3 Hydraulic conductivity

The hydraulic conductivity (or permeability to water) of mortars was
determined with the falling head method, by means of the experimental
apparatus performed by Domenico and Scwartz [28].

Previous to the experiment, prismatic samples 2x4x4 cm in size were
polished to reduce as much as possible the roughness in the surface and
their edges were rounded off (Fig. IV.1.1a). This was necessary for the
next preparation step, in which samples were wrapped in a single length
PTFE tape (plumber's thread sealing tape) to create at least ten
overlapping layers that completely cover the largest surface of the sample
(Fig. IV.1.1b). To compress the tape-layer into the surface of the mortar
and produce a watertight sleeve, samples were then encapsulated with
electrician’s heat shrinkable sleeving (Fig. IV.1.1c). The heat shrinkable
sleeving was shrunken with a hot-air gun to its minimum diameter. The
water flow during the permeability test would be possible only in one
direction, through two parallel surfaces of the samples. Samples were
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stored underwater for one day and then completely saturated under
vacuum before the test. After this, each sample was connected to the
standpipe of the falling head permeameter (Fig. IV.1.1d) using a rubber
bung that was pushed into the sleeving of the prepared sample (Fig.
IV.1.1e). The height was recorded from the water level in the trough, in
which the samples were kept submerged.

Figure 1V.1.1 Falling head water permeability test. (a) polishing and
smoothing of the sample; (b) covering of the sample surface with PTFE
tape, (c) aspect of the samples after being encapsulated with electrician’s
heat shrinkable sleeving, (d) falling head permeameter; (e) connection of
the sample to the standpipe using a rubber bung.
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The time required for a given change in head at different intervals was
noted manually and used in the Eq. IV.1.1 to determine hydraulic
conductivity. This equation is derived from equating flow through the tube
with flow through the sample:

%m E
Kh = At h2 [IV.1.1]

where K, is the hydraulic conductivity (in ms™), ais the cross sectional
area of the tube (in m?), L is the length of core (in m), A is the cross
sectional area of cores (in m?), tis the time (in s) taken for head fall from
initial head A; to final head A..

2.2.4 Water vapour permeability

The water vapour permeability (K,, in gm™?h') was determined on
three samples (1.5x4x4 cm) per mortar type, oven-dried at 90 °C for 24
hours before the measurement. Afterwards, they were placed in
experimental permeameters (Fig. IV.1.2) filled with deionised water,
avoiding the contact of water with the sample surface. Permeameters
were then sealed by using dishes of silicon rubber. The water vapour
permeability assay was performed for 5 days in total, at controlled
conditions of temperature (T = 25 °C). The whole mass (permeameter +
sample + water) was recorded every day and a lineal trend curve was
obtained from the mass drop over time.

Figure 1V. 1.2 Image of a water vapour permeameter.

The water vapour permeability was calculated according to the
following equation:

AM
K, = §-0.7378-e [IV.1.1]

\
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where 4AM/S is the mass variation of the permeameter + sample +
water per surface unit (surface of the sample exposed to vapour), tis the
duration time of the assay, 0.7378 is a correction factor applied to
determine the hydraulic conductivity value at T = 20 °C, as established in
the NORMAL 21/85 [29] standard and e is the sample thickness.

2.3 Samples dimensional variations (shrinkage)

A SWG-H-400 shrinkage-measuring device (ARGOS Derivados del
Cemento S.L., Granada, Spain) was used to measure the initial shrinkage
of mortars. This apparatus measures the horizontal dimensional variations
of a fresh mortar, by means of two sensors connected to a PC.

The internal surfaces of the apparatus were covered with a
polyethylene film to easy the mortar removal after the measurement. The
fresh mortar mixture (~ 3 kg) was poured into the apparatus and the
sensors were connected to the two extremities. These sensors recorded
the length of the mortar sample each 30 minutes during 7 days and data
were collected simultaneously by a computer. This allowed obtaining a
curve of shrinkage over time, the slope of which corresponded to the
shrinkage coefficient (Cshr, mm/h). In addition, the shrinkage percentage
on the length of the sample measured was determined.

3. Results and discussion

3.1 Hydric behaviour of mortars

The possible alteration of mortars microstructure due to the reactions
with water should be taken into account in the interpretation of the hydric
behaviour of mortars.

3.1.1 Free water absorption and drying

The water absorption curves (Fig. IV.1.3a) show a first section with
sharp slope, which indicates fast water absorption within the first hour,
and by a second section with a very slight, almost plane, slope, which
suggests that mortars continued absorbing water at a much lower rate
during the following 15 days, until reaching a constant weight. Trapped
water might have been present in the mortars pore network, thus
producing a very slow final absorption rate [16]. The absorption
coefficients (Tab. IV.1.2) values indicate that mortars with higher lime
content presented a higher water absorption. As shown in the inset of Fig.
IV.1.3a, CCMPCR3 mortars samples absorbed water slower than CCMPCR4
during the first 4 minutes and this is reflected in the C, value of this
mortar. This different absorption rate at the beginning of the test might be
due to the fact that CCMPCR3 is characterized by a higher amount of
metakaolin, i.e. of reactive phases that turn into hydrated phases if they
react with water; this would produce little changes in the microstructure,
thus giving place to an initial water absorption slightly slower than the
expected. This fact confirms the modifications of microstructure produced
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by the formation of hydrated phases [24]: if further hydration occurs, this
would increase the volume of smallest pores (in the range between 0.01
and 0.1 uym), with a consequent decrease of mortar water absorption rate
[16,30,31]. This is, in fact, what occurred in CCMPCR3 samples. However,
after the first minutes, the water uptake is the highest in CCMPCR3 that,
indeed, is characterized by the highest volume of pores (Tab. IV.1.2).

During the water absorption test, a small quantity of material was lost
from the mortars samples, especially CCMPCR9. In general, this occurred
because mortars were only partially carbonated after two months and the
lime was likely to dissolve in water. In the specific case of CCMPCR9
mortar, however, the loss of material was more likely because of the low
cohesion between the aggregate grains and the matrix [24].

Interestingly, the highest value of drying index was obtained in
CCMPCR9 mortar, whilst the other mortars present similar values among
them (Tab. IV.1.2). This should indicate that, in this mortar, water
evaporates slightly faster than in the others. In reality, all mortars showed
a very similar drying behaviour, as reflected in the similar slopes of the
drying curves (Fig. IV.1.3b). The only difference between these curves is
that the weight variation in CCMPCR9 samples reached zero (that
corresponds to the initial weight) at the end of the test, whilst the other
mortars did not. Their curves, in fact, remained asymptotical to the x-axis.
Theoretically, also CCMPCR9 would have given a similar curve to the other
samples, if it had not loose material, then weight, during the water
absorption test.

MIP analysis” Hydric assays

Mortar

hame Zone P, C, Iq A B
Ex 37.8+4.1

CCMPCR3 —————gg=5~ 9.61 049  0.04  6.80
Ex  33.1+0.1

CCMPCR4 —————c50o=— 9.84 049  0.04  7.47
Ex  30.9+0.1

CCMPCR6 —————5—-55— 7.95 046 0.03 5.3
Ex  30.4%+1.3

CCMPCR9 —————>—5-5= 689  0.53  0.03 -

" values according to Arizzi and Cultrone [24]

Table 1V.1.2 Open porosity” (P,, in %) of the external (Ex) and internal
(In) zones of samples; absorption coefficient (C,, in g/min*?); drying
index (I,); imbibition coefficients (A, in g/cm? min*? and B, in cm/min®?).

- B value was not calculated for CCMPCR9 mortar.
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Figure IV.1.3 Free water absorption (a), drying (b) and capillary uptake
(c) curves of mortars after 60 days of carbonation. In the water
absorption and drying curves, the weight variation (AM, in g) is
represented as function of the square of time (vt in min*?).The inset in
(a) shows the first section of the water absorption curves. In the capillary
uptake curve, the weight increase (AM, in g) per surface unit (S, in m?)
(c) is represented as function of the square of time (vt in min¥?).

225



PART 1V - Chapter IV.1

3.1.2 Capillary uptake

The four mortars showed the same behaviour towards the capillary
uptake as toward the water absorption, being the mortars with the highest
lime content those which absorbed the highest amount of water for
capillarity. Moreover, a similar trend between the water absorption and
capillary uptake curves can be recognized in CCMPCR3 and CCMPCR4
mortars (Figs. IV.1.3a and IV.1.3c). During the first five hours (section 1
in the capillary curves, Fig. IV.1.3c), these two mortars showed the same
capillary uptake (cf. A values, Tab. IV.1.2); then, within the following day
(section 2, Fig. IV.1.3c), CCMPCR4 absorbed water faster than CCMPCR3
although, at the end of the test (section 3, Fig. IV.1.3c), the latter
absorbed more water. As mentioned above, the little difference observed
in the capillary kinetics of these two mortars maybe the result of bigger
changes in the microstructure of CCMPCR3, after the formation of more
hydrated phases due to the contact of this mortar with water.

A considerably lower (Fig. IV.1.3c) and slower capillary uptake (A
values, Tab. IV.1.2) occurred in CCMPCR6 and CCMPCR9 mortars, because
of their lower porosity (Tab. IV.1.2).

Determining the position of the capillary front in mortars have been a
difficult task because the white colour of the mortars samples did not
enable a precise lecture, especially in CCMPCR9, where the presence of
more aggregate grains made this determination harder; in this mortar, in
fact, the B value could not be determined (Tab. IV.1.2). The B value can
be linked to the value of sorptivity, a parameter that is widely considered
to characterize the microstructure and durability of cement-based mortars
[16]. The lime-based mortars studied here present a value of sorptivity
that approaches quite well that of other building materials, such as
limestones, sandstones and plasters [16].

3.1.3 Hydraulic conductivity

The range of permeability values obtained for the four mortars is
comprised between 10 and 107 m/s, which is between three and six
orders of magnitude higher than the permeability of concrete and cement
mortars [16,32-35]. When the measurement was repeated many times on
the same sample, the Ky value decreased, because of the action of water
that, passing through a partially carbonated mortar, dissolved the
portlandite still present in it; the dissolution of portlandite in water
probably modified mortars pore system when portlandite precipitated
again. The same occurred due to the formation of more hydrated phases,
as discussed above (cf. Sections 3.1.1 and 3.1.2). The dependence of the
hydraulic conductivity on time was already observed by other authors
[16].

According to the final values of hydraulic conductivity found for the four
mortar types (Kn exp, Tab. IV.1.3), the water permeability decreases
exponentially with the B/A ratio of the mortar (Fig. IV.1.4a), which means
that there is an exponential increase for increasing volume of the
aggregate. This is in agreement with the general observation that
concrete presents higher permeability values than the corresponding
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cement paste (i.e. without aggregate) [32] and it also confirms the
importance of the interfacial transition zone (zone between the grain
surface and the matrix) on the permeability of a mortar [34].

Water vapour
permeability
Kh exp Kh theo Kv
CCMPCR3 1.2x107°(7.0x10%) 1.7x10°® 2.65 (0.10)
CCMPCR4 5.1x10°(6.9x107) 3.2x10°  2.87 (0.09)
CCMPCR6 7.5x10°(6.8x107) 11.0x10°  2.69 (0.08)
CCMPCR9 21.8x107°(4.9x10°) 20.6x10°  3.09 (0.18)

Table 1V.1.3 Results of the permeability tests on mortars: experimental
(Kn exp, In ms™?) and theoretical (Kn theo, in ms™) values of hydraulic
conductivity (water permeability); water vapour permeability (K,, in gm
2h1). Standard deviation is shown in square brackets.

Mortar name Hydraulic conductivity

The exponential function presented in Fig. IV.1.4a was used to
recalculate the K; values of the four mortars. As shown in Table IV.1.3,
experimental (K, exp) and theoretical (K theo) permeability values are very
similar and small differences maybe attributed to the strong dependence
of the permeability on the heterogeneity of the mortar samples.

On the other hand, the relationship obtained between permeability and
porosity of mortars is not very clear. As shown in Fig. IV.1.4b, the
permeability value increases for decreasing porosity from CCMPCR3 to
CCMPCR6 mortars. Notwithstanding, this trend is not followed by
CCMPCR9Y mortar, since it presents the same porosity as CCMPCR6 but a
permeability value three times higher; moreover, CCMPCR9 is the only
mortar that presented such a high dispersion of values. This finding
confirms that the permeability of a material cannot be correctly
determined on the basis of its porosity [36] especially if we consider that
Kh is measured on saturated samples whilst porosity is determined after
drying [34].
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Figure 1V.1.4 Hydraulic conductivity values (K, in m/s) are plotted
against the binder-to aggregate ratio (B/A, by volume) (a) and the open
porosity (P,, in %) (b) of each mortar. In (a), the continuous line
represents the exponential function found between hydraulic conductivity
(Ky, in m/s) and B/A. Error bars represent the standard deviation
determined on three samples per each mortar.

3.1.4 Water vapour permeability

Figure IV.1.5 shows the lineal weight drop of the samples subject to
the water vapour permeability test. All mortars showed a very similar
behaviour to water vapour, with some exception for CCMPCR9, whose
curve has a sharper slope with respect to the others.

The water vapour permeability values measured in the four mortar
types (Tab. IV.1.3) did not show a tight relationship neither with the
aggregate content nor with the open porosity of each mortar (Tab.
IV.1.2). In fact, although K, seems to increase for increasing aggregate
volume, as for the hydraulic conductivity (Ky), there is some discrepancy
in the case of CCMPCR6, whose Ky value is too low if compared with the
apparent trend followed by the other mortars. In fact, a very close
behaviour to water vapour is observed in the curves of CCMPCR3,
CCMPCR4 and CCMPCR6 mortars (Fig. IV.1.5).

It is known that the vapour diffusion through a material (i.e. stone,
brick, mortar) depends on its microstructural characteristics, especially
the pore system (main pore size and tortuosity) [37-39]. Since the pore
size of the four mortars is almost the same (the main pore radius is
comprised between 0.1 and 1 uym [24]), it is likely that the most relevant
factor on the water vapour permeability of aerial lime-based mortars is
the pore tortuosity, which is indeed increased by the presence of the
aggregate. Here, in fact, the low cohesion between matrix and aggregate
in CCMPCRS mortar generated a higher porosity in the interfacial
transition zone that gave place to a much higher permeability compared to
the other mortars. In the same way as found here for water vapour, it is
known that the CO, diffusion is higher (and the carbonation enhanced) at
the interface between the surface of the grains and the matrix (at the
interfacial transition zone) than in the matrix itself [40].
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Figure 1V.1.5 Mass variation per surface unit (My - My/ S, in g/cni’) of
the four mortar types as function of time (t, in days) during the water
vapour permeability test.

3.2 Shrinkage of mortars

Figure IV.1.6 shows the shrinkage curves of the four mortars studied,
determined within a week, whilst the inset in Figure IV.1.6 shows the
shrinkage occurred during the first 24 hours.

The shrinkage is almost the same (0.5 mm) in all mortars within the
first 4 hours; after this period, CCMPCR3 mortar presents a much higher
volume reduction (4 mm) compared to the other mortars (1.3-1.9 mm),
as reflected in the shrinkage coefficients (Tab. IV.1.4). This high volume
reduction, which was expected in CCMPCR3 since it is the mortar with the
highest lime content, achieved a quite constant value after 12 hours.
However, CCMPCR3 showed a completely different shrinkage curve, with
respect to CCMPCR4, 6 and 9 mortars (Fig. IV.1.5). Perhaps, the sharp
slop of its curve is indirectly related to the effectiveness of the cellulose
derivative as water-retaining agent. As shown in Table IV.1.1, the same
amount of admixtures was added in each mortar, independently on the
binder amount. It is likely that, in CCMPCR3 mortar, due to the high lime
content, the amount of cellulose derivative is not enough to improve the
water-retention capacity of the lime, then it is not able to counteract
shrinkage. In the other mortars, instead, the water-reducing agent seems
to be able to reduce the water evaporation rate but within a limited period
of time (approximately 10 hours). In fact, CCMPCR9 reached the highest
shrinkage after one day, CCMPCR6 showed a continuous increase until the
fifth day, reaching a value of shrinkage similar to CCMPCR9 and higher
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than CCMPCR3, and the volume reduction in CCMPCR4 still increased
during the next days but it achieved a lower value than in the other
mortars (Tab. IV.1.3).
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Figure 1V.1.6 Shrinkage curves of mortars samples during 7 days. The
inset shows the shrinkage curves within the first 24 hours.

Considering these results, we interpret that different factors contribute
the development of shrinkage fissures in these types of mortars. The most
important one is related to the amount of kneading water needed for the
elaboration of mortars and it shows its effect during the first hours of
drying. Mortars with higher water content undergo a much higher
shrinkage in the first hours, such as the case of CCMPCR3 mortar. A
secondary factor is probably related with the degree of cohesion exhibited
between aggregate and matrix, during the first days of hardening. A very
low cohesion is likely to develop in CCMPCRS9 since the first days of its life
and this would explain the slightly highest shrinkage achieved in this
mortar at the end of the test.

However, the differences between the shrinkage values of these
mortars are very little, considering that the final dimensional variations of
the samples are almost equal (between 1.3 and 1.4 % of the total length
of the sample, Tab. IV.1.4).
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Mortar name  Cs,-  Final shrinkage (%)

CCMPCR3 0.34 1.31
CCMPCR4 0.12 1.26
CCMPCR6 0.18 1.34
CCMPCR9 0.17 1.36

Table 1V.1.4 Shrinkage measurements in mortars: shrinkage coefficient
(Csnr, In mmyh) determined after 12 hours and values of the final
shrinkage (in %) measured on the length of the samples.

4. Conclusions

The assessment of the hydric properties of the four mortars studied
have contributed to a wider understanding of their performances during
hardening, apart from giving an idea of their durability.

The mortars here considered had the same composition but different
binder-to-aggregate proportions. Although the values obtained by testing
their hydric properties are very similar among these mortars, differences
have been found according to the microstructure, lime content and
aggregate content of mortars.

Firstly, it has been found that the mortar with the highest lime content
(CCMPCR3) was more susceptible to the water uptake by free immersion
and capillarity; it generally showed a higher water content at the end of
these tests. On the other hand, the mortar with the highest aggregate
content (CCMPCR9) presented a faster drying and a higher permeability to
water and water vapour. Both findings are related to the microstructure
and pore network of these mortars. In the first mortar, the open porosity
of the matrix is high and this explains the higher water content absorbed.
In the second one, the porosity at the interface between the matrix and
the aggregate grains is responsible for the behaviour shown.

Secondly, it has been considered that the microstructure of “young”
(i.e. partially carbonated) mortars can be subject to slight modifications,
due to the dissolution of portlandite in water and also to the occurrence of
hydration reactions between the reactive phases of metakaolin and water.

Finally, the shrinkage of mortars turned out to be quite different to the
expected, being the highest in the CCMPCR9 and not in CCMPCR3, which
was prepared with the highest amount of lime and water. This has been
related mainly to the scarce cohesion of this mortar.

Furthermore, it has been positively observed that these mortars
present similar sorptivity values than the majority of limestones and
sandstones, in agreement with one of the requirements initially
established for rendering mortars. As a general conclusion, the CCMPCR6
seems to present the most suitable hydric behaviour among the other
mortars, and then a better durability is envisaged in the masonry.
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Chapter 1IV.2

Experimental testing of the durability of
lime-based mortars used for rendering
historic buildings

Arizzi A., Viles H., Cultrone G.
Construction and Building Materials
28 (2012) 807-818

Abstract

To find out which render mortar mix shows the best durability
properties, we have designed four ageing tests that aim to simulate water
movements, ice formation and salt crystallization in lime mortars exposed
to an extreme, but realistic, range of temperature and humidity. It has
been found that the response of individual mortar mixes differs according
to the mechanism and the agent of attack. These findings suggest that in
order to provide useful data both the experimental testing approach and
the types of mortar tested need to be tailored for the particular
circumstance in which the render will be applied.
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1. Introduction

Rendering mortars have always been considered the sacrificial layers of
walls and building facades because their main purpose, as well as an
aesthetic one, is to protect the masonry structure against weathering,
slowing its decay. To ensure this function, renders need to be maintained
and repaired or substituted by other compatible mortars when damaged.
The major benefit achieved by covering a building with a render is the
reduction of moisture present inside the masonry structure [1]. The
presence of water and its movement inside the pore network of mortars
are among the biggest causes of their degradation [1-3]. In fact,
depending on the conditions of temperature and humidity, water in both
vapour and liquid state can allow freezing-thawing phenomena, can favour
the entry of salts which crystallize inside the matrix, and can cause the
reduction of mortar mechanical strengths and adhesion to the masonry.
As a general rule, a render should be characterised by low water
absorption and high water vapour permeability, so that the water which
enters the mortar can easily and quickly evaporate [4], as well as by high
flexibility, good adhesion and compatibility with the support (i.e. stone,
brick) [5,6]. Adequate design of the masonry materials and good
knowledge of their characteristics (pore system, hygric and physic-
mechanical properties) are required to predict and, consequently,
minimise their decay.

Accelerated weathering tests are the easiest, quickest and most
commonly used way to study the resistance of a construction material
exposed to certain environmental conditions as well as to know which
factors are involved in its decay and in which way the material properties
are affected [7]. However, one must bear in mind that natural weathering
is a combination of conditions (i.e. temperature, relative humidity, solar
radiation, wind, rain, salts and pollutants) which are hard to reproduce
faithfully by a laboratory test. Moreover, the layer of mortar (1-3 cm
thick) applied on the surface of a wall may show different textural
characteristics (such as pore systems) to a laboratory sample (the
standard size is 4x4x16 cm) and consequently, it may be affected in a
different way by weathering. However, the performance of accelerated
ageing tests is still the most useful tool for understanding the mechanisms
of decay occurring in rocks and masonry structures.

Freeze-thaw cycles, mechanical stress and salt crystallization are the
most effective causes of degradation of mortar used in renders. According
to some authors [8,9], decay due to freezing-thawing cycles, rainfall and
salts attack is more noticeable in mortars with high porosity and low
strength.

Good understanding of the growth mechanisms of salts in porous
materials has been achieved by many salt crystallization tests performed
during the last 20 years [9-21].

In mortars, sulphate attack consists of a sequence of three sub-
processes: firstly, sulphate ions diffuse into the pores of the mortar, more
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or less easily depending on its permeability; secondly, the sulphate ions
react with calcium hydroxide, thus enhancing further penetration of
sulphates into the matrix; finally, gypsum or ettringite precipitates,
depending on the composition of the binder (lime or cement) [21].
Gypsum and ettringite are responsible for the development of cracks and
spalling, respectively [9]. In cement mortars, further deterioration is due
to the degradation of calcium silicate hydrates with consequent leaching of
calcium hydroxide [9]. The presence of thaumasite, which is similar to
ettringite but derives from the reaction between calcium silicate hydrates
and sulphate ions, has also been reported in cement, lime and gypsum-
based mortars [22,23].

Magnesium (epsomite and hexahydrite) and sodium (thenardite and
mirabilite) sulphates are the most dangerous salts for building material
durability, because they normally crystallize inside the material [24] often
only a few millimetres below the surface, depending on the salt viscosity
and the drying rate of the material [25]. Due to their high crystallization
pressure [26], these salts cause cracks, sanding and spalling.

Karatasios et al. [11] described the degradation of calcitic lime mortars
due to sodium sulphate crystallization and demonstrated how the addition
of barium hydroxide enhances the resistance to salts, by blocking Ca®*
dissolution and further precipitation of salts. The use of industrial residues
(such as blast furnace slag) as additives in mortars has proved to be
effective in reducing the damage caused by salt crystallization and
freezing-thawing cycles [27].

The objective of this work is to study the durability of lime-based
mortars to be used as rendering materials in restoration interventions. To
study the effect of ageing on the properties of these mortars, they have
been subjected to accelerated weathering, by simulating the extreme
atmospheric conditions (of temperature and relative humidity) which occur
during 1 year in the city of Granada (Andalusia, South of Spain) (Tab.
IvV.2.1).

The damage caused by rain and freezing-thawing cycles has also been
studied by simulating rainfall (that mostly occurs in winter time in
Granada).

Two further tests have also been carried out to study the impact of salt
crystallization on mortars: the salt solution was applied during the
weathering cycles as a “salt fog” on the surface of mortars, whilst other
samples were placed in contact with a combination of sand and salt and
periodically activated by water. In the first case, previous studies have
found that fog enhances stone decay by salt because it is a source of
moisture [20] and it controls the rate of breakdown, whilst salt controls
timing [17]. In the second case, simulations of hyper-arid environments
(such as deserts) previously performed on stone samples have
demonstrated that salt weathering can operate quickly on samples not
fully immersed in saline solutions but in contact with a combination of salt
and sand [20].
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The effect of these four weathering cycles on mortar samples has been
monitored by means of visual and photographic observations, as well as
by using weight loss and microscopic techniques.

1.1 Atmospheric conditions of the city of Granada
(Andalucia, Spain)

Granada is located at the foot of Sierra Nevada Mountains in Spain at
an elevation of 738 m above the sea level and at a distance of 60 km from
the Mediterranean coast. Due to this particular geographic location, the
city is characterised by extremely hot summers, during which
temperatures can reach 40 °C (and about 50 °C in the sun), and quite
cold winters when temperatures sometimes fall below 0 °C (Tab. IV.2.1).
Moreover, a temperature range of 30 °C can be registered between night
and day.

Year 2009 Tmax (OC) / Tmin (oc) / |('|02n)1a}(
average average

average
January 15.0/ 10.0 -6.0/1.0 99/ 87.9
February 19.3/14.4 -3.0/1.5 90/ 77.3
March 24.0 / 18.7 -0.2 /4.5 97/ 71.3
April 24.8 / 18.6 -1.8/4.2 85/ 64.7
May 34.0/ 27.0 3.6 /9.3 67/ 52.2
June 38.0/ 31.8 9.4/ 14.5 70 / 45.5
July 39.7/35.8 11.7/16.0 47/ 37.3
August 37.0/34.4 11.3/15.6 57 /46.1
September 35.7/ 27.3 7.5/12.8 90/ 65.1
October 32.8/ 26.3 5.5/9.2 85/64.4
November 27.0/ 19.0 -0.7 /4.3 96 / 69.3
December 19.4/ 13.8 -4.1/ 3.0 95 /85.4

Table 1V.2.1 Atmospheric conditions occurred in Granada in 2009. Data
were taken from the Meteorological station 84190 (LEGR) of Granada
Airport (latitude: 37.18°; longitude: -3.78°; altitude: 567m). The most
extreme conditions were registered in July and January.

Granada is one of the most polluted cities of Spain, especially because
of the high amount of particulate matter produced by traffic. The amount
of PM1, PMjg, and NO,, recorded in 2009 and 2010 in many areas of the
city [28,29], was higher than the legal limit. On the other hand, the
lowest values of contamination were registered for SO, and CO gas in
2009 [28]. However, the accelerating effects of suspended particles on
mortar decay caused by the interaction with SO, gas and the formation of
deleterious sulphate salts should be taken into account [30-33]. The main
sources of sulphate ions which give rise to these salts are thought to be
traffic and industries, as only a small portion of SO4* ion incorporated into
the atmospheric aerosol originates in sea spray [34]. Moreover, the most
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deleterious damage found in stones and composite materials of ancient
buildings of Granada has been caused by the crystallization of magnesium
salts [35,36]. Sulphate and magnesium ions are likely to come from the
soil (ground water) and/or from adjacent lime or gypsum mortars, often
prepared with dolomitic aggregates because dolostones commonly outcrop
near Granada. In modern repair works, dolomitic lime and aggregate have
been substituted by calcite due to the harmful effect of magnesium ions
[24-26,30]. However, the high abundance of these elements is still a big
cause of deterioration of the materials present in the historic buildings of
Granada [36].

2. Materials and Methods

The following components were used in the production of the test
mortars: a calcitic dry hydrated lime (CL90-S [37]) produced by ANCASA
(Seville, Spain), a calcareous aggregate (CA) with a continuous grading
from 0.063 to 1.5 mm, a pozzolan (CLASS N POZZOLAN, [38]), produced
by Burgess Pigment Company (USA) as additive, and three different
admixtures: a lightweight aggregate (perlite), a water-retaining agent
(cellulose derivative) and a plasticiser (polycarboxylate) (additional detail
can be found at www.argosdc.com). Four types of lime mortars were
prepared, in which the binder-to-aggregate (B/A) ratios were 1:3, 1:4,
1:6 and 1:9 by weight, whilst the pozzolan was kept at 10% of the total
binder (by mass) and the total admixtures proportion was less than 2% of
the total mass, as shown in Table IV.2.2. The mortars have been labelled
M3, M4, M6, M9, according to their B/A ratio. Mortars were stored for 7
days in normalised steel moulds (4x4x16 cm) at RH = 60+5% and T =
20x5 °C following a modification of the standard UNE-EN 1015-2 [39]
proposed by Cazalla [40]. After being removed from the moulds, they
were cured at the same conditions of T and RH until the beginning of the
study.

Mortars Components name and proportions

name CL MK CA admixtures
M3 450.0 50.0 1500.0 34.0
M4 360.0 40.0 1600.0 34.0
M6 257.1 28.6 1714.3 34.0
M9 180.0 20.0 1800.0 34.0

Table 1V.2.2 Proportions (expressed in g) of components used in the
elaboration of the four mortar types. Abbreviations indicate: calcitic lime
(CL); metakaolin (MK); calcareous aggregate (CA); admixtures (perlite +
cellulose derivative + polycarboxylate).

The weathering experiments were carried out three months later in
order to ensure good carbonation, because the standard time of 28 days
was considered too short for ensuring carbonation and properties
improvement on these materials. Four different tests were performed: 1)
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weathering cycles with T, light and RH variations (WS); 2) weathering
cycles and rain simulation (WS+R); 3) weathering cycles and salt
resistance by capillary absorption (WS+SS); and 4) weathering cycles and
salt resistance by surface deposition (WS+SD). Samples were weighed
and photos taken every day in order to record any morphological change
in mortars.

2.1. Weathering study (WS)

To study the effect of ageing process on mortar properties, the four
different types of mortar were subjected to accelerated weathering, by
simulating the atmospheric conditions that occur during one year in the
city of Granada (Tab. IV.2.1). In this simulation the annual temperature
and relative humidity range was repeated every 12 hours. The simulation
was carried out on three samples per mortar type, in a Sanyo-FE
300H/MP/R20 environmental cabinet (internal dimensions of 675W 630D
650H mm) (School of Geography and the Environment, Oxford University,
UK) which can operate at temperature range of -20 to +100°C and can be
programmed with different conditions of temperature, relative humidity
and light. Three samples (each of 2x4x4 cm) per mortar were placed on
a sand layer (ca. 4 cm thick) in a tray, in the same way as in Goudie et al.
[17] and Goudie and Parker [20]. The smaller surface (2x4 cm) was put
in contact with the sand and the larger surface (4x4 cm) perpendicular to
it. In this way, samples reproduce the real situation of a render (1-3 cm
thick) on a wall.

Thirty cycles were performed in total. Each climatic cycle lasted 12
hours, and consisted of 4 steps, of 3 hours duration each step, with a
cooling and warming rate of 25 °C/hour, as shown in Table IV.2.3.
Temperature and relative humidity trends were checked with a data
logger (ibutton® Hygrolog which records temperature and RH) to ensure
that the programmed cycle was reproduced accurately.

2.1.1 Weathering study and rain simulation (WS+R)

Under the same weathering conditions (of T, RH and light) described in
2.1., rain was simulated by spraying both the sand (water level of 2 mm)
and the mortar surface with around 25 mL of tap water, which was applied
every 4 cycles just before the step at -10 °C (Tab. IV.2.3). The water
absorbed by the samples (by capillary rise from the sand and by
absorption from the wetted surface) froze when temperature decreased
below 0 °C and dried when temperature increases up to 40 °C, with the
consequence that freeze-thaw cycles were also simulated in this test.
Thirty cycles were performed in total.

2.1. Salt resistance tests

As in most of the accelerated decay tests performed on mortars
[9,11,14,21] and as recommended in standards regarding the estimation
of the durability of building materials [41-42], a sodium sulphate solution
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was used instead of a magnesium sulphate or a sodium chloride one. In
fact, if ClI" ions accumulation decreases with the increase of the distance
from the sea [34], chlorides should be scarce in Granada, although an
influx of marine particles can be expected when the wind direction is
southerly [36]. Moreover, the damage caused by ClI° salts is less
noticeable than the deterioration by thenardite and mirabilite, because
halite always crystallizes at the material surface (as efflorescences)
[10,24].

2.2.1 Weathering study and salt attack by capillary
absorption (WS+SS)

The experimental design proposed by Goudie et al. [17] was used, with
some modifications, to evaluate the damage caused by the capillary
uptake of a saline ground water within the mortar. Samples were placed
on sand 4 cm thick, in which sodium sulphate was dispersed. Among the
different conditions of weathering established by Goudie et al. [17], we
chose the 1:10 salt to sand ratio by weight and a water level of 1 mm
applied in each tray, in order to produce observable breakdown. Ten
cycles were performed in total. Tap water was applied over the tray for
around 60 s, using a spray every four cycles before the step at the highest
temperature (40 °C, Tab. IV.2.3). Ion chromatography analysis (Dionex
IC DX500) (School of Geography and the Environment, Oxford, UK) was
performed on mortar samples before and after the salt resistance tests, in
order to determine and quantify the concentration of soluble ions.

2.2.2 Weathering study and salt attack by surface deposition
(WS+SD)

To analyse the damage caused by the deposition of a salt fog on the
mortar surface, a sodium sulphate solution (14% w/w) was sprayed on
the surface of the mortar samples, every two cycles before the step at the
highest temperature (40 °C, Tab. IV.2.3). Thirty cycles were performed in
total. Also after the WS+SD test, ion chromatography analysis (Dionex IC
DX500) was performed on mortar samples.

2.3 Carbonation degree and porosity of the mortar
samples

Carbonation degree and open porosity of both internal and external
zones of mortar samples were determined before and after the weathering
study.

The mineralogical phases and the degree of carbonation were
determined by X-ray diffraction (XRD), by means of a Panalytical X'Pert
PRO MPD diffractometer (Dept. of Mineralogy and Petrology, University of
Granada, Spain), with automatic loader and X "Celerator detector, 4 to 70
020 explored area. The interpretation and quantification of the mineral
phases was performed using the X-Powder software package [43]. The
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decrease in portlandite content was taken as a reference to estimate the
carbonation degree index (Icp, expressed in %), according to the
equation:

Icp = %xmo (Eq. IV.2.1)

where CHy is the amount of portlandite at time x and CHg is the initial
content of portlandite (at time 0), determined by XRD. This method of
quantification is not totally accurate since it does not take in account the
small amount of portlandite consumed during the hydration of metakaolin
phases. For this reason I¢p is considered as an approximate estimation of
the carbonation degree of mortars.

Open porosity (P,, %) and pore size distribution (PSD, in a range of
0.002<r<200 pm), were determined using a Micrometics Autopore III
9410 porosimeter (mercury injection porosimetry, MIP) (Dept. of
Mineralogy and Petrology, University of Granada, Spain). Mortar
fragments of ca. 2 cm?® were oven-dried for 24 h at 60 °C before the
analysis.

2.4 Micro-scale crystallization cycles

Environmental scanning electron microscopy (ESEM) (Scientific
Instrumentation Center, Granada, Spain) allows the detailed observation
of the crystalline phases of a salt at different degree of hydration. A
Philips Quanta 400 was used to analyse small mortar fragments (~2
mm?), which did not need to be previously dried and sputter coated.
Before observation, the microscope chamber was purged at a temperature
of 10 °C and a range of pressures between 0.9 and 5 torr, corresponding
at this temperature to about 8 and 40% of relative humidity. Once
equilibrium was achieved, temperature and pressure were fixed at 2 °C
and 2.5 torr (RH~36%), respectively. These conditions were established
for the observation of the anhydrous phases in mortar samples. A low
temperature ensures good working conditions and reliable results.
Hydration and dehydration cycles of the salt crystals were performed with
a fixed temperature of 2 °C and a range of pressure of 2 to 6 torr, which
reproduces relative humidities of 29 to 87%. Three cycles were performed
in total. Chemical analyses were performed by means of an EDX
microanalysis system, with Si(Li) detector of SUTW type.
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Tinit Ttin T RH .
(him ) () (oC) (o) Light WS WS+R  WS+SD  WS+SS

00:00 03:00 40 40 yes - 3 - -
03:00 06:00 15 70 not - Wwater _ ]

spraying
06:00 09:00 -10 -- not - -

Sodium

water sulphate
spraying solution
spraying

09:00 12:00 15 70 not - -

Table 1V.2.3 Scheme of the exposure conditions used in the tests, which
represents one cycle of 12 hours duration, as indicated by the initial (Tini,
in hours) and final (Ts,, in hours) time of each step. Temperature (T, in
0C), relative humidity (RH, in %) and light (40W Crompton reflector lamp)
are the conditions used in all tests. "Yes” and “"not” refers in which step
the light was applied; "--” indicates that the relative humidity was not
programmable in this step. WS.: weathering study;, WS+R.: weathering
study and rain simulation; WS+5S: weathering study and salt resistance
by capillary absorption; WS+SD: weathering study and salt resistance by
surface deposition. "-” indicates that no additional conditions were applied
in this step.

3. Results and discussion

The response of mortars (i.e. mass variation, deterioration forms and
decay speed) to the weathering cycles was different depending on the
type of attack produced in the four experimental runs by temperature and
humidity changes, alternation of wet and dry periods and presence of
salts. The climatic cycles reproduced by the environmental cabinet were
monitored to ensure reproducibility during each test. Sample weights are
shown in Figure IV.2.1 as a function of cycle number. Changes in mortar
appearance observed during the weathering cycles are shown in Figure
IV.2.2. An accurate description of the different deterioration forms
developed in mortar samples during WS+R, WS+SS and WS+SD is given
in Table IV.2.4 and the most representative images of those are shown in
Figures 1V.2.3, IV.2.4 and IV.2.5, respectively. Finally, the soluble ion
content (anions, as S04, and cations, as Na* and Ca®*) determined on
the mortar samples before and after the WS+SS and WS+SD tests is
given in Figure IV.2.6. In the following sections, we present a detailed
description of the results obtained in each test.
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Figure 1IV.2.1 Representation of the weight variations (in %) as a
function of the number of cycles of the following tests: WS (weathering
study) (a); WS+R (weathering study and rain simulation) (b); WS+S5S
(weathering study and salt resistance by capillary absorption) (c); WS+SD
(weathering study and salt resistance by surface deposition) (d).
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Figure 1IV.2.2 Samples aspect at the beginning and during the tests.
(WS): normal weathering;, (WS+R): weathering study and rain
simulation; (WS+SS): weathering study and salt resistance by capillary
absorption; (WS+SD): weathering study and salt resistance by surface
deposition. The cycle number is indicated on each image.

245



PART 1V - Chapter IV.2

After WS+R Mortars name
Deterioration forms M3 M4 M6 M9
Fissures /30 /26 /{'10/ /30

1,26
Fragments loss ) 5,20/ 14/
/130 ji20 20
?Sanding i,26/ ;,20/ ;,20/
/7,30 i26 30 20
b spalling i,26 ii,26 - -

After WS+SS Mortars name
Deterioration forms M3 M4 M6 M9
Fissures 02/ ii4 ii,2 /6 ;2
Efflorescences 5,4 /,6 /,6 -
Spalling 7,6 - - -
Cracks /il,6 /il,6 i,6 i,6
Fragments loss /8 /,6 7,6/ iii,8 /7,10
Samples breaking 1,8/ /,8/ /,8/ i 10

/i, 10 /i, 10 /i, 10 !
Sanding /ii, 10 /ii, 10 /i, 10 /i, 10

After WS+SD Mortars name
Deterioration forms M3 M4 M6 M9
Efflorescences 7,18/ /7,18/ .

i, 30 jii, 30 18 18
Spalling jii, 30 20/ jii, 20 /i,20
/ii,30
Cohesion loss and . /,20/ i7,20/
sanding /30 /7,30 /ii,30 1,20
? Sanding refers to the loss of material in form of powder from the sample
surfaces.

b Spalling refers to the detachment of layers from the sample surfaces.

Table 1V.2.4 Deterioration forms observed in mortars during the
following tests: WS+R (weathering study and rain simulation); WS+SS
(weathering study and salt resistance by capillary absorption) and the
WS+SD (weathering study and salt resistance by surface deposition). The
indexes used represent the number of samples (i: one; ii: two, iii: three)
of each mortar showing the corresponding deterioration form and the
number of cycles after which the deterioration form appears.

3.1 WS

All mortars samples presented a slow and constant increase in weight
during the WS test (Fig. IV.2.1a), especially M3 and M4, where the final
weight is about a 1% higher than the initial one (Fig. IV.2.1a). On the
other hand, the lowest weight increase has been registered in M9, of only
+0.1%.
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This fact may indicate that the mortar samples are still undergoing
carbonation under these conditions, since carbonation produces a weight
increase in mortars [44], and this is clearly higher in mortars with higher
amount of lime. Before the weathering study, the mortars presented
different carbonation degree indexes (Tab. IV.2.5), with higher values in
M3 and M4.

After WS, M4 was still the most carbonated mortar and this may
explain the biggest increase in weight registered in this mortar at the end
of the weathering cycles. Notwithstanding, this correspondence between
weight increase and carbonation degree is not found in M3. In fact, the
amount of portlandite found in this mortar after WS is the highest and this
results in the lowest carbonation degree index at the end of the test. On
the other hand, the weight of M3 samples recorded after 30 cycles of WS
is one of the highest (Fig. IV.2.1a). This discrepancy can be explained by
considering the differences found in the X-ray diffraction patterns of M3
and M4 (Fig. IV.2.7). In both patterns, calcite and portlandite are present
but in M3 about 5% of the total amount of mineral phases is represented
by the CACH phase (CasAl>(CO3)(0OH)12 - 6H,0, or monocarboaluminate).
As shown in Fig. IV.2.7, the amount of this phase is the highest in M3
mortar. The CACH is one of the mono-phase calcium hydrates (AFm) that
derives from the reaction between the reactive aluminates of metakaolin
and the COs* ions [45]. According to Cizer [46], this monocarboaluminate
replaces progressively its precursor (hemicarboaluminate) in the presence
of excess calcite and this leads to the liberation of calcium hydroxide (i.e.,
portlandite) and thus to an increase in its amount. If 5% of CACH has
been formed in M3 after the WS cycles, it is likely that calcium hydroxide
is liberated during CACH formation and precipitates as portlandite, with
the consequence that the amount of this phase is higher than expected.
On this basis and according to the higher weight increase registered in M3
after WS, we can believe that M3 is still one of the most carbonated
mortars at the end of this test.

Calcium silicate hydrates (CSH) and calcium alumina silicate hydrate
(CASH) detected in some of the samples (Fig. IV.2.7) are among the
major phases formed after pozzolanic reaction of the metakaolin [46].

Mortar samples did not show any visible change (i.e. deterioration)
during the WS cycles, as shown in Figure IV.2.2a. The only modification
was found at microscopic scale and concerns the pore size distribution of
mortar samples (Fig. IV.2.8a). In the unaltered samples, the main peak
obtained in the PSD curves corresponds to pores with radii between 0.1
and 1 ym and whose volume is the most influential on the open porosity
of mortars (P,, Tab. IV.2.5). Another range of smaller pores (0.01<r<0.04
Mm) is present in the unaltered samples and their volume is bigger in M3
and M4, which were prepared with a higher content of binder (i.e.
lime+metakaolin). After the WS test, M3, M4 and M6 show a decrease in
the amount of pores in the main range (0.1<r<1 um). Since MIP analysis
only detects interconnected pores, the volume reduction of pores of the
same size indicates that the interconnection among these pores
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decreases. This occurs due to calcite crystallization during the carbonation
process [47].

Mortar Ieo (%) Po (%)
After After After After
Unaltered WS Unaltered After WS WS+R WS+SS WS+SD
M3 33 55 38.9+5.0 36.3+2.0 36.2+4.0 38.5+0.3 37.5+0.7
M4 34 85 34.5+0.2 34.1+0.4 35.4+1.1 42.0+£5.0 32.9+0.3
M6 28 75 31.8+0.2 32.0+0.1 32.7+1.0 38.2+5.6 30.2+1.3
M9 30 65 31.3+0.9 32.5+0.1 33.1+0.5 37.1+2.0 30.0+0.8

Table IV.2.5 Carbonation degree index (Icp, in %, measured according
to Eq. 1) and open porosity (P,, in %) of mortars before (unaltered) and
after the different weathering processes: WS (weathering study); WS+R
(weathering study and rain simulation); WS+SS (weathering study and
salt resistance by capillary absorption) and the WS+SD (weathering study
and salt resistance by surface deposition).

3.2 WS+R

In this test, besides the moisture uptake in mortars caused by the
alternation of wet and dry periods, decay is also driven by the formation
of ice inside them when temperature goes below 0 °C (c¢f. Section 2.1).
Figure IV.2.1b shows the influence of this alternation of wet and dry
periods on the weight of samples: a weight increase (between 5 and 14%)
was registered two cycles after the water application (i.e. simulation of
rainfall). At the end of the test, the only increase in final weight was
recorded in M3 samples (by about 2%) whilst M4 samples recovered their
initial weight and M6 and M9 samples lost weight. These differences in
sample weight as well as the changes observed in the appearance of
samples during the WS+R test (Fig. IV.2.1b) indicate that the application
of water, both on the sand and the surface of the samples, produced a
much more pronounced response than the temperature and relative
humidity cycles alone and that this response is different according to the
mortar type.

The most rapid deterioration was observed in M6, where in one sample
the development of a long fissure led after a few cycles to the detachment
of a large fragment parallel to the surface (Tab. IV.2.4). The consequent
mass loss suffered by this sample is responsible for the great decrease in
weight registered for M6 at the end of the test (Fig. IV.2.1). However,
given that this decay only occurred in one sample, it is likely to be
initiated to a stress produced when the sample was cut before the test
instead of being driven entirely by the test conditions.

In M4 and M6 the development of fissures on the bottom face of the
samples led to the loss of small fragments from the same surface, whilst
in M9 no fissures were detected before the loss of fragments (Tab. IV.2.4
and Fig. IV.2.3a). M3 did not show any loss of fragments unlike the other
samples, but the development of a fissure in the bottom face of one of the
M3 samples (Tab. IV.2.4 and Fig. IV.2.3a) after 30 cycles, allows us to
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expect a similar decay for this mortar, even if slower. The loss of small
fragments also occurred from the side surfaces of samples M4, M6 and M9
but later than from the bottom (Fig. IV.2.3b). This deterioration form (i.e.
loss of fragments) was observed only on the surfaces in direct contact
with water.

The decay of the bigger surface of samples differed according to the
mortar type. In M3 and M4 spalling occurred first (Tab. IV.2.4) and, after
the total detachment and fall of the superficial layers due to the volume
increase (9%) caused by the ice formation, the surface below, already
damaged by the previous process, was furthermore exposed to the water
sprayed on the surface, which formed a film that froze and deteriorated
the sample surface, with the consequence that sanding appeared (Figs.
IV.2.3c and d). On the other hand, spalling did not occur in any samples
of M6 and M9 and sanding directly occurred on the bigger surface (Tab.
IV.2.4 and Fig. IV.2.3d), suggesting that in this case the most aggressive
agent was the frozen water present on the surface of these mortars.

Surface flaking and internal damage are the two types of cracking
recognised in mortars subjected to freezing-thawing phenomena in
previous studies [48].

To explain the observed differences in the modifications of samples’
appearance it is useful to study the modifications of the pore system of
the mortars after the WS+R test. In M3 and M4 PSD curves, the main
peak is shifted to smaller pore radius and the volume of these pores is
lower (Fig. IV.2.8a). Moreover, the volume of pores with radius lower than
0.1 pym increases slightly. This indicates that water freezing has caused a
shift of the maximum peak, with a smaller radius than the original one.
The water movements within the mortar are responsible for the
precipitation of calcite in the pores, as well as for the rearrangement of
phases in the matrix system, which cause the observed pore network. At
the same time, few pores with radius around 4 um appear. This is
probably due to a partial destruction of the pore system caused by freeze-
thaw mechanism. On the other hand, in M6 and M9 the only change found
in the PSD curves is the volume reduction or increase of the original
pores. Particularly, the increase of the pore volume obtained in M9 is
caused by the bad cohesion existing between matrix and aggregate grains
that characterises mortars with high aggregate contents [49].

3.3. Salt resistance tests

3.3.1 WS+5S

Here, the mechanism of attack consists in the salt dissolution in water
and in the following absorption of the salty solution by capillary rise. Due
to the weathering cycles to which the samples are submitted in the
meantime, the sulphate undergoes cycles of precipitation (at higher T)
and dissolution (at lower T) processes inside the samples, leading to
observable decay, which occurred after 10 cycles.
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The WS+SS weight curves shown in Figure IV.2.1c present the
alternation of positive and negative peaks (as obtained in the WS+R test,
Fig. IV.2.1b) which indicates how sensitive the weight of mortar samples
is to the activation of the salt with water, which was performed every 4
cycles. About 5% of weight is lost between a wet and a dry cycle but more
than 10% of weight is gained after the salt activation, with the
consequence that the combined action of wet/dry periods and salt results
in a general weight increase in all mortar samples. At the end of the test,
M3 samples showed the biggest weight increase (almost 20%), followed
by M4 which recorded a weight increase only 1% lower than M3. M6 and
M9 behaved in a very similar way, with the same final increase in weight,
equal to 15%. The weight increase is related to salt uptake by the mortar.
However, the final weight recorded is lower than expected because of the
many fragments lost at the end of the test which could not be weighed,
because they were very fragile and reduced to powdered fragments after
being handled (Fig. IV.2.2c).

During the WS+SS test, the first deterioration form that appeared in
mortars was the formation of fissures which developed perpendicularly to
the upper face and along the bigger face of the samples (Tab. IV.2.4 and
Fig. IV.2.4a). This deterioration was followed by the precipitation of
sulphate on the side faces of the samples. In some cases, the salt
precipitated on the surface in the form of efflorescences and in other
cases as subflorescences, very close to the surface, causing the
detachment of thin layers (i.e. spalling) (Tab. IV.2.4 and Fig. IV.2.4b). As
the test continued, fissures spread and widened until they became large
cracks in the form of a cross on the bigger face, already evident after six
cycles (Tab. IV.2.4 and Fig. IV.2.4c). These cracks caused the total
breaking of the samples after 10 cycles (Tab. IV.2.4 and Fig. I1V.2.2). All
samples presented this decay although to different degrees, more
pronounced in M3 samples.

The salt detected by XRD in mortar samples after WS+SS is thenardite
(Na;S04), which is the anhydrous phase of sodium sulphate which
precipitates from solution at temperatures higher than 32.4 °C, below
which mirabilite is stable (Na,SO4 :10H,0). This means that, during the
temperature and humidity cycles established in this study, mirabilite is
also present in mortar samples. Ettringite and gypsum have not been
detected by means of XRD, although the morphology of cracks (Fig.
IV.2.4c) developed in mortars may indicate their formation. This can be
explained knowing that the decay caused by sodium sulphate is big if
thenardite crystals are formed due to heterogeneous nucleation in small
fractures or micropores smaller than 1 pm [26]. At the same time, it
might be possible that colloidal ettringite has formed in mortars with the
highest content of lime [27,50].

From the pore size distribution curves of the altered samples it is clear
that a strong reduction in the volume of pores of radius between 0.1 and
1 um has occurred, and that a new family of pores with radius comprised
between 3 and 50 um has been produced (Fig. IV.2.8b). This is because
the precipitation of mirabilite from the supersaturated solution, produced
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at room temperature by the dissolution of thenardite, creates a
crystallization pressure [15,51] high enough to break the original pores
and generate others with bigger radius.

As found by other authors [52,53], mortar porosity is higher after the
absorption of salt (Tab. IV.2.5).

3.3.2 WSs+SD

In this test, the absorption of sprayed salt solution by the samples’
surface led to a general increase in weight until the 16™ cycle in M9 and
up to the 22" for M6; after that, these two mortars lost weight strongly
whilst M3 continued to gain weight and M4 remained quite stable until the
end of the test (Fig. IV.2.1d).

After 30 cycles, the mortar samples did not show any fissures or
breaking and the only changes were in their superficial appearance (Fig.
1v.2.2d).

The salt absorbed by the surface precipitates in form of efflorescences
on the upper and side surfaces of samples and in some cases it is followed
by spalling (Tab. IV.2.4 and Fig. IV.2.5a). In the bigger face a loss of
cohesion between the mortar matrix and the sand grains occurs, leading
the sample surfaces to become much rougher and less compact (Tab.
IV.2.4 and Fig. IV.2.5b), especially after the 10 last cycles (Fig. IV.2.2d).
The biggest consequence of this deterioration was the loss of aggregate
grains and binder (i.e. sanding) from the external surfaces of the samples,
in @ more pronounced way in M9 and M6 samples, which were
characterised by notable weight loss (Fig. IV.2.1d). As both weight
variation (Fig. IV.2.1d) and sample appearance (Fig. IV.2.2d) indicate, the
degree of alteration is inversely proportional to the lime content of
mortars, being the highest in M9 and the lowest in M3 and M4. This type
of decay is related with the cohesion between mortar sand grains and
matrix, which is much poorer in M9, due to the high content of aggregate
in this mortar [49].

The total porosity of mortars after the salt deposition test is lower
compared to that of unaltered samples. PSD curves of mortars after
WS+SD are very similar to those obtained after the rain simulation
experiment (WS+R), showing the main peak centered at 0.5 pm and a
small peak centered at 4 um. This type of PSD curve suggests that the
original pores have been blocked by the precipitation of salts inside them.
The fact that no cracks or smaller fissures have been generated by salt
deposition, indicates that the salt intake from the mortars surface is lower
and that precipitation only occurs at superficial level.
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Figure IV.2.3 Images of the different deterioration forms appeared in
the mortars samples submitted to the WS+R test (weathering study and
rain simulation): Fissures and fragment loss in the bottom (a) and the
side (b) surfaces at the end of test; (c) spalling on the bigger surface,
developed only in M3 and M4 samples after 30 and 26 cycles,
respectively; (d) sanding on the bigger surface of samples at the end of
the test.
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Figure IV.2.4 Images of the different deterioration forms appeared in
the mortars samples submitted to the WS+SS test (weathering study and
salt resistance by capillary absorption): (a) Fissures developed after 4
cycles in samples M3, M4 and M9. (b) Efflorescences appeared after 6
cycles on the side surfaces of samples M3, M4 and M6, spalling also

appears on sample M9. (c) Fractures in form of cross developed in all
samples after 6 cycles.
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Figure 1V.2.5 Images of the different deterioration forms appeared in
the mortars samples submitted to the WS+SD test (weathering study and

salt resistance by surface deposition). (a) Efflorescences and spalling
observed on the side surfaces of the same samples, at the end of the test.
(b) Surface aspect of the different mortars samples at the end of the test.
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Figure 1IV.2.6 Soluble ions (sulphates, SO ; sodium, Na*; calcium,
Ca’*) concentration (in ppm) determined on M3, M4, M6 and M9 samples
before (normal mortars) and after the WS+SS (weathering study and salt
resistance by capillary absorption) and WS+SD (weathering study and salt
resistance by surface deposition) tests. Error bars represent the standard
deviation determined on three samples per mortar.
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3.3.3 Soluble ions

The soluble ions (Fig. IV.2.6) determined in mortar samples after the
WS+SS test shows that both the sulphate (Fig. IV.2.6a) and the sodium
(Fig. IV.2.6b) content is proportional to the lime content of the original
mortars (Ca®*, Fig. IV.2.6c). This indicates that the amount of salts is
higher in mortars with higher lime contents, for two main reasons: on the
one hand lime may react with sodium sulphate to form calcium sulphate,
so that a higher lime content would produce a higher gypsum content; on
the other hand, the porosity of mortars with high lime content is higher
and the capillary uptake is more favoured, with the consequence of larger
uptake of salts.

After the WS+SD test, a much lower content of sulphates has been
found in mortar samples (Fig. IV.2.6a) and this agrees with the smaller
decay they showed, compared to WS+SS. Nevertheless, a lower
correlation has been found between the lime content of the original
mortars and the sulphate and sodium content after the test. This is
because water uptake does not occur in this test, so that there cannot be
a correlation between mortar porosity and superficial decay.
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Figure IV.2.7 XRD pattern of mortars after the weathering study (WS).

CC: calcite; CH: portlandite; CACH: monocarboaluminate; CSH: calcium
silicate hydrate; CASH: calcium alumina silicate hydrate, Qtz: quartz.
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Figure IV.2.8 Pore size distribution curves of mortars samples before
(unaltered) and after the different weathering processes: WS (weathering
study); WS+R (weathering study and rain simulation); WS+SS
(weathering study and salt resistance by capillary absorption) and the
WS+SD (weathering study and salt resistance by surface deposition).
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3.3.4 Crystallization at microscopic scale

By means of ESEM, we carried out a dynamic study of the
crystallization process at microscopic scale. This allowed us to observe the
morphology and size of salt crystals formed at different conditions of
temperature and relative humidity. The only salt found in mortars at
anhydrous conditions (T=10°C and RH=20%) is thenardite (Fig. IV.2.9a
and inset), which appeared as fibrous agglomerates (Fig. IV.2.9b) with
high brightness. The hydration of this phase started at RH=72.5% when
the typical fibres of thenardite (Fig. IV.2.9b) started to expand (Fig.
IV.2.9¢) until forming the first mirabilite crystals. The inverse process
(dehydration, Figs. 1V.2.9d-f) started at RH=37.7% and achieved
equilibrium at RH=34.8%.

Mirabilite crystals precipitated on the surface have sizes between 20
and 50 ym. Even if limited by the size and the pore entrance [16], the
maximum crystallization pressure of this salt is still able to overcome the
physical constraint of the pore wall (defined by the tensile strength of the
material) [15], so that bigger pores of similar size to the mirabilite
crystals are generated (Fig. IV.2.8b). Moreover, the volume expansion
(314% [51]) of the hydrated sodium sulphate is responsible for the big
cracks obtained at the end of the WS+SS test in all samples (Tab. IV.2.4
and Fig. 1V.2.2).

By means of the ESEM it was possible to observe how the performance
of continuous hydration/dehydration cycles causes the loss of
compactness in the matrix (Fig. IV.2.10), with a consequent reduction of
the sample weight when the salt crystallizes near the surface (as found in
M9 after WS+SD, Fig. IV.2.5).
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Figure 1V.2.9 ESEM images of one of the mortars after the WS+SS test:

(a) aspect of the sample at anhydrous conditions (T=10°C and RH=20%).

The inset shows the EDX analysis of the salt, indicating that it is a sodium
sulphate (thenardite, Na>S0O,); (b) fibrous morphology of the surface of
thenardite crystals at anhydrous conditions,; (c) beginning of the hydration
and expansion of the thenardite crystals; (d) mirabilite (NaSO, - 10H-0)
crystals with size comprised between 20 and 50 um, formed at T=2 °C
and RH=58%, (e) beginning of the dehydration process in some mirabilite
crystals, at T=2 °C and RH=37.7%, (c) thenardite crystals formed at T=2
0C and RH=34.8%.
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Figure 1V.2.10 ESEM image of mirabilite crystals grown within the
mortar matrix, which has lost compactness and is progressively pushed by
the salt crystals.

4. Conclusions

This study has shown how differently mortars used to render historic
buildings behave according to the mechanism and the agent of attack. It
has been found that mortars are much more resistant to salt deposition
than to salt capillary uptake because the former only produces superficial
decay whilst the latter generates internal cracks.

It has been demonstrated that in mortars with higher contents of
binder water uptake is more favoured and drives harmful decay, in the
form of spalling, sanding and cracks. In particular, layer detachment can
cause a lack of adhesion between the mortar surface and the material
(brick, stone) in joints or on the surface. On the other hand, it has been
found that the use of high proportions of aggregate can worsen the mortar
cohesion, with the main consequence that the mortar suffers a larger
amount of superficial decay.

These findings demonstrate, on the one hand, how important is the
choice of a correct methodology to determine the durability of
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construction materials; on the other hand, how controversial is the
selection of a good mortar to be used as rendering materials. Both choices
must be made considering the decay produced by weathering cycles that
most reproduce the climate of the particular location of the historic
building as well as the final function of the material in the masonry
structure. For example, the salt deposition test (WS+SD) carried out in
this study aimed to investigate the superficial decay of mortars caused by
the deposition of a salt solution. In this sense, it accurately defines the
decay of rendering mortars, whose surface is constantly exposed to
external conditions, whilst the salt absorption test (WS+SS) is more
representative of the damage caused by capillary rise uptake in ancient
buildings where rain accumulation and high phreatic levels occur.

The question that arises is which binder-to-sand ratio is appropriate for
a render, whether the one that might give place to slow decay in terms of
water/salt solution absorption by capillarity or the one that might be more
resistant to the superficial attack of a salt solution.

In our opinion, the surface properties of a render should be preserved
as long as possible, especially when this render has an artistic, historic or
cultural value. We must not forget that a render is frequently not only the
sacrificial layer of a wall, but also the support of a stucco, a wall painting
or a similar decoration. In this sense, its aesthetic function has to be
preserved. For this reason, we would avoid the use of a mortar with high
aggregate proportions because, as seen here, its original superficial
appearance appears to become very damaged after weathering.

Among the mortars studied here, we consider that the one with 1:4
binder-to-sand proportion represents the halfway point between two bad
extremes. In fact, M4 is the most carbonated mortar and one of the two
mortars which presented the lowest superficial decay after salt deposition.

Regarding the methodology proposed in this study, it is fundamental to
point out that although the tests have been performed simulating the
climatic conditions of the city of Granada, they can certainly be taken as
good reference for other Mediterranean areas and those with milder
climate, since they cover a wide range of temperature and relative
humidity.

Further studies should concentrate on the application of the tests
performed in this work on other types of mortars, in order to consider the
importance of the variability of the materials (i.e., grain size of the
aggregate, proportions of metakaolin, other admixtures).
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Concluding Remarks

In this part of the thesis a deeper knowledge into the performances of
the mortars during hardening has been attained.

The assessment of the hydric properties has been crucial to understand
more in deep the susceptibility of these materials to the decay caused by
water. In particular, the study performed in chapter IV.1 has allowed to
select the most suitable binder-to-aggregate proportion in terms of hydric
behaviour, which is the 1:6 one.

At the same time, the measurement of the plastic shrinkage has
allowed to understand the factors that influence the volume reduction of
mortars due to water evaporation, which are not only related to the lime
and water contents. However, it should be born in mind that the plastic
shrinkage measured on laboratory samples cannot correspond exactly to
that occurring in mortars exposed to the environment. Moreover, the
suction capacity of the substrate, which affects strongly the formation of
fissures, is not considered in this type of measurement. Therefore, the
values of shrinkage determined by means of the non-standardized device
used should be merely regarded for comparative purposes.

A deep assessment of the factors affecting the durability of the four
mortars has been achieved in chapter IV.2. By means of this study, it was
also possible to select the most durable mortars among those designed in
this thesis, which seemed to be M4 and M6.
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Conclusions

4.1. General conclusions

The aim of this thesis has been to design ready-to-use rendering
mortars to be employed in both ancient and modern buildings. To this end
the research has tackled some of the most important aspects of the
design of repair mortars:

1) the selection of mortar components such as binders, aggregates and
additions that meet the requirements of compatibility and suitability;

2) the selection of the correct amounts of water and additions and
lime-to-aggregate ratios to design mortars with optimum
performances in both their fresh and hardened states;

3) the selection of suitable preparation, curing and testing methods to
be able to characterize mortars accurately and exhaustively.

The main results and concluding remarks of this research have already
been highlighted in the four sections of the previous chapter (c¢f. Results
and Discussion). The general conclusions that can be drawn from these
results are commented upon below.

4.1.1 Mortar components

Dolomitic lime mortars were more workable due to the higher water-
retention capacity of the nanoparticles of the dolomitic lime and its plastic
behaviour in suspension. Nevertheless, the use of a calcitic lime in
mortars cured under dry conditions led to a higher degree of carbonation
and better mechanical performances (c¢f. Section 4.1.3). These results
suggest that dry hydrated calcitic lime is to be recommended in mortars
that will be exposed to dry areas with low humidity. However, in practice,
the performances of dolomitic mortars can be improved by humidifying
the surface of the render and by keeping it wet.

The type of aggregate used influenced considerably the textural
properties of mortars and their behaviour during hardening. The use of a
siliceous aggregate produced brittle mortars due to a lower degree of
compactness and carbonation. A calcareous aggregate, on the other hand,
led to higher cohesion and mechanical strength. Furthermore, calcareous
aggregate favoured the carbonation of calcitic lime, due to the similar
composition of these two materials.

The use of white Portland cement in lime-based repair mortars resulted
in irreversible damage when they came into contact with water and on the
whole this study concludes that white Portland cement is a deleterious
material for ancient masonries and should never be used for repair
interventions in the same way that the classic grey one should be avoided.

The addition of metakaolin afforded a better approach to improving the
quality and durability of aerial lime-based mortars. The enhancement of
mechanical resistance and the effect on the pore system of the mortar,
however, were influenced to a greater or lesser degree depending upon
the amount of metakaolin used, and so it is important to control its
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content according to the final performance required (cf. Section 4.1.2).
The curing conditions also influenced the outcome of the use of
metakaolin (c¢f. Section 4.1.3).

The inclusion of admixtures enhanced the performance of lime-based
mortars considerably when fresh, especially by decreasing the water
dosage and mortar density. Admixtures, however, did not modify the
mineralogical and microstructural characteristics of mortars. In fact,
perlite did not show its expected feeble-hydraulic behaviour, possibly
because of the dry curing conditions to which the mortars were exposed
(cf. Section 4.1.3). Cellulose derivative and polycarboxylate improved the
water-retention capacity of the lime and particle dispersion respectively
and consequently the reactivity of the lime towards CO, also increased.

4.1.2 Mortar dosages

Large quantities of kneading water were necessary in mortars
composed only of lime and aggregate. This resulted in high shrinkage
during drying and considerable porosity during and after hardening.
Different attempts were made to reduce the water dosage, particularly by
adopting non-standardized methods and using specific admixtures. The
latter was definitely the best way of decreasing water content and porosity
(cf. Section 4.1.1), especially bearing in mind the small amount of total
admixtures used for this purpose (2% of the total weight). In some
specific situations, however, such as in summer period, the amount of
water-retaining agent should be slightly increased to better counteract
shrinkage.

Mortar properties showed different responses according to the amount
of metakaolin used. For rendering mortars, a proportion of 10% turned
out to be the most suitable since it gave rise to moderate changes in
mechanical strength and porosity.

The binder-to-aggregate ratio had great influence on the hydric and
mechanical behaviour of mortars: in general, those with a high lime
content (weight ratios of 1:3 and 1:4) showed a higher water uptake by
total absorption and capillarity and lower mechanical resistance, as was to
be expected. Nevertheless, the improvement in strength reached a limit,
after which any further increase in aggregate content resulted in a loss of
compactness and resistance (as with a weight ratio of 1:9, for example).
This inverted trend was caused by a lower cohesion at the interface
between the aggregate grains and the matrix. For the same reason,
higher hydraulic conductivity and permeability to water vapour, as well as
higher shrinkage, were measured in mortars with a higher aggregate
content (with mass ratios of 1:6 and 1:9). Furthermore, different
responses to weathering were registered according to the binder-to-
aggregate ratios. In view of these results, both the lowest and the highest
amounts of aggregate (corresponding to weight ratios of 1:3 and 1:6)
should be discarded for rendering purposes, since the former resulted in
higher than acceptable porosity and water absorption and the latter gave
rise to poor cohesion and significant surface decay. According to the
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specific requirements established for a render (c¢f. Section 1.2.2), the
mortar with a 1:6 binder-to-aggregate ratio performed the most
adequately:

- The water dosage used was one of the lowest (21.5 % of the total
weight), as was the open porosity (Po~31%) and water absorption
(Ca~7.95 g/min'’? and A~0.03 g/cm?min®/?). Permeability to water
vapour was similar in all the mortars with different ratios and in this
mortar it was only 0.4 lower than the highest one (K,~2.69 g/m?h).

- This mortar presented the highest mechanical resistances (R¢~1.86
MPa and R.~3.63 MPa) without being too strong for a rendering
repair mortar.

- It showed medium resistance to the damage caused by capillary salt
uptake and freeze-thaw cycles and only slight surface decay due to
salt deposition.

- Finally, the carbonation degree in this mortar was among the
highest when exposed to the environmental conditions settled upon
during the weathering study.

4.1.3 Preparation, curing and testing methods

All the standards for cement mortars were lacking when applied to
aerial lime-based mortars. One of the most controversial problems that
had to be addressed during the research for this thesis concerned the way
of choosing the correct water dosage for making the mortar. In particular,
the consistency values set out in the UNE EN1015-3:1999 standard turned
out to be unsuitable for the lime-based mortars designed, for which we
established a much narrower range of flowability of between about 120
and 150 mm.

The dry curing conditions selected in this thesis strongly influenced the
final quality of the mortar. Dolomitic lime mortars showed considerable
plastic shrinkage when cured under these conditions, with the
consequence that their final quality was irreversibly worsened. For the
same reason, metakaolin did not hydrate completely, although this proved
to benefit the mortars’ properties since it induced only a slight increase in
their mechanical strengths. Similarly, perlite did not show its potential
hydraulic character.

The ultrasound technique turned to be more useful for the
characterization of mortars than was expected. Ultrasound did in fact play
a part not only in measuring the dynamic-mechanical parameters of
mortars, but also provided an additional tool for characterizing the texture
of mortars during hardening; similar results were obtained by means of
commonly used destructive analytical techniques, such as X-ray
diffraction, electron microscopy and mercury intrusion porosimetry, and
non-destructive ultrasonic measurements. Furthermore, studying mortars
by means of ultrasound has been crucial to understand the importance of
the water dosage for the microstructure of lime mortars.

The design of new laboratory tests to investigate the durability of
rendering mortars contributed to a deeper understanding of the
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mechanisms of decay occurring in these types of mortar. Due to the
particular environmental conditions, weathering agents and sample sizes
allowed for, these methods can be taken as a reference to assess the
longevity of mortars intended for application in other areas with similar or
milder climates. Moreover, the results of this study may serve to facilitate
the choice of the correct amounts of aggregate according to the main role
of the mortar in the masonry structure.

4.2 Original contributions

This thesis represents a step forward in research into lime-based
mortars and at the same time contributes to the survival of our
architectural heritage by describing suitable new repair mortars. The
originality of this research lies in its attempt to provide a solution for both
the current lack of compatible and durable mortars, which are required to
avoid the damage caused to our architectural heritage by the frequent use
of unsuitable repair materials, and the high demand for ready-to-use
mortars due to low manufacturing costs and times and the ease of use of
mortars produced and marketed on an industrial scale. This thesis has
successfully tackled the difficult task of ensuring a beneficial combination
between restoration and industrial requirements and the results achieved
represent a crucial starting point for other similar research.

4.3 Future perspective works

The possibilities for further research are manifold: in particular, the
guidelines proposed in this research for the design of repair mortars
should be tested on a broader basis. For example:

- Moist curing conditions should be adopted in order to investigate
their influence on the final performance of mortars. Under these
conditions the degree of shrinkage of dolomitic lime mortars, the
outcome of the hydration and carbonation processes in lime-
metakaolin blended mortars and the hydraulic character of perlite
should be studied to corroborate the conclusions arrived at here.

- Natural hydraulic limes should also be taken into consideration in
the design of repair mortars, especially those that are to be applied
in high-moist areas.

- To improve the quality of mortars still further, more types of
admixtures should be tested, paying special attention to natural
organic and inorganic substances such as starch, Nopal juice and
mucilage, fibres and diatomaceous earth among others.

- Applying the testing methods to a wider variety of mortars would
lead to a deeper knowledge of their limits and, on this basis, new
standards specific for aerial lime-based mortars could be developed.
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The empirical equations obtained to assess mortar porosity and its
degree of carbonation should be corroborated by developing a

micro-mechanical model based on ultrasound data.
Finally, a long-term study /n situ of the rendering mortars designed in
this thesis would complete this research and add to our knowledge of the
quality and durability of the renders in question.
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Admixtures specifications
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A study of the behaviour of lime mortars
applied as rendering materials in the Vargas
Palace in Granada (Spain)
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Application of mortars and long-term natural ageing

The rendering mortars designed at the end of this thesis were applied in
the “Vargas Palace” (16" century, Granada). Six mortars panels were
applied. Four panels were prepared with the same mortar mix in both the
first and the second layer. The other two panels were prepared using a
higher content of aggregate in the first layer and a higher content of lime
in the second layer. The application was performed following the steps
indicated below and shown in Fig. 1:

a) the wall was brushed to eliminate the looser and weaker parts of the
surface and to leave it more compact and smoother (Fig. 1a);

b) then it was wetted with water to eliminate rests of mortars and powder
(Fig. 1b);

c) whilst the wall was drying, the dry mortar was mixed with water to
prepare a mortar mixture with a workable consistence (Fig. 1c);

d) the first layer of render was applied (Fig. 1d) and then spread with a
plastic trowel (Fig. 1e).

The use of a metal trowel was avoided since this material leaves the
surface of the render too smooth and it attracts the water towards the
exterior.

This first layer of the render had the only function of filling voids and
irregularities of the wall surface. For this reason, this layer did not have a
specific thickness.

e) The second layer, with a thickness of 0.5+0.2 cm, was applied with a
steel trowel (Fig. 1f). The surface was left smooth until it started drying;

f) finally, the surface was trowelled with a sponge trowel (Fig. 1g). This
operation had the function of taking the aggregate grains out (on the
surface) and thus, reducing the shrinkage in the surface. Moreover, by
trowelling, the surface becomes more porous and carbonation is favoured
within the mortar.

Characteristics of the mortars during mixing and application

M3 mortar showed high plasticity and workability. However, many
shrinkage fissures (in form of X) formed after only 15 minutes since the
application of the first rendering layer.

M4 and M6 were stickier and less workable than M3 but they presented
less shrinkage.

M9 was a workable mortar but it showed less adhesion, due to the least
lime content.

The mortars changes are followed by visual inspection and by studying the
textural and mineralogical characteristics of pieces of samples at different
intervals of time. The environmental conditions (T and RH) are controlled
by means of a data logger EL-USB-LCD-2 (Omni-Instruments).
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Figure 1 Steps of the application of the rendering mortars in the Vargas
Palace (Granada): brushing (a) and wetting (b) of the wall surface; mortar
mixing (c); application of the mortar (d); spreading of the first layer (e),;
application and spreading of the second layer (f); trowelling of the surface

(g9).
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