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Resumen

La resonancia magnética nuclear (RMN) es una técnica no destructiva que ha sido
utilizada con éxito para estudiar materiales basados en cemento. No obstante, el
alto costo, la portabilidad y la limitacion del tamafio de muestra son los principales
inconvenientes al momento de emplear sistemas convencionales de RMN con
magnetos superconductores. Esta investigacion presenta el uso de distintos
sensores de RMN de campo bajo para caracterizar de manera no destructiva
aspectos relacionados con la durabilidad del concreto hidraulico. Se utiliz6 un
arreglo unilateral de tres magnetos con una antena eliptica de superficie para
caracterizar la profundidad de carbonatacion en morteros de cemento Portland con
una relacién a/c = 0.60, saturados y no saturados. El punto de cruce entre el pefrfil
de T2y el perfil de intensidad de la sefal coincide con la profundidad de
carbonataciéon determinada con la prueba de la fenolftaleina. La profundidad a la
cual T2 empieza a ser relativamente constante es 1.44 veces la profundidad
obtenida con la prueba de la fenolftaleina. Un segundo estudio con el arreglo de tres
magnetos fue la obtencién de perfiles de distribucién de humedad durante absorcién
capilar en muestras de mortero y concreto. Los perfiles obtenidos fueron similares
a los obtenidos con la técnica de Imagenologia por Resonancia Magnética Single
Point Imaging (SPI) utilizando un sistema de campo bajo, donde la ventaja del
arreglo de tres magnetos, ademas de ser portable, es que no existen restricciones
en el tamafio de la muestra a analizar. Un tercer estudio fue el disefio y construccién
de antenas para detectar sefiales de RMN del 3°Cl y 2°Na. Para esto se utilizaron
dos magnetos circulares de un sistema comercial de imagenologia por RMN que
generan un campo magnético de 0.302 Teslas, asi como un arreglo Halbach de
magnetos que generaron un campo magnético de 1.028 Teslas. Se realizaron
mediciones de RMN en soluciones con diferente concentracion molar de NaCl y en
tres especimenes de pasta de cemento con relacion a/c = 0.55 saturadas con
soluciones de NaCl. Se obtuvo una relacion lineal (r> > 0.96) entre la intensidad de
la sefial de RMN para ambos nucleos en las soluciones de NaCl. Un ultimo estudio

se enfoc6 a investigar la relacion entre el tiempo de vida T2 de la sefial de RMN con
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el ancho de grietas artificiales, generadas con laminas de acero inoxidable, en
muestras de pasta de cemento con relacion a/c = 0.50. Los resultados mostraron
gue una de las componentes del tiempo de vida T2 y su correspondiente intensidad

presentan una relacion lineal con el ancho de grieta.
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Abstract

Nuclear magnetic resonance (NMR) is a non-destructive technique that has been
successfully used to study cement-based materials. However, high cost, portability,
and limited sample size are the main drawbacks when using conventional NMR
systems with superconducting magnets. This research presents the use of low-field
NMR sensors to non-destructively characterize aspects related to the durability of
hydraulic concrete. A unilateral three-magnet array with an elliptical surface antenna
was used to characterize the carbonation depth in saturated and unsaturated 0.60
wi/c ratio Portland cement mortars. The crossover point between the T2 profile and
the signal intensity profile coincides with the carbonation depth determined with the
phenolphthalein test. The depth at which T2 stars to behave relatively constant is
1.44 times the depth obtained with the phenolphthalein test. A second study with the
three-magnet array was to obtain moisture distribution profiles in mortar and
concrete samples. The profiles obtained were similar to those obtained with the
Single Point Imaging (SPI) MRI technique using a low-field system, where the
advantage of the three-magnet array, in addition to being portable, is that there are
no restrictions on the sample size. A third study was the design and construction of
antennas to detect 3°Cl and °Na NMR signals. Two circular magnets from a
commercial MRI system that generate a magnetic field of 0.302 Tesla were used, as
well as a Halbach magnet array that generated a magnetic field of 1.028 Tesla. NMR
measurements were undertaken in NaCl solutions with different molar
concentrations, and in three 0.55 w/c ratio cement paste specimens saturated with
NaCl solutions. For both nuclei, a linear relationship was obtained (r? > 0.96)
between the NMR signal intensity and the NaCl concentration. A last study focused
on investigating the relationship between the T: lifetime and the width of artificial
cracks, generated with stainless steel sheets, in 0.50 w/c ratio cement paste
samples. The results showed that the long T2 lifetime component and its

corresponding signal intensity had a linear relationship with the crack width.
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Capitulo 1. Introduccion general

En la actualidad el concreto se ha vuelto uno de los materiales mas utilizados en el
mundo para la construccién de diversas estructuras, gracias a que es un material
resistente al agua, permite dar una gran variedad de formas y tamafios a las
estructuras y es un material relativamente de bajo costo (Mehta & Monteiro, 2006).
Desafortunadamente, la vida util de las estructuras de concreto reforzado se ve
reducida por distintas causas de deterioro dependiendo de las condiciones

ambientales en las que se encuentran expuestas.

El agua estd presente en diversos mecanismos de deterioro del concreto, tales
como el agrietamiento por contracciéon durante secado, el ingreso de agentes
agresivos como iones cloruro, CO2 y sulfatos. Por ejemplo, los iones cloruro al
ingresar a través de procesos de absorcion capilar y difusiébn causan deterioro por
corrosion cuando una cierta concentracion de cloruros se presenta en la superficie
del acero de refuerzo y despasiva la capa protectora del mismo. Por otra parte, el
CO2 es un agente que causa la carbonatacion del concreto que penetra a través de
los poros y microgrietas del recubrimiento del concreto. Durante la carbonatacion,
el hidroxido de calcio, de naturaleza alcalina, contenido en la pasta de cemento
hidratada reacciona con el diéxido de carbono disuelto en la solucién de poro,
formando carbonato de calcio y agua. Este proceso gradual de carbonatacion
reduce el pH de la solucién de poro de valores tipicos de 12 — 13 a valores de 9 o
menos (Kim et al.,, 2014; Sideris & Savva, 2005). Cuando el proceso de
carbonatacién alcanza el nivel del acero de refuerzo, la capa pasiva que protege el

acero se destruye y se inicia la corrosién de este.

Los métodos estandar que se utilizan para determinar la condicion de humedad, la
profundidad de penetracion de iones cloruros y la carbonatacién en el concreto
reforzado, por lo general son destructivos y proveen informacion de utilidad limitada.
El método colorimétrico se utiliza ampliamente para determinar la profundidad de

penetracion de iones cloruro y la profundidad de carbonatacién por medio de
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soluciones de nitrato de plata en el caso de cloruros (Baroghel-Bouny, Belin,
Maultzsch, & Henry, 2007) y fenolftaleina en el caso de carbonatacion (RILEM
Recommendations CPC-18, 1988). El método consiste en fracturar el espécimen y
rociar el nitrato de plata o la fenolftaleina. En el caso de cloruros, la parte de la
superficie recién fracturada del espécimen de color blanquecino indica la presencia
de cloruros y mientras que la otra parte en color marron indica la zona libre de
cloruros. En el caso de carbonatacion, la fenolftaleina (indicador de pH) puede
sefalar el &rea carbonatada que permanece incolora, mientras que adquiere un
color rosado en la zona no carbonatada. Otra técnica comunmente utilizada para
determinar la profundidad de penetracion de cloruro es por medio de muestras de
polvo de concreto que se extraen a distintas profundidades y por titulacion quimica
se determina la concentracion de cloruros. A partir del perfil de concentracion de
cloruros se estima el coeficiente de difusion de cloruros (NT Build 443, 1995). Sin
embargo, esta técnica también es destructiva y requiere de tiempo considerable

para llevarse a cabo.

Otro de los factores que afectan la durabilidad del concreto es el agrietamiento, ya
gue aumenta significativamente su permeabilidad y lo vuelven vulnerable al ingreso
de los agentes agresivos (Aldea, Shah, & Karr, 1999). La observacion de las grietas
se hace mediante microscopios y tarjetas de plastico transparentes que permiten
medir el ancho de la grieta hasta 25 um. También se ha utilizado el procesamiento
de imagenes de alta resolucion donde se puede detectar grietas de hasta 250 um
de ancho (Zhang, Zhang, Qi, & Liu, 2014), por lo que no puede aplicarse para la
deteccion de grietas mas estrechas que son de interés desde el punto de vista de

la durabilidad del concreto.

La Resonancia Magnética Nuclear (RMN) es una técnica no destructiva que ha sido
utilizada con éxito para estudiar hidratacion de materiales base cemento (Apih et
al., 2001), determinar perfiles de penetracion de cloruros mediante sistemas de
imagenologia por RMN de campo alto (Cano et al, 2002), caracterizar la condicion

de humedad, el refinamiento de la porosidad y la resistencia a la compresion de
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materiales basados en cemento (Diaz-Diaz et al,2013). El inconveniente de esta
técnica cuando se utilizan sistemas convencionales de magnetos
superconductores, es que son de alto costo de adquisicion y de mantenimiento
debido al uso de criogénicos como helio y nitrégeno liquidos para mantener una
baja temperatura. No obstante, actualmente existen sistemas comerciales de RMN
portables con arreglos de magnetos unilaterales como el MOLE (Manz et al, 2006),
el MOUSE (Blumich et al., 1998), arreglos de tres magnetos (Marble et al, 2007),
los cuales permiten realizar mediciones superficiales y hasta una profundidad de 2.5

cm. Sin embargo, los costos siguen siendo relativamente altos.

El presente trabajo tiene por objetivo el uso de la técnica de Resonancia Magnética
Nuclear empleando arreglos de magnetos con antenas de radiofrecuencia
disefiadas y construidas para la caracterizacion, de manera no destructiva, de
procesos que afectan la durabilidad del recubrimiento del concreto tales como la
carbonatacion, la distribucién de humedad durante absorcion capilar, la penetracion
de iones cloruros y el agrietamiento, como una alternativa a las técnicas destructivas
tradicionales. Por lo tanto, este trabajo esta compuesto por seis capitulos

organizado de la siguiente manera:

Capitulo 1. Introduccién general.

Capitulo 2. Marco tedrico. En este capitulo se aborda el marco teorico referente

a la técnica de Resonancia Magnética Nuclear.

Capitulo 3. Unilateral low-field magnetic resonance measurements of
carbonation depth in unsaturated and saturated Portland cement mortars. Este
capitulo aborda el disefio, construccion y caracterizacién de antenas de RMN para
un arreglo unilateral de tres magnetos (Marble et al., 2007) para determinar la
profundidad de carbonatacion en pastas y morteros de cemento Portland en estado
saturado e insaturado. El haber podido determinar el frente de carbonatacion en el
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mortero en estado insaturado significa que esta técnica tiene el potencial de

monitorizar el frente de carbonatacion en funcion del tiempo.

Capitulo 4. Moisture distribution profiles during water absorption of mortars
obtained nondestructively by low-field unilateral magnetic resonance. Este
capitulo trata sobre la obtencion de perfiles de humedad en morteros expuestos a
absorcion capilar por medio de la técnica CPMG de RMN utilizando el arreglo
unilateral de tres magnetos y una antena eliptica, comparando estos perfiles con los
obtenidos con la técnica Single Point Imaging de imagenologia por RMN.

Capitulo 5. Detecciéon de 3°Cl y 2°Na en soluciones de NaCl y en pastas de
cemento saturadas con NaCl. Este capitulo aborda el disefio, construccion y
caracterizacion de antenas de RMN para la deteccion de 2°Cl y 22Na, utilizadas con
los magnetos de un sistema comercial de imagenologia por RMN y un arreglo
Halbach de magnetos. Se detectaron sefiales de RMN en soluciones de cloruro de

sodio (NaCl) y en pastas de cemento saturados con soluciones de NaCl.

Capitulo 6. Crack width estimation in cement paste and mortar by low field
magnetic resonance. Este capitulo trata sobre la relacidon existente entre el ancho
de grietas artificiales en pastas de cemento y morteros, con el tiempo de vida T2 de
la sefial de RMN.
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Capitulo 2. Marco tedrico

2.1 Fisica de la resonancia magnética nuclear

La resonancia magnética nuclear (RMN) se puede definir como una técnica que
permite caracterizar propiedades de la materia a nivel molecular, la cual se basa en
la absorcién y emisién de radiacion electromagnética de los nucleos de ciertos
atomos, cuando estos son expuestos a un campo magneético intenso y excitados por
pulsos de radiofrecuencia con caracteristicas especificas (Blumich, Sabina, & Zia,
2014; Fukushima & B.W. Roeder, 1981; Macomber & Harbison, 1997). Los
experimentos de RMN solo pueden funcionar con los nucleos de algunos atomos

que cumplen con una propiedad cuantica llamada momento angular de giro o spin.

2.1.1 Momento angular o spin

Para entender mejor el momento angular nuclear es importante analizar el momento
angular del electrén. El electron, al igual que el foton, cumple con la propiedad dual
onda-particula. En el &omo una onda de electron esta caracterizada por cuatro

nameros cuanticos: n niveles de energia, | subniveles de energia, m; namero
L. . 1 1
magnético y mg spin, el cual puede tomar dos valores +50 -3 (Macomber &

Harbison, 1997). En un &tomo dos electrones no pueden tener los mismos nimeros
cuanticos de acuerdo con el principio de exclusién de Pauli (Brown, Cheng, Haacke,
Thompson, & Venkatesan, 2014). Por lo tanto, un orbital solo puede contener como
méaximo dos electrones, los cuales deben tener diferente nimero cuéntico spin; en
otros términos, dos electrones compartiendo el mismo orbital siempre se encuentran
en estado bajo de energia, lo que significa que tienen momento angular opuesto
también llamado apareamiento de electrones (Fig. 2.1). Dado que el electron tiene

carga, este movimiento de spin produce un momento magnético (u).
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Figura 2.1 Apareamiento de electrones, debido a la direccidon opuesto de spin el momento angular
resultante es cero.

El nucleo del atomo esta constituido por protones y neutrones, también conocido
como nucleones, estos al igual que el electréon poseen un momento angular y
también existe apareamiento entre ellos (proton-proton y neutrén-neutron). Por lo

tanto, el spin nuclear I es resultado de la suma del momento angular de los
T 1 . .
nucleones no apareados y toma valores de cero y multiplos de > de aqui se tiene

que Unicamente los &tomos con I # 0 son visibles para la RMN. Esto ocurre cuando
el numero de masa es impar y/o cuando el nimero de masa es par pero el nimero
atomico es impar. Siguiendo la analogia del electron, en el nacleo del atomo de igual
forma se produce un momento angular magnético u cuando éste posee un valor de

spin diferente de cero.

2.1.2 Estados de energia y precesion nuclear

A causa del movimiento térmico la orientacion de p es aleatorio en ausencia de
algiin campo magnético estatico externo (Fig. 2.2a), es decir, para la materia a nivel
macroscopico, en equilibrio térmico, no existe una magnetizacion neta (Brown et al.,
2014). Por otra parte, al ser sometidos a un campo magnético constante e intenso
(Bo) se alinean con este (Figura 2.2 b), algo parecido a lo que ocurre con las brujulas

y el campo magnético terrestre.
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Figura 2.2 Orientacidn del spin de protones, a) sin influencia de campo magnético externo By, b) bajo
influencia de un campo magnético externo Bo.

Sin embargo, no todos se alinean en la misma direccion; algunos lo hacen en
direccion del campo magnético Bo (estado de baja energia N T) y otros en contra
(estado de alta energia N ) cancelandose mutuamente. Pero hay un pequefio
exceso en el estado de baja energia tal que el vector de magnetizacion neta es en
direccion de Bo y a mayor intensidad del campo externo mayor sera la diferencia de
niveles y por lo tanto mayor el nimero de espines en exceso en direccion del campo
(Figura 2.3). La diferencia de energia entre los niveles se calcula de AE = yhB,
donde y es la relacién giromagnética (relacion del momento magnético entre el
momento angular del nlcleo) y # es la constante de Planck reducida. La diferencia
de poblacién entre los dos posibles estados sigue la distribuciéon de Boltzmann (Ec.
2.1), donde k es la constante de Boltzmann y T es la temperatura en grados Kelvin
(Blimich et al., 2014).

1 millon
—_
/
. ’ ,
1 millon 7
1 millén ~
-~ -
~ ._.DOCTORAD AE
S Lmillén + 64
\
\
B, Y1 millén +128

—3 0T 235T 94T 188 T

Figura 2.3 Distribucién de 2 millones de protones a diferente intensidad de campo Bg a 23 °C.
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— = e kT (2.1)

El hecho de que el nacleo tenga un momento angular hace que no pueda alinearse
de manera perfecta con el campo magnético Bo, en cambio provoca que se
comience un movimiento de precesion tomando como eje la direccidén del campo Bo
(Brown et al., 2014) similar al movimiento de un trompo cuando empieza a
tambalearse por la influencia del campo gravitatorio de la tierra (Figura 2.4). La
frecuencia de precesion es directamente proporcional a la intensidad del campo

magnético externo de acuerdo con la ecuacion de Larmor (Ec. 2.2).

w =7Y.B, (2.2)

donde
o es la frecuencia de Larmor (MHz),
v es la relacion giromagnética (MHz/Tesla), y

Bo es el campo magnético estatico (Tesla)

Precesion

Gravedad

Figura 2.4 Movimiento de precesion de a) un trompo con momento angular bajo la influencia de la
gravedad terrestre y b) un ndcleo con spin | y momento magnético u dentro de un campo magnético
Bo constante.
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2.1.3 Excitacion de los espines

Los protones pueden absorber energia si se les aplican pulsos de radiofrecuencia
(RF) a una frecuencia igual a la frecuencia de Larmor. Lo que sucede a nivel
cuantico es que un solo proton pasa del estado de baja energia a un estado de alta
energia. A nivel macroscopico un observador ubicado en un marco de referencia
estacionario puede observar un vector de magnetizacion Mo rotando en el plano XY
y formando un espiral (Figura 2.5a). En cambio, si el observador esta situado en un
marco de referencia rotatorio lo que puede ver es un vector de magnetizacion
inclinarse suavemente hacia el plano XY (Figura 2.5b) con un angulo o de

inclinacién que esta en funcion de la intensidad y la duracion del pulso de RF.

a)

p—— -

M/\nn

v

/
1
\
\
<v

Figura 2.5 Absorcion de la energia de RF a) Vector de magnetizacidn visto desde un marco de
referencia estacionario b) Vector de magnetizacién visto desde un sistema de referencia rotatorio.

Una vez que la transmision del pulso de RF es interrumpida, la energia absorbida
por los protones es retransmitida a la frecuencia o, el vector Mo regresa a su
orientacion inicial y los vectores de magnetizacion de los protones que habian

entrado en fase comienzan a desfasarse.
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Un vector de magnetizacion Mz que ha sido inclinado desde el eje Z continGa su
movimiento de precesion alrededor de Bo una vez que se ha interrumpido el pulso
de RF. Puesto que es un campo magnético rotatorio es capaz de generar ondas de
RF a una frecuencia o que es captada por una antena sintonizada obteniéndose de

esta forma la sefal de RMN.

2.1.4 Tiempo de relajacion spin-lattice (T1)

T1 es el tiempo que transcurre mientras el sistema regresa a su equilibrio térmico, o
M: tiende a Mo, la cual es descrita por una funcion de crecimiento exponencial
(Figura 2.6). El vector de magnetizacion longitudinal recupera el 63.2% de su valor
de equilibrio en el tiempo t= T1 después del pulso de excitacién. Este tipo de
relajacion sucede por la interaccion de los nucleos y el medio circundante donde

intervienen factores como ndcleos no excitados y campos eléctricos.

v

Fig. 2.6 Tiempo de relajacion T;.

La medicién de Ti1 se realiza usualmente con una secuencia de pulsos conocida
como Inversién Recuperacion (IR), la cual inicia con un pulso de 180° seguido de
un pulso de 90°. El pulso de 180° invierte la magnetizacion longitudinal del eje +Z al
eje -Z y después de un intervalo de tiempo t se aplica el pulso de 90° que traslada

la magnetizacion longitudinal al eje transversal para poder ser detectada. Una
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variacion de t permite monitorear la magnitud de la magnetizacion longitudinal en

funcién de t durante el proceso de recuperacion al equilibrio térmico (Figura 2.7).

T p\p~—
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Figura 2.7 Secuencia inversion recuperacion (IR) utilizada para la determinacion del tiempo de
relajacién Ti.

2.1.5 Interaccion spin-spin y tiempo de relajacion T2

La velocidad de precesion de un proton depende de la intensidad de campo
magnético que experimenta, la cual puede variar ligeramente a causa de la
interaccién Spin-Spin. Esto se debe a que el campo magnético de cada proton
interactia con el campo magnético del protdn vecino de tal manera que cuando
ambos giran en la misma direccion hay una adicién del campo magnético vy, por el
contrario, si tienen direcciones de giro opuestas hay una sustraccién (Figura 2.8).
Estas pequeias variaciones provocan desfasamientos de los vectores de
magnetizacion que precesan a diferentes velocidades pero que regresan

rapidamente a la frecuencia original debido a que los protones se encuentran en
constante movimiento.

IPN
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b)

Figura 2.8 Interaccidon spin-spin a) adicion de campo magnético y b) sustraccion de campo
magnético.

El valor de T2 es el tiempo que transcurre después del pulso de excitaciéon en que
la componente transversal de la magnetizacion se reduce a 36.8% de su valor
original. El decaimiento de la sefial estd descrito por una curva de decaimiento

exponencial (Figura 2.9).

XY

36.8% |- ——

Figura 2.9 Tiempo de relajacion Ts.

La técnica ampliamente utilizada para medir el tiempo de relajacion spin-spin T2 es
la Carr-Purcell-Meiboom-Gill (CPMG) (Meiboom & Gill, 1958). Consiste en una

secuencia de pulsos que inicia con un pulso de 90° seguido por una serie de pulsos
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de 180°. Los dos primeros pulsos estan separados por un periodo de tiempo T,
mientras que los pulsos restantes son separados por 2t. Los ecos ocurren a la mitad
del tiempo entre pulsos de 180° en 2t, 41, . .. 2tXxn, donde n es el niumero de eco.

TE significa el espacio entre eco y es igual a 2t (Figura 2.10).

RF Pulses |||||“

e

«  TE— »

Figura 2.10 Secuencia CPMG utilizada para la determinacién del tiempo de relajacién T,.

2.2 Mecanismos de relajacion de fluidos en medios porosos

Existen tres mecanismos de relajaciéon de un fluido dentro de los poros de un
material poroso, como en el caso de las rocas o el concreto: procesos de relajacion
global, proceso de relajacion por superficie y proceso de relajacion por difusion en
presencia de gradientes de campo magnético (Coates, Xiao, & Prammer, 1999). El
tiempo de relajacion transversal T2 es afectado por los tres mecanismos (Ec.2.3)
mientras que al tiempo de relajaciébn T1 solo es afectado por el mecanismo de

relajacion de fluido libre y el mecanismo de relajacion por superficie (Ec.2.4).

e T (2.3)

T,  Taglobal T2superficie T2difusién

T —pp— (2.4)

T T, global T, superficie
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2.2.1 Mecanismo de relajacion de fluido libre

Es la propiedad de relajacion intrinseca de un fluido, el cual es controlada por las
propiedades fisicas del fluido, tales como viscosidad y composicion quimica. Al estar
el liquido en un recipiente grande se elimina la relajacion de superficie y al ser
sometido a un campo homogéneo se elimina la relajacion por difusién. Otras
condiciones ambientales tales como la temperatura y la presion también afectan a
la relajacion global de un fluido (Coates et al., 1999). El tiempo de relajacion global

para el agua esta determinado por la ecuacion 25 y 2.6 para T1 y T2

respectivamente.
T
Tlglobal =3 (ﬁ) (2-5)
TZglobal = Tlglobal (2-6)
donde

Tk es la temperatura (°K)

n es la viscosidad (cp)

2.2.2 Mecanismo de relajacion por superficie

La relajacion por superficie se produce en la interfaz solido-liquido, el cual es el
factor dominante para los tiempos de relajacion en lo que se conoce como régimen
de difusién rapida(Coates et al., 1999). Este término viene dado para T1y T2 por las

ecuaciones 2.7 y 2.8, respectivamente.

1 S
- = 2 2.7
T, superficie ,DZ (V)poro ( )
1 S
S 2 2.8
Ty surperficie pl (V)poro ( )
IPN CIIDIR-OAXACA
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donde
p, es la relaxividad T2 de la superficie (fuerza relajante T2 de las superficies de los
poros)
p; €s la relaxividad T1 de la superficie (fuerza relajante T1 de las superficies de los

poros)

S .z .. .
(;) es la relacion entre la superficie y el volumen del sistema poroso que
poro

contiene al fluido

2.2.3 Relajacion por difusion

Este proceso de relajacion ocurre cuando el fluido se encuentra en un gradiente
significativo de campo magnético y se somete a una secuencia CPMG con
espaciamiento de tiempo inter-eco. EI movimiento de la molécula de una region a
otra donde la intensidad de campo magnético es diferente, y por consiguiente en el
que la tasa de precesion es diferente, provoca desfase adicional aumentando asi la
tasa de relajacion 1/T2 (Coates et al., 1999). Por otra parte, la difusiébn no tiene
influencia en la velocidad de relajacion T1 (1/T1). La velocidad de relajacion inducida

por difusion (1/Tzdiusien) S€ calcula con la ecuacion 2.9.

1 __ D(yGTE)?
T2 difusion 12

(2.9)

donde

D es el coeficiente de difusiébn molecular

y es la relacién giromagnética de un proton
G es el gradiente de intensidad de campo

TE es el espaciamiento inter-eco utilizado en la secuencia CPMG

Este proceso de relajacion al igual que la relajacion global, es afectado por las

propiedades fisicas del fluido como la viscosidad, la composicion molecular y la
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temperatura. En caso del agua, el coeficiente de difusion (Dw) viene dado por la

Ecuacion 2.10.

Tk

D, =1.2 (29877

)xlO‘scmz/s (2.10)

Donde Tk es la temperatura en grados Kelvin

2.2.4 Naturaleza multi-exponencial del decaimiento de la sefial y su relacién con
la distribucion de tamaiio de poro

En un material poroso por lo general existe una distribucion de tamafio de poro, de
tal manera que la sefial de decaimiento de la magnetizacion transversal obtenido
con una secuencia CPMG no estd compuesta por un solo valor de T2 sino por una
distribucion de T2 (Coates et al., 1999). Esto se puede describir con la Ecuacion
2.11.

t

M(E) = X My(0)e™= 2.11)

donde

M (t) es la magnetizacion en funcion del tiempo t

Mi (0) es la magnetizacion inicial de la i-€sima componente de relajacion

T2i es la constante de decaimiento de la i-ésima componente de la relajacion

transversal.

Como se menciono anteriormente, la relajacion de superficie es predominante en el
régimen de difusion rapida donde el tiempo inter-eco utilizado es corto. Bajo esta
condicion, T2 es directamente proporcional al tamafio de poro (Coates et al., 1999).

Por lo tanto, asumiendo que todos los poros tienen la misma forma, para

. . ~ 2 o)
poblaciones de poros grandes el decaimiento de la sefial seréa lento (la relacion ~€s
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baja) en cambio para poblaciones de poros pequefios el decaimiento de la sefial

e P s - o)
sera mas rapido (la relacion - es alta).

La naturaleza del decaimiento multi-exponencial de un material poroso donde
existen diferentes tamafios de poro conteniendo un solo tipo de fluido se puede
comprender mejor analizando la Figura 2.11. En la parte superior izquierda de esta
figura se tiene un poro 100% saturado con agua, el cual tiene valor Unico T2 (centro
superior) que depende del tamafio del poro, y por lo tanto su tren CPMG exhibe un
decaimiento exponencial simple (superior derecha) que también depende del
tamafio de poro. En la parte inferior izquierda se observan poros de diferente
tamafio 100% saturados con agua, con lo cual se tiene multiples valores de T2
(centro inferior), por lo que su tren CPMG exhibe un decaimiento multi-exponencial

(inferior a la derecha), que también depende de los tamafios de poro.

S ......... ﬁ—’ ........ _________ E—u; .
Qo by

Figura 2.11 Naturaleza de decaimiento multi-exponencial de un medio poroso que contiene un solo
tipo de fluido y poros de diferentes tamafos (Coates et al., 1999).
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Dado que el valor T2 de un poro es proporcional a la relacién superficie / volumen
del sistema poroso, la distribucion T2 observada representa la distribucion del
tamafo de poro en un material. Para determinar la distribucion de T2 que produce
una sefial de decaimiento de la magnetizacion transversal es necesario realizar un
ajuste o mapeo. Este proceso es una inversion matematica basada en la
transformada inversa de Laplace (ILT) (Borgia, Brown, & Fantazzini, 1998). Un
ejemplo se muestra en la Figura 2.12 donde se compara la distribucion de T2 de una
roca, saturada con solucion salina, con la distribucion de tamafio de poro obtenida
con la técnica de intrusion de mercurio. Como se observa existe una notable

correlacion de la distribucion de T2 con la distribucion de tamafio de poro.

P, is found at Max C.
Pore Size NMR TQA
Distribution  Distribution
\ E :
= E
g E=
E :
g— <
<
1
//\/
102 10" 100 10! 102 103 104 102 101 100 107 102 100 10*
Radio (r), Micrones-T, (ms) 1,000r/2p, 6 tiempos de relajacién T (ms)

Figura 2.12 Comparacion de la distribucion de T, con la distribucion de tamafo de poro determinada
con la técnica de intrusidon de mercurio (Coates et al., 1999).
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Capitulo 3. Unilateral low-field magnetic resonance
measurements of carbonation depth in unsaturated and
saturated Portland cement mortars

Abstract

Unilateral Nuclear Magnetic Resonance is used to characterize the carbonation
depth in 0.60 w/c ratio unsaturated/saturated Portland cement mortars. A three-
magnet array combined with a surface elliptical coil was utilized to obtain the Nuclear
Magnetic Resonance signal at different positions along mortar samples. The T2
lifetime and signal intensity behaviors in the carbonated and non-carbonated zones
were analyzed. Scanning Electron Microscopy images were used to identify the
macro-porosity and micro-cracking in the samples. Results confirmed that the
crossover point between profiles of T2 lifetime and signal intensity agree with the
carbonation depth obtained by the phenolphthalein test. The carbonation depth at
the position where the T2 lifetime begins to behave nearly constant is about 1.44
times the depth indicated by the phenolphthalein test. The spatial resolution was
improved four times in comparison with previous research. Scanning Electron
Microscopy images analysis confirmed a significant decrease in local porosity and

crack area in the carbonated zone.

Keywords: carbonation depth, unilateral NMR, mortar, T lifetime, signal intensity, pore size

distribution
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3.1. Introduction

Carbonation is one of the major causes of steel corrosion in reinforced concrete
structures (Zhou, Gencturk, Willam, & Attar, 2015). The COz penetrating through the
concrete cover dissolves in the pore solution and the carbonic acid formed reacts
with the hydrated cement. From the hydrated products, calcium hydroxide reacts
with the carbonic acid producing calcium carbonate and water. This carbonation
process reduces the pH of the pore solution from typical values of 12-13 to less than
9 (Mehta & Monteiro, 2006). Also, carbonation produces changes in the porosity and
pore size distribution of the hydrated cement paste (Bier, Kropp, & Hilsdorf, 1989;
Pihlajavaara, 1968). Regarding the carbonation of C-S-H, a silica gel with a coarse
pore structure is produced (Bier et al., 1989). When the carbonation depth reaches
the level of the reinforcing steel, the passive layer that protects the steel is destroyed

and corrosion may start.

There are several destructive and non-destructive techniques to determine the
carbonation depth in concrete. One of the destructive techniques consists of
spraying a 1 % phenolphthalein solution on a freshly broken concrete surface.
However, this technique underestimates the carbonation depth by about 50 %
(Chang & Chen, 2006; Pacheco Torgal, Miraldo, Labrincha, & De Brito, 2012) in
comparison with the depth obtained by other destructive techniques such as Thermo
Gravimetric Analysis (TGA), X-Ray Diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR), used on powder samples obtained at different depths of the
sample. These techniques allowed identification of three zones related to
carbonation: carbonated, transition or partially carbonated and non-carbonated
(Chang & Chen, 2006). Since all of these techniques are destructive, it is necessary
to explore the use of non-destructive techniques to determine the depth of

carbonation in cement-based materials.

Nuclear Magnetic Resonance (NMR) is a non-destructive technique that has been
used to study Portland cement hydration (Miljkovic et al., 1988), moisture transport
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in heated concrete (van der Heijden, van Bijnen, Pel, & Huinink, 2007), chloride and
sodium ions penetration profiles (Cano, Bremner, Mcgregor, & Balcom, 2002),
moisture content profiles during drying (Cano-Barrita, Balcom, Bremner, MacMillan,
& Langley, 2004) and during water absorption (Enjilela, Cano-Barrita, Komar, Boyd,
& Balcom, 2018), as well as refinement of porosity and compressive strength
development (Diaz-Diaz, Cano-Barrita, Balcom, Solis-Najera, & Rodriguez, 2013).
The carbonation depth has been successfully identified using unilateral magnetic
resonance, by measuring NMR T2 lifetime and signal intensity variations along
vacuum saturated Portland cement paste samples subjected to accelerated
carbonation (Cano-Barrita, Balcom, & Castellanos, 2017). It was found that there is
an increase in the long T2 lifetime component and also a decrease in the signal
intensity in the carbonated zone compared with the non-carbonated one. The
position with the highest rate of these changes agreed with the carbonation depth
determined by the phenolphthalein test. Given the characteristics of the surface
circular radio frequency (RF) coil used, the measurements were undertaken by
moving the sample in steps of 1 cm, which was a limitation when the carbonation

depth was less than 1 cm.

Evaluation of the carbonation depth in unsaturated samples is desirable, as it would
allow time-based carbonation studies on the same sample. However, unsaturated
Portland cement mortars are challenging to evaluate due to a low NMR signal
intensity, since the main source of the NMR signal in the mortar is the evaporable
water from cement paste. A better spatial resolution than the previous study (Cano-
Barrita et al., 2017) will permit the measurement of samples with low permeability or
samples with high permeability but short exposure times that may have carbonation
depths of only a few millimeters. For instance, the carbonation depth in concrete with
w/c = 0.60 is 15 mm after 15 years, whereas for concrete with w/c < 0.45, the same

carbonation depth will take 100 years to occur (Pacheco Torgal et al., 2012).

The present research aimed to improve application of the unilateral NMR
measurements to detect the carbonation depth in unsaturated and saturated
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Portland cement mortars, by using a three-magnet array with an elliptical surface RF
coil, validating the NMR carbonation depth results with the phenolphthalein test and
the carbonation depth reported in the literature using other destructive techniques,
and relating the NMR T2 lifetimes with the microstructure observed in Scanning
Electron Microscopy images (SEM).

3.2. Materials and method

3.2.1 Materials

Ordinary Portland cement (OPC) and class F fly ash (FA) with a chemical
composition given in Table A.1 in the Appendix, were used. Silica sand with a
fineness modulus of 2.79, density of 2.62, and absorption of 0.26 % was used as
fine aggregate. Two mortar mixtures at 0.60 w/c ratio by weight were prepared with
a cement to sand ratio by weight = 0.50. One mortar was prepared with 100 % OPC
and another had 80 % OPC + 20 % FA. The pozzolanic reaction of FA reduces the
availability of calcium hydroxide, and carbonation may also attack the C-S-H
(Johannesson & Utgenannt, 2001). To ensure a useful NMR signal that comes from
the pore water in the hydrated cement paste, these mortars were prepared with a
higher cement paste volume per 1 m3 (0.54 m3) than those mortars (about 0.43 m3)
recommended by standards such as ISO 679:2009 or ASTM C109 (ASTM C109M-
16a, 2016) for compressive and flexural strength testing. The Portland cement, silica
sand, and water were mixed according to the standard ASTM C305 (ASTM C305,
2014).

3.2.2 Sample preparation and accelerated carbonation

Cylindrical molds measuring 4.2 cm in diameter and 5 cm in length were used to
cast mortar samples in triplicate for each mixture. After 24 hours, the mortar samples
were removed from the molds and moist cured in saturated limewater for 60 days at

23 °C. The curing time was chosen to allow for the pozzolanic reaction of FA to
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progress. After curing, the samples were conditioned at 65 % relative humidity and

35 °C until constant mass.

Once the mortar samples reached constant mass conditions under 65 % RH and 35
°C, the sample’s surface was coated with an epoxy resin, except for one circular
face. When the resin hardened, the samples were exposed to a 4 % by volume CO:
environment at 65 % relative humidity and 35 °C for six months. An OPC + 20 % FA
mortar sample was left in the carbonation chamber for about two years. The
carbonation conditions were selected to be consistent with previous research (Cano-
Barrita et al., 2017). Control samples were kept sealed in polyethylene bags at 35

°C (without exposition to COy).

3.2.3 Three-magnet array and RF coil

A unilateral three-magnet array (Garcia-Naranjo, 2012) that generates a relatively
homogeneous magnetic field of 109 mT in a volume displaced 0.9 cm from the top
of the magnets, was used (Figure A.1). This volume corresponds to an idealized
rectangular prism of approximate dimensions 1.0 cm in width (along Z-axis) x 2.0
cm in length (along X-axis) x 1.0 cm in height (along Y-axis). The direction of the Bo
field is along Z-axis.

An elliptical surface RF coil (Figure 3.1 and Figure A.2 in the Appendix) measuring
0.3 cm and 4.4 cm of minor and major internal diameters, respectively, was built
using 0.3 cm wide copper sheet. The elliptical shape was chosen because the minor
internal diameter could be oriented parallel to the longitudinal axis of the sample and
excite a thinner region of the sample to improve the spatial resolution, compared
with the circular surface RF coil used in previous research (Cano-Barrita et al.,
2017). The RF coil was tuned to 4.64 MHz that corresponds to the Bo field of 109
mT produced by the three-magnet array. A Faraday cage was used to reduce the

adverse effects of external noise on the NMR signal.
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Elliptical

coil Uncoated

sample face

Figure 3.1 Elliptical surface RF coil position on the three-magnet array. The coil, with a quality
factor Q of 22, generates the B; field perpendicular to the longitudinal axis of the sample. The
minor axis of the ellipse is parallel to the sample displacement direction, to excite a thin region of
the sample.

3.2.4 NMR measurements
3.2.4.1 Distance of influence of the RF coil

To determine the distance of influence of the coil, an eraser with 0.25 cm in thickness
(oriented parallel to the sample displacement), 2.5 cm in height and 1.2 cm width
was used (Figure 3.2a). The eraser was selected because it has a homogeneous
composition with a constant signal intensity over the duration of the experiment, and
its relatively short Tz lifetime (~ 6.9 ms), which is in the order of magnitude of the T2
lifetime of water in the mortars. The center of the eraser was displaced starting from
the center of the coil in steps of 0.25 cm, undertaking a CPMG measurement
(Meiboom & Gill, 1958) at each position. Subsequently, a phantom consisting of two
eraser samples with dimensions of 1 cm in length, 2.5 cm in height and 1.2 cm in
width, separated 1.5 cm was used (Figure 3.2b). The phantom was displaced also
in steps of 0.25 cm above the center of the coil and a CPMG measurement was
undertaken at each position to determine the ability of the device to replicate the
shape of the phantom through the signal intensity profile. The three-magnet array
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with the RF coil only measures a small volume along the Y-axis in the eraser slice

and in the eraser phantom.

Figure 3.2 Eraser samples used to characterize the distance of influence of the RF coil, a) Eraser slice,
and b) Phantom consisting of two separated eraser samples.

All NMR experiments with the three-magnet array were performed using a Kea?
spectrometer (Magritek Limited, Wellington, New Zealand). The parameters used for
the CPMG measurements are given in Table 3.1. The signal intensity at time zero
(Mo) and the T2 lifetime at each point were obtained by fitting the transverse

magnetization decay to a single exponential decay function (Eq. 3.1).

S = Myel ) (3.1)

where S is the signal intensity, t is time, Mo is the equilibrium sample magnetization,

and Tz is the lifetime decay constant.
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Table 3.1 Parameters for the CPMG measurements undertaken on eraser samples and
mortars. The echo time and the number of echoes were chosen to cover the full CPMG
decay of each material tested. The faster decay of the signals in the mortars required to
reduce the echo time to capture signal from both the fast and the slow relaxing spins.

Eraser Mortars

samples
Pulse width (us) 10 10 10
Number of echoes 512 128 128
Echo time (us) 300 130 80
Number of scans 1024 1638 1638
4 4
Acquisition time (min) 15 100 100

3.2.4.2 NMR measurements on carbonated mortar samples

NMR measurements were undertaken on mortar samples with the CPMG technique
(Meiboom & Gill, 1958) at carbonation ages of six months and two years. At six
months, the carbonated and control OPC and the OPC + 20 % FA samples were
water saturated under a pressure of 50 mm Hg (6.7 kPa) for three hours and then
kept immersed in water for 18 more hours. This conditioning of the samples filled all
the porosity to reveal the actual microstructural changes caused by carbonation
(Cano-Barrita et al., 2017). After two years of carbonation, other NMR
measurements were undertaken in an OPC + 20 % FA mortar sample under two
moisture conditions: unsaturated and saturated. The first measurements were on the
unsaturated sample at equilibrium with the environmental conditions used during the
carbonation process. This was done to explore differences between the two zones
without disturbing the carbonation process by the water vacuum saturation. Then the

mortar sample was vacuum-saturated, and the NMR measurements were repeated.

In all cases, the samples were displaced in steps of 0.25 cm on the surface of the

elliptical coil (Figure 3.1). The parameters for the CPMG measurements are given in
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Table 3.1. To obtain the short and long T2 lifetime components and their associated
signal intensities, the CPMG decays obtained at each position along the samples

were fitted to a bi-exponential decay function (Eg. 3.2).

t

S(t) = M0,1e<‘ﬁ> + M0,2e<'ﬁ) (3.2)

where S is the signal intensity (proportional to the water content in the sample), t is
time, Moa1 and Moz are the equilibrium sample magnetization components
corresponding to the T2,1 and T2.2 lifetime constants (related to the pore sizes in the
cement paste). The T2 lifetime constants in hydrated Portland cement pastes are
associated with water in gel pores (short T2 lifetime component) and water in

capillary pores (long T2 lifetime component) (Jehng, Sprague, & Halperin, 1996).

3.2.5. Phenolphthalein test

After the NMR measurements were undertaken, the samples were broken
longitudinally, and a 1 % phenolphthalein solution was immediately sprayed on the
broken surface to reveal the carbonation depth (RILEM Recommendations CPC-18,
1988). Four measurements of the carbonation depth in each sample were performed
using a caliper, and the average depth was reported.

3.2.6 Gravimetric porosity

The gravimetric porosity of carbonated and non-carbonated zones of the samples
was determined according to the ASTM C642 (ASTM C 642-13, 2013). Vacuum
saturation was preferred to saturate the samples with water because it is more
efficient to measure the permeable porosity in comparison with immersion in water
and boiling that preferentially fill the smaller pores (Bu, Spragg, & Weiss, 2014,
Safiuddin & Hearn, 2005). The vacuum saturation conditions were the same as those

described in section 2.4.2. The oven-dry mass was found after obtaining the
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saturated surface-dry mass and the buoyant mass, to avoid generating additional

permeable porosity due to microcracking.

3.2.7 SEM studies and image analysis of the capillary macro-porosity

Partially carbonated mortar samples of approximately 2 cm x 2 cm x 0.6 cm were
obtained for SEM studies by cutting the original mortar samples. The samples were
conditioned, prepared and polished following the procedure given in the literature
(Winnefeld, Scholer, & Lothenbach, 2016). The polished samples were coated with
a ~30 nm gold layer using a sputter Desk V (Denton Vacuum, NJ, USA). A tungsten
JSM-IT300LV scanning electron microscope (JEOL Ltd, Akishima, Japan) was used
to obtain a total of 20 images (1764 x 1320 pixels) at 100x magnification with the
back-scattered electron detector. These images, with a spatial resolution of 0.88
um/pixel and a total area of ~ 36 mm? (9 % of the sample size area of 400 mm?),
were used to estimate the porosity and cracking area. Also, images at 1000x

magnification were obtained to observe microstructural changes.

Capillary macro porosity analysis (Elia, Nativ-Roth, Zeiri, & Porat, 2016; Rimmelé,
Barlet-Gouédard, Porcherie, Goffé, & Brunet, 2008; Tovey & Hounslow, 1995; Ziel,
Haus, & Tulke, 2008) of the SEM images was done with the ImageJ version 1.46
software. The output of the program provided the Feret's diameter, as well as the
area and circularity of the pores. The data were filtered based on a circularity criterion
to separate the pores and micro-cracks. Pores were considered having the circularity
in the range between 0.46 and 1 (1 corresponds to a perfect circle). Circularity < 046
was considered as crack. The voids percentage, corresponding to capillary pores
and microcracks, was calculated in the carbonated and non-carbonated zones. The
local porosity was obtained considering the pore area in comparison with the total

area of the image.
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3.3. Results and discussion
3.3.1 Distance of influence of the rf coil

The CPMG signal intensity profile obtained by moving the thin eraser slice is shown
in Figure 3.3. Moving the center of the eraser by 0.25 cm to each side from the center
of the coil causes about 45 % signal intensity loss. This means that using a 0.25 cm
step size, some signals coming from adjacent zones contribute to the total signal
observed at the position of interest. Placing the eraser at 0.50 cm from the center of
the coil, produces no signal. Therefore, only sample within a distance less than 0.5
cm from each side of the coil contributes to the detected signal.

The signal to noise ratio (SNR) of the CPMG decays from the eraser slice located at
the center of the coil, was 21. However, in spite of the low SNR and considering the
0.25 cm step size movement, there is four times improvement of spatial resolution
compared with the circular surface coil used in previous research (Cano-Barrita et
al.,, 2017), where the step movement was 1 cm. The latter precluded the
measurement of samples with low permeability or samples with high permeability
but short exposure times that may have shallow carbonation depths.

o
w

o
N

Signal intensity (A.U.)

YA

-1,0 -0,5 0,0 0,5 1,0
Distance (cm)

Figure 3.3 Signal intensity of the eraser slice versus distance with respect to the center of the coil (0
cm). The sample used was a thin eraser 0.25 cm in thickness, 2.5 cm in height and 1.2 cm width
(Figure 2a). The shaded rectangles represent the thickness of the eraser slice at each position.
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Figure 3.4 shows that the normalized CPMG signal intensity profile of the eraser
phantom resembles the actual shape of the phantom (Figure 3.2b). These results
indicated that the three-magnet array with the elliptical coil provided a more or less
reliable indication of the proton distribution in the sample. Furthermore, this device
would not have any restriction on the sample size, since the Faraday cage can be

easily removed to test larger samples.
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Figure 3.4 Comparison of the normalized CPMG intensity profile (triangles) with the actual shape of
the eraser phantom (solid line) shown in Figure 2b.

3.3.2 Carbonation depth from measurements with the three-magnet array and
the surface elliptical rf coil

Figure 2.5 shows normalized typical CPMG decays in carbonated and non-
carbonated zones of 0.6 w/c ratio unsaturated and vacuum saturated mortar
samples, and their corresponding T2 lifetime distribution obtained by inverse Laplace
transformation (ILT) of the CPMG decays. Fitting Eq. 3.2 or using the ILT are two
different ways of processing the CPMG decays. Fitting Eg. 3.2 extracts the
amplitudes of the signal and their corresponding relaxation times, whereas the ILT
gives the distribution of relaxation times, which is a proxy of the pore size distribution.
In the unsaturated sample (Figure 3.5a) the signals decayed bi-exponentially. There

is a clear difference between the signal decays in the carbonated and non-
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carbonated zones, outperforming the results from previous work where differences
were not observable (Cano-Batrrita et al., 2017). This finding means that it will be
possible to undertake CPMG measurements over time on the same sample to follow
the progression of the carbonation depth in a non-destructive and non-invasive way.
The ILT of the decays are shown in Figure 3.5b, revealing two pore populations. In
the T2 distribution corresponding to the non-carbonated zone, the first population
comprising interlayer and gel water (T2 values in the order of 0.1 ms) has a much
higher signal intensity than the second population of about 0.4 ms. This is supported
by the Kelvin equation, which indicates that pores with a radius smaller than 2.3 nm
would be filled with water at 65 % RH and 35 °C. The T2 distribution in the carbonated
zone shows a significant reduction in the intensity of the first population of pores,
which is related to the degradation of the C-S-H that produces a silica gel with coarse
pore structure (Bier et al., 1989), which seems to appear on the second population

of pores.

The same mortar sample now vacuum saturated with water (Figure 3.5c), where all
the pores are filled, provides signals with similar bi-exponential behavior to that
shown in Figure 3.5a for the unsaturated sample. The T2 lifetime distributions in
Figure 3.5d exhibit a better definition of the two pore populations than Figure 3.5b.
The first pore populations are found below 0.7 ms, while the second ones are above
0.7 ms. The effects of coarsening of the C-S-H pore structure and the changes in
surface relaxivity in the carbonated zone (Cano-Barrita et al., 2017) are observed as
a shifting of the T2 lifetimes distributions towards longer times (Figure 3.5d). Fitting
Eq. 3.2 to the CPMG decay, results in short and long T2 components that are related
to the first and second population of pores in the T2 lifetime distributions,

respectively.
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Figure 3.5 Semi log plots of the normalized signal intensity as a function of time ( a and c) and the
T, lifetime distribution obtained with the inverse Laplace Transform (b and d) of CPMG decays
observed in carbonated and non-carbonated zones of 0.60 w/c ratio Portland cement mortar + 20
% FA. a and b) Unsaturated and in equilibrium at 65 % RH and 35 °C, and ¢ and d) Water vacuum
saturated sample. The solid lines are the best fit of the data to a biexponential decay function. The
original CPMG decay data were used for the Inverse Laplace Transformation, not the normalized
data shown in a and c.

Results of the long T2 lifetime component and its corresponding signal intensity at
different positions along partially carbonated and control mortar samples (vacuum
saturated with water) are shown in Figure 3.6. Signal intensity was lower in the
carbonated zone compared with the non-carbonated zone. This is due to the
decrease in porosity caused by the precipitation of calcite (Ngalaand & Page, 1997)
and it is consistent with the relative changes in porosity determined by the ASTM
C642 (ASTM C 642-13, 2013) (Table 3.2). The highest rate of change of T2 lifetime
or in the signal intensity, or more clearly at the crossing point of these two
parameters, is in a good agreement with the carbonation depth indicated by the

phenolphthalein test. Taking both the T2 and signal intensity curves in the analysis
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gives us the possibility of detecting zones with different properties related to
carbonation. However, there are other phenomena that also produces
microstructural changes, such as deficient curing of the samples and microcracking
that would produce changes in T2 lifetime and signal intensity. In the case of deficient
curing, the outer layer would be more porous than the interior, and longer T2 values
in this outer layer would be observed. However, the signal intensity would be also
higher in this layer because of more water in the pore space than in the interior layer.
In the case of microcracking on the surface, the T2 and the signal intensity in the
outer layer would both be higher than in the interior layer. Based on the
aforementioned, the patterns of T2 lifetime and signal intensity produced by
carbonation are unigue features that distinguish carbonation from other phenomena

occurring in cement-based materials.

Table 3.2 Porosity in carbonated and non-carbonated regions of the mortars

ASTM C642-13 SEM
w/c  Carbonated Non- Carbonated Non-carbonated
(%) carbonated (%) (%)
(%)
OPC+20% 0.60 19.0 24.8 8.5 11.8
FA Mortar
OPC Mortar 0.60 20.4 24.4 3.5 10.9

The spatial resolution of the profiles was improved compared to previous research
(Cano-Barrita et al., 2017) because the elliptical coil has a smaller distance of
influence. The sample was displaced in steps of 0.25 cm in the carbonated region
where microstructural changes occur, and 1 cm in the non-carbonated region where
more uniform T2 values were expected. However, eight times more scans were
necessary to obtain a useful signal due to the reduction in the volume of cement
paste caused by the inclusion of silica sand, in comparison with samples of pure
cement paste. The main source of NMR signal in the mortar samples is pore water
in the hydrated cement paste because the water absorbed by the sand is negligible
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(0.26 %). Therefore, the SNR was 54 and 94 in the carbonated and non-carbonated
regions, respectively. The carbonation depth in the mortar containing FA (Figure
3.6b) was similar to the depth in the OPC mortar (Figure 3.6a). This was not
expected, because FA normally increases the carbonation depth in cement-based
materials (Papadakis, 2000). The long moist curing time probably made the mortar

impermeable enough to exhibit similar carbonation depth as the OPC mortar.

Results of NMR measurements along the unsaturated sample at two years of
carbonation are given in Figure 3.7. The short T2 lifetime component (Figure 3.7a),
which is associated with interlayer water and water in gel pores, did not have an
observable difference between the carbonated and non-carbonated zones. This may
be explained by the fact that carbonation produces changes in the microstructure,
precipitating calcium carbonate crystals in capillary pores, rather than in gel pores.
However, the signal intensity was lower in the carbonated zone. This may be
explained by the carbonation of the C-S-H, which produces silica gel with a coarse
pore structure of about 300 nm (Pihlajavaara, 1968), thus reducing the number of
gel pores in the carbonated zone and increasing the coarse porosity characteristic

of the silica gel.
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Figure 3.6 Long T, lifetime component (solid line) and signal intensity (dashed line) versus distance
in vacuum saturated partially carbonated mortars (triangles) and control (circles), a) 0.60 w/c ratio
OPC mortar, b) 0.60 w/c ratio OPC + 20% FA mortar. The echo time used in the CPMG acquisition
was 130 us. Photographs of the samples after spraying with phenolphthalein are shown in Figure
A.3 in the Appendix.

The long T2 lifetime component (Figure 3.7b) is longer in the carbonated zone than
in the non-carbonated one. This may be the result of the well-known porosity and
pore size distribution changes produced by carbonation (large pores in the silica gel)
and also by changes in surface relaxivity of the pore space produced by the
precipitation of calcium carbonate crystals, mainly calcite (Cano-Barrita et al., 2017).
The surface relaxivity depends on the chemical composition of the surface
interacting with the pore water molecules. It has been reported that the surface
relaxation capacity of synthetic calcite and C-S-H is 2.74 and 5.51 um/s, respectively
(Dalas et al., 2014). In this context, the presence of calcite crystals should increase
the T2 lifetime of water in the pore solution in the carbonated zone (Cano-Barrita et

al., 2017). The relationship between the surface relaxivity (p), surface to volume ratio
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(S/V) of the pore space and the relaxation rate (1/T2) is expressed by Eq. 3.3
(Coates, Xiao, & Prammer, 1999).

(3.3)

I

Il

B
<l

The signal intensity was lower in the carbonated zone (see Figure 3.7b), which is
consistent with a decrease of capillary porosity caused by carbonation. This same
behavior was observed by Pihlajavaara (Pihlajavaara, 1968), who observed a
reduction of pore volume caused by carbonation, in porosity ranging from 100-12.5
nm in diameter. This porosity is considered part of the capillary porosity.

Results from the vacuum saturated mortar are shown in Figure 3.8. There is an
observable trend in the short T2 lifetime component (Figure 3.8a), similar to the
behavior exhibited by the long lifetime component (Figure 3.6). However, the signal
intensity in this zone is slightly higher than in the non-carbonated zone, which
corresponds to the coarse porosity of the silica gel produced as a result of C-S-H
carbonation. Looking at the long T2 lifetime component and its corresponding signal
intensity (Figure 3.8b), it has the same behavior reported previously on Portland
cement pastes (Cano-Barrita et al., 2017), which is an increase in the T2 lifetime

component and a decrease in the signal intensity.
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Figure 3.7 T, lifetime components (circles) and signal intensity (triangles) versus distance in 5 cm
long unsaturated and partially carbonated 0.60 w/c ratio OPC + 20 % FA mortar, a) Short lifetime
component and its corresponding signal intensity, and b) Long lifetime component and its
corresponding signal intensity. The echo time used in these CPMG measurements was 80 us, the
shortest possible to capture the signal from the fast-relaxing spins in the sample assigned to water
in the gel and small capillary pores.

The T2 lifetime curve has a bent shape, which is similar to the shape of the CaCO3
content as a function of depth observed by other researchers using techniques such
as TGA (Chang & Chen, 2006) and gamma densitometry (Thiery, Villain, Dangla, &
Platret, 2007). Thiery et al (Thiery et al., 2007) suggested that the observed shape
results from the kinetics of the chemical reactions during the carbonation that
become rate-controlling processes rather than the diffusion of CO2 through the air in
the pore system. Averaging the carbonation depth position in different parts of the
mortar sample would produce a more reliable profile shape, especially when testing
concrete that contains larger aggregates (coarse aggregate > 4.75 mm). In the same
way, the resulting profile would be more reliable than just one profile per sample,
due to the random location of aggregates that do not contribute to the NMR signal.
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As shown by other researchers, the phenolphthalein test underestimates de
carbonation depth by as much as 50 % (Chang & Chen, 2006) when compared with
results obtained using other techniques such as TGA, XRD, and FTIR on powder
samples collected at different depths of a carbonated specimen. Figure 3.10 shows
a comparison between the carbonation depth obtained at the crossing point of the
long T2 lifetime component and the signal intensity curves and the carbonation depth
determined with the phenolphthalein test. There is a good agreement between these
carbonation depths that fall within the line of equality. In this case, the slope of the
fitted line is 1.07 with an r? = 0.95. Another criterion was to take the carbonation
depth as the position where the T2 starts to behave nearly constant, indicating a
deeper penetration of the carbonation. The slope of the fitted line is now 1.44 with
an r2=0.90. In both fittings, the line was forced to pass through the origin. The actual
carbonation depth taken as the position where the T2 starts to behave nearly
constant provides values in between the line of equality (slope = 1) and the
carbonation depth estimated according to Chang and Chen (Chang & Chen, 2006)
(slope = 2). This result demonstrates the ability of the NMR measurements to detect,
in a nondestructive and non-invasive manner, the progressive microstructural
changes in the mortars caused by carbonation, which occur deeper than indicated

by the phenolphthalein test.
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Figure 3.8 T, lifetime components (circles) and signal intensity (triangles) versus distance in 5 cm
long vacuum-saturated and partially carbonated 0.60 w/c ratio OPC + 20 % FA mortar, a) Short
lifetime component and its corresponding signal intensity b) Long lifetime component and its
corresponding signal intensity. The echo time used in these CPMG measurements was 80 us. A
photograph of the sample after spraying with phenolphthalein is shown in Figure A.4 in the
Appendix.

Another way of visualizing the NMR results is by the stack plot of the T2 lifetime
distributions along the length of the samples (Figure 3.9). In the 2D contour plots the
major changes are shown in the long T2 lifetime population at about 2 cm from the
mortar surface, as shown in Figures 3.7 and 3.8. The population of interlayer water
and gel pores remain relatively constant along the length of the sample (both are
considered in the first pore population because the low SNR of the decay does not

allow separation of those pore populations that are very close to each other).
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Figure 3.9 3D stack plot and 2D contour map of the T; lifetime distributions for the unsaturated a)
and b), and vacuum saturated c) and d) mortar sample containing 20 % FA. The surface of the mortar
is at 0 cm. The pink line is the carbonation depth determined by the phenolphthalein test.
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Figure 3.10 Comparison of the carbonation depths in cement pastes (tested but not reported in this
paper) and mortars obtained with the phenolphthalein test and from the Long T, component. The
crosses indicate the carbonation depth obtained by the crossing of the T, and signal intensity
profiles, whereas the circles represent the carbonation depth at which T, starts to behave nearly
constant in the non-carbonated zone.

3.3.3 Analysis of the capillary macro-porosity from SEM images

Conditioning the mortar samples at 65 % RH and 35 °C caused drying shrinkage
micro-cracking. Figure 3.11 shows SEM images at 1000x of the carbonated,
transition and non-carbonated zones of a polished section of the OPC mortar
sample, where micro-cracking is observed. The quantity of cracks and the crack
width is significantly reduced in the carbonated zone as a result of precipitation of
calcium carbonate, compared with the non-carbonated zone. Microcrack indicated
with the letter f in Figure 3.11 (center image) shows it is being filled with calcium
carbonate. Microcracks in the carbonated region are filled, whereas microcracks in

the non-carbonated region remain open. The width of the micro-cracks estimated
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from the SEM images is in the range of 0.3 to 1.3 um and 0.4 to 2.8 um in the

carbonated and non-carbonated zones, respectively.

arbonated zonegi

Figure 3.11 SEM images of a polished section of an OPC mortar sample subjected to accelerated
carbonation. Arrows indicate non-sealed microcracking (red) and sealed microcracking (yellow) by
calcium carbonate.

Figure 3.12 shows the results of the SEM image analysis. Figure 3.12a presents the
capillary macropore size analysis (Figure 3.12a) and micro-crack length distribution
(Figure 3.12b). There is a reduction in the percentage of the total void area (pores +
micro-cracks) compared with the total image area in the carbonated zone (3.5 %)
compared with the non-carbonated zone (10.9 %). In the noncarbonated zone, 68.8
% of the total voids correspond to micro-cracks, and 31.2 % correspond to the
capillary macropores. On the other hand, in the carbonated zone, 47.8 % correspond
to micro-cracks, and 52.2 % correspond to capillary macropores. The local porosity
by SEM images analysis is smaller than the permeable porosity determined with the
ASTM C642 (ASTM C 642-13, 2013) standard since SEM images even at 1200x
magnification only captured the capillary macropores from approximately 1 to 10 um
(Diamond & Leeman, 1995), similar to our results. It is important to consider that the
local porosity obtained by SEM image analysis corresponds to a two-dimensional
porosity value, therefore it does not consider the pore volume (Diamond & Leeman,
1995). However, the difference in the percentage of porosity obtained by ASTM
C642 between carbonated and non-carbonated mortars with 0.60 w/c ratio is on the
same order of magnitude as the difference observed from the SEM image analysis
(Figure 3.12c).
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Figure 3.12 SEM image analysis of the carbonated and non-carbonated region of an OPC mortar
sample, a) Macro capillary pore size distribution, b) Crack length distribution, and c¢) 2D macro-
porosity obtained from SEM images in the carbonated and non-carbonated regions along the length
of the sample shown in Figure 2.6a.

Figure 3.12c indicates a good agreement between the crossing point of the T2
lifetime and signal intensity curves with both the phenolphthalein depth and the point
where the porosity from the SEM images changes from low to high values.
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Fully Transition  Non
carbonated carbonated

Figure 3.13 Simplified microstructure model of hydrated cement paste based on ref (Powers, 1958)
and its relation with the NMR parameters (Long T, lifetime and signal intensity) in a carbonated
cement paste. Solid circles represent the C-S-H, interstitial spaces are gel pores, spaces marked with
C are capillary pores. The pink dashed line indicates the carbonation depth detected with the
phenolphthalein test: Yellow squares represent the calcite formed during the carbonation process,
and the white curves represent micro-cracks. All the features shown are not on scale.

Based on the NMR results and the SEM images that show the macropores and
micro-cracking, it is suggested that microcracking influences the long T2 values, as
the cracks have a width in the range of 0.3 to 2.8 um that are much larger than the
capillary pores in the hydrated cement paste. The NMR T2 lifetimes values are
directly proportional to the crack width (Cano-Barrita et al., 2015). Figure 3.13 shows
a graphical representation of the hydrated cement paste in the carbonated, transition
and non-carbonated zones, relating the gel and capillary pores, as well as the
cracks, with the T2 lifetimes and signal intensities observed in the NMR
measurements. Notice that the longer T2 in the carbonated region does not
necessarily imply larger pores or wider cracks, according to Eq. 2.3, because the
surface relaxivity decreases in comparison with the non-carbonated region. It is

important to mention that the T2 lifetime and signal intensity curves exhibit similar
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behavior as those curves of degree of carbonation and the pH of a carbonated
sample reported in the literature (Chang & Chen, 2006; Liu, Niu, Li, Lv, & Fu, 2018),

respectively.

3.4 Conclusions

A three-magnet array combined with an elliptical RF coil was used to improve the
NMR measurements to detect the carbonation depth in carbonated
saturated/unsaturated Portland cement mortars. Based on the results, the following

conclusions are drawn:

The spatial resolution (0.25 cm) was improved four times using the proposed
elliptical surface RF coil, compared to previous research (Cano-Barrita et al., 2017).
The improvement was mainly because the coil shape allowed excitation of a thin
region of the sample.

CPMG measurements were successfully undertaken in unsaturated and vacuum-
saturated mortar, revealing differences in the CPMG decays in carbonated and non-
carbonated zones, caused by changes in surface relaxivities, porosity, and pore size
distribution. Detecting carbonation depth in unsaturated samples would permit time-

based studies in mortars and possibly concrete materials.

The crossover point between the curves of long T2 lifetime component and its
corresponding signal intensity as a function of distance, was in good agreement with
the carbonation depth indicated by the phenolphthalein test, whereas if the position
where the T2 lifetime starts to behave nearly constant is considered, the carbonation
depth is 1.44 times higher than the depth obtained by the phenolphthalein test,

indicating a more realistic carbonation depth.

SEM images analysis revealed that there was a significant change of local porosity
in the carbonated region in comparison with the non-carbonated region, reducing the

frequency and size of cracks and pores.
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Future applications of the three-magnet array with the elliptical coil would permit
obtaining moisture content profiles of long mortar or concrete samples under drying

or water absorption conditions.
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Appendix

Table A.1. Oxide content of the Portland cement and the class F fly ash

Oxide OPC (weight %) FA (weight %)

SiOn 21.07 62.28
AlLO:s 3.69 20.38
Fex0Os 4.50 4.09
CaO 61.93 4.68
TiO2 0.97 0.94

P20s 0.10 0.38
MgO 1.83 0.98
Na0 0.09 0.31

K20 0.30 0.99

SOs 2.54 -

LOI 4.38 3.43
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Figure A.1 (a) The three-magnet array generates a volume of relatively homogeneous magnetic field
of 109 mT at a distance of 0.9 cm from the surface of the magnet, (b) magnetic field in the plane YZ,
and (c) Magnetic field in the plane YX. The dotted square and rectangle show the more
homogeneous magnetic field in each plane. The magnetic field was measured in the planes XY and
YZ by manually displacing an HT-20 handheld single axis gaussmeter (Hangzhou Best Magnet Co.
Ltd, Zhejiang, China) with a resolution of 0.1 mT, in a 3 mm grid size on graph paper.
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Elliptical coil

Figure A.2 Elliptical surface RF coil placed inside a Faraday cage to reduce external noise.

IPN CIIDIR-OAXACA
72



Figure A.3. Photographs of the mortar samples at six months of carbonation after spraying with
phenolphthalein, corresponding to Figure 3.6, a) OPC mortar, and b) OPC + 20 % FA mortar.
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Figure A.4. Photograph of the OPC + 20 % FA mortar sample at two years of carbonation after
spraying with phenolphthalein, corresponding to the sample used in Figures 3.7 and 3.8.
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Capitulo 4. Moisture distribution profiles during water
absorption of mortars obtained nondestructively by low-
field unilateral magnetic resonance

Abstract

Moisture distribution in cement-based materials is important from the durability point
of view. In the present study, a portable three-magnet array with an elliptical surface
RF coil was used to undertake magnetic resonance measurements of moisture
content in mortar and concrete samples. Measurements along the length of the
samples during capillary water absorption produced moisture content profiles that
were compared with reference profiles acquired using a magnetic resonance
imaging instrument. Profiles obtained with the three-magnet array were similar in
shape and in penetration depth to those acquired with magnetic resonance imaging.
The correlation coefficient between the moisture content measured with both
techniques was r? = 0.97. Similar values of saturated hydraulic conductivity of the
mortars with identical w/c ratio were computed with the Hydrus 1D software based
on the moisture content profiles. Additionally, Inverse Laplace Transformation of the
signal decays provided the water-filled pore size distribution in saturated and
unsaturated regions of the samples. The three-magnet array did not have sample

size restriction, compared with traditional magnetic resonance imaging instruments.

Keywords: Three-magnet array; elliptical RF coil; water absorption; pore water; moisture

content; T lifetime; hydraulic conductivity
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4.1 Introduction

Water plays a crucial role in reinforced concrete deterioration processes that reduce
the service life of concrete structures. Knowing the moisture distribution during
curing, as well as during drying or during water absorption processes is important
for the evaluation of durability properties or modeling deterioration processes of
cement-based materials. This is especially true for the cover concrete that resists
the penetration of aggressive agents like chloride ions or carbon dioxide (Hilsdorf &
Kropp, 2004) that diffuse through the pore water and may lead to reinforcing steel
corrosion. During capillary water absorption, a simple visual inspection of the wet
front movement in cement paste, mortar or concrete samples by observation of the
color change is not a reliable measure of the true depth of water penetration (Fischer,
Haerdtl, & McDonald, 2015a). The gravimetric method is traditionally used to
determine the moisture content of cement-based materials by oven-drying samples
at 105 °C until constant mass. If the moisture distribution is required, the sample is
cut in slices at least 10 mm thick. With different slices along the length of the sample,
the spatial moisture distribution is obtained, although with a low resolution (Selih &
Bremner, 2006). Neutron radiography is a nondestructive technique that has been
occasionally used to obtain moisture distribution profiles in drying mortar (Villmann,
Slowik, Wittmann, Vontobel, & Hovind, 2014). However, some corrections on the
measured neutron intensity are necessary, which may be a source of uncertainties
on the measured profiles. Another nondestructive technique is magnetic resonance
imaging (MRI), which can be used to obtain images in 1, 2 and 3 dimensions with
millimetric resolution (Balcom et al., 2003). The sample size in low-field MRI systems
varies from about 13 mm up to 150 mm in diameter. Larger samples can be analyzed
in expensive systems with superconducting magnets with larger bore sizes. Another
alternative is the use of low-field unilateral nuclear magnetic resonance (NMR)
devices (Garcia-Naranjo, 2012) that have no restriction on sample size. They have
been successfully used to characterize porosity and T2 distribution of core plugs
(Garcia-naranjo, Guo, Marica, Liao, & Balcom, 2014), water content in wood
(Lamason, Macmillan, Balcom, Leblon, & Pirouz, 2015) and carbonation of cement-
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based materials (Cano-Barrita, Balcom, & Castellanos, 2017; Diaz-Diaz, Cano-

Barrita, Leon-Martinez, & Castellanos, 2020).

In this paper we present results from the use of a three-magnet array (Garcia-
naranjo et al., 2014) combined with an elliptical surface RF coil (Diaz-Diaz et al.,
2020) to undertake NMR measurements of moisture content profiles in mortar and
concrete samples. These profiles are compared with the reference true water
content profiles obtained using the SPI T2" mapping MRI technique (Beyea et al.,
1998). The saturated hydraulic conductivity (Ks) was extracted from the profiles by
inverse modeling with the Hydrus 1D software (Radcliffe & Simunek, 2010). The
three-magnet array was in addition used to obtain a moisture content profile in an
ordinary concrete sample, which contained cement and aggregates normally used
by the construction industry.

4.2 Materials and method
4.2.1 Materials

Ordinary Portland cement was employed to prepare the mortar mixtures. The
chemical composition of the Portland cement was SiO2 = 21.07 %, Al203 = 3.69 %,
Fe203 = 4.50 %, CaO = 61.93 %, MgO = 1.83 %, Na20 = 0.09 %, K20 = 0.30 %,
SO3=2.54 %, and LOI = 4.38 %. Silica sand with water absorption of 0.22 %, density
of 2.7, and fineness modulus of 2.86 was used as fine aggregate. Distilled water was

used as mixing water, and for the capillary water absorption experiments.

4.2.2 Sample preparation and conditioning

Mortar mixtures at w/c ratios of 0.60 and 0.35, with cement to sand ratio by mass of
1:1.5, were prepared using a planetary motion mixer. These w/c ratio values
represented high and low values that are of interest in the construction industry.

Mortar samples at 0.60 w/c ratio, measuring 50 mm in diameter and 53 mm in length
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were cast in triplicate using PVC molds. Other 0.60 and 0.35 w/c ratio mortar
samples, measuring 50 mm in diameter and 100 mm in length were cast in triplicate
using PVC molds. All the samples were moist cured at room temperature in
saturated lime water for 28 days. At the end of the moist curing period, the specimens
measuring 100 mm in length were oven-dried at 50 °C until constant mass to
minimize microcracking. The 0.60 w/c ratio samples measuring 50 mm in length
were stored under laboratory ambient conditions for about one year to achieve a
uniform moisture content. This conditioning simulated drying of the mortar under real
conditions before undertaking the water absorption experiments. The saturated
porosities measured gravimetrically were 0.179 and 0.269 for the 0.35 and 0.60 w/c
ratio mortar samples, respectively. The curved surface of the samples was coated
with epoxy resin to allow for unidirectional water absorption. The NMR signal from
the epoxy resin was negligible compared with the signal of absorbed water (less than
1 % of the total signal).

A prismatic concrete sample was cut from an old 0.60 w/c ratio concrete cylinder.
The cross-section area of the sample was 40 mm x 40 mm and 150 mm in length.
This concrete contained ordinary Portland cement, natural river sand and crushed
limestone aggregates normally used in the local construction industry. The saturated
porosity of the sample was 0.148. The same conditioning procedure described for
the mortar samples was followed for the concrete sample.

4.2.3 Water absorption experiments and NMR/MRI measurements

4.2.3.1 Water absorption experiments

The mortar samples were placed in contact with distilled water at 24 °C according to
the method proposed by Hall (Hall, 1989) and also described in the ASTM C1585
standard (ASTM C1585-13, 2013). Mass measurements were undertaken at various
absorption times. When the samples were used for NMR/MRI testing, a piece of duct

tape was placed on the absorbing face to avoid drying during the measurements.
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4.2.3.2 NMR measurements with the three-magnet array

A three-magnet array (Garcia-naranjo et al., 2014) with an elliptical surface RF coll
measuring 3 mm and 44 mm in minor and major internal diameters, respectively,
was used with a Kea? spectrometer (Magritek Limited, Wellington, New Zealand) to
undertake the NMR measurements. The three-magnet array generated a nearly
homogeneous spot centered at 4.64 MHz (109 mT) See supplementary material in
(Diaz-Diaz et al., 2020). The minor axis of the coil was oriented parallel to the sample
displacement direction (Figure 4.1). This permitted reducing the width of the excited
region of the sample (Diaz-Diaz et al., 2020), thus a profile of signal intensity versus
distance could be obtained with an adequate resolution. The sample was displaced
in steps of five mm with respect to the center of the elliptical RF coil. The CPMG
technique (Meiboom & Gill, 1958) was employed to obtain the transverse
magnetization decay at each position along the longitudinal axis of the sample. The
parameters employed for these measurements were as follows: pulse width =12 pus,
number of echoes = 32, echo time = 80 s, repetition time = 150 ms, number of
scans = 16384, acquisition time = 63 minutes. To improve the signal to noise ratio
of the NMR signal, a Faraday cage was built with aluminum foil to cover the three-

magnet array system.

Elliptical \\,
coil ! Uncoated

sample face

Figure 4.1. Three-magnet array (Garcia-naranjo et al., 2014) with the elliptical surface RF coil to
excite a thin region of the sample perpendicular to the sample displacement (Diaz-Diaz et al., 2020).
Reproduced from (Diaz-Diaz et al., 2020)
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The CPMG decays were fitted to a biexponential decay function (Eq 4.1) to obtain
the T2 lifetime constants and their corresponding signal intensities. The Inverse
Laplace Transformation was additionally used to determine the T2 lifetime
distribution (Coates, Xiao, & Prammer, 1999), which is a proxy of the pore size
distribution of the water-filled porosity in the sample.

S(t) = Mo,le(_?t,l) + Mo,ze(_é) (4.1)

where S is the signal intensity, t is time, Mo,1 and Mo,2 are the equilibrium sample

magnetization components corresponding to the Tz1 and T2,z lifetime constants.

4.2.3.3 Low-field MRI measurements

To compare the moisture content profiles obtained with the three-magnet array, the
Single Point Imaging (SPI) technique (Emid & Creyghton, 1985) was employed to
undertake T2" mapping measurements (Beyea et al., 1998). These measurements
were required to obtain true water content profiles that were used as a reference.
The instrument used was a Maran DRX HF 12/50 MRI spectrometer (Oxford
Instruments Ltd, Abingdon, Oxford, UK) operating at 12.9 MHz. The instrument was
equipped with Techron gradient amplifiers 7782 (AE Techron, Elkhart, IN, USA).
Parameters employed were pulse duration = 4 ps, fifteen encoding times (tp) ranging
from 50 to 290 ms, field of view (FOV) = 7 cm, number of scans = 512, number of
points = 64, and a repetition time of 1.1 seconds. The total measurement time was
2.4 hours. Because of the variable tp, the gradient step was adjusted to maintain a
constant image FOV. The maximum sample length that could be tested with the MRI
instrument was less than 50 mm. When the wet front was deeper than 50 mm, the
SPI T2" mapping was undertaken in two movements of the sample. In this manner,
the acquired profiles overlapped 30 mm and allowed obtaining the final profile (R.
Enjilela, Cano-Barrita, Komar, Boyd, & Balcom, 2017). The set of acquired data at
each tp was Fourier transformed to obtain T2" weighted 1D images. The image

intensity at each point in the profiles was plotted versus the encoding time. The
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observed decays were fitted to a single exponential decay function and back
extrapolated to obtain the T2" lifetime and its signal amplitude at each spatial point

in the profile (Beyea et al., 1998).

The NMR/MRI measurements on the 10 cm long mortar samples were undertaken
at four days of water absorption. This time was long enough to have the movement
of the wet front without significant change, about two or three millimeters per day.
This condition was necessary to ensure a realistic moisture distribution profile
comparable to the one acquired with the SPI T2" mapping. Measurements on the five
cm long 0.60 w/c ratio were undertaken at two days. Only one of the three samples
was also tested at 12 days. This was performed to demonstrate the use of the three-

magnet array on time-based studies.

4-2.3.4 Saturated hydraulic conductivity of mortars

Moisture content profiles obtained with both techniques were processed using the
Hydrus 1D software (Simtinek, van Genuchten, & Sejna, 2016). This software, based
on Richard’s equation (Eg. 4.2), was used in the inverse modeling mode to extract
the saturated hydraulic conductivity (Ks) of the mortar samples. The parameters
employed for the 0.35 w/c ratio mortar samples were saturated water content gs =
0.179 m3/m3, residual water content gr = 0.02 m3m?, tortuosity | (-) = -0.50, a
parameter describing the pore structure of the medium n (-) = 3.25, and a scale
parameter inversely proportional to the mean pore diameter a (m). For the 0.60 w/c
ratio mortar samples, the parameters were gs= 0.269 m3/m?3, gr= 0.02 m3/m3, | (-) =
-0.50, n (-) = 3.25. In both cases the fitting parameters were a and Ks. Details about
the Hydrus software and the meaning of parameters required by the model can be
found elsewhere (Radcliffe & Simunek, 2010).

=2 (kW) -5 (4.2)
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Where 6 is the normalized moisture content, t is time after first contact of the sample
with the external water reservoir, x is distance, h [m] is pressure head, K(h) [m s™1]

is the unsaturated hydraulic conductivity, and S(h) [m® m~3s~1] is a sink function.

4.3. Results and discussion

Figure 4.2 shows a typical behavior of the water absorption process in the mortar
samples. A higher primary sorptivity was exhibited by the 0.60 w/c ratio sample,
compared with the 0.35 w/c ratio mortar. This was expected due to the higher
porosity of the 0.60 w/c ratio mortar. However, in both mortars the secondary
sorptivities were similar, as found in previous research (Razieh Enjilela, Cano-
Barrita, Komar, Boyd, & Balcom, 2018). These lower secondary sorptivities,
observed after two days of testing, resulted from a lower rate of water absorption,
which in turn means a lower rate of penetration of the wet front. This was the reason
to undertake the NMR/MRI measurements after two days of water absorption.

16 '
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Figure 4.2. Cumulative water absorption per unit area versus the square root of time for 0.60
(circles) and 0.35 (triangles) w/c ratio mortars. Primary sorptivity (filled symbols) and secondary
sorptivity (empty symbols).

IPN CIIDIR-OAXACA
82



Figure 4.3a shows CPMG decays in saturated and unsaturated regions of a 0.60 w/c
ratio mortar sample. It was observed a faster decay of the CPMG measurement
undertaken in the unsaturated region, compared with the decay in the saturated
region. In the unsaturated region, the smallest pores (gel and small capillary pores)
would be filled with water. In some cases, the high noise present in the CPMG decay
made it difficult to observe the second pore population which always had low signal
intensity. On the other hand, in the saturated region most of the pores were filled
with water, including the large capillary pores. In these pores the water molecules
relaxed slower than the small capillaries and gel pores, according to Equation 4.3
(Halperin, Jehng, & Song, 1994).

5= Py (4.3)

where 1/T2 is the relaxation rate, r is the surface relaxivity, and S/V is the surface-

to-volume ratio of the pore system.

The inverse Laplace Transform of the decays presented in Figure 4.3a, are given in
Figure 4.3Db. It is considered a proxy of the water-filled pore size distribution. It was
assumed that at the beginning of the water absorption process, the microstructure
at various positions along the sample was similar. However, as water entered there
was a pore size rearrangement in the wet region (Fischer, Haerdtl, & McDonald,
2015b), as well as filling the empty pore space that contributed to the CPMG signal.
A higher signal intensity was observed in the saturated zone, indicating a higher
amount of water in the pore space compared with the unsaturated zone, as

expected.
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Figure 4.3. a) CPMG decay in saturated and unsaturated zones of a 0.60 w/c ratio mortar sample,
and b) T, distributions corresponding to the CPMG decays shown in a).

Figure 4.4 shows the moisture profiles of the 0.60 w/c ratio samples with 100 mm in
length. The T2" mapping was necessary to eliminate the T2" weighting affecting the
NMR signal, which in turn would affect the shape of the profile in zones with different
T2" lifetimes (Razieh Enjilela et al., 2018). In case of the MRI measurements, the
sample was displaced three centimeters from the first position to acquire a second
profile that overlapped with the first one. However, the sample length was not a
problem when using the three-magnet array that did not have any restriction on the

sample size. The profiles obtained with both techniques were remarkably similar in

IPN CIIDIR-OAXACA
84



regions of higher water content but did not agree completely in the lower water

content region.
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Figure 4.4 Water content distribution from SPI T," mapping and CPMG signal intensity for the 0.60
w/c ratio, 100 mm long similar mortar samples (a and b) at four days of water absorption. Profiles
with the T," mapping were obtained by moving the sample in two steps due to the sample length
restriction of the MRI instrument.

Results of the 0.35 w/c ratio, 100 mm mortar samples are shown in Figure 4.5. In
spite of the lower water content compared with the 0.60 w/c ratio samples, the NMR
measurements with the three-magnet array was nevertheless possible on these

samples. Penetration of the wet front was reduced compared with the samples
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shown in Figure 4.4, as expected, because of the lower permeability of low w/c ratio

cement-based materials. A similar moisture content profile was obtained, compared

with the profile acquired with the SPI T2" mapping technique. Because of the inferior

quality of the CPMG signal acquired at the lower moisture content region (right-hand

side), fitting a bi-exponential decay function was not possible. Alternatively, the

signal intensity of the first echo was taken as the moisture content in those point

positions.
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Figure 4.5. Water content distribution from SPI T,” mapping and CPMG signal intensity for the 0.35
w/c ratio, 100 mm long similar mortar samples (a and b) at four days of water absorption.
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Figure 4.6 shows an example of the results obtained with the inverse modeling

procedure with the Hydrus 1D software (Siminek et al., 2016). These results

correspond to the 0.60 w/c ratio mortar. The r? for regression of fitted versus

experimental data in the profiles from all the samples was higher than 0.96. The Ks

values obtained from the SPI profiles and the CPMG signal intensities for the four

samples are given in Table 4.1. It showed similar Ks values for samples with identical

w/c ratio, as expected. The mortar with a lower w/c ratio possessed a lower saturated

hydraulic conductivity than the high w/c ratio mortar, as it is already established in

the literature (Neville, 1995). These results demonstrated the capability of the three-

magnet array to acquire valuable data to extract transport properties of the mortars.

Table 4.1. Saturated hydraulic conductivity Ks values of the 0.60 and 0.35 w/c ratio mortars,
obtained from inverse modeling using the Hydrus 1D software.

Sample  wi/cratio Ks(m/s) Ks (m/s)
SPI-MRI Three-
Magnet array
1 0.60 7.63x10712 7.33x1012
2 0.60 7.97x1012 7.88x1012
3 0.35 1.37x10712 1.36x10712
4 0.35 1.55x10712 1.35x10712
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Figure 4.6. Experimental and fitted moisture distribution profiles of a 0.60 w/c ratio mortar sample.
The experimental profiles were acquired with the three-magnet array and the SPI T," mapping MRI
technique. Fitted profiles were obtained by inverse modeling with the Hydrus software.

A comparison of the profiles obtained with the three-magnet array and the T>"
mapping on the 5 cm long samples is presented in Figure 4.7. The three samples
showed similar moisture distribution and wet front position. These 0.60 w/c ratio
mortar samples were conditioned at ambient laboratory environment for one year
before undertaking the water absorption experiments. The effect of this conditioning
on the samples is shown as a relatively high moisture content in right-hand side of
figures 4.7a, 4.7b, and 4.7c. This moisture content represents a more realistic level
of moisture this mortar would have in the field, compared with oven drying at 50 °C.
Additionally, the three-magnet array may be used to undertake time-based studies,

as shown in Figure 4.7c (profiles obtained at 2 and 12 days of water absorption).
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Figure 4.7. Moisture content profiles obtained with the Three-magnet array with an elliptical surface
RF coil, and the T," mapping with the SPI technique on three 0.60 w/c ratio mortar samples, a) and
b) at two days of water absorption, and c) at two and 12 days of water absorption.
Figure 4.8 shows the ILT of the CPMG decays obtained along the length of one of
the samples shown in Figure 4.7. There were two pore populations with longer T2

values starting at the absorbing face and continuing along the region with high water
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content. This indicated that most of the pore space (gel and capillary) is filled with
water. In some cases, only one pore population was observed (e.g. 1.5 cm and 2.5
cm). This was because of the noise in the signal that made it difficult to resolve the
second pore population. In contrast, the unsaturated zone exhibits mainly one pore
population with shorter T2 values comprising mainly small pores (gel and small
capillaries) filled with water during conditioning at ambient temperature and relative
humidity.
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Figure 4.8. T, lifetime distributions along the length of a 0.60 w/c ratio mortar sample obtained by
Inverse Laplace Transformation of the CPMG decays from the mortar sample shown in Figure 7a, at
2 days of water absorption a) 3D view and b) 2D view.
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The correlation between the moisture content obtained at the same position in the
mortar samples, using both techniques is shown in Figure 4.9. A high determination
coefficient was obtained (r> = 0.97), indicating the suitability of the three-magnet
array to acquire relative moisture content values that are comparable to those
obtained with magnetic resonance imaging techniques like SPI T2" mapping. The
three-magnet array does not have restriction on the sample size, compared with the
MRI system used for imaging the moisture content profiles. In addition, its
nondestructive nature is advantageous compared with destructive techniques like
slicing the sample for oven drying (Selih & Bremner, 2006), which requires preparing
several samples to be tested, in addition to a lower spatial resolution of the profile.
The CPMG decays do not require corrections like those needed on the measured
intensity in neutron radiography, which may be a source of uncertainties on the
moisture profiles (Villmann et al., 2014). The three-magnet array with the elliptical
RF coil can be even used in spatial movements of 0.25 cm, which will increase the
spatial resolution as demonstrated in previous research (Diaz-Diaz et al., 2020).
These measurements were not aimed for water absorption times when the wet front
position changed rapidly during the NMR measurements. This is because the shape

of the signal intensity profiles (evaporable water content) would be unreliable.
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Figure 4.9. Three-magnet array moisture content versus the moisture content obtained with the T,"
mapping of all the mortar samples tested.
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The T2 of water in the concrete sample, obtained by a free induction decay with the
Maran DRX HF 12/50 instrument, was in the order of 20 ps. This very short T2
lifetime precluded acquisition of an SPI profile even with the shortest encoding time
(to = 50 us) that could be used in this system. This sample contained normal weight
aggregate (river sand and crushed limestone coarse aggregate) used in commercial
concrete production. These aggregates typically contain iron oxide in its compaosition
in a range of about 1 % to even 10 %. This amount of iron, additional to the iron
present in the ordinary Portland cement, enhanced relaxation of the protons,
therefore reducing the T2" and T: lifetimes. Figure 4.10a is a photograph of the
concrete sample used for the NMR measurements, clearly showing the coarse
aggregates. Figure 4.10b is the CPMG signal intensity (moisture content) profile
along the length of the sample. The dips observed in the profile (e.g. at 1.5 and 3.5
cm) corresponded to the presence of coarse aggregates that reduced the intensity
of the NMR signal. The reason for this was the low absorption of the aggregates,
usually less than 2 %. The CPMG profiles in concrete samples could be improved
by undertaking a second or a third measurement at the same distances but in
another line in the rotated sample (90 ° or 180 °). An average of the signal intensities
at each point position can be taken. This will undoubtedly increase the measurement

time for each sample but would produce a better profile.

Finally, the NMR measurements using the three-magnet array with the elliptical
surface RF coil can be extended to monitoring moisture distribution in processes like
drying of cement-based materials or other porous materials like wood, rocks or food.
It can also be used to monitor microstructural changes in samples as a function of
position (effect of curing conditions on the cover concrete) or as a function of time.
Measurements in samples much larger than the ones used in this study still possible

by displacing the three-magnet array over the sample’s surface.
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Figure 4.10. a) Picture of the 0.60 w/c ratio concrete sample. The dotted ellipses show the
approximate position of the RF coil during the NMR measurements at positions 1.5 and 3.5 cm
where the presence of coarse aggregates reduced the signal intensity, and b) CPMG signal intensity
after five days of water absorption. The sample error bars represent the uncertainty in the
estimation of the intensity. In the low signal intensity points (> 3 cm), an average of the first two
echoes of the CPMG decay was taken because of the low signal to noise ratio that precluded fitting
of the data to an exponential decay function.
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4.4 Conclusions

This paper has shown the use of a three-magnet array with an elliptical surface RF
coil to determine moisture content at various positions along mortar and concrete
samples during water absorption experiments. Based on this study, the following

conclusions are drawn:
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A three-magnet array with an elliptical surface RF coil operating at a
frequency of 4.67 MHz, allows determination of the NMR signal along mortar
and concrete samples containing ordinary materials and with no limitation on
the sample size.

In the concrete sample the very short NMR signal lifetime (T2" = 20 ms)
caused by the paramagnetic impurities in the material precluded the
acquisition of an MRI profile.

There is a linear relationship between the signal intensities (moisture content)
obtained with the three-magnet array and the corresponding signal intensities
from MRI profiles taken as a reference (r? = 0.97).

Similar values of saturated hydraulic conductivity (Ks) of mortar samples with
identical w/c ratio were obtained from the profiles acquired by the two
techniques outlined in this paper, demonstrating the feasibility of the three-
magnet array with an elliptical surface RF coil to acquire valuable data for
transport properties determination of cement-based materials.
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Capitulo 5. Deteccion de 35Cl y 23Na en soluciones de NaCly en
pastas de cemento saturadas con NaCl

Resumen

La penetracion de iones cloruro es importante en estudios de durabilidad de
estructuras de concreto, y su determinacion es cominmente a través de técnicas
destructivas como la extraccion de polvo de concreto a distintas profundidades para
conocer la concentracion espacial del ion cloruro. Esta investigacion exploré la
deteccion de sefiales de RMN de 2®Na y 3°Cl en campo magnético bajo. Se utilizé
un arreglo de magnetos de un sistema de imagenologia por RMN comercial con
campo Bo = 0.302 T, con shims activos para homogeneizar el campo Bo. También
se utilizé un arreglo Halbach de magnetos con Bo = 1.028 T. Para cada arreglo se
disefiaron y construyeron dos antenas de RF, una para ?®Na y la otra para 2°Cl. Se
prepararon disoluciones con diferente concentracion de NaCl y tres especimenes
de pasta de cemento (relacion a/c = 0.55) saturadas con soluciones de NaCl. Se
realizaron mediciones FID y CPMG para obtener sefiales RMN que fueron ajustadas
a una funcién de decaimiento exponencial para obtener T2"y T2, asi como sus
respectivas intensidades. Se obtuvo, para ambos nucleos, una relacién lineal entre
la intensidad de la sefial de RMN con las concentraciones de disoluciones de NaCl
desde 0.175 M hasta 5.6 M (r? > 0.96). Con las antenas construidas para el arreglo
con shims activos fue posible obtener sefial de *Na de las pastas de cemento
saturadas al vacio con distintas soluciones de NaCl, pero no del 3°Cl, lo cual se
explica por la baja sensibilidad de este nlicleo comparado con el 'H y el 22Na. Con
el arreglo Halbach solo se pudo detectar sefial de 2°Na y de 3°Cl en las soluciones
de NacCl.

Palabras clave: RMN, cloruro, sodio, tiempo de vida T2"y T»
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5.1 Introduccion

Una de las principales causas de deterioro del concreto reforzado es la corrosion
del acero de refuerzo ocasionada por el ataque de iones cloruro (Neville, 1995).
Estos ingresan por medio de absorcion capilar y difusion a través del recubrimiento
del concreto hasta alcanzar la superficie del acero de refuerzo. Con cierta
concentracion de cloruros al nivel del acero de refuerzo, se destruye la capa pasiva
de Oxido de fierro que protege al acero y en presencia de agua y oxigeno se inicia

la corrosion (Neville, 1995).

Los métodos mas comunes utilizados para medir la profundidad de penetracion de
cloruros en el concreto son destructivos. Tal es el caso del método colorimétrico
(Baroghel-Bouny, Belin, Maultzsch, & Henry, 2007) que consiste en rociar una
solucion de nitrato de plata en la superficie de una muestra recién fracturada, donde
la parte cerca de la superficie del concreto se torna en un color blanquecino. Esto
indica la presencia de iones cloruro, mientras que la parte que se torna color marrén
corresponde a la zona libre de iones cloruro. Otra técnica ampliamente utilizada
para determinar la profundidad de penetracion de consiste en la extraccion de
muestras de polvo de concreto a distintas profundidades. La concentracion de iones
cloruro se determina por medio de titulacién potenciométrica. De la concentracion
de iones cloruro versus profundidad se estima el coeficiente de difusion de cloruros
(NT Build 443, 1995) y la concentracion en la superficie al ajustar los datos a la
solucion de la segunda ley de Fick. Sin embargo, esta técnica también es destructiva

y requiere de tiempo considerable para su realizacién.

La resonancia magnética nuclear (RMN) es una técnica no destructiva que ha sido
utilizada para estudiar la hidratacién de cemento Portland (Lahajnar et al., 1977;
Miljkovc, Lasic, MacTavish, & Pintar, 1988) y el desarrollo de su estructura porosa
(Plassais et al., 2001). También ha sido utilizada para estudiar iones cloruro (3*Cl)
en cemento hidratado (Yun et al., 2004) y la detecciéon de ?°Na en rocas (Rijniers,

Magusin, Huinink, Pel, & Kopinga, 2004). La imagenologia por RMN ha sido utilizada
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para obtener perfiles de humedad en concreto durante secado (Balcom et al., 2003),
absorcion capilar de agua (R. Enjilela, Cano-Barrita, Komar, Boyd, & Balcom, 2018;
Razieh Enjilela, Cano-Barrita, Komar, Boyd, & Balcom, 2017), asi como para
obtener perfiles durante la penetracion de iones cloruro y sodio en materiales base
cemento (Cano, Bremner, Mcgregor, & Balcom, 2002; Pel, Donkers, Kopinga, &
Noijen, 2016). No obstante, estos estudios normalmente han sido realizados
utilizando sistemas de RMN de campo alto con magnetos superconductores, los
cuales tienen el inconveniente de ser de alto costo de adquisicion y de
mantenimiento. A pesar de que algunos sistemas ya utilizan magnetos permanentes
de bajo campo como el MOLE (Manz et al., 2006) y el MOUSE (Blumich et al., 1998),
actualmente su costo en el mercado sigue siendo relativamente alto. También se
han desarrollado otros sistemas unilaterales de bajo campo como el arreglo de tres
magnetos (Garcia-Naranjo, Guo, Marica, Liao, & Balcom, 2014), el cual genera un
campo relativamente homogéneo para una frecuencia de 2.25 MHz. Por otra parte,

estos sensores estan disefiados sélo para detectar sefial del hidrogeno (*H).

Por lo tanto, el presente trabajo explora la posibilidad de obtener sefiales de RMN
de los nucleos 2Na y 3°Cl en campo magnético bajo, utilizando los magnetos
permanentes (Bo = 0.302 Teslas) de un sistema comercial que posee shims activos
para homogeneizar el campo Bo , asi como un arreglo Halbach de magnetos que
genera un campo magnético Bo de 1.028 Teslas.

5.2 Materiales y método

5.2.1 Disefio y construccion de antenas para el arreglo de magnetos del sistema
comercial Maran DRX HF 12/50

Se utilizé el arreglo de magnetos de un sistema MARAN DRX-HF 12/50 (Oxford
Instruments Ltd, Abingdon, Oxford, UK) que opera a una frecuencia de 12.9 MHz
(Bo=0.302 Teslas) mostrado en la Figura 5.1. Este arreglo cuenta con shims activos

gue consiste en un set de pequefias bobinas utilizadas para incrementar la
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homogeneidad del campo magnético. Los magnetos permanentes se mantienen a

35 °C por medio de un sistema de control de temperatura.

Figura 5.1 Arreglo de magnetos permanentes de un espectrometro MARAN DRX-HF 12/50

Se construy6 una antena de radio frecuencia tipo solenoide con lamina de cobre de
0.1 mm de espesor y 5 cm de ancho, la cual consistio en 13 espiras, con una longitud
de 11 cm y didametro de 5.4 cm. La frecuencia de resonancia (3.4 MHz) para el 2’Na
se calculé con la ecuacion de Larmor (Ecuacion. 5.1), utilizando la relaciéon
giromagnética y = 11.26 MHz/T y el campo magnético Bo = 0.302 T generado por el
arreglo de magnetos. Esta antena fue montada sobre una base cilindrica de acetato
y fue colocada en el interior de una caja de Faraday construida con placas de circuito
impreso, como se muestra en la figura 5.2a. La antena se sintoniz6 a la frecuencia
calculada utilizando capacitores ceramicos fijos y variables (Voltronics Corp,

Salisbury, Maryland, USA), de acuerdo con el diagrama eléctrico de la figura 5.2b.
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470 pF
1-15 pF

Coil

Figura 5.2 Antena de RF sintonizada a la frecuencia del 2Na para el arreglo de magnetos del sistema
comercial Maran DRX HF 12/50, a) Caja de Faraday con la antena y capacitores fijos y variables y b)
Circuito equivalente de la antena.

El factor de calidad Q de la antena, calculado con las ecuaciones 5.2 y 5.3 fue igual
all

Q=72 (52)

Af=f,—-f (5.3)

donde f; es la frecuencia central, Af es el ancho de banda la cual se obtiene con

la ecuacion 5.3, f; y f> son las frecuencias en donde la sefial reflejada decae 3 dB
(Figura 5.3).

5
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Figura 5.3 Respuesta en frecuencia de la antena para sodio 2>Na.
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De igual manera se construy6 una caja de Faraday para una antena sintonizada a
la frecuencia de 1.26 MHz para el *°Cl, cuya relacién giromagnética es de y = 4.17
MHz/T. En este caso el solenoide fue de las mismas dimensiones que la descrita
anteriormente para el Na, pero con 17 vueltas y la anchura de la cinta de cobre
empleada para su construccion fue de 0.3 cm (Figura 5.4a). Los valores de
capacitores empleados se muestran en el diagrama eléctrico de la figura 5.4b. El

factor Q calculado con la ecuacion 5.2 para esta antena fue de 6.63.

b)

2.247 nF
1-15 pF

Coil

Figura 5.4 Antena de RF sintonizada a la frecuencia del 3°Cl para el arreglo de magnetos del sistema
comercial Maran DRX HF 12/50, a) Caja de Faraday con la antena y b) Circuito equivalente de la
antena.

5.2.2 Antenas para el arreglo Halbach de magnetos

Se utiliz6 un arreglo Halbach de magnetos comercial (e-Magnets UKTM,
Berkhamsted, UK) mostrado en la Figura 5.5a donde las flechas indican la direccion
de magnetizacion de cada pieza de magneto que conforman el arreglo y la direccion

del campo magnético Bo que se produce en el interior es a lo largo del eje Z.
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Figura 5.5 a) Arreglo Halbach de magnetos, b) Campo magnético medido en el plano XZ, c) Campo
magnético medido en el plano YX y d) Campo magnético medido en el plano YZ.

Se realizaron mediciones del campo magnético en el interior del arreglo en los
planos XZ, XY e YZ (Figura 5.5b, 5.5c y 5.5d) empleando una hoja cuadriculada a
cada 3 mm y un gaussimetro HT-20 (Hangzhou Best Magnet Co. Ltd, Zhejiang,
China) el cual tiene una resolucion de 0.1mT. De esta manera se determind una
zona relativamente homogénea con forma similar a un cilindro de dimensiones 5
mm de didmetro por 10 mm de longitud en el interior del arreglo con un campo
magnético Bo de 1.028 T.

Se utilizé alambre de cobre calibre 32 AWG para construir dos antenas de RF tipo
solenoide. La primera antena consistié en 17 espiras, con dimensiones de 13.5 mm
de diametro y 10 mm de longitud, que fue sintonizada para detectar niicleos de 2°Na

a la frecuencia de 11.58 MHz (Figura 5.6a). La segunda consistié en 31 espiras, sus
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dimensiones fueron de 13.5 mm didmetro y 15 mm de longitud, la cual fue
sintonizada a la frecuencia de 4.3 MHz para nucleos de 3°Cl (Figura 5.6b). En cada
caso la frecuencia de sintonia fue calculada con la ecuacion de Larmor de acuerdo
con el campo magnético Bo que se genera en el interior del arreglo Halbach y la

relacion giromagnética (y) de cada nucleo.

Figura 5.6 Antenas de RF construidas para el arreglo Halbach de magnetos, a) Antena sintonizada a
la frecuencia del 22Na y b) Antena sintonizada a la frecuencia del 3>Cl.

5.2.3 Preparacion de las muestras

Se utilizé agua destilada y cloruro de sodio para preparar soluciones con diferente
concentracion molar de 0.175, 0.35, 0.70, 1.40, 2.10, 2.80, 3.50, 4.20, 4.90, y 5.60
M. Posteriormente las soluciones fueron colocadas en dos tamafos de
portamuestras cilindricas, unas de 5.35 cm de diametro por 22.5 cm de altura
(Figura 5.7a) y otras de 1 cm de diametro por 9 cm de longitud (Figura 5.7b), de
acuerdo con el espacio disponible en las antenas construidas para el arreglo de
magnetos del sistema comercial MARAN DRX HF 12/50 y para el arreglo Halbach
de magnetos, respectivamente.
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Figura 5.7 Portamuestras utilizadas para las soluciones de NaCl, a) para el arreglo de magnetos del
sistema MARAN vy b) para el arreglo Halbach de magnetos

También se prepararon tres especimenes de pasta de cemento Portland con
relacion a/c = 0.55 (Figura 5.8b), los cuales se secaron en horno a 80 C durante 24
horas para eliminar parte del agua evaporable. Posteriormente fueron saturados al
vacio con soluciones de NaCl a concentraciones de 1.4 M, 2.8 My 4.9 M, con el
objetivo de tener muestras con diferentes concentraciones de *Na y 3°Cl en su
interior, lo cual deberia reflejarse en la intensidad de la sefial. Se realizaron
mediciones con la técnica de decaimiento libre de la induccion (FID) para obtener el
tiempo de relajacion transversal efectivo T2" de las diferentes soluciones y de los
especimenes de pasta de cemento, con las antenas construidas para el arreglo de
magnetos del sistema Maran DRX HF 12/50. Por otra parte, se empled la técnica
CPMG para determinar tiempos de relajacion T2 de las diferentes soluciones con
las antenas construidas para el arreglo Halbach de magnetos debido a que la
homogeneidad de Bo no fue suficiente para obtener FID. Los parametros de

medicidon se muestran en la Tabla 5.1.

Para determinar la amplitud y el tiempo de vida T2"y T2 de las sefiales FID y CPMG
respectivamente, las sefiales obtenidas fueron ajustadas a una funcion de

decaimiento exponencial de una componente de acuerdo con la Ecuacion 5.4.

SIS

(5.4)
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donde S es la intensidad de la sefial, So es la amplitud y b es T>" 0 T2 segln sea el
caso de una FID o un CPMG.

Tabla 5.1. Pardmetros empleados para la adquisiciéon de sefiales FID y CPMG con los
magnetos del sistema Maran y Halbach con las antenas construidas.

Magneto Maran DRX HF 12/50 Arreglo Halbach

3Na 3C1 3Na 3C1
(3.41 MHz) (1.26 MHz) (11.58 MHz) (4.3 MHz)
Soluciones Pastas Soluciones Soluciones

Ancho de pulso (us) 64 64 250 12 20

Amplitud de pulso (dB) -1 -1 -1 -6 -6
Numero de ecos - - - 256 128
Tiempo de eco t (us) - - - 300 1300
Nutimero de escaneos 4096 4096 4096 4096 4096

5.3 Resultados y discusion

5.3.1 Tiempo de relajacion T:* e intensidad para 23Na y 35Cl obtenido con el
arreglo de magnetos del sistema Maran

Un ejemplo de sefial del decaimiento libre de la induccién (FID) del 22Na adquirida
se muestra en la Figura 5.8 para una concentracién de 5.6 M. La Figura 5.9 muestra
la relacion entre la amplitud de la sefial con la concentracion de NaCl. Se observé
un incremento proporcional de la intensidad de la sefial con un incremento de la
concentracion de NacCl en las soluciones, lo cual es debido a la presencia de una
mayor cantidad de nucleos de sodio conforme se incrementa la concentracién en
las soluciones. Al realizar una regresion lineal de los datos, se obtuvo un coeficiente
de determinacion r? de 0.997I. Esta tendencia también se observo en los valores de
amplitud de la sefal detectadas en las pastas de cemento saturadas con soluciones

de diferente concentracién molar de NaCl (Figura 5.9b).
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Figura 5.8. Sefial de 2Na detectada con la antena construida para los magnetos del sistema
comercial Maran, a) Decaimiento de induccion libre (FID) y b) Espectro en frecuencia de la sefial
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Figura 5.9. Amplitud de la sefial 22Na en funcidn de la concentraciéon molar de NaCl, a) En soluciones
acuosas y b) En pastas de cemento Portland (a/c = 0.55) saturadas con soluciones a diferentes
concentraciones de NaCl.

Por otra parte, los valores de T2" tanto en soluciones como en pastas saturadas (en
estas Ultimas en menor medida) presentaron un comportamiento decreciente
conforme incremento la concentraciéon del NaCl en las soluciones (Figura 5.10). Este
comportamiento fue similar a lo reportado por Rijniers et al (Rijniers et al., 2004) con
valores T2 del 22Na en soluciones a diferentes concentraciones de NaCl y en pastas
saturadas con soluciones de NaCl. Este comportamiento se atribuyd a una mayor
interaccién spin-spin de los nucleos conforme se incrementa la concentracion del

NacCl, lo que ocasiona una mayor velocidad de decaimiento de la sefial.
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Figura 5.10 T," (circulos vacios) medidos comparados con los valores T (circulos llenos) reportados
por Rijniers et al., 2004, correspondiente a 2Na, a) en soluciones y b) en pastas saturadas con
soluciones de NaCl.

La amplitud de sefial detectada del *°Cl presenta también una relacion lineal con la
concentracion molar de NaCl en las soluciones (r? =0.997) (Figura 5.11a). La Figura
5.11b no muestra una tendencia del comportamiento de T2" con relacién a la
concentracion, a diferencia de lo observado en el 22Na. La baja sensibilidad del *°Cl
no permitio detectar sefal proveniente de la solucion en los poros de las pastas de

cemento al ser saturadas con soluciones a diferentes concentraciones de NaCl.
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Figura 5.11 a) Amplitud de la sefial de *Cl en funcién de la concentraciéon molar de NaCl en
soluciones y b) Tiempo de decaimiento T," en funcién de la concentracién molar de NaCl en
soluciones.
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5.3.2 Tiempos de relajacion T: e intensidades de la sefial para 23Na y 35Cl
obtenidos con el arreglo Halbach de magnetos

La figura 5.12 muestra las sefiales tipicas de decaimiento para 2°Na y 3°Cl obtenidas
con la técnica CPMG en la solucion de NaCl a 5.6 M. La relacion sefial/ruido fue
138 para el sodio mientras que para el cloro fue 31. Se obtuvo una mejor calidad de
sefial para el 22Na debido a que tiene mayor sensibilidad y abundancia natural
(100%) comparado con el 3Cl que tiene menor sensibilidad y una abundancia
natural de 75.53 %.
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Figura 5.12. Decaimiento de la magnetizacidon transversal obtenida de una solucién de 5.6M con la
técnica CPMG para nucleos de #Na y 3°Cl.

El comportamiento de la amplitud de las sefales para cloro y sodio detectadas
mediante la técnica CPMG con las antenas construidas para el arreglo Halbach
(Figura 5.13) es similar a lo observado con las sefales FID obtenidas en la seccion
5.3.1. Existe una relacion lineal entre la intensidad de la sefial y la concentraciéon
molar de NaCl en las soluciones, donde se obtuvieron coeficientes de determinacion

r2 de 0.997 y 0.975 para el 2Na y el °Cl, respectivamente.
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a) para el 2Nay b) para el *Cl.

La Figura 5.14 muestra la relacién entre el tiempo de decaimiento T2 (del 2’Na y el
35Cl) y la concentracion molar de NaCl en soluciones. Se observa el mismo
comportamiento observado en T2" de las sefiales FID, para el °Cl no fue posible
observar una tendencia en el comportamiento de T2 en relacion con la concentracion
molar (Figura 5.14a) mientras que para el 22Na T2 tiende a disminuir en funcién de
la concentraciéon molar (Figura 5.14b). También se observa que los valores

obtenidos de T2 para el sodio son similares en tendencia y magnitud con los valores
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Figura 5.14 Tiempo de decaimiento T, en funcién de la concentracién molar de NaCl en soluciones,
a) T2 (circulos vacios) medidos comparados con los valores T, (circulos llenos) reportados por Rijniers
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et al., 2004, correspondiente a 2>Na y b) T, medidos para el 3>Cl.

IPN
110

CIIDIR-OAXACA




5.4 Conclusiones

Los resultados indican que es posible obtener sefiales de RMN de %2Na y 3*Cl en
soluciones de NacCl utilizando un sistema de campo bajo. Como se esperaba, las
sefales obtenidas mostraron una relacion lineal entre la intensidad de las sefales
de RMN y la concentracion molar de NaCl en soluciones acuosas, obteniendo para
ambos nucleos un alto coeficiente de determinacion en concentraciones de NaCl
desde 0.175 M hasta 5.6 M (r? > 0.96). También fue posible detectar sefial de %°Na,
con la antena construida para el arreglo de magnetos comercial del sistema
Maran,con shims activos, en pastas de cemento saturadas con soluciones a
diferente concentraciéon molar de NaCl. Sin embargo, no se obtuvo sefal para el
35CI debido a su baja sensibilidad y baja abundancia natural. Con relacién a las
antenas construidas para el arreglo Halbach de magnetos, se obtuvo sefal de
ambos nucleos en las soluciones, pero no fue posible detectar sefial de 3°Cl y 2°Na
en las pastas de cemento saturadas, a pesar de que el arreglo genera un campo Bo
mas intenso, pero menos homogéneo. Por lo tanto, se debe considerar en futuros
disefios la implementacion de shims activos o pasivos en la construccion de arreglos
de magnetos permanentes para obtener mayor intensidad y homogeneidad del

campo magnético.

5.5 Recomendaciones

Se recomienda continuar con la utilizacion del arreglo tipo Halbach o bien construir
una antena de RF para el arreglo de tres magnetos que permita obtener perfiles de
la sefial de 2°Na y correlacionar los resultados con los perfiles de concentraciéon de
cloruros obtenidos con técnicas tradicionales de titulacién potenciométrica y frente

de penetracion por colorimetria.
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Capitulo 6. Crack width estimation in cement paste and
mortar by low field magnetic resonance

Abstract

Cracking produced by several processes negatively affects durability of concrete
structures by increasing the permeability of the cover concrete. Traditional
evaluation of the crack width is done using clear plastic cards or hand-held
microscopes. Other techniques involve nondestructive examination or image
processing. In this paper, low field nuclear magnetic resonance is used to measure
the CPMG decay of water-filled artificial cracks in cement paste samples to relate
the T2 lifetime with the crack width. Specimens of 0.50 w/c ratio cement paste were
made in triplicate, using ordinary Portland cement, white Portland cement, ordinary
Portland cement plus 10 % silica fume, and ordinary Portland cement plus 20 % fly
ash. Also, a set of mortar specimens with the same w/c ratio were prepared with
Ordinary Portland cement and silica sand. Different gauge stainless steel shims were
used to generate artificial cracks in the specimens. After the curing period, the
samples were vacuum saturated with water and NMR measurements were
performed with the CPMG technique. The results showed that one of the T2
components has a linear relationship with the crack width, as well as with the signal

intensity, that is related with the volume of the cracks.

Keywords: crack width, magnetic resonance, cement paste
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6.1. Introduction

Cracking of concrete is caused by different factors occurring in both plastic and
hardened state. In the plastic state, cracking is the result of plastic shrinkage or
settlement, whereas in the hardened state it is caused by restrained drying
shrinkage, thermal stresses, deleterious chemical reactions, weathering, corrosion
of reinforcement, carbonation, construction overloads, and externally applied loads
(ACI Committee 224, 2007). Cracks directly affect the durability of concrete
structures by significantly increasing the permeability of the material to aggressive
species (Aldea, Shah, & Karr, 1999), especially cracks having a width > 200 um. The
location and extent of cracking can be determined by direct and indirect
observations, as well as by destructive and nondestructive testing (ACI Committee
224, 2007). Direct observations are undertaken using hand-held microscopes or
clear plastic cards that provide an accuracy in the measurement of crack width of
approximately 25 um (Figure 6.1). Other techniques involve the processing of high-
resolution images to detect cracks as narrow as 250 um (Rivera, Josipovic, Lejeune,
Luna, & Whittaker, 2015) and others where the resolution of the image was about
300 um (Zhang, Zhang, Qi, & Liu, 2014), which precludes its application for the
detection of narrower cracks that are of interest from the point of view of durability.
MRI has been used to detect cracks but the limitation of resolution of the images
restricts the application to observe only wide cracks (Young, Szomolanyi, Bremner,
& Balcom, 2004). This paper presents an application of low field NMR to relate the
crack width in cement pastes and mortars with the T2 lifetime component and its

corresponding contribution to the signal intensity.
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Figure 6.1 Crack comparator to estimate crack width in concrete materials.

6.2. Materials and method

A set of 22 cement paste specimens (w/c = 0.50) measuring 40 mm in length and 36
mm in diameter was prepared for each of the following mixtures: ordinary Portland
cement, white cement, ordinary Portland cement with 10% silica fume (SF), ordinary
Portland cement with 20% class F fly ash (FA). A set of 22 mortar samples (w/c =
0.50) and sand/cement ratio (w/w) of 2 were also prepared. After casting, stainless
steel shims were placed inside the pastes to simulate cracks with 10 different widths
(See Figure 6.2) with depth of 3 cm. The control specimens were without stainless
steel shims. Additionally, a set of 27 specimens of ordinary Portland cement paste
(w/c = 0.50) were prepared to create artificial cracks with 1.5 cm, 2.5 cm and 3.5 cm
in depth using three thicknesses of stainless-steel shims (0.076 mm, 0.127 mm and
0.254 mm). Then the specimens were stored inside a plastic bag with a saturated cloth
to provide a high humidity to prevent moisture loss from the specimens. After 24 hours,
the specimens were demolded and moist cured in lime-saturated distilled water for

seven days.
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Figure 6.2 Artificial cracks in Portland cement and mortar specimens. The crack width was formed
with stainless-steel shim inserted in the fresh cement paste and then extracted after the final setting
of the cement paste.

After the moist curing period, NMR measurements were performed using a MARAN
DRX-HF 12/50 NMR system (Oxford Instruments Ltd, Abingdon, Oxford, UK)
operating at a resonant frequency of 12.9 MHz. To ensure that the crack would be
completely saturated with water, the specimens were vacuum saturated before the
NMR measurements. The CPMG sequence was used to obtain the transverse
magnetization decay, using the parameters shown in Table 6.1. The CPMG signal
was best fitted to a four components exponential decay curve (EqQ. 6. 1) to obtain the

T2 lifetimes and their corresponding signal intensities.

t t t t

S(E)=Myy*e T21+ My, xe T22+ Moz *e 23+ My, xe T2+ (6.1)

where S is the signal intensity, t is time, Mo,1, Mo,2, Mo,z and Mo4 are the equilibrium
sample magnetization components corresponding to the Tz21, T22, T2zand Tz lifetime

constants, respectively.
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Table 6.1 Parameters used for the CPMG measurements

Parameters ID Value
90 degree pulse (us) P90 18.5
180 degree pulse (us) P180 37
Number of echoes NECH 2048
Number of scans NS 256
Recycle delay (s) RD 15
Echo time (us) TAU 150

Because it was necessary to know the behavior of the magnetic field within the crack,
the finite element software COMSOL Multiphysics® (COMSOL, Burlington, MA, USA)
was used to simulate the Bo magnetic field profile through the cracks. The geometry
of a pair of circular permanent magnets of 30 cm in diameter and 2.5 cm thick was
used with a separation of 4 cm generating a relatively uniform magnetic field of 0.3 T.
To simulate the specimens with a crack, a rectangular prism with dimensions of 3.0
cm in width x 3 cm in length x 4 cm in height, having a relative permeability of 1.1 for
concrete (Brake, 2016) was used. To simulate the crack in the center of the specimen,
a rectangular prism with dimensions of 1.29 cm in length x 3 cm in height x t cm in
thickness corresponding to the artificial cracks. The relative permeability of this volume
was 0.999991, which is for the water filling the crack. All the elements were enclosed

within a sphere of air with 30 cm in radius.

6.4 Analysis of NMR relaxation in the cement paste and in the cracks

There are three relaxation mechanisms of a fluid within a porous material such as
rocks or concrete: bulk fluid processes (Tzsuk), surface relaxation (Tzsurface) and
diffusion in the presence of a magnetic field gradient (Tzbiffusion). The T2 lifetime in a
pore is affected by the three mechanisms according to equation 6.2 (Blumich et al.,
2004; Coates, Xiao, & Prammer, 1999).

2
—=——+p,(3) + 2 (6.2)

T Topulk 14 12
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where T,k 1S the relaxation of bulk fluid, p, is the surface relaxivity of the pore wall,
5 is the surface/volume ratio of the pore space, D is the diffusion coefficient, y is the

gyromagnetic ratio, G is the gradient of magnetic field Bo inside the pore, and TE is

the echo time used in the CPMG sequence.

According to the work of Brownstein and Tarr (Brownstein & Tarr, 1979), there are
three regimes depending on the value of a term k (Eq. 6.3): fast diffusion regime (k<1),

intermediate-diffusion regime (1< k>10) and slow-diffusion regime (k>10).

K= % (6.3)
where p, is the surface relaxivity, r is the radius of the pore and D is the self-diffusion
coefficient of the fluid. The k calculated was in the range of 0.052 to 0.49 for the width
range of artificial cracks considering p, = 5.51um/s for C-S-H, value reported by Dalas
et al (Dalas et al., 2014), and D = 2000 um?/s for the water diffusion coefficient at room
temperature (Coates et al., 1999). The calculated values of k indicated that the crack
widths considered in the study were in the fast-diffusion regime, and the maximum

allowable crack width for this regime was =725 um.

In the analysis of water relaxation within the artificial cracks, the three relaxation
mechanisms were considered according to equation 6.2. The Tosuk = 2.4 S was
measured for free water, Tzdifusion Was calculated with the D value mentioned above,
y = 42.58 MHZ /s, G was the Bo gradient inside each crack obtained from COMSOL

simulations, and TE = 150 us. A rectangular prism geometry was used to determine

S 2ab+2db+ad . . .
the ~ = % for T2surface, aSSUMING a crack shape shown in Figure 6.3.
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Figure 6.3 Rectangular prism geometry of the artificial cracks used to determine the s/v ratio.

6.3 Results and discussion

Figure 6.4 shows the CPMG decays of a cement paste sample with a 203 um crack
width and a control sample. There is a faster decay in the sample without crack. The
NMR signal decay is dominated by the bulk of the cement paste, and only a small part

(about 1%) corresponds to signal of water in the cracks.
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Figure 6.4 CPMG decays of ordinary Portland cement paste samples with and without crack.

In the CPMG signal fitted to a four-component exponential decay function, the first,
second and third components are attributed to gel pores, inter-hydrate pores and
capillary pores, respectively; the fourth component is attributed to water in the largest

capillary pores and micro-cracks (Muller, 2014),(Kowalczyk, Gajewicz, & Mcdonald,
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2014). In this case it was observed a linear relationship between signal intensity and
T2 lifetime with the crack width (Figure 6.5). The other components did not exhibit a
specific relationship. The proportional increase in T2 lifetime as the crack width
increases (Figure 6.5a) is because the surface relaxation is less effective as the
separation between the crack surfaces increases. Therefore, it is possible that at a
specific upper range of crack width, the water contained will start behaving as bulk
water. On the other hand, the increase in signal intensity of the fourth component is
explained by the increase in crack volume (water volume) as the crack width increases

(Figure 6.5b). This behavior is observed in a similar way for the other types of samples.
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Figure 6.5 Ordinary Portland cement pastes (w/c = 0.50) with artificial cracks, a) T lifetime versus
crack width, and b) Signal intensity versus crack volume. The first point at cero width crack is the
control specimen.

Figure 6.6 shows the relationship between T: lifetime and the crack width for OPC,
white cement, OPC plus 10% SF, OPC plus 20% FA cement pastes, and mortar at
different curing times. In case of white cement paste and OPC paste, an increase in
the T24 lifetime values were observed with increasing age, which may be due to

changes in the surface relaxivity p caused carbonation of the surface.
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Figure 6.6 Crack width versus T, relationship obtained in cement pastes at different ages of curing,
where the points in zero crack width correspond to control samples, a) OPC paste, b) White cement
paste, c) OPC + 10 % SF, d) OPC + 20 % FA, and e) OPC mortar.

Results of the simulation of the magnetic field Bo inside the cracks are shown in Figure

6.7. There is a magnetic field gradient along the crack. This gradient was determined

for each crack width and it was considered in the calculation of Tadiffusion. However,
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these gradient values were not high enough to produce a significant change in T2

through the diffusion mechanism.
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Figure 6.7 a) The magnetic field gradient in the crack was obtained along the line AB, A corresponds
to 0 and B the depth = 3 cm. b) B field gradient within the cracks obtained from the simulation in

COMSOL Multiphysics

Figure 6.8a shows a comparison between T24 values measured in OPC pastes with

artificial cracks and the T2.4 values calculated for cracks according to equation 6.2,

considering a rectangular prism geometry for the crack (see Fig. 6.3). It was observed

that the calculated T24 values far exceeded the measured T24. Since the hydrated

cement paste possesses a rough surface on a microscopic scale (Apedo,

Montgomery, Serres, Fond, & Feugeas, 2016; Thomas, Jennings, & Allen, 1999) as

shown in a roughness profile in figure 6.9, it implies that in Equation 6.2, the real

surface inside the cracks is not being adequately considered.
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Figure 6.8 Comparison between measured and calculated T, values of OPC paste samples, a)
Without considering the roughness in the surface of the crack’s walls and the background, and b)
Considering that the surface of the crack walls is magnified by a factor R = 280 due to its fractal
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Figure 6.9 Profile of the roughness from an unpolished cement paste sample (Apedo et al., 2016).

The calculation of the profile line length in Figure 6.9 indicates that stretching the
profile line in a straight line covers a distance [ = 1.5 greater than the original. This
means that a surface with the same roughness must cover an area up to [? = 2.25
times larger than the original. Therefore, the area S in Equation 6.2 has to consider

a magnification factor R = 2.25.

T24 = T3 crack + T2 controt (64)
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However, a 2.25 factor was not enough to obtain measured values close to the
predicted ones. A value of magnification factor R = 280 is what permitted obtaining
the calculated values of T, , with a slope similar to that presented by the measured
values. It is also necessary to add the T, .ontro1 (EQ. 6.4), since it is considered as a
background in the absence of artificial cracks to approximate the calculated values
of T24 with the measured values of T24 as shown in Figure 6.8b, where this
background can be attributed to micro-cracking and macropores naturally formed in

the specimen.

On the other hand, it has been shown that the surface of the hydrated cement paste
is fractal in nature, which has large fractal dimension D values (between 2.95 to 3.09)
which means that it has an extremely irregular surface (Winslow, 1985). For this
reason, it is possible that if roughness profiles such as that in Figure 6.8 were analyzed
at a higher magnification, a larger surface magnification factor could be determined. It
has also been shown that a larger surface area within the same volume would cause
a more efficient T2 relaxation, as demonstrated by Muller-Petke et al (Muller-petke,
Dlugosch, Lehmann-horn, & Ronczka, 2015) with the simulation of T2 relaxation times

in pores with different fractal surfaces.

Figure 6.10 shows the T2,4 values in the samples with cracks of different depths (1.5,
2.5 and 3.5 cm). There is a trend indicating that there is an increase in T2 as the
depth of the crack increases. However, an analysis of variance with the SigmaPlot

software showed that there is no significant difference between the data.
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Figure 6.10 Relationship between T,4 and the cracks depth, using three different crack widths.

6.4 Conclusions

NMR signals obtained by CPMG measurements provide a means of estimating the
crack width in cement pastes, where a four-component exponential decay function
was fit to the data. The fourth T2 component and its corresponding signal intensity,

have a linear relationship with the crack width.

The surface relaxation mechanism of the water within the cracks seems to dominate

the signal decay.

A rectangular prism geometry was considered as the shape of the artificial cracks
generated. However, to calculate the s/v ratio of the crack, it is necessary to consider
that the surface is magnified by a factor of approximately 280 times, since the

hydrated cement paste is a rough material of a fractal nature.

No significant changes were observed in the measured T2,4 values when varying the

depth maintaining the crack width constant.
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Conclusiones generales

Los resultados de los estudios presentados en esta tesis confirman que es posible
implementar métodos confiables de caracterizacion de algunos aspectos
relacionados con la durabilidad del concreto de manera no destructiva.
Aprovechando las ventajas de la resonancia magnética nuclear de campo bajo,
dada su versatilidad ha sido posible el disefio, construccién e implementacion de
antenas de RF para adaptarlos a las necesidades de los distintos tipos de arreglo

de magnetos utilizados en esta investigacion.

El disefio y construccion de una antena eliptica de superficie para el arreglo de tres
magnetos permitié mejorar significativamente la resolucion espacial comparado con
un estudio previo (Cano-Barrita et al., 2017). Esto se debié a que con la forma
eliptica se pudo reducir la zona de influencia de la antena a lo largo de la muestra.
Ademas, se pudieron extender las mediciones a morteros saturados y sin saturar
donde se pudieron observar diferencias en los tiempos de relajacion T2 e intensidad
en la zona carbonatada con respecto a la zona no carbonatada. Ademas, se
obtuvieron perfiles de contenido de humedad durante absorcion capilar de agua en
muestras de mortero y concreto conteniendo agregados naturales. Los perfiles
obtenidos fueron similares a los obtenidos con la técnica de imagenologia de RMN.
Debe mencionarse que en la muestra de concreto no fue posible obtener un perfil
de distribucion de humedad por medio de imagenologia por RMN. Sin embargo, Si
fue posible con el arreglo de tres magnetos y la antena eliptica, que ademas no

tiene restriccion en le tamafio de la muestra a ensayar.

Las antenas de RF construidas para detectar %°Cl y 23Na permitieron obtener
sefales de calidad aceptable en campo bajo. Para ambos nulcleos activos se obtuvo
una buena correlacién (r? > 0.96) entre las intensidades de sefiales (CPMG y FID)
y la concentracion molar de NaCl en soluciones acuosas. También fue posible la
deteccion de sefial de °Na en pastas de cemento saturadas con soluciones a

diferentes concentraciones de NaCl usando el arreglo de magnetos comercial de un
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sistema de imagenologia por RMN, que al contar con shims activos permitio
incrementar la homogeneidad del campo magnético Bo. Con el arreglo Halbach de
magnetos solo se pudo obtener sefiales de RMN de 3°Cl y 2°Na en soluciones de
NaCl a distintas concentraciones, a pesar de generar un mayor campo magnético,

pero mas heterogéneo y en un menor volumen.

Finalmente, se demostré que los tiempos de vida de la sefial T2 poseen una relacion
lineal con el ancho de grietas artificiales en pastas de cemento y morteros (r°= 0.96).
Por otra parte, la relajacion del agua contenida en la grieta estd mayormente
influenciada por la relajacion por superficie, donde la superficie de las paredes de la
grieta debe calcularse considerando que la pasta de cemento hidratada es un
material rugoso de naturaleza fractal. Se estimé de manera empirica un valor de
280 veces el incremento de area en la grieta para que los datos medidos fueran

similares a los calculados.
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