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RESUMEN

Resulta inevitable corroborar el constante avance y perfeccionamiento en el uso de materiales y
técnicas constructivas en el campo de la ingenieria civil. Desde el empleo de rocas vy ladrillos en
mamposterias, hasta hormigones autocompactantes reforzados con fibras de acero o polimetros
extruidos. Sin embargo no ha de olvidarse, que al igual que ocurre durante el transcurso vital de
cualquier ser vivo, todas estas soluciones constructivas no quedan exentas de procesos patoldgicos.
Que si bien, adquieren importancias diferentes segln el tipo de proceso y material afectado, no han

de pasarse por alto, condicionando consigo la vida Util de las propias construcciones.

Motivado por ello, la presente Tesis Doctoral centra sus esfuerzos en el desarrollo de metodologias
y soluciones, capaces de localizar, evaluar, materializar e incluso predecir aquellas afecciones
patoldgicas que degraden la capacidad portante de las construcciones. Abogando consigo por
metodologias globales de deteccidén y cuantificaciéon de dafios basadas en las disciplinas de la
geomatica (a través del empleo de sistemas ldser escaner y fotogramétricos) y la dinamica de

estructuras (mediante el método de Analisis Modal Operacional).

Con el fin de corroborar la aplicabilidad de los procedimientos desarrollados, estos son empleados
en diferentes tipos de construcciones: desde construcciones histdricas y verndculas, en fase

experimental hasta construcciones “modernas” erigidas en hormigdn armado.

A raiz de los resultados arrojados se concluye que los sensores empleados, asi como las técnicas y
metodologias desarrolladas, adquieren un protagonismo esencial en el conocimiento estructural de
las construcciones civiles. Por un lado, los sistemas laser escaner y fotogramétricos son capaces de
suministrar productos “ricos” en cualidades geométricas y radiométricas. Sin embargo, requieren de

metodologias complementarias para materializar mecdnicamente (a excepcién de los resultados
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provistos por las estrategias basadas en Correlacién Digital de Imdagenes) posibles afecciones
patoldgicas. La respuesta a dicha necesidad puede ser encontrada en el empleo de las técnicas
basadas en la dinamica de estructuras, mas concretamente en el Analisis Modal Operacional, y el
Método de los Elementos Finitos. El empleo de ambas técnicas ofrece por ende un amplio espectro

de posibilidades sobre el cual cuantificar y caracterizar los dafios presentes en las construcciones.
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Nature, to be commanded, must be obeyed.

Francis Bacon (1605)
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Introduccion

INTRODUCCION

Resulta irrefutable basar el éxito de las construcciones, especialmente en lo referente a su
vida util, en el constante avance experimentado en el uso de materiales y técnicas de
construccién. Desde soluciones altamente arraigadas en la sociedad basadas en el empleo
de muros, arcos y dinteles erigidos en fabricas de mamposteria pétrea o adobe hasta
sistemas estructurales novedosos que incluyen el uso de polimeros o fibras como

materiales resistentes en tableros de hormigdn autocompactante.

Sin embargo, es bien conocido que las cargas de servicio, las acciones ambientales o
accidentales pueden causar dafios en dichos sistemas estructurales, disminuyendo consigo
su capacidad prestacional. Derivado de ello, es posible definir el dafio como aquella
debilidad no deseada presente en la construccion, que pone en riesgo la seguridad vy el
comportamiento de esta (Stubbs, 1985). Dicha debilidad, comumente conocida como
proceso patoldgico, pueden manifestarse a través de diferentes sintomas como grietas,

delaminaciones o corrosiones, seguin el tipo de construccion considerada (Watt, 1999).

En términos de escala, el dafio comienza a nivel material, sin implicar necesariamente una
pérdida total de la funcionalidad del sistema estructural. Pero provocando que dicho
sistema no opere en sus condiciones dptimas. Si dicho dafio no es correctamente tratado,
este puede crecer a diferentes niveles (crecimiento espacial o temporal) (Farrar & Worden,
2007). Afectando asi a la estructura hasta un punto no aceptable: el fallo estructural.
Motivado por ello, resulta indispensable desarrollar sistemas capaces de detectar y

diagnosticar los dafios presentes en las estructuras, con objeto de disefiar de forma
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adecuada planes de mantenimiento y sistemas de restauracion que protejan la vida util de

la construccion.

En dentro de estos sistemas, donde los procesos enfocados en la evaluacion de las
condiciones estructurales adquieren un valor importante. Dichos procedimientos,
comunmente conocidos como procesos de monitorizacion de la salud estructural (Worden
& Barton, 2004), asumen que el dafio presente en la construccion esta intimamente ligado
a un factor temporal. Afectando asi de forma negativa a la vida util de dichas estructuras
(Liang & Yuan, 2015; Lorenzoni et al., 2013; Luis F. Ramos et al., 2010). Es por ello, que la
definicion de dafio puede ligarse a una variacién de las propiedades materiales y/o
geométricas de la estructura considerada. Incluyendo, cambios en las condiciones de
contorno o en las conexiones, que afecten de forma negativa al comportamiento actual del

sistema estructural (Farrar & Worden, 2007).

En una primera instancia, es posible clasificar los procedimientos de monitoreo de la salud
estructural en sistemas locales y globales (Housner et al., 1997). Por un lado, los métodos
locales (e.j. rayos x o métodos acusticos) se caracterizan por actuar sobre dreas locales de
la estructura, con una mayor sensibilidad que los métodos globales. Por otro lado, los
métodos globales (de menor diversidad que los locales), son capaces de caracterizar los

dafios que influyen en el comportamiento global de la estructura (Haque et al., 2012).

Sin embargo, dicho sistema de clasificacién local/global tiene un enfoque meramente
“espacial”. Requiriendo de sistemas adicionales capaces de evaluar y caracterizar los dafios
presentes. Bajo dicha premisa, la clasificacion inicialmente definida por (Rytter, 1993) vy
posteriormente modificada por (Worden & Dulieu-Barton, 2004) y (Yan et al., 2007) provee
un catalogo valido sobre el cual analizar el comportamiento de las metodologias aplicadas.

Dicho sistema de clasificacion queda definido de la siguiente forma:

+  Nivel 1 o Deteccion: incluye las metodologias capaces de proveer informacion

cualitativa del dafio presente.
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+ Nivel 2 o Localizacion: comprende aquellas estrategias capaces de proveer

informacidn sobre la probable localizacion del dafio.

« Nivel 3 o Clasificacion: incluye aquello procedimientos capaces de reconocer los

diferentes procesos patoldgicos.

« Nivel 4 o Evaluacién: encapsula las metodologias que permiten estimar el area

afectada por el dafio.

« Nivel 5 o Predicciéon: considera aquellos procedimientos que ofrecen informacién
sobre las condiciones de estabilidad estructura, y por tanto, estima la vida Util

residual de la construccion.

Ha de destacarse, la existencia de una interconexioén jerarquica entre los diferentes niveles
definidos. Esto hace, por ejemplo, que el nivel de informacion 3 lleve intrénseco los niveles

ly?2.

Diversos son los test no destructivos que permiten la identificacién de dafios en sistemas
estructurales. La mayoria de dichos procedimientos, sin embargo, solo pueden ser
aplicados cuando la estructura no estd en uso. Restringiendo asi el numero de técnicas
adecuadas para la monitorizacion de la salud estructural del sistema. Dentro de dicho
campo selecto, las técnicas dinamicas han adquirido un interés especial, en comparacion
con los sistemas quasi-estaticos, los cuales presentan una menor sensibilidad al dafio. Ello
posiciona a las técnicas basadas en la dindmica de estructuras como las preferentes en
este campo, posibilitando la evaluacion de la estructura bajo condiciones operacionales, |a

determinacién de dafios y su monitorizaciéon (Peeters & De-Roeck, 2001; Ramos, 2007).

De forma complementaria a los métodos de clasificacién de dafios definidos
anteriormente, un tercer sistema de clasificacion ha de ser definido: las estrategias
basadas y no basadas en modelos. Por un lado, las estrategias no basadas en modelos,

basan su éxito en la comparaciéon de dos estados, uno dafiado y otro de referencia,
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empleando ademds detectores (los cuales expresan las desviaciones de determinados
parametros) tales como el analisis wavelet, los cambios en los pardmetros modales o los
cambios en las derivadas de los parametros modales (Ramos, 2007). Por otro lado, los
sistemas basados en modelos, comparan la respuesta proporcionada por una simulacion
numeérica, generalmente una simulacion por Elementos Finitos. Estas uUltimas estrategias
permite una evaluacion de dafios superior al nivel 3 (acorde a la clasificacién de Rytter).
Entrando asi en concordancia con otro pilar basico en la caracterizacion de dafios: la
prognosis. La prognosis permite estimar la vida util remanente de un sistema (Farrar et al.,
2003) basandose en los resultados arrojados por un modelo predictivo del estado actual
del sistema estructural, y para el cual las variables y el dafio presente deben de estar

correctamente determinados.

En los ultimos afios, los modelos numéricos por Elementos Finitos (Zienkiewicz & Taylor,
1994) han copado gran parte del interés cientifico (Saloustros et al., 2015; Adewole & Bull,
2013). En contraposicién con métodos mas cldsicos, como la estatica grafica (Huerta, 2008)
o el andlisis limite (Heyman, 1997), dichos sistemas de simulacién numérica se han
posicionados como potenciales soluciones a las diferentes necesidades ingenieriles
existentes. Permitiendo la evaluacién estructural bajo condiciones especificas, tales como
las simulaciones dindamicas (Ramos et al., 2013), sismicas (Milani & Valente, 2015) o
estaticas (Gonilha et al., 2014). En contraste a dicha flexibilidad, los sistemas de simulacion
numérica por Elementos Finitos requieren de un conocimiento extenso de las variables
intervinientes, en particular, de las condiciones de contorno o de las variables mecdanicas
que rigen el comportamiento de los materiales intervinientes. Es en este punto, donde la
dindmica de estructuras y en especial el Analisis Modal Operacional se han posicionado
como las técnicas preferidas para complementarlas (Osmancikli et al. 2015; Turker &
Bayraktar, 2014; Ramos et al., 2013). Sin embargo, este no es el Unico requerimiento para
obtener una simulacién numérica adecuada de los sistemas estructurales. La calibracion de
su respuesta estructural (variables, condiciones de contorno, etc.) y su correcta definicion
geométrica son aspectos criticos ha considerar Mottershead & Friswell, 1993). Para los

cuales las disciplinas de la geomadtica y la calibracién de modelos numéricos pueden
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proveer la solucion adecuada.

Por un lado, las técnicas de calibracion de modelos numéricos, enfocadas en el ajuste de la
respuesta del sistema estructural frente a variables desconocidas o aproximadas (Simoen
et al.,, 2015), tratan de minimizar las discrepancias entre el modelo experimental y el
modelo numérico. Dentro de dicha disciplina amplio es el nimero de técnicas empeladas,
desde enfoques basados en el método de (Douglas & Reid, 1982) hasta técnicas de mayor
complejidad como las definidas por (Simoen et al., 2015). Sin embargo, y de forma
independiente a la técnica empelada, varios son los aspectos en comun: (i) el empleo de
una funcién objetiva a minimizar; (ii) el empleo de variables acotadas; v (iii) la necesidad de

un proceso de optimizacién.

Por otro lado, la disciplina de la geomatica centra sus esfuerzos en la definicién geométrica
de la construccion. Dicho aspecto, particularmente atractivo en las construcciones
historicas, es de gran interés para la Comunidad Cientifica Internacional. Posicionando a los
sensores geomaticos  (principalmente los sistemas ldser escaner y los sensores
fotogramétricos) como la técnica no-destructiva mas adecuada para la caracterizacion
geomeétrica (Conde et al., 2015; Villarino et al., 2014; Riveiro et al., 2011). Dicho conjunto
de sensores son capaces de proveer de un producto tridimensional, denso y preciso de la
construccién: la nube de puntos. Sin embargo dicha nube de puntos, compuesta por
millones de puntos distribuidos en el espacio, carece de sentido alguno para las
simulaciones numéricas por Elementos Finitos. Requiriendo de un sistema de transicion
hacia modelos CAD aptos para dichas simulaciones. Dicha transformacién no adquiere un
caracter trivial. No aprovechando asi la potencialidad ofrecida por la nube de puntos,
siendo Unicamente empleada como base para la construccion manual de modelos CAD, a
través de dos metodologias basicas (Tognaccini, 2009): (i) metodologias que empelan vistas
ortogonales para dibujar contornos sobre la nube de puntos; o (ii) secciones aplicadas
sobre las direcciones principales de la malla. De forma paralela de dichos enfoques, que no
ofrecen una solucién dptima para aprovechar las potencialidades geométricas de la nube

de puntos, otras soluciones emergen con fuerza. Estas soluciones alternativas tratan de
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aprovechar los conceptos de las superficies paramétricas (e.j. planos, cilindros, etc.)
(Cabaleiro et al.,2014; Varady, 2008), los sistemas basados en B-splines Racionales No
Uniformes (NURBs) (Piegl & Tiller, 2012) vy las estrategias de voxelizacion (Castellazzi et al.,
2015). Tras dicho productos (nube de puntos o imagenes), eminentemente geométricos y
proporcionado por los sistemas laser escaner o fotogramétricos, se esconde un
componente radiométrico también de gran potencialidad para la deteccion vy

cuantificacién de dafios.

Una de las principales aplicaciones de los sensores remotos puede ser encontrada en la
clasificacion de terrenos y cultivos a través del andlisis de las imdagenes capturadas (Del
Pozo et al., 2015; Moody et al., 2014; Pope & Rees, 2014). Dicho enfoque, comiUnmente
conocido como clasificacién multiespectral, clasifica los pixeles (entendiendo como tales a
las unidades bdsicas de una imagen) en clases segln su respuesta radiométrica. Dicha
clasificacién, emplea diversas bandas espectrales y sensores (que actuan en diferentes
espectros) a fin de robustecer la deteccion de clases informacionales de la superficie
analizada. Probando ser de gran interés en la deteccién de patologias en construcciones
(Armesto et al., 2010). Detras de dicha capacidad, la flexibilidad a la hora de adquirir
imagenes y la posibilidad de comparar estados temporales diferentes permiten emplazar al
enfoque basado en la clasificacion multiespectral de imagenes como una solucion
potencial en la deteccién global de dafios. Permitiendo la identificacion de dafios y
pudiéndose emplear como sistemas alternativos a la monitorizacion de la salud estructural

de la construccion.

Sin embargo, el concepto de clasificacion multiespectral no adquiere toda su potencialidad
en la deteccidon y monitorizacién de patologias sin la presencia de los denominados
algoritmos de clasificacion. Dentro de este campo, dos son los enfoques principales (Li et
al., 2014): (1) las estrategias de clasificacion supervisada; vy (ii) los métodos de clasificacién
no-supervisados. Mientras que los sistemas de clasificacién supervisada requieren de la
interaccion del usuario, a través de la definicion de las areas de entrenamiento, los

sistemas no supervisados Unicamente requieren como input las diferentes bandas
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espectrales consideradas.

Parece por tanto légico, y atendiendo a los clasificadores y las descripciones anteriormente
expuestos, que una completa caracterizacion del dafio presente en las construcciones
requiere de un proceso multidisciplinar. Dicho proceso no ha de ser solo capaz de localizar
y cuantificar el dafio, sino también de disponer de la suficiente capacidad para predecir el
comportamiento futuro de la estructura (prognosis). Atendiendo a ello, la presente Tesis
Doctoral aboga por el empleo de técnicas propias de las disciplinas de la geomatica (laser
escaner y fotogrametria) y la dindmica de estructuras (a través del Andlisis Modal
Operacional), al igual que los procedimientos basados en el clasificacion multiespectral de
imagenes como herramientas para la caracterizacion de dafios a nivel global. Todo ello,
complementado por estratégias numéricas avanzadas por Elementos Finitos v
metodologias de calibracion numérica (métodos basados en modelos) que permitan llegar

a predecir el comportamiento futuro de las construcciones evaluadas.

Considerando dichos pilares como la estructura basica de los procedimientos de deteccion
de dafio a nivel global, los Capitulos del | al IV describirdan la actividad de investigacién
llevada a cabo en los diferentes campos descritos a continuacién: (1) Capitulo I:
caracterizacién geométrica, identificacion dinamica y calibracion numeérica; (ii) Capitulo Il
identificacion dinamica vy calibracién numérica; (iii) Capitulo lll: caracterizacion geométrica

y calibracion numérica; y (iv) Capitulo IV: andlisis multiespectral de imagenes.

Definidos los diferentes campos de actuacién para una correcta definicion del dafio a nivel
global, resulta necesario establecer un marco general sobre el cual integrar los diferentes
enfoques considerados y que permita una mejor trazabilidad y futura mejora en la
metodologia. Eco de ello, el Capitulo | (correspondiente a la primera publicacién),
desarrolla dicha integracion (a excepcion del analisis multiespectral) bajo un marco comdn
de actuaciéon: el analisis de una construccion histérica con dafios estructurales,

considerando como nexo de union la simulacion numérica de esta.

Sin duda alguna, los sistemas laser escaner y fotogramétricos (a través del enfoque
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Structure from Motion) han ganado una gran relevancia en la caracterizacion geométrica
de construcciones (Conde et al., 2015, Villarino et al., 2014, Barazzetti et al.,2010). Sin
embargo, ambos sistemas terrestres presentan como principal desventaja la imposibilidad
de adquirir datos en zonas inaccesibles de la construccién (e.j. tejados, cupulas o torres).
Requiriendo el uso de tecnologias adicionales que sean capaces de suplir dicha limitacion.
Es, dentro del campo de la fotogrametria, donde las cdmaras digitales (camaras RGB,
multiespectrales, etc.) embarcadas en plataformas VANT (Vehiculo Aéreo No Tripulado)

pueden posicionarse como la solucién ideal (Del Pozo et al., 2014; Scaioni et al., 2009).

En otras palabras, la combinacion de los sistemas ldser escaner y Structure from Motion
(en su versidon terrestre y aérea) parecen ser las soluciones optimas para la completa
caracterizacion geométrica de la construccion. Sin embargo, la necesidad de emplear
multiples estaciones, y por ello diferentes nubes de puntos, requieren del correcto registro
de estas dentro de un sistema comun. Es en este campo, donde algoritmos como el
lterative Closest Points (Besl & McKay, 1992) o el algoritmo Least Square Surface
Matching (Acka & Gruen, 2007) pueden ser empelados. Sin embargo, el registro de varias
nubes de puntos lleva consigo una acumulacién de errores que requiere de ser
compensada, y donde algoritmos como el Generalized Procrustes Analysis (Toldo et al.,

2010) pueden solventar el problema.

Tal y como se menciond con anterioridad, el paso de la nube de puntos a un modelo CAD
no es una tarea trivial en la actualidad. Las practicas comunes estan basicamente
enfocadas en el empleo de secciones, vistas ortogonales o segmentaciones manuales de la
nube de puntos. No explotando las ventajas ofrecidas por dichos productos. De forma
paralela a estos sistemas de segmentacion manual, emergen nuevos enfoques que pueden
emplazarse como posibles soluciones a la conversién CAD, tales como la Descomposicion
Funcional (Varady, 2008) o los sistemas NURBs basados en la cuadrilaterizacion de la malla

(Branch et al., 2008).

Una vez el modelo geométrico es definido (y adaptado para el correspondiente andlisis
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numeérico) y su dafio localizado. Es requisito disponer de una correcta interpretacién de
lestos. Es aqui, donde los procedimientos basados en el Analisis Modal Operacional vy la

calibracion de modelos numéricos se situan como piezas indispensables.

Dentro del diferente abanico de posibilidades que brindan los ensayos in-situ, la
identificacion modal se emplaza como una de las soluciones de mayor potencialidad. De
forma mas especifica el Andlisis Modal Operacional, también conocido como identificacién
modal ambiental, trata de extraer los pardmetros modales de la estructura (tales como las
frecuencias, los modos de vibracion o los coeficientes de amortiguamiento) considerando
como fuentes de excitacidn las ambientales. Dicha técnica puede ser empleada a través de
diferentes metodologias, encargadas de extraer los pardametros modales (Ramos, 2007): (i)
técnicas en el dominio de la frecuencia como la Descomposicion Mejorada en el Dominio
de la Frecuencia; y (ii) los métodos en el dominio temporal como los Sistemas de
Identificacion Estocdsticos. Dicha técnica puede aumentar su potencialidad a traves del
empleo de las técnicas de calibracién numérica, que toman como objetivo basico la
minimizacion de las discrepancias existentes entre los modelos numéricos y los datos

experimentales.

Ampliamente extendido, el método de Douglas-Reid (Douglas & Reid, 1982) permite
calibrar modelos numéricos por Elementos Finitios et al.,2014; Gentile & Saisi,2007).
Dicha metodologia minimiza las discrepancias existentes entre las simulaciones numéricas
y los resultados obtenidos en las diferentes campafias experimentales. Requiriendo
Unicamente la resolucion de un sistema no lineal de ecuaciones y la minimizacién de la

funcion objetiva considerada.

Ha de considerarse también, que el presente capitulo trata de abordar el dafio presente a
través de un enfoque discreto. Considerando para ello el agrietamiento como una
discontinuidad en la estructura, y requiriendo por tanto una definicién especifica de la
grieta dentro del modelo numérico. De ello resulta la necesidad de disponer de estrategias

de caracterizacion de dafios basadas en enfoques difusos (De Borst et al., 2004). Capaces
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de detectar y cuantificar el dafio presente sin necesidad de materializar fisicamente las

patologias existentes (enfoque discreto).

Complementario a ello, cabe remarcar el sistema de calibracién empleado, basado en el
enfoque “simplista” propuesto por (Douglas & Reid, 1982), y cuyas variables de calibraciéon
Unicamente pueden restringirse al ambito de la dindmica. Es por tanto necesario, mudar
hacia estrategias de calibracion robustas capaces de integrar en las funciones objetivas

componentes de caracter estatico como las deformaciones.

En respuesta a dichas necesidades, el segundo articulo presentado en la presente Tesis
Doctoral, y materializado en el Capitulo Il, desarrolla un sistema de calibracion robusta de
modelos numéricos capaz de integrar los datos procedentes de campafias experimentales
estaticas y dindmicas dentro de un enfoque Determinista. Dicho enfoque, considera la
estructura como un conjunto de propiedades conocidas o asumidas que presentan una
relacion con el comportamiento arrojado por esta (Simoen et al.,, 2015). Bajo dicha
hipdtesis de trabajo, los enfoques Deterministas calibran la respuesta de los modelos
numéricos a través de la determinacion del valor éptimo de las variables consideradas.
Minimizando las discrepancias entre los datos experimentales y numéricos. Dicho “set” de

variables ha de estar acotado entre unos valores coherentes.

Definido el concepto general que rige los enfoques Deterministas, parece légico asumir la
posibilidad de integrar los dafios presentes en la estructura como variaciones de las
propiedades mecdanicas de los elementos que la constituyen. En acordancia con la
definicién previa de dafio: “Derivado de ello es posible definir el dafio como aquella
debilidad no deseada presente en la construccion que pone en riesgo la seguridad y
comportamiento de esta”. Ajustar la respuesta mecanica de los elementos intervinientes en
una simulacion numeérica puede resultar en un amplio nimero de variables a optimizar, y
por ende en un sistema mal condicionado. Donde la matriz Hessiana se vuelve singular y
dificil de invertir de forma precisa. Dicha situacion no garantiza una solucién Unica y

estable (frente a cambios pequefios de las variables), requiriendo de una resolucion

10
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complementaria a través de los denominados procedimientos de regularizacién (Titurus &
Friswell, 2008). Sin embargo, y aunque dicho procedimiento puede ser implementado en el
enfoque Determinista considerado, dos inconvenientes han de ser tenidos en cuenta: (i) la
evaluacién de grandes matrices de sensibilidad y altos tiempos de computacion y; (ii) la
consideracion del dafio como un fendmeno no continuo en la estructura. Considerando
dichas premisas, el Capitulo Il emplea el concepto de funcién de dafio, inicialmente
desarrollado por (Teughels & De Roeck, 2003), como punto de partida. Bajo dicha
metodologia es desarrollado un sistema hibrido de deteccién de dafio basado en la

combinacién de funciones de dafios discretas y sistemas de subestructuracion.

A dia de hoy, resulta inevitable destacar la importancia adquirida por los sistemas de
identificacion dinamica en la evaluacion de la salud en las construcciones. Dicha relevancia
estriba en la habilidad que presentan estas técnicas en la deteccién y monitoreo de dafios
(Ramos et al., 2013; Teughels & De Roeck, 2003). Dando lugar a un amplio niumero de
metodologias (Rainieri & Fabbrocino, 2014) e indicadores (Dong et al., 1994; Stubbs et al.,
1992; Pandey et al., 1991), parte de los cuales pueden operar conjuntamente con las
simulaciones por Elementos Finitos y ofrecer un resultado robusto del comportamiento

estructural del sistema evaluado (Zordan et al., 2014).

Sin embargo, y de forma paralela a los desarrollos mencionados en el campo de la
dindmica, emerge la necesidad de desarrollar indicadores geométricos capaces de proveer
valores equitativos en el campo de la estdtica. A dia de hoy, son varios estudios que
emplean indicadores estaticos en la calibracién de modelos numéricos (a destacar el
procedimiento mostrado en el Capitulo 2), los cuales adquieren un caracter meramente

local al derivar de datos puntuales de la estructura (Solis et al., 2013).

Inspirado por dicha necesidad, el Capitulo Ill introduce dos nuevos pardmetros de calidad

geometrica. Dichos indicadores, denominados Global Metric Hausdorff (GHm,) y Local

Metric Hausdorff (Ghm,), y basados en el concepto de distancia simétrica Hausdorff

(Hausdorff, 2008), son capaces de aprovechar la gran densidad de datos geométricos

11
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provistos por los sensores geomaticos con la finalidad de calibrar la respuesta de los

modelos huméricos.

De forma paralela a lo anteriormente mencionado, y considerando la importancia que
adquiere la geometria de la construccion en la correcta simulacién numérica de la misma,
el Capitulo llll trata de mejorar el enfoque geométrico desarrollado en el primer capitulo,
basado en el empleo de la teoria de Morse (Varady, 2008) para la segmentacién de
entidades topoldgicas, el ajuste de formas paramétricas y uso auxiliar de procedimientos
comunes en ingenieria inversa. Dicha mejora ird enfocada en la incorporacion de
superficies NURBs (Piegl & Tiller, 2012). Consideradas como superficies no paramétricas de
alto nivel, las NURBs se caracterizan por su amplia versatilidad y habilidad de representar
complejas superficies. Sin embargo, dichas representaciones requieren del empleo de
técnicas complementarias tales como la cuadrilaterazién de la malla triangular. Bajo dicho
contexto, los enfoques basados en la teoria de Morse y el Andlisis Espectral de mallas
parecen responder a dichas necesidades (Branch et al., 2008). Acorde a lo anteriormente
expuesto, el Capitulo Il parte de la base desarrollada por (Branch et al., 2008) e incorpora
dentro de su estructura operacional algoritmos de generacion de mallas maniflod (Attene,
2010) y los diferentes procesos patoldgicos presentes (agrietamientos, falta de material,

etc.).

Llegados a este punto, es posible obtener una evaluacion de los procesos patoldgicos
ampliamente relacionados con aspectos geométricos de la construccidon (tales como
agrietamientos o falta de material). Sin embargo, no hemos de olvidar la existencia de
determinadas patologias con un peso importante en la vida util de la construccion, tales
como: (i) la existencia de procesos de alteracion bioldgica (algas, hongos, mohos, etc.); (ii)
hitos geoldgicos que condicionan la composicion mineral y las propiedades de los
materiales; o (iii) la presencia de humedades que pueden derivar en procesos de corrosion
en hormigones armados. Con objeto de ampliar el abanico de patologias detectadas, y por
ende, la potencialidad de los sensores empelados en la deteccién de dafios, el Capitulo IV

aboga por el empleo de las técnicas multiespectrales como la solucion mas dptima para

12
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ello. Sin embargo, y aunque tradicionalmente el concepto de clasificacion multiespectal ha
estado ligado intimamente a las imagenes captuadas por un Unico sensor (generalmente
una camara multiespectral) (Campbell, 2002). La presente Tesis Doctoral presente la
clasificaciéon multiespectral de imdgenes como un proceso de registro de sensores que
trabajan en diferentes longitudes de onda (e.j. Cdmara RGB, cdmara infrarroja o sistemas
laser escaner). Complementario a ello, son empleados diversos indicadores, tales como la
matriz de confusidn o el coeficiente Kappa de Cohen (Armesto et al., 2010), con objeto de
evaluar la robustez y calidad de las clasificaciones efectuadas. El empleo conjunto de los
conceptos anteriormente definidos permiten obtener un resultado vélido en la deteccién
de determinadas patologias. Como resultado el Capitulo IV muestra la aplicacién practica
de los enfoques de clasificacion multiespectral en la evaluacién y monitorizacién patoldgica
de estructuras. Dicho enfoque es empelado en un total de tres construcciones, donde
proceso patoldgicos tales como humedades o acciones bioldgicas son latentes: (i) probable
corrosion y eflorescencia en estructura de hormigdn armado; (ii) actividad bioldgica (algas,
liguenes, etc.) en construcciones historicas; y (iii) caracterizacion del granito Abulense,
como un caso especial de facie alterada granitica cuyas propiedades mecanicas (resistencia
a heladas, resistencia a flexién o compresién) es inferior al granito no alterado (Garcia-

Talegdn et al.,, 1993).
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Objetivos de las Tesis

OBJETIVOS DE LA TESIS

Definidos los pilares basicos, descritos en la Introduccion, para una correcta identificacion de los

dafios estructurales a nivel global. La presente Tesis Doctoral ha sido construida bajo los siguientes

objetivos:

Evaluacién de la aplicabilidad de los sensores geomaticos (sistemas laser escaner terrestre y

camara digitales) en construcciones con dafios estructurales.

Desarrollo de estratégias de modelizacién y construccién de modelos CAD en estructuras con
procesos patoldgicos con un claro componente geométrico (deformaciones y grietas), aptos

para posteriores simulaciones numéricas.

Evaluacidon de los procedimientos de dindmica de estructuras basados en el enfoque del

Andlisis Modal Operacional en la evaluacién de dafios.

Aplicacién y desarrollo de metodologias robustas para la calibracién de modelos numéricos.

Capaces de localizar e interpretar los dafios presentes en las construcciones.

Aplicacion del analisis multiespectral de imagenes en la deteccion de patologias con un
componente eninentemente radiométrico (e.j. Caracterizacién de materiales, humedad en
hormigones, acciones bioldgicas, etc.) y con una estrecha relacién con la estabilidad y la vida

util de la construccion.

En términos mas practicos y en lo concerniente a la investigacion llevada a cabo, los sensorees

empelados asi como las metodologias desarrolladas han sido evaluadas sobre diferentes tipos de

construcciones: desde construcciones histdricas y vernaculas, hasta construcciones en hormigon

armado o soluciones estructurales en fase experimental.
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CAPITULO

THE COMBINATION OF GEOMATIC APPROACHES AND OPERATIONAL MODAL
ANALYSIS TO IMPROVE THE CALIBRATION OF FINITE ELEMENT MODELS: A CASE
OF STUDY IN SAINT TORCATO CHURCH (GUIMARAES, PORTUGAL).

ResuMmeN: Definidos los pilares basicos de actuacion para una correcta definicion a nivel global de los
dafios (atendiendo a la introduccion previamente expuesta). El presente capitulo tratara de aunar
dos disciplinas independientes bajo un mismo marco operacional: la geomatica y el analisis
dindmico de estructuras. Dicha hibridacion permitird ademads, la disposicion de unos sélidos
cimientos sobre los cuales mejorar los procedimientos que seran desarrollados en capitulos

posteriores.

A fin de corroborar la viabilidad de los procedimientos empelados (sistemas laser escaner,
fotogramétricos y el Analisis Modal Operacional), estos serdn aplicados a una construccion historica
con problemas estructurales: la iglesia de San Torcato en Portugal. De forma resumida, el
procedimiento desarrollado y empleado en el presente capitulo incluye: adquisicion de datos
dinamicos y geomaticos, el registro de sensores, el desarrollo de un sistema de segmentacién y

modelizacion CAD y por ultimo la calibracion del modelo numérico resultante.

Los resultados arrojados por la simulacion numérica (con valores bajos de discrepancia entre
frecuencias y altos valores MAC, considerando la complejidad de la edificacidon), sugieren que la
consideracion e integracién adecuada de procesos patoldgicos como los agrietamientos son

aspectos criticos en la correcta definicion de los modelos numéricos.



Palabras clave: Structure from Motion; Sistema laser escdner; Modelado por Elementos Finitos; Calibracion modal;

Estructuras de mamposteria; Ortoimagen; Inspeccién de dafios; Modelado CAD.
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1. Introduction

The conservation of historic buildings requires understanding
their structural behavior, and consequently: (i) their boundary con-
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facilitate building-damage monitoring tasks. All of these aimed to obtain robust basis for numerical anal-
ysis of the actual behavior and monitoring task.

This case study seeks to validate said methodologies, using as an example the case of Saint Torcato
Church, located in Guimares, Portugal.

© 2014 Elsevier Ltd. All rights reserved.

origin of the damage that the building suffers and (iv) their vulner-
ability [1]. Therefore the creation of accurate numerical models is
imperative in order to obtain adequate restoration systems.
Masonry walls are very common in the vast majority of existing
monuments. Cracked elements, associated with different events
(settlements and/or excessive displacement loadings) are a com-
mon problem that reduces the service life of these structures [2].
The fracture phenomena (cracks) are caused by the masonry’s high
brittleness to tensile stresses. Furthermore, the structural behavior
is highly dependent of the structural geometry. This is why four
conditions are required to carried out proper analysis: (i) having
a complete and accurate geometric characterization of the struc-
ture; (ii) knowing the material’s mechanical properties (iii) charac-
terizing all the loads acting in the structure; and (iv) providing
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numerical models that correctly simulate the characteristic behav-
ior of the structure (non-linear material behavior, ground settle-
ment, contact between bricks, etc.).

Modern restoration techniques for built heritage are character-
ized by minimal intervention, compatibility, durability and revers-
ibility [3]. Identifying and to monitoring the pathological condition
of the building plays a key role in understanding the current
behavior of the structure and the choice of restoration methods
to be accomplished [4].

Traditional measuring methods often had a significant depen-
dence of the worker’s skills and they normally have associated high
time cost. These methods were replaced by direct interpretations
done over the building plans (design models) [5-7]. The constant
progress of the numeric method of finite elements and computer
processing allows the generation of increasingly complex geomet-
ric models; that is why it is more and more imperative the neces-
sity of relying on sensors capable to provide massive detailed data
and features for the model. Is in this field where geomatic sensors
like terrestrial laser scanner [8,9] or digital camera [10] have
acquired important roles, due to the capacity of acquire accurate
geometrical information needed by the numerical models.

In the present paper, the proposed methodology for data acqui-
sition combines and enhances the laser scanning and digital cam-
era system providing, beside the characteristics defined above, the
versatility of adaptation to different infrastructures. All of this
within a single application, a hybrid point-cloud, which greatly
eases the preparation of geometrically precise numerical models
that also serve as a basis for the monitoring of the structure
through the analysis of, either the point-cloud or by the analysis
of the obtained orthoimages.

The paper relies on the application of the proposed methodol-
ogy on a case study, St. Torcato Church, close to the city of Gui-
maraes, Portugal [1]. This historical construction has moderate to
severe damage and needs to be strengthened. The methodology
has been carried out to upgrade and calibrate the finite element
model using a global dynamic identification, including crack and
geometric improvement, in order to complement with the static
and dynamic monitoring system and a future numerical analysis.
All this will be made in order to obtain the current stress state of
the building and asses the effectiveness of subsequent restoration
mechanism that aims at stabilizing the damage.

Within this context, this article attempts to demonstrate a
methodology for data acquisition and processing and it is orga-
nized in the following way: Section 1 is the introduction; Section 2
presents the instruments for data acquisition which are the laser
scanner and the set formed by the UAV and digital camera; Sec-
tion 3 wherein the methodology for obtaining the hybrid point-
cloud and the calibration of the model is shown; Section 4 the data
obtained by the laser scanner and the digital camera sensors is
analyzed separately, for the presented case study and for the
potential of the hybrid point-cloud (this applies not only to the
numerical finite-element analysis but also to damage analysis
monitoring); and finally in Section 5, the conclusions are drawn.

2. Materials and methods

As described in Section 1, the aim of this methodology is to generate precise
finite-element numerical models for subsequent structural analysis. These must
be precise, in terms of geometry accuracy and they must contain the necessary data
to monitor and track the evolution of damages in the structure. All this within an
accurate georeferenced framework and with non-intrusive sensors as the main
source.

2.1. Laser scanner system: the terrestrial laser scanner
Currently the terrestrial laser scanning system has acquired great relevance by

offering a wide range of advantages; one of the greatest one is the acquisition of
non-contact three-dimensional geometry of the analyzed surface, preventing any
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disruption and allows to accurately capture geometry, providing a high density of
data (millions of points) [11]. This feature includes that it does no dependency on
specific lighting conditions [12]. It is therefore the combination of accuracy, speed
and range of measures that has placed the system as the most powerful tool for
three-dimensional modeling and reconstruction of monuments [13,14].

In order to establish a valid methodology to make more accurate finite element
models, two different laser scanning systems have been analyzed based on different
measurement principles (Table 1): (i) Riegl LMS-Z390i based on time of flight prin-
ciple (ii) Faro Focus 3D based on the phase shift principle. For details on these mea-
surement principles, refer to [15].

2.2. Imaging system: UAV and “Structure from Motion”

While the laser scanning system allows fast capture and processing of data, it
has some drawbacks such as the difficulty for transport and the restriction of sta-
tioning in certain elevated places inside historic buildings, these places often are
critical. Therefore, it is necessary to use additional platforms and sensors capable
of providing accurate data from any position; for this the onboard digital camera
on an Unmanned Aerial Vehicle (UAV) platform is used (Fig. 1).

The chosen photogrammetric platform was designed by Roca et al. [16]. It is
made of aluminum and carbon fiber, and comprises a total of eight MK-3638 SLOW-
FLY APC propeller motors controlled by a central 12 x 3.8 Brushless Control V2.0
that can manage separately the rotational speed of each of the motors. All of this
provides the system with great stability and robustness against failure in flight.

In addition to this platform, a low-cost sensor, a Canon EOS 450D digital camera
that had been previously geometrically calibrated (Table 2), and a Canon EF 20 mm
wide-angle lens were assembled. The wide-angle lens is meant to minimize the
amount of images taken.

In recent years photogrammetric data processing systems (SfM) have taken a
great relevance; they are able to include into their structure the advantages of com-
puter vision (automation and flexibility) and those of photogrammetry (accuracy
and reliability) [17] in order to obtain dense three-dimensional models (point
clouds) that can compete in accuracy with the laser scanner system [18]. Within
this field highlights the Photogrammetry Workbench (PW) software, which imple-
ments the “Structure from Motion” system, ensuring automation (in the transfor-
mation of 2-D images to 3-D point clouds), flexibility (by allowing work with any
type of camera, calibrated and non-calibrated) and quality (to ensure precision
and quite acceptable resolutions).

3. Methodology
3.1. Generating the CAD model and its integration with finite elements

The early stage in the laser scanning and the Structure from
Motion (SfM) data processing, have been omitted in this article,
since our main interest is focused on establishing a robust method-
ology that serves as a template for subsequent restoration actions.
This template will be based on the hybrid point cloud, which
comes from the combination of data obtained from laser scanning,
the SfM and the analysis of the products that are obtained from
them. For more details about SfM flow see either [19].

Also is imperative to building an accurate CAD model which
allows us to evaluate the actual behavior of the construction as a
basis for the numerical analysis. However, at an early stage, the
point cloud provided by the laser scanning and the SfM present
superabundant information in different coordinate systems. As a
result, this data is not suitable for CAD model building. Following
a semi-automatic method that allows adapting the point cloud to
an accurate and suitable CAD model for numerical analysis is pre-
sented (Fig. 2).

This methodology requires a multi-phase post-processing that
involves three main steps: (i) data fusion at the same coordinate
system through registration algorithms; (ii) point cloud resam-
pling and (iii) point cloud simplification (removing certain archi-
tectural details without relevance) and parameterization for CAD
model conversion.

3.1.1. Hybrid point cloud registration

A complete documentation of historical buildings requires the
use of multiple point cloud data set. Is a requirement therefore
to place all of these point clouds in the same coordinate system
in order to be processed together.
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Table 1

Comparison of technical specifications between laser scanner system Riegl LMS Z-390i and Faro Focus 3D.

Riegl LMS Z-390i Faro Focus 3D
Measurement principle Time of flight Phase shift
Wavelength 1550 nm 905 nm
Measurement range 1-400 m 0.6-120m
Accuracy nominal value 6 mm a 50 m in specific lighting and reflectance conditions 2 mm a 25 m in specific lighting and reflectance conditions
Field of view 360° Horizontal 360° Horizontal
80° Vertical 305° Vertical
Capture rate 11,000 points/s 122,000/976,000 points/s
Beam divergence 03 mrad 0.19 mrad

Fig. 1. Image of the UAV platform and the digital camera (left). Image taken during the data collection of the point cloud SfM (right).

Table 2
Canon EOS 450D digital camera geometric calibration settings.
Parameter Value
Sensor size W=22.2425 mm
H=14.8336 mm
Principal point X,=10.8716 mm
Yp =7.4449 mm
Focal length f=20.4222 mm
Radial distortion K1 =2.157e—004 mm

K> =—-4.189e—007 mm
Kz=0mm

P; =4.321e—-005 mm
P, =-1.003e—005 mm

Tangential distortion

The proposed methodology is based on a registration system
coarse to fine. In an initial stage a point cloud pair-wise registra-
tion is carried out. This step takes as a base the ICP (Iterative Clos-
est Point) algorithm [20], that minimize the difference between
two points clouds, requiring a total of n — 1 alignments, where n
is the number of point clouds.

Using pair-wise registration causes an error propagation along
the registration of all the point cloud scans. In order to minimize
this error accumulation a global registration, based on Generalized
Procrustes Analysis [21], was used considering the pair-wise regis-
tration, previously made, as the rough registration needed.

3.1.2. Hybrid point cloud resampling and CAD conversion

Traditionally the step procedure from the raw point cloud to the
CAD model could be made through three different approaches
[22]: (i) orthogonal views; (ii) sections applied along directions
and over the mesh and (iii) Non-Uniform Rational B-Splines
(NURBS) generated from the mesh. The two first approaches
require a high manual work made by the user, whereas the NURBS
approach demands high computational cost.

In this article an alternative and semi-automatic approach is
presented, which combines NURBS and parametric shapes approx-
imations with the addition of a segmentation process described

below, in order to build a suitable CAD model for structural appli-
cations. While NURBS-based method was used for complex shapes
like (vault or domes), the parametric-based method was used for
the rest of the structure.

Once the registration procedure has been completed, the result-
ing point cloud needs to be resampled (due to the high amount of
data) in order to generate a suitable CAD model for the numerical
analysis. In this case several methodologies could be applied based
on [23]: (i) Principal Component Analysis; (ii) Quadric-Based
Polygonal Surface Simplification; (iii) Clustering methodologies
and (iv) Radial Based Function. For the proposed methodology a
resampling based on curvature has been applied, in order to deci-
mate flat surfaces without losing detail in features areas. This cur-
vature based resampling follows the next steps: (i) creating a local
neighborhood of the analysis point; (ii) local surface based on qua-
dratic approximation and (iii) extraction of the normal and princi-
pal curvatures.

After that, the resulting point cloud is meshed, since the major-
ity of segmentation procedures are also performed over meshes.
The segmentation process is performed by Functionally Decom-
posed Surface Models [24]. Once the segmentation is done, the dif-
ferent surfaces created are approximate to NURBS and parametric
shapes. As a result a manageable CAD model is generated and
could be imported and used for a FEM package.

Additionally to the mentioned above, some relevant features
like cracks, can be included into the CAD model that defines more
realistically the building’s behavior. It is sufficient to extract the
area of interest from the point cloud, either SfM or laser, to mesh
that area and to incorporate it into the CAD model (Fig. 3).

3.2. Crack recognition and characterization

Digital image analysis is a tool of great potential in the field of
pathological characterization of buildings. Several authors demon-
strate the feasibility of this analysis to characterize either from the
terrestrial laser scanner [25,26] or from the image captured by a
digital camera [27,28].
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Fig. 2. Workflow for the proposed methodology.

Fig. 3. Graphical description of the proposed methodology. From left to right: point cloud, mesh model, segmentation model, CAD model with major cracks.

Besides offering robust tools for generating three-dimensional
models from two-dimensional data (digital image), PW can also
obtain orthoimages on specific areas and specific levels, providing
the user with precise documentation from anywhere in the
building.

Given the high density of points gathered during the three-
dimensional reconstruction, the production of orthoimages will
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require only two points to provide adequate scale, taken from
the laser point cloud and a reference plane, in order to run an
orthographic projection. The pixel size of this projection is calcu-
lated according to the density of the cloud of points, close to the
resolution of the initial images [29].

Given the fact that the obtained orthoimage stands as a product
without geometric distortions and in real scale, it is sufficient to
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directly measure on it and so obtaining crack characterization
(length and opening).

3.3. Finite element numerical model

The geometric accuracy and high level of detail provided by the
laser scanning systems and Structure from Motion, provide com-
plex CAD models. In order to solve this geometric complexity, for
the discretization elements it is required: (i) high flexibility to
adapt themselves to the geometry and (ii) great compatibility with
automatic meshing algorithms [7]. All this makes the tetrahedral
discretization elements with an isoparametric formulation the
most suitable for the meshing of complex CAD models.

3.4. Calibration of the finite element numerical model

The analytical results obtained from the calculation model are
sensitive to material properties and boundary conditions [30] thus
making necessary to gather experimental data to optimize the
numerical model.

Among the different possibilities availables today for the imple-
mentation of in-situ tests on historic buildings, experimental
modal identification is the most popular method [1]. This tech-
nique is a non-intrusive system with the capability to identify
the global properties of the structure. It allows to obtain vibration
frequencies, damping coefficients and mode shape of historic
buildings, which may be related to various physical properties
(Young modulus, density, stiffness of connections between parts,
etc.) which makes possible to validate the analytical models [31].

This publication builds on the data obtained from the acceler-
ometers configuration adopted in 2009. The campaign counted a
total of 35 measuring points with 9 sets spread throughout the
Church, for more details see [1] (Fig. 4).

The basic objective of these methods is to improve the correla-
tion between the experimental data and those obtained from finite
element model, through small changes in a group of model param-
eters [32]. The criterion often used to assess the correlation is the
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MAC (Modal Assurance Criterion), this being defined from the fol-
lowing formula (1) [33]:
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where ¢! y ¢f correspond to the mode shape vector on experimen-
tal and numerical model respectively for a vibration mode i.

As noted above, the goal is to minimize the existing differencies
between the experimental behavior and numerical model, consid-
ering the experimental values as references. Used in 2007 for the
calibration of the numerical model for the Monza Cathedral bell
tower [34], the methodology proposed by Douglas—Reid [35]
(DR) can be used for calibration of finite element numerical mod-
els. This method tries to minimize the difference between theoret-
ical and experimental parameters through the natural frequencies,
or another modal parameter, using the following approach:

(1

u,d

N
REX1,X3, ..., Xn) = > [AuXi + BaXg] + Ci 2
=

To solve these equations, a total of 2n + 1 values are required to
be calculated, taking into account initial values, as well as lower
and upper bounds for all updating parameters.

Using the methodology followed by [34], the next step consists
of determing the modal frequencies and minimize their difference
according to the following objective functions (3) and (4):

1= we ®
i=1
e=f _flE(X1,Xa,...,Xn) @)

where ] is the objective function to be minimized, w are the weights
considered through engineering criterion and e represents the error
function (difference between the frequency obtained by operational
modal analysis f™* and numerical analysis f).

The main drawback of this methodology lies in the consider-
ation of a unique modal parameter; frequency. To obtain more
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Fig. 4. Scheme of the arrangement of the 35 accelerometers on the Church (above). Mode shape obtained from operational modal analysis (bellow).
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accurate results the objective function must be modified, including
the MAC values (5):

m
i=

_ (R AN .,
J=1/2{W)" T +Wn) (1 - MACirem) 6)

1 iEXP i=1

where ] is the objective function to be minimized, Wy and Wy, are
the weights considered for the frequency and vibration modes, f is
the frequency and MAC the Modal Assurance Criterion values, both
values corresponding to the vibration mode i.

4. Experimental result and discussion

Located in the village of St. Torcato, within the municipality of
Guimaraes (northern Portugal), the Church of St. Torcato is a clear
example of historic building built in stone material, showing mod-
erate-severe structural damage made evident mostly by cracks in
its main fagade. Starting at the entrance arch keystone, it extends
through the rosette to the coronation, splitting this element in
two macroblocks [1] (Fig. 5).

Such crack increases the width along its development up to the
roof. The movement in opposite directions of the main facade tow-
ers due to the settlement suffered by the building is remarkable, as
well as some “chrusing” type cracks caused by the compressive
stress concentration resulting from eccentric loads originating in
the towers.

Built in style “Neo-Manuelinio” the Church of Saint Torcato mix
Classics, Gothic, Renaissance and Romanesque elements in its
extension [6]. This gives it a special and complex aesthetic that
along its length, with a height of about 50 m in the towers, pre-
vents effective tridimensional data capture with laser scanner,
topographic techniques or manual measurements [36]. The bino-
mial Structure from Motion and laser scanning is the ideal solution
allowing abundant and accurate three-dimensional data capture
anywhere in the building.

The results obtained are hereby analyzed independently,
according to the source sensor (laser scanner or digital camera)
and the resulting numerical model of the combination of these
and the calibration using operational modal analysis.

4.1. Terrestrial laser scanner

For the study we have considered the two most popular mea-
suring systems for survey of buildings and civil infrastructures:
the laser time of flight and phase difference [25].

Multiple tests have been carried out in the exterior as well as in
the interior of the Church. Since the point-cloud is defined by den-
sity of points, the acquisition rate and range, the laser scanner LMS
Z-390i Riegl (based on time of flight) is considered to be the most
suitable for data capture in the exterior. Besides, it has a larger
range compared to the Faro Focus 3D laser. Indoors, the data acqui-
sition speed of the Faro Focus 3D scanner (122,000 points/s) com-
pared to the speed of the Riegl LMS laser Z-390i (11,000 points/s),
together with its portability proved to be the most important
advantages for gathering the data in the interior of the Church.

While in both cases the laser system provides a sufficient and
suitable density of points to accurately monitor deformations
[37], the amount of data and distinctive features provided might
be insufficient of the extraction and monitoring of cracks (for
example, it does not record texture) (Fig. 6).

The final model had a total of 29 scans and 267,601,626 points:
(i) 14 scans were done of the outside with the Riegl LMS laser Z-
390i, (ii) 3 interior shots were taken with the Riegl LMS laser Z-
390i and (iii) 12 interior scans were made with the Faro Focus
3D laser. However, the top of the towers and the rooftop of the
Church could not be modelled because no suitable location was
found for the laser to reach those areas. In addition, the data collec-
tion was hampered by additional conditions: the excessive laser
beam skew angle on the ledge, top of the towers and the openings
between the chapels preventing a complete and accurate charac-
terization of the building and of the critical areas. Thus requiring
a complementary technique capable of solving such weaknesses,
UAV and SfM.

4.2. UAV and Structure from Motion

The point-clouds collected by laser scanning do not provide a
sufficient amount of data for a full geometric characterization of
the outer shell: either the distance from scanner to object the
range is too large, the point of view is insufficient or the laser sys-
tem cannot be placed in a certain location, such as in the upper
region of the facade beyond the central cornice.

Fig. 5. Representation of the possible structural failure collapse mechanisms of the Church of Saint Torcato. It is possible to observe the formation of two macro-blocks.
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Fig. 6. Settlement of the entrance vault detail (left). Settlement of the entrance vault detail (right).

In addition to the aforementioned, the obliqueness phenome-
non must be considered. As shown by authors such as [38,39], this
phenomenon is highly correlated with the value of uncertainty in
obtaining a point’s spatial coordinates. This phenomenon is of
great importance in obtaining accurate products and it is high-
lighted by this case study, where it is critical in certain areas, such
as in the inclination of the towers or in the cracking of the central
fagade.

All this requires a supplementary technology to the laser scan-
ning, this is UAV + SfM; a non-intrusive way of solving the prob-
lems described above through its great portability and ability to
collect data. Besides, it gathers an extra supply of analyzable fea-
tures, which makes it possible to get complete point-cloud models,
which form the foundation for accurate and thorough CAD models.
These models profit from the features obtained from the hybrid
point-cloud, such as cracks (Fig. 7).

This model, generated through the described technique, is com-
prised of a total of 398 photographs taken by UAV platform: (i) 273

photos of the main fagade dividen in 3 vertical strips (1 for each
tower and one for the main facade) and (ii) 125 photos of the
cracks on chapels, also divided in 3 vertical strips. Alongside these
photographs, 117 additional shots were taken without UAV plat-
form (terrestrial photogrammetry): (i) 85 photos of the arches of
the chapels of the main nave and (ii) 32 photos at the level of
the Church choir.

Both techniques, terrestrial laser scanner and SfM, complement
to each other, and their combination is the ideal solution for restor-
ing built heritage. While the laser scanner provides the system a
set of precise, dense and fast capture data with which it is possible
to monitor structural movement and generate a CAD model suit-
able for numerical analysis, the UAV + SfM system combines with
it perfectly supplying the geometric data of the areas that were
unreachable through the previous system. In addition, it character-
izes completely the structure’s pathological conditions by obtain-
ing direct and georeferenced data.

Fig. 7. Front elevation of the point cloud obtained through SfM technique and PW software (left). Detailed comparison between the laser scanner point cloud and the one

obtained in PW software (right).
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Fig. 8. Results of the inspection for damages: plan view at ground level (left). Main facade orthoimage inspection for damages (central part) (right).

However, the resulting data of both sensor show different coor-
dinate system but the high redundancy allows the creation of a sin-
gle model applying the methodology explained in Section 3, that
finally is converted into a valid CAD model of the building for the
subsequent analysis. An average value of 0.0125 with a standard
deviation of 0.0065 was found in the coarse registration process.
Later, in the fine registration process this values down to 0.0035
with a standard deviation of 0.0011. The final hybrid point cloud
had a total of 40,359,060 points (that represents a 10% of the origi-
nal set).

4.3. Characterization of structural pathologies

The characterization of cracks plays a fundamental role in struc-
ture monitoring in terms of stability and safety. Traditionally such
monitoring was conducted with graduated cards, mechanical or
electronic gauges, or LVDT (linear variable differential trans-
former). However, this equipment has significant drawbacks
[27]: (i) firstly, there is a need for permanent plates, that may
become damaged or can be lost, (ii) they provide data only from
certain points and certain directions, (iii) the cracking is not
directly measured; it is assumed that its activity is correctly
defined by the variation of the reference points. In addition to this,
some of these methods strongly rely on temperature (this is the
case of electronic gauges).

Thanks to the combined use of the shown spatial-data capture
techniques, it is possible not only to obtain high density point-
clouds and photorealistic textures (this is the case of UAV + SfM
system) but also high quality orthoimages in any position and on
determined surfaces, thus solving the problems described above.
All supplemented with direct product georeferencing, which
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makes perfectly viable to monitor the movement of the structure
and the evolution of damage that may arise.

The aforementioned methods combined with an accurate
numerical model will comprise all the necessary tools for sizing
and evaluating the restoration system of the building.

The first damage inspection of the monument [6] was carried
out in 1998. The inspection indicated that the facade suffered
structural damages, made evident by cracks running from its bot-
tom, in the keystone to the coronation. In addition, patologies are
observed in the entrance dome keystone under the choir, in the
arcs are that make up different bays of the main nave and in cracks
on the side of the building.

It is on the main facade where the building shows a greater
amount of these pathological conditions, spread along as cracking
and displacement on elements of arches and vaults (Fig. 8). Fig. 8
results of the inspection for damages: plan view at ground level
(left). Main facade orthoimage inspection for damages (right).

4.4. Geometrical CAD model

Made by the proposed methodology, the Saint Torcato CAD
model has greater geometric complexity than the one exposed by
Lourengo and Ramos [6]. Within this geometric improvement is
remarkable a better characterization of the main facade and tow-
ers, including architectural details over the balcony and along the
towers.

Since most of the facade shows structural pathological condi-
tions, it is therefore expected that the dynamic response of the
structure will be influenced in part by such cracking. The high cor-
relation between the CAD model and the actual photogrammetric
point cloud allows to incorporate these characteristics into the
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Fig. 9. Isometrics views of the initial geometric model (left) and the one generated by the proposed methodology (right).

CAD model directly, only requiring the meshing of the area under
study. Also this model, presents different wall thickness, increasing
the model realism (Fig. 9).

4.5. Definition of the numerical calculation model

While the geometric aspect has been completely improved by
the methodology presented, the material characterization (homo-
geneous and isotropic), since at the time no experimental test were
carried out, the input loads and boundary conditions remain the
same than the initial one. For the loads have been consider: (i)
gravitational loads; (ii) truss self-weight and (iii) roof self-weight.

Complementary to this loads conditions, it is necessary to cor-
rectly simulate the elastic behavior (Winkler model) of the ground
in which the structure stands and also a proper simulation of the
behavior of the transcept. Such behavior has been emulated
through CONTACT173/TARGET170 elements [40].

The discretization of the model has been carried out considering
a 4-node isoparametric tetrahedral element (SOLID65) with a max-
imum size of 0.60 m. In order to increase the robustness of the tet-
rahedral mesh, element softening has been carried out using
Laplace algorithm [40].

All this results in a total of 218,244 discrete elements into the
numerical model (212537 SOLID65, 5707 CONTACT173/TAR-
GET170) (Fig. 10).

4.6. Modal analysis, calibration of the numerical model

The next step required to obtain an accurate finite element
model is to calibrate their elastic parameters and thus adapt the
dynamic behavior of the numerical model to the real one. In order
to accurately calibrate the numerical model it is necessary to fol-
low a three-step procedure: (i) initial hypothesis, (ii) manual cali-
bration and (iii) robust calibration. The initial hypothesis
considered were: the elastic properties of masonry, the major
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Fig. 10. Isometric view of the mesh model (left). Mesh detail of the balcony and chapels (right).

Table 3
Summary of the adopted values for the calibration of the numerical model.
Initial values Lower bound Upper bound Updated value
Enmsonry (GPa) 10 5 15 9.19
Smasonry (kg/m>) 2500 2400 2700 2600
Knracape (GPafm) 0.0001 0.00005 0.01 0.0004
Kreacaps (GPajm) 0.1 0.05 1 0.53
Kmmp (GPal l'l‘l) 1 0.05 5 0.40
Knson. (GPa/m) 0.585 0.0585 5.85 0.627
Kmm (GP&I m) 0.1 0.005 1 0.29
Kranscepr (GPajm) 0.0001 0.00001 0.01 0.00002
1,2 1,2
Teorical Target Teorical Target
1 1
0,8 0,8 -
0,6 - 0,6 -
0,4 1 0,4 1
0,2 - 0,2
0 - 0 -

1 2 3 4
BMAC mFfem/Fexp

1 2 3 4

BMAC mFfem/Fexp

Fig. 11. Comparison between representative values of dynamic response (frequencies and MAC): value ratio of the initial model proposed by Lourengo (left). Ratios obtained

with the hereby proposed methodology (right).

cracks on the main fagade and the main nave, the elastic behavior
of the soil, and the simulation of the connection between the nave
and the transcept.

Within the manual calibration stage, numerous tests have been
required, evaluating separately each of the considered elastic vari-
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ables and rejecting those that did not bring improvements to the
numerical model. Finally, have been chosen a total of eight param-
eters, namely: Young modulu’s of the masonry (Epasongy) and its
density (Smasonry), the normal (Kneacape) and shear (Kreacape) stiff-
ness of the major cracks on the main fagade, the normal (Knprstcap)
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First mode f1=2,17Hz Second mode f2=2,66Hz

Third mode f3=2,89Hz Fourth mode fs=2,95Hz

Second mode f2=2,66Hz

First mode f1=2,20Hz

MAC;=90,2 MAC2=87,1

Third mode f5=2,80Hz Fourth mode f4=2,79Hz

MACs=77,2 MAC4=90,1

Fig. 12. Comparison between the vibrational model form the OMA and those from the hereby presented finite element numerical model.

stiffness of the major cracks on the main nave, the soil’s normal
stiffness (Knsor), as well as the simulation of the connection
between the main nave and the transcept through a normal stiff-
ness (Knrranscerr) and a shear one (Krrranscepr). During the last step,
the accurate calibration of the previously discretized parameters
through DR methodology (described above) was required, provid-
ing the results presented below (Table 3).

The now calibrated elastic properties of the masonry show a
globally damaged material. The high elasticity obtained in the sim-
ulation of the transept confirmed that the building, as it pro-
gressed, suffered settlements and cracking. However, the rise in
rigidity of the elastic properties in comparison to the initially cal-
culated in [6], denote soil compaction. As shown in (Fig. 11)
(Fig. 12), the relative ratios between the experimental and numer-
ical frequencies, with a value close to one for the standard MAC
indexes denote a high correlation between the experimental
dynamic behavior of the building and the numerical one. Through
the simulation of the cracks, it was possible to correctly simulate
the dynamic behavior and the high existing elasticity in the central
area of the building.

5. Conclusions

The methodology presented aims to compile the information
from different sensors in order to establish a complete geometric
characterization of historic buildings. The combined method for
data acquisition solves most common problems encountered today
like the preparation of accurate CAD models and the analysis of
structure characteristics (displacements and cracking).

Using the laser scanner alone would not solve some of the prob-
lems that arise today, i.e. the lack of data in areas that are not
accessible to the system or the difficulty of cracking identification.
That is why it is essential to incorporate a complementary data
capture system able to meet solving problems. The perfect comple-
ment for an accurate, quick and complete data capture is the Image
Structure from Motion System on UAV platform. Other advantages
provided by this second capture system, lies in the potential that

digital image analysis gives to the graphical product. This digital
image analysis makes possible to completely characterize cracking
(length and opening).

The binomial SfM-laser scanner is a reliable foundation from
which to analyze appropriate restoration actions, following the
procedure: (i) analysis of the causes through the numerical model
(ii) displacement and stress state along the structure (iii) analysis
of the effectiveness of the system (analysis of the numerical model
including restoration activities, analysis of cracks and collapses
systems).

The methodology presented can be applied to other infrastruc-
tures, such as tunnels or bridges, given the high versatility of the
sensors described and the wide range of possibilities that they
offer. All this is complemented by a global dynamic analysis of
the structure that allows a reliable calibration of the numerical
model through the elastic system variables.

The Saint Torcato Church (Guimaries, Portugal) represents an
ideal case study for evaluating the potential of the method devel-
oped. Based on the geometric characterization performed through
the presented methodology, several research works are taking
place, in order to improve the characterization of the different
materials by Ground Penetration Radar and Boroscopic Camera,
for further FEM analysis.
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EXPERIMENTAL AND NUMERICAL APPROACHES FOR STRUCTURAL ASSESSMENT
IN NEW FOOTBRIDGE DESIGNS (SFRSCC-GFPR HYBRID STRUCTURE).

RESUMEN: Dentro del campo de la ingenieria civil, el empleo de métodos numéricos por Elementos
Finitos ha adquirido una importancia significativa. Al permitir el uso de dichas simulaciones en la
evaluacién de estructuras bajo diferentes solicitaciones y condiciones. Sin embargo, dichas
simulaciones numéricas requieren de un conocimiento extenso de las propiedades mecanicas de los
materiales, dafios presentes, uniones vy condiciones de contorno actuantes. Por ello,
complementario al requisito de ejecutar campafas experimentales que permitan obtener dichas
propiedades mecanicas, es necesario disponer de metodologias de calibracion capaces de explotar

dichos datos.

El presente capitulo, centrard sus esfuerzos en el desarrollo y aplicacién de un sistema de
calibracion Deterministico sobre una pasarela peatonal (constituida por perfiles extruidos de
material polimero reforzado con fibra de vidrio y un tablero de hormigdn autocompactante
reforzado con fibra de acero), la cual presenta dafios a lo largo de su tablero. Combinando para ello
campafias experimentales (estaticas y dinamicas). La evaluacién de los dafios presentes fue
materializada mediante un procedimiento hibrido, que emplea funciones de dafio discretas y un

sistema de subestructuracién, compuesto por un sistema de funciones lineales de dafios.

A raiz de los resultados arrojados, es posible concluir la potencialidad ofrecida por las funciones de
dafo definidas. AUn en situaciones desfavorables donde la ausencia de un modelo sin dafios

imposibilita el andlisis de dafios por ciertos indices (ausencia de un modelo base o de referencia).



Los resultados arrojados por la calibracidon mixta (estatica y dinamica) del modelo muestran una
buena precisiéon en los resultados numeéricos, sin olvidar la correcta localizacion de los dafios

presentes en el tablero.

Palabras clave: Perfiles extruidos GFPR; Campafia experimental; Analisis Operacional Modal; Calibracién de modelos por

Elementos Finitos, Identificacién de dafios; Estructuras civiles.
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Civil structures

Within the civil engineering field, the use of the Finite Element Method has acquired a significant
importance, since numerical simulations have been employed in a broad field, which encloses the design,
analysis and prediction of the structural behaviour of constructions and infrastructures. Nevertheless,
these mathematical simulations can only be useful if all the mechanical properties of the materials,
boundary conditions and damages are properly modelled. Therefore, it is required not only experimental
data (static and/or dynamic tests) to provide references parameters, but also robust calibration methods
able to model damage or other special structural conditions. The present paper addresses the model cal-
ibration of a footbridge bridge tested with static loads and ambient vibrations. Damage assessment was
also carried out based on a hybrid numerical procedure, which combines discrete damage functions with
sets of piecewise linear damage functions. Results from the model calibration shows that the model
reproduces with good accuracy the experimental behaviour of the bridge.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In the last few years, new civil engineering designs have
emerged in the field of the construction of footbridges, considering
new materials [1,2] and constructive [3-5] solutions. Within these
new materials, have received special attention the use of fiber rein-
forced polymer (FRP) and glass fiber reinforced polymer (GFRP),
offering better resistance to environmental agents and the advan-
tages of high stiffness-to-weight and strength-to-weight ratios
when compared to conventional construction materials [6,7]. They
also can be combined with traditional materials, like concrete or
steel, offering particularly effective flexural properties [8-10].
These hybrid structures are particularly suitable for footbridge
structures thanks to the possibility of an easy and quick erection.

Abbreviations: GFRP, Glass Fibre Reinforced Polymer; SFRSCC, Steel Fibre
Reinforced Self-Compacting Concrete; FEM, Finite Element Method; FEMU, Finite
Element Model Updating; MAC, Modal Assurance Criterion.
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However, several characteristics restrict the use of this type of
materials: (i) high deformability (low elastic and shear modulus);
(ii) brittle failure; (iii) behaviour at elevated temperatures; and
(iv) lack of specific design codes [11]. Due to the small service
loads, these structures usually are light and slender. For these rea-
son the interaction with pedestrians or wind can arise some struc-
tural problems [12,13]. Considering the mentioned above, several
tests are needed in order to assess the structural behaviour of these
structures in different scenarios. The diversity of materials and the
interaction between them makes the Finite Element Methods
(FEM) as the most feasible solution to evaluate and simulate these
structures.

In contrast with the potentialities that the FEM can offer, some
choices (mechanical properties of the materials or structural condi-
tions) may give erroneous numerical results. Within this context,
this paper attempts to demonstrate a methodology to evaluate,
through experimental tests and robust numerical calibration
strategies, the structural behaviour of a pedestrian bridge proto-
type. The bridge was experimentally tested with several static
and dynamic tests and with the main results, a model calibration
was performed to tune the mechanical parameters.

In order to obtain a robust finite element model, which repre-
sent accurately the structural behaviour of the footbridge a
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damage assessment was carried out, based on an hybrid numerical
procedure, which combines discrete damage functions with sets of
piecewise linear functions to evaluate the damage present at the
structure. Special attention was paid to the influence of the sup-
ports, the interaction between structural components and the
damage response of the SFRSCC deck.

This paper is organized as follows: Section 1 is the introduction;
Section 2 a general structural description of the hybrid footbridge
is presented; Section 3 presents the static and dynamic tests per-
formed on the footbridge; Section 4 a robust dynamical-static cal-
ibration process is carried out; and finally in the Section 5 the
conclusion are drawn.

2. GFRP-SFRSCC hybrid footbridge
2.1. Description of the structure

The studied prototype at full scale was developed in the frame-
work of research project PONTALUMIS - Development of a proto-
type of a pedestrian bridge in GFRP-ECC, involving ICIST/Instituto
Superior Técnico, ISISE/University of Minho and company ALTO -
Perfis Pultrudidos, Lda. The footbridge design was carried out con-
sidering the main potentialities of the used materials. Therefore,
the composite Steel Fiber Reinforced Self-Compacting Concrete
(SFRSCC) material was placed in zones where compressive stresses
exist, whereas GFRP girders were used to carry the tensile stresses.
The cross section of the bridge is characterized by the following: (i)
a SFRSCC deck; (ii) SFRSCC jackets placed in the vicinity of the sup-
ports; and (iii) GFRP girders (Fig. 1).

The connection between the structural components (SFRSCC
deck and GFRP pultruded girders) was made through two different
solutions: (i) for the contact areas located above the jackets an
epoxy resin layer with 2 mm of thickness was used; and (ii) for
the remaining contact zones the same adhesive solution was used
in combination with a redundant mechanical connection based on
M10 stainless steel bolts, with 300 mm of spacing (two per main
girder’s flange), in order to extend the bridge life time due to rhe-
ological effects, vandalism and accidental loads.

Complementary to the previous structure, a group of secondary
girders were placed between the main ones. This solution prevents
any distortion caused by eccentric loads. Positioned at the support,
quarterspan and midspan sections, this profiles were constituted
by I-shaped (200 x 100 mm?) GFRP pultruded profiles and con-
nected to the main girders by means of equal length angle GFRP
(60 x 8 mm?) profiles and stainless steel bolts (M10) threaded rods
and nuts.

The footbridge structure presents a total length of 11.00 m on
two pairs of supports (two pinned and two sliding), as show
(Fig. 2). More details can be found elsewhere [11].

2.2. Mechanical properties of the footbridge components

Made by E-glass fiber rovings and mats embedded in a isoph-
thalic polyester, the main and secondary pultruded profiles have
been characterized by the following tests [11]: (i) tension (EN
[SO 527) [14]; (ii) compression (ASTM D 695) [15]; and (iii) shear
test (10° off-axis tension test), according to the recommendations
of Hodgkinson [16]. Allowing the evaluation of several material
mechanical properties, namely: (i) longitudinal elasticity modulus
in tension (E;); (ii) transverse elasticity modulus in compression
(Er); (iii) in-plane shear modulus (Gyr); (iv) longitudinal tensile
strength (fa,.); and (v) in-plane shear strength (T,1). These prop-
erties are summarizes in Table 1.

For the SFRSCC material, a specific mixture composition was
used (details about the mix design are available in [17]: (i) cement;
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(ii) limestone filler; (iii) water; (iv) superplasticizer; (v) fine sand;
(vi) river sand; (vii) crushed stone; and (viii) fibers. The compres-
sive strength and flexural properties of the SFRSCC were assessed
according to standards NP EN 12390-3 [18] and RILEM TC
162-TDF, respectively [19], providing the following mechanical
information: (i) Young’s modulus; (ii) compressive strength (fo,);
(iii) cracking strength in flexure (fz;); (iv) equivalent flexural ten-
sile strengths (fog2 and fegs); and (v) residual flexural tensile
strengths (fg1 to fr4) (see Table 2).

The epoxy adhesive used to bond the main girders to the
SFRSCC deck has an elasticity modulus in tension of E, = 8.8 GPa
and a tensile strength of f;,=17.3 MPa [20]. The redundant
mechanical connection into the span between jackets was materi-
alized by stainless steel anchors (M10 x 55). This solution present
a bearing capacity of fx =700 MPa (according to the manufac-
turer). For the present study case, three different types of connec-
tions had been considered: (i) epoxy layer; (ii) epoxy layer and
bolt; and (iii) bolt L-union between secondary and main girders.
This connection were materialized through interface elements,
considering the mechanical properties obtained in the different
experimental program carried out (Table 3).

3. Experimental programs
3.1. Static test

In order to ensure the correct erection, disposition and perfor-
mance of the different structural elements in the footbridge several
static tests were performed [11]. These experimental tests were
mainly focused on the characterization of the bending response
of the footbridge, as well as the deformation recovery after unload-
ing. For this purpose, the footbridge was loaded with multiple
close-spaced water reservoirs, with a total weight of 8.8 kN/m?.
These reservoirs were placed in different uniformly and distributed
configurations (load case A-C, see Table 4). All the loading and
unloading operations were performed as fast as possible in order
to minimize creep effects on the concrete. As a result, three load
configuration (A-C) were evaluated: (i) load distributed on the
entire span with a width of 1.20 m; (ii) load in the central part of
the span with a length of about 2.70 m and a small gap of 0.30 m
in the vicinity of midspan; and (iii) load in the central part of the
span with a length of 5.10 m and a small gap of 0.30 m in the vicin-
ity. In order to evaluate the different load setups, different sensors
were placed along the footbridge: (i) electrical transducers (with a
precision of 0.01 mm); and (ii) axial strains electric strain gauges
(Fig. 3).

As results of the static tests (see Table 4 and Fig. 3), the acquired
data was distributed into five groups, namely: (i) midspan deflec-
tion (Smsavg); (ii) axial strains on the SFRSCC deck (gcavg); (iii) axial
strains on the web of the main girders (ewavg); (iv) axial strains on
the bottom flanges of the main girders (cavg); and (v) curvature at
midspan ({).

3.2. Dynamical identification test

A dynamical identification campaign, based on the Operational
Modal Analysis (OMA) approach, was performed with the aim of
identifying the modal properties of the structure. With a sensitivity
of 10V/g, range of 0.5 g, and 8 pg rms broadband resolution, a
total of eighteen uniaxial piezoelectric accelerometers were place
on different locations on the vertical direction (Fig. 4).

By using Enhanced Frequency Domain Decomposition (EFDD)
technique [22] each mode is estimated as a decomposition of the
system’s response spectral densities into several single degree of
freedom systems.
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Fig. 1. Isometric view of the footbridge (in dark-grey the SFRSCC concrete, in light-grey the SFRSCC jackets and in yellow the GFRP profiles). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Section views of the SFRSCC-GFPR footbridge (units in meters). Longitudinal sections (above and middle). Transversal view (below).

Table 1

Mechanical properties of the GFRP pultruded profiles [11].
Part Er¢ (GPa) Er, (GPa) Gir (GPa) Jeur (MPa) Turr (MPa) p (kN/m®)
GFRP web 23.98+1.61 455+0.52 3491043 278.90 + 23.78 2042+1.15 18.00
GFRP flange 35.71+£1.83 3.57+0.36 - 336.94 + 37.51 - 18.00

35



Damage evaluation in constructions based on geomatic and dynamic approaches

98 LJ. Sanchez-Aparicio et al./ Composite Structures 134 (2015) 95-105
Table 2
Mechanical properties of the SFRSCC material used [11].
E.25 (GPa) fom (MPa) Jetz (MPa) feq2 (MPa) Jeq3 (MPa) fr1 (MPa) fr2 (MPa) Jfr3 (MPa) p (kg/m®)
37.75£13 75.95 £10.0 62112 1042124 10.56 +2.4 1017 £2.1 10.27 £2.34 9.71+234 2325.78
Table 3 context, several approaches can be carried out [27]: (i) Determin-
Mechanical properties obtained in the experimental program [21]. istic approaches; (ii) Bayesian finite element strategies; and (iii)
Variable Epoxy layer Epoxy layer and bolts  Bolt union Fuzzy approaches. L
K(N/m®)x 10° 288555975 300577179 140,02 £9.63 For the present study case, a deterministic strategy was fol-

A total of 16 vibration modes were identified. It is noted that, in
this modal identification, several modal shapes present an
asymmetric behaviour. This phenomenon can be attributed to
the presence of damage in the structure especially in the first
and fourth quarterspan (Fig. 5).

Following this antisymmetric behaviour in the different
vibration modes, a visual inspection was carried out. Some
micro-cracks on the SFRSCC deck were detected, the average value
of the crack width being about 0.06 mm, in the vicinity of the
quarterspans and an isolate crack in the midspan, with an average
value of 1.5 mm (Fig. 6).

4. Finite element updating strategy
4.1. Numerical model of the footbridge

In order to simulate the structural (static and dynamic) beha-
viour of the footbridge a tridimensional FE model was built using
the commercial software TNO Diana [23]. With a total of 24,334
elements high-order elements (CHX60) [23], with 10 cm as the
maximum dimension (Fig. 7). For the epoxy connections (main
girder-deck and secondary girder-primary girder) interfaces ele-
ments were chosen, avoiding the use of highly distorted solid ele-
ments, since the width of these connections are about 2 mm. As a
result, 3,240 interface elements (Q24IF) were used.

The numerical model includes the following structural compo-
nents: (i) GFRP main girders; (ii) GFRP secondary girders; (iii)
bolted connections with a GFRP L union; (iv) SFRSCC deck; (v)
SFRSCC jackets; (vi) epoxy-bolt layer; and (vii) epoxy layer. All
the structure is supported by two groups of pinned supports (in
the left side) and other two groups of sliding supports (right side).
Both supports are modelled by 88 spring elements in the main
directions (SP2TR).

Finally, the material properties (mean and deviation values)
obtained by the different tests carried out (see Tables 1-3), were
consider for the FE model. Also a perfect normal bond was assumed
at the GFRP-epoxy and SFRSCC-epoxy interfaces, consider only the
interface stiffness [1].

4.2. Cost function and optimization algorithm

Finite Element Model Updating (FEMU) strategy can be
employed in a wide range of applications [24-26]: (i) design; (ii)

lowed. The success of this approach is based on minimizing the
residual vector (r) of the objective function (J), considering the data
derived from the experimental campaigns, defined by the Eq. (1).

jsm
]din

where ||o|| denotes the Euclidean norm, r is the residual vector of [

and J** (static and dynamic residuals, respectively). The objective
function terms (J = ' + J%) are given by:

m_[smm _ sexp 2
J"”=;W62(’ . ) @

j=1 ]

2
1
r=—

L M

- [Wfi("’"'"ﬁ?f‘”) oS (o o) ] v

i=1

where Wy, W, and W; are the weights considered for the frequency,
vibration modes and static displacements, respectively, f is the fre-
quency, ¢ the modal displacements, J the static displacements, and
¢ is a scaling factor (normalization) that enable a comparison
between the experimental and numerical modes displacements.
For the dynamic functions (J#") the i index indicates the mode
shape and for the static one (J*) the j index indicates the load case.

Generally, the residuals values (r) of the objective function (J) to
be minimized shows a non-linear relation with the unknowns. For
these purpose a non-linear least squares function was used to solve
the problem. Inside this non-linear least squares framework the
Trust Region Reflective iterative algorithm was employed. In each
iteration, the search area is reduced to a zone known as “trust
region” [28]. Finally, the objective function (J) was approximated
to a quadratic minimizer by the truncated Taylor series.

As exposed in [27], the gradient-based optimizations method, in
our case the Gauss—-Newton approach with the Trust Region Reflec-
tive algorithm, requires the computation of the Jacobian (or sensi-
tivity matrix) and Hessian matrix. Both matrix can be solved
following a special structure integrated into the least squares prob-
lem Egs. (4) and (5).

VJ(6) = 3-1(6)Vri(6) = Jacob(6)Tr(6) @)

i=1

V2](6) = Jacob(6)"Jacob(6) + znjri(o)vzri(e)

i=1

~ T

simulation; (iii) prediction; and (iv) damage identification. In this = Jacob(6) Jacob(0) (3)
Table 4
Static test results for the three different load configurations [11].

Setup Sms pvg (Mm) &cavg (Hm/m) Ewavg (Hm/m) &ravg (Km/m) {(10*m™)

A (along the entire span) 38.07 -190 320 1102 306

B (central part of the span) 23.27 -145 220 712 203

C (central part of the span) 43.28 -252 392 1208 346
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Fig. 3. Cross-section of the footbridge: Longitudinal cross-section, with the electrical transducers (above). Transversal cross-section, at mid-span, with the strain gauges

sensors (below).
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Fig. 4. Modal identification test: accelerometers positions and test setups.

where Jacob is the Jacobian matrix, r the vector which contains the
residuals, 6 the different variables that will be optimized, V] is the
first derivate of the objective function and V?J the second one. The
index n indicates the number of unknowns consider during the
optimization.

Aiming at avoiding unrealistic results, boundary constraints
were applied to the updating parameters, based on the deviation
values obtained in the different mechanical test (see Tables 1-3)
and other values provided in literature [13,20,21]. With respect

to the model updating, only the first six vibration modes were con-
sidered (see Table 5).

4.3. Robust model updating

Given the complexity of the structure, several calibration stages
were considered, namely: (i) initial model updating; (ii) support
stiffness model updating; and (iii) damaged model updating. As
model robustness indicators for results quality check, the following
quantities were used: (i) relative error between frequencies; (ii)
modal assurance criterion [29]; and (iii) relative error between dis-
placements for the different load cases.

In the first stage, on the initial model updating only the Young’s
modulus of the main materials (SFRSCC deck, pultruded profiles
flanges and webs) and the stiffness of the different epoxy solutions
(with and without bolt redundancies, see Section 2.2) were cali-
brated (see Table 6). It should be stressed that, for the pultruded
profile material and given its orthotropic behaviour, in order to
reduce the number of updating variables a constant relation
between longitudinal and transversal Young’s modulus was

Mode | Mode 2 Mode 3 Mode 4
- = 7
<~ .
Mode ﬁ,\’ Mode 2\ Mode 7 * Mode 8
, z: v Q‘ V]v‘ 4 | q ‘ -4
Mode 9 Mode IO‘ V .\rk)dc\ll\ Mode 12 ,,.\
o
&S S W
Mode 13 ‘ \VModc KA Mode 15 Mode 16
r
’ ~ v . ‘ /'4' ~‘ -
> 4 y Sy,
24 . v

Fig. 5. Results of the 16 modes obtained from the Operational Modal Analysis
campaign (the x axis was consider along the longitudinal direction, the y along the
transversal and z along the orthogonal direction) [11].
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Fig. 6. Damage inspection on the footbridge (cracks are in red color). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

] I
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s

Fig. 7. Front view of the mesh model (above). Mesh detail of the inner part (below).

Table 5
Results values from the Enhanced Frequency Domain Decomposition.
Mode  Frequency Damping ratio Description
shape Meanvalue CoV  Meanvalue CoV
(Hz) (%) (Hz) (%)
1 6.40 028 1.89 18.69 1st Vertical bending
mode
2 8.16 0.01 126 11.77 1st Lateral Torsional
mode
3 1213 0.63 1.96 16.28 1st Lateral bending
mode
4 20.78 1228 1.57 62.08 2nd Torsional mode
5 22.16 6.14 092 20.59 2nd Vertical
bending mode
6 23.74 009 0.76 11.65 3rd Torsional mode
Table 6
Results of the initial model robust calibration.
Initial Lower Upper Updated
values bound bound values
Esprscc (GPa) 37.75 33.82 41.68 39.90
Egmp-pan (GPa) 35.71 30.22 4120 41.12
Ecerp-wes (GPa) 23.98 19.15 28.81 28.80
Kepoxy (N/m3) 1443 x 10'° 553 x 10" 2333 x 10" 17.3 x 101

Kepoxy-sorr (N/m3)  15.03 x 10° 427 x 101 2579 x 101 252 x 10°

established (Ep¢/E): (i) 5.27 for the GFPR webs; and (ii) 10.00 for
the GFPR flanges. This relation was considered in the different cal-
ibration procedures.
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Following the results obtained in Table 4 with above consider-
ations, the model has high static and dynamic deviations with an
average error in frequencies and displacement of 33.06% and
55.04%, respectively (see Tables 7 and 8). Also, the third mode
shape was not identified numerically.

Taking into account the previously results, it follows that the
structural consideration of the initial model do not fit with the real
behaviour of the footbridge (high structural stiffness). As a subse-
quent calibration, the footbridge supports were modelled with a
different approach. Elastic springs in the main directions of both
supports were considered, and subsequently a sensitivity analysis
was performed, taking into account the initial values proposed
by [13]. The results obtained in this analysis shows that the elastic
springs are extremely sensitive, especially in the x and y direction.
The same initial values and bounds have been considered for the
elastic modulus, obtaining the presented in Table 9.

Analyzing the results obtained in terms of quality index (Figs. 8
and 9), an average relative error of 3.5% (relative error between fre-
quencies) was obtained. Additionally, an average MAC value of

Table 7
Summary of the dynamical results obtained with the initial considerations, in terms
of relative error in frequencies and MAC values.

Vibration mode fexp (Hz) Sfrum (Hz) Error (%) MAC (%)
1 6.40 10.69 67.05 98

2 8.16 10.80 3239 99

3 1213 - - -

4 20.79 20.04 -3.59 82

5 22.16 25.86 16.70 89

6 23.74 27.09 14.10 88
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Table 8
Summary of the results obtained in the initial model, through the static correlation
values considered (relative error in displacement).

Load case dispex, (mm) disppym (mm) Error (%)
A —38.07 -16.08 —-57.77
B —23.27 -11.29 -51.50
C —43.28 -19.10 —55.86
Table 9
Results obtained in the robust calibration of the spring model.
Initial Lower Upper Update
values bound bound values
Esmrscc (GPa) 37.75 33.82 41.68 3410
Ecme-nan (GPa)  35.71 30.22 4120 38.94
Ecrre.wes (GPa)  23.98 19.15 28.81 28.81
Egpoxy (NJmm®) 1443 x 10'° 553 x10'® 2333 x 10'° 9,72 x 10"
Emoxv-porr (N]  15.03 x 10° 427 x10'° 2579 x 10'© 21.52 x 10'°
m3)
Kax (N/m) 10.00 x 10°  10.00 x 10° 10.00 x 107  4.37 x 10°
Kay (N/m) 10.00 x 10° 10.00 x 10* 10.00 x 10°  8.78 x 10°
Kg, (N/m) 1000 x 10> 10.00 x 10> 10.00 x 10°  1.69 x 10*
Kgx (N/m) 1000 x 10°  10.00 x 10* 10.00 x 10°  4.24 x 10°

92.0% (with a minimum value of 86% in the sixth mode) was
obtained and an average displacement relative error of 5.0%. There-
fore, it can be stressed that the results obtained by the second
model are more accurate compared with the previous one. But -
from the obtained results (the different modal shapes and error
in frequencies) it is observable that the different modes considered

have negative and positive frequencies errors. Said phenomena
indicates a wrong relation between stiffness of the different struc-
tural parts, and also burden the model calibration (Fig. 8).

Evaluating more in deep the different measurement points
through the COMAC index (Co-ordinate Modal Assurance Crite-
rion) [30] as a damage indicator (see Fig. 9), large discrepancies
can be observed at different points (2, 9, 11 and 18), whose origin
can be attributed to the structural damage (Fig. 6).

Considering the exposed above, it is expected that trough
appropriate damage identification and quantification the results
will improve. From the damage inspection previously showed
(Fig. 6), it is possible to conclude that mainly three areas can be
improved with the damage calibration (the vicinity of first and
fourth quarter-spans with a generalize damage) and the third
quarter-span (due to the presence of an isolate crack).

4.4. Damage function

Based on the classification defined by [31], four levels of dam-
age assessment can be established: (i) level 1 or Detection; (ii)
level 2 or Localization; (iii) level 3 or Assessment; and (iv) level 4
or Prediction of the remaining service life. The FEMU strategy
allows a damage assessment up to level 3. This implies that this
model-based approach is able of detecting, locating and quantify-
ing the damage acting on the structure. Such potential is related
to the understanding of damage in the structure. When the struc-
ture suffers damage it implies a degradation of the mechanical
properties which can be simulated by the decrease of stiffness of
the surrounding elements in the said area. The calibration of this
structure, as well as the damage identification and extension, can
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Fig. 8. Frequency pair between spring model updated and OMA (left). MAC matrix with the first six modes (right).
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Fig. 9. COMAC values obtained in the spring model updating: COMAC values in y direction (left) and COMAC values in z direction (right).
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Fig. 10. Schematic representation of the damage identification strategies employed during the robust model updating. In blue the areas with substructure damage functions
and in red the area with a discrete damage function. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 11. Different shape functions used during the robust model updating. Substructure damage functions (above). Discrete damage function (below).

be made through the adjustment of the mechanical properties of
the different elements affected by this damage.

However, adjusting the stiffness of all elements results in a large
number of variables to be tuned, leading to an ill-conditioned prob-
lem that can be minimized through different approaches. One
approach is the regularization technique [32]. Nevertheless, two
drawbacks must be considered. On the one hand, as exposed above,
evaluate the function sensitivity implies assessing the sensitivity of
each variable, which results in a time consuming solution. On the
other hand, less “real” results obtained by the updating of each ele-
ment (non-continuous damage assumption) are obtained.

In order to solve these drawbacks, the damage quantification can
be made through three different approaches: (i) discrete approach
that considers the crack as a macroblock splitter through interface
elements [33]; (ii) diffused approach that considers a degradation
zone [25] on the surroundings of the damage area; and (iii)
sub-structuring the model and applying damage functions [24,27].
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Generally, the third approach could be applied successfully in
different structures [32], but in contrast with the procedure
showed in this updating analysis, a reference undamaged model
is not available.

For these purpose, a twofold methodology was applied: (i) sen-
sitivity analysis, maintaining the variables previously obtained, of
the different damage areas through different FE bands along the
damage quarter-spams; and (ii) applying a damage strategy, with
different damage functions assumptions, to materialize the dam-
age present in the structure (Fig. 10).

For the present case of study and considering the damage
inspection (see Fig. 6), and the COMAC's values (see Fig. 9), an
adaptation of the second and third approach was used (Fig. 10):
sub-structuring technique with piecewise linear functions show
in Eq. (6) for the first and fourth quarter spams (with a general
damage), and a discrete damage shape function for the isolate
crack shown in Eq. (7) (see Fig. 11).
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Table 10

Summary of the updated variables (without consider the damage variables) obtained

Table 11
Summary of the results, for the damage model, through the dynamical correlation

in the damage model calibration. values considered (relative error in frequencies, MAC values).
Initial Lower Upper Update Vibration mode few (Hz) Srum (HZ) Error (%) MAC (%)
values bound bound values 1 6.40 661 328 100
Esersce (GPa) 37.75 33.82 41.68 39.66 2 8.16 833 2.08 100
Egeme.an (GPa)  35.71 3022 4120 3929 3 12.13 1233 1.65 96
Ecme.wes (GPa)  23.98 19.15 28.81 28.81 4 20.79 2051 -1.35 90
Egpoxy (N/m?) 1443 x 10'° 553 x 10" 2333 x 101° 9.49 x 10° 5 22.16 2152 -2.89 89
Egpoxysorr (N/ 1503 x 101° 427 x 10"° 2579 x 10'° 13.13 x 10'° 6 23.74 24.09 147 86
m?)
Kax (N/m) 10 x 10° 10 x 10° 10 x 107 477 x 10°
Kay (N/m) 10 x 10° 10 x 10* 10 x 10° 8.98 x 10°
Kgy (N/m) 10 x 10° 10 x 10? 10 x 10° 1.44 x 10* Table 12
6
K (N/m) 10 x 10° 10 x 10* 10x 10 477 x 10° Summary of the results obtained in the damage model, through the static correlation
values considered (relative error in displacement).
XL x € g, Xi] - -
%1 Load case dispex, (mm) disppym (mm) Error (%)
2 x € %, Xi]
Nt RETE] H A+ (6) A -38.07 -39.15 2.82
! 0 otherwise B -23.27 -23.80 2.27
c 4328 —-43.71 0.98
dm (M) X € [Xaise— i . . . . .
8\ —atampt Paist—ampl, Xt shape function N;, g; is the damage coefficient and p is the design
. dmg( Xeistsampl—X ) X € [Xaist, Xetistampl] variables to be minimized. As a result the different values of the
. = ampl . . .
Gaiscrete (A, dist, ampl) s ampl~dit i affected elements can ben obtained. Finally, once the different dam-
0 otherwise age strategies were correctly defined, the Jacobian matrix Jacob
needs to be re-formulated with the following considerations, Eq.
(7 (10)

where Ngpstructure indicates the shape function for the substructure
approach, x the centroid of the damage elements, x; the border cen-
troid between substructures, @gisqere the damage function for the
discrete approach, dmg the damage value of the function (between
0 and 1), dist the distance from the origin to the point (into the dis-
crete damage function), and ampl the discrete damage aperture.

After defining the different shape functions, the damage can be
applied following Egs. (8) and (9),

Kdamages = Ni(1 — ai) ®)
a=p*N; )

where Kgomage; is the stiffness matrix which contains the damage
values of the different elements affected by the damage for the
50
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where ] is the objective function, 6 variable to be updated, a and N
(with the index sub for substructure and dis for discrete) the dam-
age and shape functions and dmg, x4, ampl the different variables
of the discrete damage function. For the resolution of the deriva-
tives, a finite difference approach was consider.
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Fig. 12. Graphical comparison between the numerical and experimental damage obtained by the proposed methodology.
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Fig. 13. Experimental and numerical mode shapes of the first six modes.

4.5. Robust calibration with damages functions

The damage presented by the footbridge can only be observed
only in the intrados of the footbridge’s deck. Considering this, only
the lower elements of the footbridge’s deck has been updated (by
the proposed damage identification). As a result of the robust cal-
ibration a new model of the footbridge has been obtained
(Table 10). This model presents a damage along its deck as show
(Fig. 12).

Regarding the damages of the first and fourth quarterspans, as it
was expected, a general damage was obtained with higher values
next to the more damage areas, according with the visual inspec-
tion (Fig. 6). Also, through the discrete function, it was possible
to identify the isolate crack, which is in the third quarterspan, at
a distance of the deck origin equal to 7.60m (in contrast to
7.37 m obtained in the visual inspection), originate by the presence
of a transversal crack.

As a result, the final model shows a better similarity with the
experimental results (see Tables 11 and 12). In terms of updating
results, an average error in frequencies of 2.12% and an average
MAC value of 93.50%. Considering the static behaviour, it was also
observed an improvement in the results with an average error
equal to 2.02%.

Finally (Fig. 13) presents a comparison between the different
mode shapes identified experimentally and tuned numerically.
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5. Conclusions

Nowadays, the evaluation of new constructive solutions and
therefore the evaluation of new infrastructures implies a multidis-
ciplinary task. Such analysis must involve: (i) mechanical tests of
the different components; (ii) experimental programs to under-
stand the global behaviour of the structure; and (iii) accurate
numerical simulations to design, evaluate and predict its structural
behaviour. Nevertheless, the interaction between different compo-
nents (joints), boundary conditions and damage, are unavoidable
considerations within a numerical simulation. In order to solve
this, in the present paper it was shown a robust calibration method
based on a non-linear least-squares method complemented by a
hybrid strategy to detect and quantify the damage. The proposed
methodology was validated with a high innovative structure: a
hybrid footbridge based on a SFRSCC deck and GFPR pultruded pro-
files. The model updating analysis was carried out with results
from experimental data (static and dynamic tests). It considers
the stiffness of the different joints (L-union and GFPR main
girders-deck union), non-perfect supports and damage as a set of
linear damage functions.

Finally, an accurate damage identification analysis was per-
formed, arising in an accurate model. However, there are always
further needs of investigations in order to improve results, mainly
the MAC's values for the fifth mode shape and to consider the
cracks direction in the damage functions as a design variable to
better improve their effects.
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CAPITULO | | |

PHOTOGRAMMETRIC, GEOMETRICAL AND NUMERICAL STRATEGIES TO
EVALUATE INITIAL AND CURRENT CONDITIONS IN HISTORICAL
CONSTRUCTIONS: A TEST CASE IN THE CHURCH OF SAN LORENZO (ZAMORA,
SPAIN).

RESUMEN: Bajo el nombre de Photogrammetric, geometrical and numerical strategies to evaluate
initial and current conditions in historical constructions: A test case in the church of San Lorenzo

(Zamora, Spain). El Capitulo Il trata de abordar una doble vertiente en el campo de la geomatica.

Por un lado, mejora la metodologia de segmentacion y paso a modelos CAD desarrollada en el
Capitulo | a través del empleo de superficies no paramétricas NURBs y procedimientos
complementarios de cuadrilaterizacién de la malla (teoria de Morse y analisis Espectral). Por otro
lado, desarrolla indices de calidad geométrica basados en el concepto de distancia simétrica

Hausdorff que permiten calibrar y evaluar la bondad de las simulaciones numéricas.

A fin de evaluar las metodologias e indices propuestos se dispone como caso de estudio una cupula
de ladrillo y arquitectura verndcula con severos dafios estructurales. Entre dichos dafios caben
destacar unas grandes deformaciones de 20 cm, la formacién de dos rétulas plasticas y la perdida

de material.

Resultado de dichos estudios, se puede concluir la validez a priori de los indices geométricos
propuestos asi como de las metodologias de modelado geométrico empelado. En lo que respecta a

la construccion evaluada, los resultados no parecen concluyentes requiriendo de ensayos



complementarios que permitan conocer mejor las propiedades mecanicas de la estructura.

Palabras clave: Correlacion Digital de Imagenes; Structure from Motion; Métrica Global Hausdorff, Métrica Local
Hausdorff, B-Splines Racionales No-Uniformes; Modelado por Elementos Finitos, Arquitectura vernacula; Construcciones

historicas.
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Abstract: Identifying and quantifying the potential causes of damages to a construction and
evaluating its current stability have become an imperative task in today’s world. However, the
existence of variables, unknown conditions and a complex geometry hinder such work, by hampering
the numerical results that simulate its behavior. Of the mentioned variables, the following can be
highlighted: (i) the lack of historical information; (ii) the mechanical properties of the material; (iii) the
initial geometry and (iv) the interaction with other structures. Within the field of remote sensors, the
laser scanner and photogrammetric systems have become especially valuable for construction analysis.
Such sensors are capable of providing highly accurate and dense geometrical data with which to
assess a building’s condition. It is also remarkable, that the latter provide valuable radiometric
data with which to identify the properties of the materials, and also evaluate and monitor crack
patterns. Motivated by this, the present article investigates the potential offered by the combined
use of photogrammetric techniques (DIC and SfM), as well as geometrical (NURBs and Hausdorff
distance) and numerical strategies (FEM) to assess the origin of the damage (through an estimation of
the initial conditions) and give an evaluation of the current stability (considering the deformation
and the damage).

Keywords: digital image correlation; structure from motion; global metric Hausdorff; local metric
Hausdorff; non-uniform rational B-Splines; finite element modelling; vernacular architecture;
historical construction

1. Introduction

The conservation of built heritage is today considered a fundamental aspect of modern
society. Their artistic, cultural, and intrinsic value make these constructions extremely important.
Complementary to this, the lack of the building’s own mechanical values and the characteristic behavior
of its masonry, the complex interaction between components, and the lack of documentation, make the
analysis of such constructions remarkably difficult. Currently, and derived from these considerations,
numerous regulations propose the integration of different approaches among which are [1]: (i) the
study of the construction’s history; (ii) inspection; (iii) monitoring; and (iv) structural analysis.

Regarding the numerical calculations, the static graphic [2] and limit analyses [3] traditionally
provided the necessary tools to study the stability and bearing capacity of historical structures [4].
However, such numerical strategies have among their drawbacks the difficulty to evaluate damages [1].
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In contrast with these models, the Finite Element Method (FEM) has been widely used for the
evaluation of historical buildings at different levels; from complex and large constructions through
macromodelling techniques [5], to the use of micromodelling strategies [6], where the units are
independently discretized, or homogenized [7]. However, the large number of involved variables, as
well as interaction with other structures, conditions the results.

It is in the field of built constructions where remote sensors and especially photogrammetric and
laser scanner systems have proven great worth for their analysis [3,8-10]. These sensors are able to
provide accurate and dense geometric and radiometric values with which to assess these buildings, as
well as obtaining the data through non-intrusive means. Despite this, the data they provide (in form
of dense and accurate point clouds) is largely untapped, since it is only used for the construction of
simplified CAD models [10].

On one hand, the present article introduces two novel robustness parameters (based on
geometrical components) in order to increase their applicability, obtained from the symmetrical
Hausdorff distance [11]. These parameters, called Global Hausdorff metric (GHm;) and Local
Hausdorff metric (LHms), help ascertain whether the variables or simulated conditions improve
or worsen the numerical results, in comparison with the real deformation provided by the
photogrammetric and laser scanner systems.

On the other hand, the article introduces a methodology based on a Non-Uniform Rational
B-Splines (NURBs) modelling strategy, with the purpose of providing an accurate geometrical model
(with the current deformation and damage) for the evaluation of the current stability of the construction.
This strategy is able to take advantage of the properties provided by the Structure from Motion
products: (i) density; (ii) accuracy; and (iii) photorealistic texture, within a numerical environment.

In order to confirm the feasibility of the proposed geometrical strategies (GHm;, LHms and NURBs
modelling), they are applied to a case study: the dome of the church of San Lorenzo in Sejas de Aliste
(Zamora, Spain). This construction, built in brick masonry, has suffered severe structural damages,
shown through significant deformation, cracking and plastic hinges that reduce its bearing capacity.
It seems necessary to perform a structural evaluation in order to design efficient restoration actions.

The article is organized as follows: Section 1 consists of an introduction and brief state of the art,
Section 2 describes the different image-based techniques that were employed; Section 3 is made up
of the description of the construction, the current deformation, damage, and the numerical aspect
through the FEM; Section 4 describes two robustness indices based on geometrical discrepancies,
a manual calibration of the model and a complementary strategy to evaluate the current stability of
the construction (considering the complex geometry and the presented cracking); and finally, Section 5
shows the conclusions.

2. Image Based Approaches: Digital Image Correlation and Structure from Motion

The great diversity of approaches today, along with their flexibility, place image-based procedures
as a suitable solution for the analysis of constructions [3,9,12], materials [13,14], and pathologies [8].

The different methodologies that comprise this approach, particularly in the field of numerical
evaluation of constructions, highlight: (i) Digital Image Correlation (DIC); and (ii) image-based
modelling procedures. While the former provides mechanical data of materials and constructive
solutions (in the form of displacement and strains), the latter allows the definition of a dense, accurate,
and photorealistic geometrical model of the construction. Their combination provides relevant
information for the numerical analysis of the structure.

2.1. 2D Digital Image Correlation

A wide variety of methodologies has been developed and used to study material and union
behavior. Some of these are [14,15]: (i) Moiré interferometry; (ii) Holography interferometry;
(iii) Shearography; and (iv) Digital Image Correlation.
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These methodologies prove to have important advantages, compared to traditional methods based
on strain gauges or LVDT’s (Linear Variable Differential Transformer) such as their non-invasiveness
and their full-field data information. In comparison, traditional methods provide only local information
and require direct contact with the tested material. Within this wide range of techniques, the use of
Digital Image Correlation (DIC) stands out.

To characterize the materials used in the dome, various compression tests were performed
separately on each material (three in each material) during the experimental campaign that was carried
out. Considering the procedure defined by [16], an extra specification, such as the mortar joint material
(made by gympsum mortar), was considered.

In order to verify the flexibility and accuracy of the shown method, one standard sensor was
used for both the DIC and the SfM: a digital reflex camera Canon 500D. However, in contrast to the
image-based modelling strategy, DIC requires the preparation of the analyzed specimen, following the
approach defined by [16]: (i) MIG (Mean Intensity Gradient) evaluation [17] of the speckle pattern;
(ii) camera pose estimation [18]; and (iv) camera calibration [19].

Once the specimen has been correctly pre-processed, different images were captured during the
test (Figure 1). Also, concerning the test setup, a large focal distance and working distance were
used in order to minimize the geometrical distortion, out of plane displacements (approximation to
a telecentric lens system) [20], depth of field, and light conditions.

=)
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Figure 1. (a) Detail view of the brick and speckle pattern applied during the Digital Image Correlation
(DIC) test; (b) Histogram of the speckle pattern.

The basic principle of DIC is the tracking (or matching) of the different areas of the images which
were captured during the test (before and after deformation occurs), called subsets. As an initial
approximation of this tracking, a correlation coefficient (generally the Zero Normalized Cross
Correlation) [20] is used. Later, this initial approximation is optimized by the use of a non-linear
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strategy (such as the Inverse Compositional Gauss Newton method) [20] which allows the evaluation
of the displacement suffered by the subset along the different captured images (Figure 2) [16].

Complemented to this optimization process an interpolation process (based on splines) is used
with the aim of obtain sub-pixel accuracy [20]. Considering multiple subsets in the image, their
analysis can provide a full-field displacement. Later, the strains suffered by the specimen during the
test, which allow the evaluation of its mechanical properties, can be obtained by a direct relationship
between the obtained displacement on the measurement point and the initial length of the virtual
extensometers [16]. A total of three virtual extensometers were placed on the ROI: (i) A-A” and B-B’ in
the longitudinal direction; and (ii) C-C’ in the transversal direction.

Pre-processing stage Frosessing stags

Reference image
(non-deformed)

Deformed image
Pattern evaluation through MIG
(Mean Intensity Gradient) index

Camera pose estimation

Camera calibration

Subset

Subset (on the
deformed image)

|

Initial approximation: Zero Normalized Cross
Correlation

l

Optimization: Inverse Compositional Gauss
Newton method

Post-processing stage 1

Virtual extensometers (displacement or strain
evaluation)

}

Stress-strain curve

}

Mechanicals properties of the materials

Figure 2. Digital Image Correlation general outline. In red the reference subset, in blue the initial seed,
and in yellow, the final location of the subset.
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Concerning accuracy, there are different studies [15,21,22] that endorse the DIC’s precision for the
assessment of the material’s mechanical properties. For a standard test configuration, the accuracy
may range from values of 0.01-0.04 pixels. Considering a conservative threshold at 0.1 pixels, and
an acceptable accuracy for the test of 0.01 mm (from which the critical pixel size is set at 0.1 mm), the
test’s configuration is shown in (Table 1).

Table 1. Summary of the different properties set during the Digital Image Correlation (DIC) test carried
out with a Canon EOS 500D and a macrolens system 70-300 mm.

Values Adopted during the Digital Image Correlation (DIC) Test

Aperture 7.1

Focal length (mm) 200
Working distance (mm) 2700
Pixel size (mm) 0.063
Acquisition frequency (Hz) 0.33

Once the stress-strain curve has been obtained (by a relationship between the stress applied by the
compression press and the strains obtained by DIC) (Figure 3b), it is possible to extract the mechanical
properties of the materials as follows (Table 2): (i) the Young Modulus was considered as the ratio
between one third of the maximum force achieved and the mean strain provided by the longitudinal
extensometers (A-A’” and B-B’); (ii) for the Poisson ratio, the relationship between the strains provided
by the longitudinal extensometers and those obtained by the transversal extensometer (C-C”) was taken
into account; and (iii) the compression strength was considered as the maximum pressure supported

by the specimen.
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Figure 3. Results after the experimental campaign (2D DIC). (a) Deformation measurement, expressed
in pixels, between two captures and positioning of the virtual extensometers; (b) Stress-strain curve
obtained with the virtual extensometer A-A’.
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Table 2. Mechanical properties obtained by the performed DIC test.

Mechanical Properties Obtained by the DIC Test

Clay brick Gypsum mortar

E (GPa) 3.10 + 0.30 1.15 + 0.06
v () 0.22 + 0.05 0.23 + 0.02
fc (MPa) 7.80 + 0.90 2.12 +0.10

To assess the accuracy of the previously mentioned procedure, a comparative study was
carried out, between the strain rate applied by the compression press (with an average value of
—1.77 x 1076 s71), and the one obtained by the different performed DIC tests and the different virtual
extensometers used (with an average value of —1.93 x 10~° s~1). The results obtained demonstrate
the accuracy and suitability of the applied configuration and algorithms, with an estimated precision
of 0.056 pixels (which correspond to an approximate value of 3.53 um). This value proves to be lower
than the previously shown critical value.

2.2. Image-Based Modelling: Structure from Motion

In recent years the image-based modelling strategy, called Structure from Motion (SfM), has
positioned itself as an attractive alternative to laser scanning systems. Its flexibility—as it can be
integrated into different types of platforms (e.g., UAV [9])—low-cost, and qualities of the point cloud
(high density, photorealistic texture, and accuracy) place the solution at a vantage position in the
evaluation of historical buildings [23].

This technique integrates within its operating structure the advantages of computer vision
(automation and flexibility) and photogrammetry (accuracy and reliability) [23] to obtain high density
three dimensional models whose accuracy can compete with those of the laser scanner system [24,25].

For this case study, a standard SfM strategy is applied, comprising the following stages:
(i) automatic extraction and keypoint matching by applying the Affine-Scale Invariant Feature
Transform (ASIFT) algorithm [26]; (ii) automatic hierarchical orientation of images; and (iii) dense
model generation through the MicMac algorithm. For further details on this methodology see [12].
Concerning the photogrammetric network a convergent protocol was used, combining a total of
32 cameras with high overlap (around 90%) and throwing a mean GSD (Ground Sample Distance)
of 1.61 mm. Complementary to these, different circular targets (along the lower part of the
pendentive) were used to scale the model (this measurement were taken by a total station using
a radiation approach).

As a result of the implementation of the above-mentioned methodology it is possible to obtain
a dense and photorealistic texture point cloud (Figure 4a). Afterwards, applying CAD conversion
techniques (meshing, surface parameterization, extrusions, revolutions, efc.), or even generating
true-ortho-images, increase further the applicability of the obtained product. More precisely, they
help to accurately build CAD models suitable for subsequent numerical simulations, as well as
complementary products, which analyze patterns of deformation and cracking for the pathological
characterization of the structure [9] (Figure 4b).

Concerning the total error, associated with this point cloud, a quadratic error propagation was
used Equation (1). Into this approach, two sources were considered: (i) the error coming from the
bundle adjustment of the photogrammetric network; and (ii) the error corresponding to the scaling

process Equation (2).
er = 4/€p? + &52 )
g5 = \/2¢;2 + £,2 2
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where & represents the total error; ¢ the scale error; ), the error associated with the photogrammetric

pixelsize

network; ¢; the origin error stablished as /2 * ( ), where v is the subpixel accuracy of the target

detection algorithm (estimated in 0.5); and ¢, the error associated with the total station.
As aresult a budget error of & = 4.38 mm was obtained (with values of ep = 3.22 mm, ¢; = 1.14 mm,
e =2.50 mm, and &; = 2.97 mm).

a) b)

Figure 4. (a) 3D model obtained by the proposed methodology; (b) Detail view of the most damaged
section through the texture model.

3. Structural Evaluation of San Lorenzo’s Dome

3.1. San Lorenzo Church

The church is built with irregular masonry walls (slabs of slate) fixed with lime mortar and at the
corners finished with granite masonry. The parish church of San Lorenzo in Sejas de Aliste is located
in the region of Aliste, Zamora province (Spain), 32 m long and 17 m wide, it belongs to the family
of temples with transept crossing, Latin cross-shaped floor plan, and transept and nave at different
heights (Figure 5).

012345 10m
c)

Figure 5. San Lorenzo church: (a) Orthophoto of the main fagade through the methodology proposed;
(b) Orthophoto of the west facade (chancel) of the construction; (c) Floor plan-view of the church, red
color indicates the damaged area of the dome.
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The transept crossing is the most representative element of this temple. Its importance in the
building is highlighted in the interior through the semi-elliptical dome that shelters the whole crossing.
Its eight ribs marked with bands stand out. The transept is highlighted in the outside as well,
covering the dome with a hipped roof that rises above the nave and transept height. This roof is built
with a pavilion-shaped chestnut-timber framing, with regularly placed rafters that lean on the main
beams and bear the load of the roof, made up of curved tiles and wooden roof boards (Figure 6a).
Overall stability is obtained by use of tie beams at the top of the bearing walls, which collect the loads
of the rafters and the hip rafters or main beams. Angle-ties, placed at 45° in each corner under the hip
rafters prevent the transversal deformation of the tie beams (Figure 6a).

a) b)

Main beam 079
Rafters

Rooftile
Roof boards

Masonry dome

Square

0.57 3.36
3.97

Figure 6. (a) Constructive section of the church’s transept; (b) Transversal section of the dome geometry
(initial state estimated by the Structure from Motion (SfM) point cloud) with dimensions in meters.

Concerning the dome, the construction has an estimated diameter of 6.72 m and a total height
(measured from the pendentive) of 2.63 m. This structure was built with traditional tile brick and
gypsum mortar, reaching a total thickness of 5.00 cm. It resembles, from a construction point of view,
a Catalan vault (Figure 6b). It is also worth mentioning the presence of an infill (basically composed
of a mixture of sand, clay and fragments of bricks with a medium compaction) at the support of the
dome. This infill reaches a total height of 0.75 m and an average thickness of 0.65 m, and its presence
contributes to the stability of the construction.

3.2. Present Damage and Deformation

The characterization of both, deformations and cracking patterns, is key to understanding the
structure in terms of stability and safety. The high density, accuracy, and photorealistic texture of the
point cloud obtained by the proposed methodology (Section 2.2) can address this task foregoing any
need of physical contact with the structure. Through evaluation of the obtained product, it is possible
to obtain a hypothesis for the origin of the damage.

It is worth noting that there is widespread damage in the area enclosed by three ribs
(corresponding to the southern part of the dome). This area has two main cracks, in the parallel
direction, which are interconnected through the presence of two plastic hinges. At its maximum, there
is a deflection of 19.70 cm (compared to the initial estimated model) (Figure 7).

These structural pathologies seem to be related to the presence of assymetric loads acting on part
of the dome’s shell (Figure 7a). More specifically the current damages, which are located under the
south wing, can be attributed to a failure of the timber structure.

On one hand, the evaluation of photogrammetric products (which are the result of the previously
defined SfM strategy) allows an estimation of the possible causes of the dome’s damage. However, it
is required to have numerical strategies to verify these assumptions and assess the current state
of the construction. For the present case study, and considering the hypothesis of failure of the
timber structure several numerical analyses were performed: (i) numerical evaluation of the timber
structure for the worst load case: snow; (ii) evaluation of the dome’s stability under self-weight; and
(iii) numerical evaluation of the interaction timber-dome as a result of a timber failure.
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a)

Assymetric Load

Hinges Observed

b)

Figure 7. Results of the visual inspection over the different photogrammetric products: (a) Surface
comparison between the initial proposed model and the most deformed one estimated by the SfM
point cloud; (b) Damage inspection in the orthophoto, in green the main observed cracks, in blue the
secondary cracks, in yellow the material removal.

Previous investigations carried out by [16], verified the stability of the timber structure for the
most adverse load case: the presence of snow. Yielding a maximum deflection of 2.35 cm, it proves to be
insufficient in order to interact with the dome. Considering these results, it is possible to conclude that
the interaction between the cover and the dome seems to be linked with the presence of pathological
agents (mainly moisture and biological organisms) which reduce the bearing capacity of the timber
structure until it fails and rests on the dome.

3.3. Numerical Simulation of the Initial State of the Dome: Self-Weight and South Wing Support

Understanding the degradation mechanisms present in the construction requires a geometrical
model of its initial state, a material characterization, as well as its boundary conditions, and
load assessment. According to these, several numerical simulations (through non-linear static
analysis) were performed in order to understand the causes and the construction’s initial conditions.
Several improvements, regarding the geometric and mechanical aspects, are introduced in comparison
to the previous investigations performed by [16]: (i) consideration and modelization of the infill-dome
interaction; and (ii) account of gypsum as union material.

Regarding the mechanical aspect, a macromodelling strategy of the masonry was followed.
This technique blends the bricks, mortar joints as well as the brick-mortar interface into one continuum
assuming homogeneous material properties (Table 3). Also, the recommendations exposed by
reference [6,27] were considered. An initial estimation of the masonry’s Young modulus was estimated
using the formulas displayed in [28], setting the initial Young modulus at 2.54 GPa. However, further
visual inspections showed the presence of an erratic masonry with low overlap between units.
In accordance with this, a reduction of the initial Young modulus was considered for subsequent
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simulations (half of the initial estimated), yielding a final value of 1.22 GPa, analogous to those used in
similar studies [7,29].

Table 3. Mechanical properties adopted for the macromodelling of the masonry.

Mechanical Properties for the Masonry Structure

E; (GPa) Young Modulus 1.22
O (kg/m3) Density 1800.00
Vm (-) Poisson coefficient 0.25
ft.m (MPa) Tensile strength 0.16
fe,m (MPa) Compressive strength 1.60
dt,m (mm) Ductility index in tensile 0.093
de,m (mm) Ductility index in compression 1.6
Bem (5) Shear retention 0.2

For the numerical simulation of the infill, a Morh-Coulomb failure criterion was considered,
with its mechanical properties set according to the visual inspection (medium compaction) and the
recommendations shown by [7,29,30] (Table 4).

Table 4. Mechanical properties adopted for the infill simulation.

Infill Mechanical Properties
E; (GPa) Infill Young Modulus 0.80

i (kg/m?) Infill density 1800.00
G (GPa) Infill shear modulus E;/2
fi (MPa) Cut-off tension 0.02
D; (deg) Infill friction angle 39
c; (MPa) Infill cohesion 1xf;

Concerning the load (for the numerical evaluation of the interaction between timber structure
and the dome), a value of 8000 N was considered, resulting from the combination of different loads:
(i) 650 N/m? for the arabic tiles and wooden board; and (ii) 400 N/m? for the snow load. Finally, the
numerical model (for both simulations), had a total of 46,181 high order solid elements (CTE30) [31]
(Figure 8a).

It is possible to observe that in the absence of external loads acting on the dome, the structure
seems to be stable under its own weight (Figure 8b). In spite of this, considering the support of the
south wing (roof tile, boards, and rafters), the dome begins to present damage (cracking) and its
deformation tendency (Figure 8c) seems to be similar to the one shown in the photogrammetric model
(Figure 7a).

However, in terms of deformation, considering for this purpose six control nodes along the
damage area (Figure 8a), the model exhibits high rigidity. This suggests that the initial mechanical
conditions are inadequate to reproduce the damage and deformation presented in the dome (Table 5).

Table 5. Comparison between the obtained and expected displacement of the control nodes in the
numerical model (initial considerations).

Control Node  Displacement Obtained (mm) Displacement Expected (mm)

54 1.95 148.00
20256 0.48 46.00
56 1.57 198.00
21125 0.54 52.00
443 2.12 196.00
64123 0.57 25.00
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Figure 8. (a) Isometric view of the mesh and the control points (nodes) used for the numerical
simulations; (b) First principal stress distribution, expressed in N/mm? for the self-weight case;
(c) First principal stress distribution, expressed in N/ mm?, for the numerical model which considers
the asymmetric load.

The high discrepancies shown in the previous numerical simulation suggest the need for
an optimization of the mechanical properties. However, performing such an optimization requires
inevitably having robustness indices to quantify the level of improvement/worsening introduced by
the different variable’s variations.

Exploiting the advantages offered by the SfM or laser scanner systems, two novel robustness
parameters (based on geometric discrepancies) are proposed: (i) a global parameter, based on the
similarity between the numerical and real model; and (ii) a local index which provides data about the
geometrical variations introduced by the new variables considered in different areas of the construction.

4. SfM, NURBS Modelling, Global and Local Hausdorff Metrics: Geometrical Strategies to
Improve the Knowledge about the Initial and Current State of the Constructions

4.1. Global and Local Hausdorff Metrics as Geometric Accuracy Indices

The Hausdorff distance or Hausdorff metric is used in a wide range of fields, such as
point cloud [32] and meshes [33] comparison, object recognition [34], and image comparison and
matching [35]. This metric proves to be a robust strategy for the similarity evaluation of two compact
and non-empty sub-sets within a metric space. It is formulated as follows Equations (3) and (4):

d(y, X) = mingex ||y — x [|2 3)
dp (Y, X) = maxyeyd(y, X) 4)
where | |.] |, stands for the Euclidean norm; min the minimum value (distance); max the maximum

distance; X and Y are the two compact sub-sets defined by the numerical and photogrammetric nodes;
and x and y the considered points inside these sub-sets.

It is worth mentioning that, considering the previously defined concept of Hausdorff distance,
the value of the norm does not have a symmetrical nature; it is therefore different in each direction
dr(X,)Y) # dy(Y,X)). For that reason, the symmetrical Hausdorff distance dsyy Equation (5) is used as
metric comparison to avoid potential errors of geometrical similarity. This way a more robust solution
is provided for geometry comparison.
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dspi = max {dy(y, X),du(x,Y)} )

where dgp; is the symmetrical Hausdorff distance; of sub-set i, between models (numerical and
photogrammetric); and x and y are two points that respectively belong to sub-sets X and Y.

On the other hand, understanding the global structural behavior of the analyzed construction
inevitably requires several numerical analyses in order to adapt the simulated behavior to the real
one. It is necessary to take into account the consideration that new conditions or new values of
variables may worsen or improve the global and/or local result of the structure. It is therefore
possible to define, out of the previously shown comparison metric Equation (3), two novel geometrical
indices of robustness that represent improvements or worsening in the new numerical simulations in
comparison to a reference model, considering the different variations of the variables or conditions:
Global Hausdorff metric Equation (6); and Local Hausdorff metric Equation (7).

'i dsp (i) — ‘i ds, (1)

GHmg = - x 100 (6)
;1 dsp, (i)
. dgy(i)

where GHm; represent the Global Hausdorff metric index and LHms the Local Hausdorff metric
index, dgp(;) the symmetrical Hausdorff distance to cluster i considered for the model; dspy(i) the
symmetrical Hausdorff distance for cluster i of the base model (the model that results from the
geometrical discrepancies between the initial model and the photogrammetric one); and dgpy,f(i) the
symmetrical Hausdorff distance from cluster i to the reference one (which may be the base model).

On one hand, GHm; is able to provide a global value, expressed in percentage, for the
improvement/worsening of the numerical simulation model in comparison to the model that was
considered as base model. On the other hand, LHm; provides a comparison of the variations between
the numerical model and the reference model at a local level (values lower than one indicates a local
improvement and values higher than one, a worsening).

For this case study, the reference model was considered to be the base model, obtained by the
application of Equation (3) between the photogrammetric model and the non-deformed numerical
model (Figure 9).

dsz(m.)

0.19
[ 0.17
0.15
= 0.13
— 0.11
0.09
0.07
0.05
0.03
0.01
0.00

Figure 9. Graphical distribution of the different considered symmetrical Hausdorff distance (dggy)
(expressed in m) for the base model.
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Finally, and considering GHms and LHm; as the robustness indexes, a manual calibration
was carried out, according to the established lower and upper bounds (Table 6) (Figure 10).
According to [36], which provides a range of mechanical properties for historical masonry constructions,
the upper and lower bounds were established with a safety factor of 1.35, since nowadays only visual
inspection and geometrical survey are available (without an extensive experimental campaign).

Table 6. Parameters and variables considered during the manual calibration stage.

Variable Initial Value Upper Bound Lower Bound Update Value
fij (MPa) Masonry tensile strength 0.16 0.20 0.05 0.13
E; (GPa) Infill Young Modulus 0.80 1.00 0.05 0.50
Em (GPa)  Masonry Young Modulus 1.22 0.89 1.33 0.90
B () Shear retention factor 0.20 0.01 0.20 0.15
o1 (N/mm2)
a) 1.46431e~001

1.16852e—001
— 8.72723e-002
[ 5.76928e—002

2.81132e—002
— —1.46633e—003

—3.10459¢—003
—6.06254e—002
—9.02050e—002

—1.19785e—001

k
b)

%

Figure 10. (a) First principal stress distribution, expressed in N/mm?2 of the updated model;
(b) Geometrical accuracy, in terms of Local Hausdorff metric (LHms;) of the updated model; in green,
values where the geometrical model improves the results, in orange values where no improvements
are carried out and in red, areas where the updated numerical model displays worse behavior.

Noteworthy is the presence of a red area (Figure 10). The said phenomenon is associated
with the presence of an offset in the spatial distribution of the plastic hinge in comparison to the
photogrammetric one. Considering the results provided by the GHm;s and LHm; indices (Figure 10b)
(Table 7), a mild improvement in the geometrical similarity between the photogrammetric and
numerical model (Figure 9b) is observable compared with the initial conditions (Figure 10a) and
previous studies carried out on the dome [16] (presence of an infill, independent oculus, and manual
calibration of the mechanical properties).

On one hand, the obtained numerical results, with a value of GHm; of 7.40%, are insufficient to
study the current stability of the dome based on an initial state model. The discrepancies, derived
from the large number of currently unknown variables, call for the use of additional sensors as well as
additional experimental campaigns (in laboratory and in field tests).

On the other hand, the causes of the current damage and deformation correspond to the initial
one: a local failure of the timber structure (south wing) could be the cause of pathological agents acting
on the wood (moisture and biological agents).
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In order to understand the current stability of the construction it is required to evaluate it with the
actual deformation and damage (cracks). Motivated by this, and given the geometrical and radiometric
properties provided by the SfM systems, a geometric strategy is defined below.

Table 7. Comparison between expected and predicted displacement of the considered control nodes.

Control Node Displacement Obtained (mm) Displacement Expected (mm)
54 16.56 148.00
20256 22.80 46.00
56 26.10 198.00
21125 31.52 52.00
443 46.19 196.00
64123 38.92 25.00

4.2. Analysis of the Current Stability of the Construction Based on a SfM and NURBs Approach

It should be stressed that the structural evaluation of historical constructions not only implies
the assessment of the damage’s causes, but also requires a thorough understanding of the current
stability (considering the actual deformation and damage), in order to take efficient restoration actions
on the construction and to predict its integrity in case of different events (e.g., earthquakes). With the
aim of improving the knowledge of the current stability, with respect to previous studies (Section 3.3
and [16]), a new approach is needed.

Although the point clouds obtained by the previously defined SfM approach, rich in geometric
(density and accuracy) and radiometric (photorealistic texture) features, accurately represent the
actual state of the construction, it is required to have additional strategies capable of exporting these
properties into a numerical environment. The resulting mesh (triangulation of the SfM point cloud)
has significant shortcomings to be considered as a suitable CAD/CAM model. Among its deficiencies,
the following stand out [37]: (i) High density/resolution, which implies a large number of triangles
and (ii) inadequate shapes.

Under the said framework, a methodology able to exploit these features based on the
Non-Uniform Rational B-Splines (NURBs) and enhanced by the integration of structural pathologies
(such as cracks and lack of material) is proposed. It follows the workflow shown below (Figure 11).

SfM point NURBs Numerical

cloud Z processing / evaluation

2 : Ij :l ~

[ Point cloud with material | Material characterization
DIC
| Extraction of pathologies | | removal QIO A
l’ 'l FEM mesh
Point cloud to mesh I—

Material removal (Delaunay triangulation)

A 4 i
Cracks |I { Boundary contours | Discrete model of cracks

|

| Mesh quadrilateralization

|

Regularization of the
quadrilateral patches

l Stability evaluation
NURB's surface I of the current
I conditions

Figure 11. Proposed workflow for the study of the current stability of the construction.

Loads and boundary
conditions




Capitulo 11l

Remote Sens. 2016, 8, 60 15 of 20

Considering the point cloud as the starting point, this product is firstly meshed by a standard
Delaunay triangulation. Usually, these meshes present a non-manifold structure, which implies a low
quality product with non-natural triangles which hinder the NURBs’ generation. In order to minimize
this drawback we use a topological reconstruction, which generates a maniflod mesh, based on the
approach defined by [38].

Once the mesh has been correctly defined, a region clustering (boundary contours) was carried
out, comprising two critical stages. In a first stage the boundary vertex (limits of the construction, lack
of material and the absence of an oculus piece) of the mesh are extracted. Later, in a second stage, the
cracks are integrated into these boundary contours, through a projection of the observed crack path on
the SfM point cloud, as established [9].

After that, a correct representation of these regions by means of NURBS patches is required.
For this purpose and in order to build a regular base on which to correctly estimate the parameters
of the different regions, a quadrilaterization of the mesh is carried out. This procedure is based on
the combination of Morse theory and Spectral mesh analysis according to [37]. This methodology
guarantees a complete quadrilateral description of the mesh, with a C! (tangential continuity) between
neighboring patches, ensuring a continuity along the edges.

Since the construction’s surface needs to be fitted using different NURBs regions (quadrilaterial
patches), a regularization process of these regions is necessary. This procedure comprises several
steps [37]: (i) selection of one random border in the considered path and its opposite; (ii) border’s
regularization using B-Splines with a lambda density; and (iii) matching between points by means of
the Fast Marching Method.

Finally, the points obtained by the regularization procedure are used as control points to fit each
quadrilateral path to a NURBs’ surface. It is worth mentioning, that, in construction elements such as
arches, vaults or domes, the acquisition of its extrados (as a point cloud) is not possible in most of the
cases, due to the presence of several setbacks (e.g., presence of infill, poor lighting conditions or lack of
accessibility). Therefore, this previously shown strategy restricted the analysis of such constructions
with the membrane theory (Mindlin-Reissner or Kirchhoff-Love theories). These theories limit the
geometry of the numerical model’s different elements to a minimum recommended size of ten times
the construction’s thickness. It implies as well the waste of the geometrical potentialities offered by the
previously shown methodology.

Based on what is remarked above, a complementary strategy is proposed; able to estimate the
construction’s extrados based on its intrados geometry. This methodology is made up of the following
stages: (i) decorative elements removal; (ii) normal estimation of the points by means of eigenvalue
analysis of the covariance matrix [39]; (iii) translation of each point along the normal direction (with
a value equivalent to the construction’s thickness); (iv) point cloud meshing based on the Poisson
approach and (v) projection of the cracks along its orthogonal direction. As a result, an accurate
geometrical model of the construction is obtained with which to evaluate its actual stability (Figure 12).

Regarding the numerical aspect, and for the present case study, an incremental static non-linear
FEM was carried out [40]. The material properties and the modelling strategy remain the same as
those estimated for the initial model (considering the most appropriate ones) in Section 3.3, including
a discrete model of the cracks.

For the present case study, this cracking is modelled considering the residual transversal
stiffness (shear strength) through Equation (8). Concerning the normal stiffness, only a contribution
in compression was considered, dismissing any contribution to the tensile regime according to
Equation (9) (Table 8).

GG
K, .= __—o¥m
t,c hm(Gb — Gm) ﬁcmck (8)
 EyEm
Ki,e = Ton(Ey — End) )
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where K; . and Kj . represent the tangential and normal stiffness respectively; G, and Gy, the shear
modulus of brick and mortar, respectively; E; and E,; the Young modulus of brick and mortar,

respectively; hy, the mortar thickness; and B, the shear retention factor.

b)

17.28
[ 15.12
12.96

— 10.80
— 8.64

6.48
432
E 2.16
0.00

Figure 12. (a) Isometric view of the considered mesh model; (b) Discrepancies, expressed in mm,
between the Non-Uniform Rational B-Splines (NURBs) and the photogrammetric models.

Table 8. Mechanical properties considered for the interaction between macroblocks (cracks).

Mechanical Properties of the Cracks

hy (mm) Mortar thickness 15.00
Gp (N/mm?) Brick’s shear modulus 1.27
Gm N/ mmz) Mortar’s shear modulus 0.47

Berack Shear retention factor Be,m
K¢ e (N/mm?) Tangential stiffness 121.88

Kye (N/mm?) Normal stiffness (compression) 49.74

Finally a mesh for the numerical simulation is provided, with a total of 45,350 elements, clustered
in: 45,196 high order solid elements and 154 high order interface elements.

For the stability analysis, all the loads acting on the dome (self-weight, infill pressure and
asymmetric load) were considered. Afterwards, the estimated safety factor was established as the ratio
between the current load and the collapse load obtained in the numerical simulation (Figure 13).

According to the study carried out in the Section 4.1 and the inspection of the SfM point cloud,
the collapse mechanisms are mainly due to the formation of plastic hinges in the tensile regime.

The complexity of the model and the uncertainties associated with the variables (e.g., soil
properties) require the study of the influence of different mechanical variables in the global stability of
the construction, through parametrics analysis.
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For these analyses, only the most important mechanical properties (to the tensile regime) were
considered, namely: (i) Young modulus; (ii) tensile strength; and (iii) shear retention factor.

It can be observed, that the stability of the dome is mainly conditioned by the mechanical
properties of the masonry, rather than the mechanical properties of the infill. Therefore, a safety factor
(considering the initial mechanical properties) of 1.23 was established (Figure 13c).

However, it is worth mentioning that only the most important cracks were taken into account.
By following a discrete strategy, minor and diffuse cracks were not considered. For this reason further
investigation, integrating complementary approaches is necessary in order to obtain a better estimation
of the actual stability.

a) 16 b)
8 14 1.6
312 Initial model & L4 7 Initial model
E 1 Pem=0.15 g 12 / Em=1.5
g £20.13 g1 Em=1.0
5 g_z — £t=020 £ s // —Es=05
QW s / Es=1.0
— 0.4 S 06 ’f’j
02 0.4 /
00 05 1 1.5 2 25 3 35 4 Og /
- . : T T 0 2 4 6 8 10 12 14 16 18
Displacement (mm) Displacement (mm)
¢l (N/mm2)
) R 1.81283e—001
1.46216e—001
=— 1.11149e-001
7.60819e—002

4.10148e—002
— 5.94778¢-003

—2.91193¢-003
—6.41863e—003
—9.92533e—003

—1.34320e—004

Figure 13. (a) Parametric analysis of different tensile strengths and shear retention factors;
(b) Parametric analysis of different masonry and infill’s Young modulus; (¢) Maximum principal
stress (o7), expressed in N/mm?, at collapse of the initial considered model.

5. Conclusions

Based in the already established photogrammetric techniques of Digital Image Correlation (DIC)
and image-based modelling (5fM), and complemented with geometrical (NURBs modelling and
Hausdorff distance) and numerical methodologies (FEM), the strategies defined and used in the article
allow the needs of structural evaluation of historical constructions to be met.

On one hand, two novel geometric quality indices are introduced and defined, called Global
Hausdorff metric or GHms and Local Hausdorff metric or LHm;. They allow to assess globally (GHrm;)
and locally (LHm;) the robustness, in geometric terms, of the obtained numerical model in comparison
to the point cloud (deformed shape) of the construction. These indices can calibrate the different
variables, based on the geometrical similarity between models acting on the numerical simulation.

On the other hand, with the aim of evaluating the actual stability of the construction and exploiting
the geometrical and radiometric components of the obtained products (SfM point clouds), a modelling
strategy based on NURBs is proposed. This strategy is able to profit from these properties to obtain
an accurate geometrical model (with the actual deformation and damage), that serves as a basis for
subsequent numerical analysis.

In order to validate these parameters and modelling methodology, it was applied to a real case
study: the dome of the church of San Lorenzo in Sejas de Aliste (Zamora, Spain). Several simulations
were carried out to understand the degradation process between the initial and the current state, and
to corroborate the viability of the defined robustness parameters with a value of 7.40%, for the GHm;.
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When studying the current construction’s stability, through the modelling strategy defined in the
article, the results reveal a damaged construction with an estimate safety factor of 1.23.

However, the complexity of the model, the initial state, the absence of comprehensive knowledge
of the different construction stages and the need of more experimental campaigns hinder the numerical
results and the correct estimation of the safety factor. Taking this into account, further research
will focus on the following aspects: (i) dynamical tests; and (ii) a robust calibration procedure (e.g.,
Non-Linear Square Minimization) based on the geometrical indices defined to enhance the numerical
simulation of the dome.

Complementary to this, concerning the used image-based procedures, their potential includes:
(i) flexibility (these may be used in the evaluation of mechanical properties of materials as well
as geometrical models); (ii) wide range of applications, its use may be extended to other types of
constructions such as tunnels or bridges; (iii) non-contact and non-destructive techniques; (iv) low
associated cost; and (v) abundance of geometric and radiometric data. However, the methodology has
some limitations: (i) the lack of geometrical information in non-visible areas, requiring complementary
sensors such as electric tomography or ground penetration radar; and (ii) the model’s accuracy, with
several millimeters of error, restricting this strategy to constructions with large deformations.
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CAPITULO | V

PRACTICAL USE OF MULTISPECTRAL TECHNIQUES FOR THE DETECTION OF
PATHOLOGIES IN CONSTRUCTIONS.

RESUMEN: Evaluadas las patologias de caracter geométrico (tales como los agrietamientos vy
deformaciones), el presente Capitulo trata de ampliar el campo de actuacion tratado. Moviendose
hacia enfoques capaces de explotar el caracter radiométrico de los sensores geomaticos y ampliar

asi la caracterizacion patoldgica.

Si bien tradicionalmente el concepto de analisis multiespectral esta ligado a un analisis de un Unico
sensor que opera en diferentes longitudes de onda. El presente capitulo tratara de explotar los
datos provistos por varios sensores. Para ello y tras una correcta toma de datos (considerando una
red previamente planificada), se procederd a la segmentacfion, ortorectificacién y registro de los
datos radiométricos. Tras dicho registro, diversos clasificadores (Fuzzy k-medias y Maxima Vecindad)
son empleados para agrupar los pixeles en diferentes clases informacionales. Por ultimo, se
emplearan diversos indices estadisticos (e.j. Kappa de Cohen, matriz de confusién, etc.) para evaluar

la robustez de los resultados obtenidos.

Resultado de la actividad investigadora ejecutada en el presente capitulo, diferentes conclusiones
pueden ser extraidas: (i) los sistemas de clasificacion multiespectral permiten detectar y cuantificar
patologias no cuantificables por procedimientos geométricos; (ii) una correcta planificacién y pre-
procesado de imagenes y nubes de puntos son aspectos criticos a considerar; (iii) aunque ha sido
posible detectar humedades, algas, mohos, etc. se requiere de una mayor variedad de sensores

para aumentar la separabilidad de las clases informacionales a extraer.



Palabras clave: Kapa de Cohen, Precision global, Separabilidad, Clasificacién supervisada, Clasificacién no-supervisada,
Corrosién por cloruros, Caracterizacion de material, Accion bioldgica, Construccion histérica, Infraestructura civil de

hormigdn armado.
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Abstract

Our approach to multispectral remote sensing assessment of constructive patholo-
gies has been organized in two different parts. The first one (Chapter 7) dealt with
equipment and methods. The second one, developed in this chapter, will be related to
the application to real cases, encompassing relevant aspects such as: data acquisition
(sensor type choice and field works planning), processing (filtering and segmentation),
sensor registration, true orthophoto generation, orthophoto classifications (through
supervised and unsupervised techniques) and the qualitative and quantitative analy-
sis of results (by means of confusion matrix, spectral separability, overall accuracy,
reliability and agreement of informational classes). Based on these premises three case
studies have been addressed. On the one hand, two historical stone masonry con-
structions and on the other hand one modern reinforced concrete construction. These
three case studies will be used as examples of best practices in multispectral dataset
management and processing, and will serve to evaluate the flexibility of the method-
ology proposed for detecting and classifying accurately a wide range of constructive
pathologies.

13.1 Introduction

Chapter 7 addressed, from a theoretical point of view, a study of instrumentation and
methods to process multispectral datasets of different building elements. This chapter
will describe and analyze a selected group of experiences resulting from the application
of such methodologies in two of the most significant civil engineering fields such as
cultural heritage constructions and buildings and civil infrastructures.

Safeguarding and enhancement of the built heritage can be considered a fundamental
feature for modern developed societies. Sometimes by its own intrinsic value, and also
for its artistic or cultural value, preservation of these types of constructions becomes
extremely important. Due to their unique nature or their fragility it is necessary to know
thoroughly their geometric and structural characteristics and, where appropriate,
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provide information to establish intervention plans based on a comprehensive diagno-
sis and assessment of their pathologies. Experience in conservation and restoration
projects highlights the need to use non-destructive techniques to acquire required
datasets. This fact restricts the use of some techniques and sensors.

The exposure to chemically aggressive environments, moisture or biological organ-
isms produces deteriorations that usually worsen over time. This situation is especially
pronounced in constructions and old buildings. However, modern buildings and civil
infrastructures that use different materials and construction techniques also suffer
different types of deterioration.

The case studies submitted below have been selected within a broader set of experi-
ences developed by the research group TIDOP (Armesto-Gonzalez et al. 2010, Crespo
et al. 2010, Del Pozo et al. 2015, Gonzalez-Jorge et al. 2012, Rodriguez-Gonzalvez
et al. 2013), which belongs to the University of Salamanca (http:/tidop.usal.es), in
order to offer a wide casuistry applying multispectral data in diagnosis and assessment
of pathologies in constructions.

Following a common structure, the next items will be addressed in each case study:

—  Description and building materials: after a brief introduction of the case study, a
broad description of materials and construction technics will be done.

—  Pathological assessment: as a result of the constructive elements analyzed, a brief
description of the expected pathologies will be assessed.

— Sensors and methods: under these paragraphs the characteristics of the used
sensors and the methodology applied in the data process will be explained.

—  Experimental results: these paragraphs will show, by means of graphics and sta-
tistical analysis, an objective assessment of the followed methodology. The main
issues to be considered in the analysis of multispectral images are: (i) Separability;
(ii) Cohen’s Kappa coefficient; (iii) Overall accuracy; and (iv) Comparative study
between supervised and non-supervised classifications.

The following table (Table 13.1) synthesizes the technical specifications of the
sensors that have been used. The next figure (Fig. 13.1) shows, schematically, the
workflow applied to data processing, which is common for most cases.

To complete this chapter, a best practices guide, derived from case studies, will be
presented in the conclusion section.

13.2 First Case Study: Ribeirifio Bridge (Ourense, Spain)
13.2.1 Description and Building Materials of the Ribeirifio Bridge

Located in Ourense county (northern Spain), Ribeirifio bridge (Fig. 13.2) is a key to
the communication network between the cities of Santiago of Compostela and Madrid
(capital and largest city of Spain). Predominantly built in reinforced and pre-stressed
concrete (arc, abutments, bearings and piers) following the Spanish standard EH-68
(Ministerio de Fomento 1968). The construction entered in service in 1971.

Set in an environment with high level of humidity and under an average rainfall
of 880 mm/yr, the bridge is 147 m long and it is supported by several piers along its
structure. In the central span, these constructive elements are supported by a parabolic
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Table 13.1 Technical specifications of the sensors used in the case studies.

Trimble GX200

FARO Photon 80

Riegl LMS z390i

Active  Measuring principle Time of flight Phase shift Time of flight
sensors Wavelength 534 nm (green) 785 nm (VNIR) 1,550 nm (SWIR)
Radiometric 8 bits I'l bits 8 bits

resolution
Deflection system  Oscillating flat mirror Rotating mirror Rotating mirror
Field of view 360° H 60°V 360° H 320°V 360° H 80°V
Standard deviation 1.4 mm for D <50m 2mmforD=25m 6mmfor D <50m
Range of 2-350m 0.60-76 m [.50400m
measurement
Angular resolution  Azimuth: 12" Azimuth and Azimuth and
Zenith: 14" Zenith: 33" Zenith: 3.6”
Beam divergence 3mmto5m 0.16 mrad 0.3 mrad
Scan speed (p/s) 5,000 120,000 11,000
Nikon D200 Nikon Coolpix L1 1
Passive  Camera type Single-lens reflex camera Compact digital camera
sensors Sensor type CCD CCD
Sensor size 23.60 x 15.80 mm 576 x4.29 mm
Pixels 2872 x 2592 2816 x 2112
Radiometric 12 bits 8 bits
resolution
Focal length [8 mm 6.2mm
Max aperture 35 28

Laser data
filtering and

Survey planning and . Registration and Orthoimage generation Multispectral data classifications:
s segmentation : ; : : :
data acquisition ‘ integration of (from laser intensity ‘ Unsupervised and
multispectral data and visible images) Supervised methods
Image
corrections

Figure 13.1 Workflow of the methodology proposed.

concrete arch. While the lateral spans (with a rectangular shape) are supported on
several piers.

13.2.2 Pathologies of the Structure

Considering the environmental conditions previously defined: (i) High humidity on a
cyclic basis; (ii) Concrete exposed to water contact; (iii) Presence of carbon dioxide;
(iv) Possible attack of melting salts, the main pathological agent to be expected was
the carbonatation corrosion. It can be also considered, to a lesser extent, to be chloride
corrosion given the presence of a marine environment.

Although they have different origins, both corrosive processes, cause similar degrad-
ing result in concrete. For a better understanding, the concept of the steel passivation
process should be reviewed.
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Figure 13.2 Pier of the Ribeirifio bridge.

Passivation involves the formation of an inert film with a high pH (12.6-14) as a
result of the hydration of Portland cement, in particular the calcium hydroxide com-
ponent, forming the passive layer (physical protection against chemical aggressions).

Although this layer masks the steel against the action of external agents, the cor-
rosion (presence of carbon dioxide and chloride) can promote the removal of this
protective layer. As a consequence of its removal, a low pH environment is created
and the steel is exposed to oxidation, causing a volume increase. This increase leads
to the detachment of concrete areas and loss of mechanical adherence between steel
and concrete. Complementarily, the presence of high levels of moisture, oxygen and a
suitable temperature facilitates the growth of biological organisms on the bridge.

As a result of the different chemical attacks (mainly corrosion), the concrete dura-
bility is conditioned by the penetration of the several agents and the speed at which is
attacked. Causing a decomposition of the elements and a loss of mechanical adherence
between the steel and concrete.

To sum up two different pathologies will be expected:

— Biological colonization
—  Moistures that can lead to corrosion by carbonation and chloride.

13.2.3 Materials and Methods

Considering the two pathologies mentioned above, it was decided to make a com-
parative multispectral study. To do this, we worked both with the radiometric results
provided by the terrestrial laser scanner Riegl LMS z390i, in the SWIR range of the
electromagnetic spectrum, and the photographs taken with a Nikon D200 camera built
into the scanner (see Table 13.1).

The joint use of the laser scanner and the built in camera not only gives us an ideal
3D scene reconstruction. After a proper parallax-baseline correction, we can get a
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true orthoimage with four multispectral channels (R, G, B and SWIR) increasing the
spectral resolution of the study with the consequent enrichment in the pathological
surveying of the bridge’s pier.

The proposed methodology, which consists of several stages as shown in Figure 13.1,
focuses on automation as a basic guideline to detect pathologies. Next, the procedures
followed and its main characteristics are explained:

Planning and data acquisition. To carry out a proper data acquisition and to facilitate
subsequent data process and orthoimage creation, the laser scanner was placed and
leveled just once, 9 to 17 m far from the bridge. The spatial resolution achieved
at this distance was 10 mm. Data acquisition was managed by Riscan Pro soft-
ware, taking first data from laser intensity and then photographs in the selected
area.

Filtering and segmentation. The first step of data processing consisted of point cloud
filtering and segmentation of a selected area in which a great number of pathologies
are presented, excluding all other irrelevant areas in the case study.

Data corrections. The separation of each RGB image in three different images (com-
ing from red, green and blue channels), was performed through the free software
DCRaw (Coffin 2011) by means of the Bayer demosaicing filter. As a result three
images (1436 x 1296 pixels) were obtained.

Orthoimages generation. Once we have three separated images as mentioned above,
and the SWIR one, coming from laser scanner, we obtained four orthoimages with
Riscan Pro. Firstly, the orthoimage from the point cloud data, which incorporates
intensity values in the SWIR range, was generated by the orthogonal projection of
points in a plane parallel to the bridge structure. Then, to generate orthoimages
in R, G and B channels the external camera orientation parameters with respect
to the coordinate system of the laser model were obtained (registration). This step
involves identifying and pointing out singular points in the images and the laser
model. For this purpose we used external targets previously attached to the bridge.
Finally, the projection of the points was performed using the collinearity condition
(see Chapter 7). The final resolution of the orthoimages was 30 mm.

Multispectral data classification. The classification of these two groups (SWIR
and SWIR+RGB) of orthoimages encloses a first fuzzy k-means unsupervised
classification and a second maximum likelibood supervised classification:

— Unsupervised classification: the unsupervised classification algorithms based on
the k-means approach is the most commonly used. It classifies a given data
set in a certain number of clusters that are previously fixed. Within k-means
algorithms, fuzzy k-means is one of the most frequently used. Fuzzy k-means
give a specific weighting to each data associated with the inverse distance to the
cluster’s center.

— Supervised classification: the maximum likelibood classifier is the most complex,
robust and reliable supervised algorithm, as it is closely based on the original
data distribution. It considers that the radiometry (digital levels) of each cat-
egory follows a normal distribution. It allows describing each category by a
probability function from the mean vector and variance-covariance matrix. In
this way, it is possible to calculate the probability that a given pixel belongs to a
category.
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‘ Biological

- Water

Concerete

Figure 13.3 Supervised classification based on fuzzy k-means algorithm: SWIR (Laser) +RGB
(Camera).

2 clusters 3 clusters 4 clusters

(a)

[ e

RGB+SWIR band

Figure 13.4 Unsupervised classification: (a) RGB 4 SWIR channels. (b) SWIR channel.

13.2.4 Experimental Results

At this point we must remember that the aim is to achieve an automatic process. This
aim implies that the classification methodology should be a non-supervised classifi-
cation one, which should be as close as possible to the ideal of a supervised process
(which will act as a reference).

The supervised classification process, where user intervention to define training
areas is required, was performed using the maximum likelibood algorithm (Fig. 13.3).
For this purpose three informational classes were used, generating a Cohen’s Kappa
coefficient (Cohen 1968) of 0.97787.

The high value of Cohen’s Kappa coefficient suggests good results in the classification
process, but as seen in Figure 13.3, there are informational errors arising from classes
not taken into account such as graffiti or drain pipes, where the presence of shadows
generates several confusions. This fact reveals the limitations of the workflow based
on the use of four channels, workflow applied in the discretization of informational
classes that were not considered in the initial study.

Looking for the maximum possible automation, application of an unsupervised
mono-channel classification (fuzzy k-means) (Fig. 13.4b) gives a biased result where
clusters have no direct equivalence to informational classes (Fig. 13.3).

A four channels unsupervised fuzzy k-means classification (SWIR + RGB) gives bet-
ter results (Fig. 13.4a). Using four clusters and applying an aggregation process to
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guarantee the equivalence between clusters and informational classes, results are closer
to the reality.

The quality assessment of the latest automated (non-supervised classification)
results, contrasted with supervised process, shows an overall accuracy of 90.89%.
The major errors come from the wrong assignment of concrete to biological class,
and biological to water class. This second error has less effect because both classes
represent aggressive pathologies for concrete, revealing the presence of moisture on it.

We can conclude that in a practical approach, when a general detection of patholo-
gies is required, and the speed of data acquisition becomes important, a strategy based
on the use of two sensors (active and passive) provides valid results in a completely
automatic process. Moreover, from data acquired we can manage a metric 3D model
of the construction.

13.3 Second Case Study: Santo Domingo Ruins
(Pontevedra, Spain)

13.3.1 Description and Building Materials of the Santo Domingo Ruins

Popularly known as the “Ruins of Santo Domingo”, which was once a Dominican
monastery, is one of the most interesting historical-artistic properties of the Spanish
north. The presence of tombs, heraldic shields and altarpieces rich in detail, unique
and fragile, increases the value of the construction (Porto 1993). Built in granite,
the beginning of its works dates from the first third of the XIV century. During its
construction period, the monastery suffered different reforms, with the expansion of
monastic stays. Nevertheless, the current building retains the main characteristics of
the local Dominicans monasteries (Fig. 13.5).

Nowadays, the poor state of conservation of the different construction elements,
together with the existence of biological colonization, loss of material, cracking and
continuous leaks on the apses, expose this construction to a continued degradation
process.

Figure 13.5 Santo Domingo ruins: (a) Front view of the fagade. (b) Lateral view of the ruins.
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The main construction material is the two-mica granite (at least in the area of the
monastery ruins) (Montojo Santos et al. 2014). Such material was used to form the
different masonry elements along the monastery. The different blocks were joined by
lime mortar and complemented by underpinning rubbles.

For the artistic elements, the high level of biological colonization hinders the identi-
fication of the granite. It should be noted that the presence of accumulations of dark
minerals (biotite and turmalita), with oxidation strips (iron oxide-hydroxides) gives a
characteristic brown-rusty tone (Fig. 13.5).

13.3.2 Pathologies of the Structure

Subject to a wide variety of biological, atmospheric and structural degradation agents,
the Santo Domingo ruins are an artistic-cultural property in an advanced state of
degradation. Within the wide range of pathologies present in the building, the following
degradation processes are expected to be detected:

—  Efflorescence (white layer): given the presence of soluble salts, due to environ-
mental conditions, mortars used in the restoration process, decorative materials
employed in the different constructive elements or by capillary rise from the
ground. This pathological effect starts with the crystallization of the salts, out-
side or into the material, causing a wedge effect (expansion) which degraded the
material properties.

— Biological activity: materialized with the presence of moss, lichens, algae, plants
with stem and remains of metabolic activity on the construction. This pathology
causes a degradation of the mortar and rocks present on the different constructive
elements (chemical erosion and fracture).

— Damp spots: on the pavement and walls, caused mostly by capillary rise. They are
also visible on the ledges of the construction as a result of different runoffs.

—  Crusts (black color): they appear throughout the building, their origin can be
attributed to: (i) Biological colonization; and (ii) Contamination from urban activ-
ity. Both causes create dark color crusts with different grip levels on the affected
area.

13.3.3 Materials and Methods

Although there are several tests capable of detecting damage, caused by different patho-
logical agents, in the construction (e.g. X-ray diffraction, microscopes or chemical
assays) (Montojo Santos et al. 2014), it is required to provide a quantification pro-
cedure, as was explained in the previous case study. Due to the characteristic of the
construction, and the needed of a geometrical monitoring, the terrestrial laser scanner
was the a priori best solution. Complementary to the geometrical data captured by this
sensor, the radiometric information was employed, in order to carry out a multispectral
image classification procedure.

Since the main goal of the present chapter is focused on the pathological detection
by the radiometry captured by the different sensors used, the geometrical process-
ing was omitted. For the present case study, and given the variety of pathologies
presented, four sensors (three terrestrial laser scanners and a visible camera) were
used. On the one hand, and in order to capture the visible spectrum, a time of flight
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Trimble GX200 laser scanner (Green-534 nm) and a Nikon D200 digital camera were
utilized. On the other hand and with the purpose of acquiring the near (NIR) and
medium (SWIR) infrared spectrum, a FARO Photon (785 nm) and Riegl LMS z390i
(1,550 nm) laser scanners were used (to see more about its technical specifications see
Table 13.1).

As shown Figure 13.1, the methodology followed for the acquisition and evaluation
of the results comprise a total of five stages, as explained below:

Planning and data acquisition. Prior to data collection, a visual inspection was per-
formed to evaluate the different pathologies presented in the construction. Also
it was to assess the accessibility and restrictions in the area. Additionally to the
localization and the value of the construction, the environmental conditions were
considered (e.g. high probability of rain and high humidity).

During the data acquisition process, the different laser scanners used were placed
according to a plan previously prepared and at a distance from the fagade between
5-10m getting thirty one point clouds with a 10 mm of spatial resolution. This
process was assisted by different software: Realworks Survey for Trimble, Scene
3D for Faro Photon 80 and Riscan Pro for Riegl LMS z390i. The number of scan
stations was selected according to the different technical specifications provided by
the manufacturer (Table 13.1).

Filtering and segmentation. Applied after data gathering, this stage comprises the
filtering (denoising) and registration of the different point clouds. For the point
clouds the alignment was considered the ICP (Iterative Closest Point) strategy.

Data corrections. Encloses the images demosaicking, since the camera used in this
work utilizes a Bayer filter. For more details about this process consult the previous
case study.

Orthoimages generation. For each point cloud registered, an orthoimage was generated
providing a total of six channels: Four orthoimages in the visible range (R, G1,
G2Timble and B) and two in the infrared (NIR and SWIR) one. Taking the advantage
of the registration performed in the previous step (with the different point clouds
captured) the ortoimages were generated (see previous case study). As result 10 mm
resolution images were obtained.

Multispectral data classification. The multispectral dataset, evaluated in the present
case study, enclose a total of six orthoimages. A fuzzy k-means algorithm was used
in the unsupervised classification (for more details see the previous case of study).
Also a supervised classification was required with the aim of improving the results,
by the addition of informational classes introduced by an expert.

13.3.4 Experimental Results

Starting from the geometrical base, provided by the orthoimage previously defined
(with 10 mm of spatial resolution), the main goal now is the pathological clustering
identification (in contrast to the material classification which is not considered). For
this purpose an initial analysis (non-supervised) classification was carried out. Six infor-
mational classes were considered and a fuzzy k-means algorithm was used. The results
of this process are shown in Figure 13.6, considering the following classes: (i) Granite
without pathological affections; (ii) Pathologies arising from water (dampness) and
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Figure 13.6 (2) Non supervised classification with merged classes. (b) Supervised classification
with six channels. (c) Supervised classification with three channels (only active
Sensors).

salts; (iii) Two types of biological elements (lichens and algae); and (iv) Pathologies of
decay (black crusts). Despite this initial study, the unsupervised classification, with six
clusters and the employment of fuzzy k-means algorithm, fails to yield results close to
real ones, even using all available channels.

Given the large variety of pathological processes presented in this construction,
and some of them with similar origin (algae-lichen), the resulting analysis shows a
radiometric overlap. Therefore it was required to increase the number of clusters to
improve the separability between classes.

In order to enhance the unsupervised classification performance, it was necessary to
establish an aggregation process (merge phase) attended by the user. The main goal of
this process is to approximate the new clusters to the informational class showed in
Figure 13.6a. This process is applied to the Biological colonization, moss and lichen
classes, shown in Section 13.3.2.

Despite the aggregation process, classification results are far from optimal, with an
overestimation of the affected areas by the pathological processes. The greatest varia-
tions were shown between biological agents. In view of the obvious errors occurring
in the non-supervised process, it was necessary to use a supervised approach based on
a maximum likelibood algorithm. Six classes, from the initial hypothesis and the six
channels available, were considered in this classification process (Fig. 13.6b). Results
(Table 13.2) show an overall accuracy of 0.8844 and a Cohen’s Kappa coefficient of
0.8157 (excluding the null class).
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Table 13.2 Supervised classification: confusion matrix with six channels.

Black crusts Lichens Salts Dampness Granite Algae
Black crusts 15.16% 0.18% 0.00% 1.73% 0.02% 0.02%
Lichens 0.02% 4.03% 0.02% 0.00% 0.02% 0.02%
Salts 0.00% 0.00% 1.44% 0.00% 0.02% 0.00%
Dampness 1.17% 0.25% 0.00% 17.29% 1.97% 0.04%
Granite 0.08% 1.52% 0.25% 4.17% 50.17% 0.06%
Algae 0.00% 0.00% 0.00% 0.00% 0.00% 0.35%

Table 13.3 Supervised classification: confusion matrix with five channels.

Black crusts Lichens Salts Dampness Granite Algae
Black crusts 15.01% 0.37% 0.00% 1.70% 0.00% 0.02%
Lichens 0.10% 3.98% 0.00% 0.02% 0.02% 0.02%
Salts 0.00% 0.02% 1.44% 0.00% 0.00% 0.00%
Dampness 1.13% 0.74% 0.00% 16.65% 2.18% 0.04%
Granite 0.14% 1.95% 0.31% 4.33% 49.41% 0.06%
Algae 0.00% 0.00% 0.00% 0.00% 0.00% 0.35%

Since the black crusts were associated to the granite decay caused by a granular
disintegration due to the presence of dampness and/or soiling, there was a class over-
lap as shown in Table 13.3. In a similar way, the high level of deterioration of the
fagade (approx. half of it is affected by some kind of pathology) hindered the granite
discretization for the different wavelengths.

Regarding the wavelengths and the overlap between green channels (Trimble GX200
and visible camera), the results provided by classifications carried out with five (exclud-
ing passive green channel) and six channels had a similar efficiency (Table 13.2 and
Table 13.3).

Evaluating the statistical results, it is possible to observe a slight decline. The over-
all accuracy and Kappa coefficient go down to 0.8684 and 0.7916 respectively. This
decline hardly has a negative effect on the final result, from a qualitative point of
view. This change has its origin in the slight variations (during the classification)
between lichens-dampness and lichens-granite classes. For the algae class any vari-
ation was observed given its spectral signature, with high variations in the visible zone
(manifested through red/orange tonalities).

Classification results derived from the independent use of the active channels, three
in total (Fig. 13.6¢) corresponding with the different laser scanner used, seem to be
insufficient. With an overall accuracy of 0.7526 and a Cohen’s Kappa coefficient of
0.6367 (Table 13.4) this classification cannot be considered as the best one. It may
lead to the wrong considerations for later restoration actions.

For these purposes, sensor hybridization was applied considering two classifications:
(1) Five channels classification (three from the active sensors and two from the red and
blue channel of the camera) and (ii) Six channels classification (adding to the previous
channels clustering the green channel of the camera). As a result of this hybridization
the classification improved (Table 13.2 and Table 13.3).
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Table 13.4 Supervised classification: confusion matrix with three channels.

Black crusts Lichens Salts Dampness Granite Algae
Black crusts 14.92% 0.31% 0.00% 1.71% 0.00% 0.16%
Lichens 0.14% 2.84% 0.10% 0.02% 0.02% 0.97%
Salts 0.00% 0.27% 1.01% 0.00% 0.18% 0.00%
Dampness 0.95% 0.88% 0.08% 16.15% 2.32% 0.39%
Granite 0.08% 3.74% 6.55% 5.10% 40.02% 0.76%
Algae 0.00% 0.00% 0.00% 0.00% 0.00% 0.33%

Also there is a remarkable worsening in the unaffected material classification, since
the granite used in this construction presents a heterogeneous texture, with large vari-
ations in the grain size and mineral distribution, requiring for instance an expansion
in the number of channels used or the use of an additional algorithm based on spatio-
contextual classification techniques (Li et al. 2014), in order to have an optimal result.

As shown in the results (Table 13.2 and Table 13.3), the addition of redundant
channels, with overlapping (in terms of spectral signatures) areas, did not generate
significant improvements. Regarding the use of channels from the cameras, despite
having a bad radiometric resolution, they achieve better classification results in areas
with several classes (that need to be classified), even without the presence of large
pathologies on it.

13.4 Church of San Pedro Case Study (Avila, Spain)
13.4.1 Description and Building Materials of the San Pedro Church

The historical and cultural heritage of the city of Avila is famous mainly due to its
variety of medieval constructions both religious and civil in origin. Within this wide
range of buildings the predominant use of granite masonry is certainly highlighted.

It is worth to noting that the construction material depended on its availability close
to the working area. The presence of a granite deposit in the village of “La Colilla”, just
a few kilometers from the city, served as a quarry for the extraction of this construction
material for buildings.

Much of the appeal of this heritage architecture lies in the wide variety of types of
granites present in this quarry. A total of § granite varieties can be recognized and all of
them have been used as building material in historical constructions in Avila (Molina
Ballesteros 1993): (i) Unaltered grey coarse-grained granite; (ii) Unaltered grey fine-
grained granite; (iii) Ochre granite; (iv) Red granite and (v) White granite. Each of
the three latter granite types is the result of several alterations produced during the
Iberian Hercynian Base and presents its own physical and mechanical properties that
were considered in the multispectral analysis.

The church of San Pedro is located in the old big market square devoted to Santa
Teresa, facing the medieval door of the Alcazar, and is one of the most characteristic
monuments of Romanesque architecture in the city. With a cross-shaped layout, it
consists of three naves with five sections topped by three apses. It has a recognized
dome base and a tower in the northern arm of the transept.
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Figure 13.7 Church of San Pedro: (a) Detail view of the north entrance. (b) General view of the
north facade (Flérez Garcia, 2009).

Here, the different granite types of masonry combined on the fagade are generally
assessed (Fig. 13.7):

—  The main fagade (westward orientation): consists of a plinth and buttress of grey
granite blocks. The use of this constructive solution in the upper archivolts and
the pinnacles should be highlighted. The rest of the fagade is built with ochre and
red granite blocks.

— The eastern facade: consisting, similarly to the main fagade, of a grey granite
plinth (variable in height) and walls with ochre and red granite blocks.

— The north fagade: slightly different from the rest, presents a red granite plinth and
the rest of the elements are erected with ochre granite as predominant construction
material.

— The southern facade: similarly to the western facade has a buttress fully erected
in grey granite.

—  The inside of the church: consists of a combination of ochre and grey granite. The
grey granite was used for the pillars, since ochre granite was used for the rest of
the structural elements (walls, arches, vaults, etc.).

13.4.2 Pathologies of the Structure

While white, ochre and red granites present better properties to be hewed and become
part of the facade ornamentation: their physical-mechanical properties, such as water
absorption, frost resistance, bending strength, shock and compression resistance, are
worse than those of the grey granite from bedrock (Garcia-Talegon et al. 1993). That
is why a complete pathological evaluation with a comprehensive knowledge of the
structure (finite element analysis, limit analysis, etc.) may yield not only a correct iden-
tification of the different construction materials but also detect possible pathologies of
such materials as listed below:

—  Grey granite: mainly composed of quartz, feldspar, mica and chlorite.
— Ochre granite: altered granite without chlorites, biotites and plagioclases. Its
mineralogical composition consists of iron oxyhydroxides and phyllosilicates.
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—  Granite of reddish color: weathered granite that has undergone a kaolinization
process with long periods of water saturation. It has a greater content of iron
oxides.

—  Degree of moisture: as a result of filtration and capillarity processes.

— Biological colonization: the effects of specific atmospheric conditions such as high
humidity and temperature and the presence of oxygen lead to the proliferation
and persistence of certain organisms on the rock.

—  Color changes: as patinas of dirt, a damage due to environmental pollution.

13.4.3 Materials and Methods

In this case study, technologies such as terrestrial laser scanning and close range pho-
togrammetry were again applied to analyze and diagnose the diseases presented in the
different construction materials of the north facade of the church, because this facade
is the most affected of the church.

A pathological assessment of the constructions was undertaken in response to the
damage caused by external factors in the previous case studies. However, in this
case the variability of different types of granites was examined as an intrinsic fac-
tor of the origin of pathologies. Thus it was decided to work in the visible and near
infrared range to analyze the potential of these two spectral ranges in order to dis-
tinguish building materials. For the visible range and as an active sensor the laser
scanner Trimble GX200 was used, whereas the compact camera Nikon Coolpix L11
was applied as passive sensor. For the near infrared range, the laser scanner FARO
Photon 80 was selected (the technical characteristics of each sensor are listed in
Table 13.1).

The methodology for the data analysis and the workflow followed are proposed
in Figure 13.1: planning and data acquisition, filtering and segmentation, some data
corrections, orthoimages generation and multispectral data classification.

Planning and data acquisition. An initial assessment and inspection of the area under
study were essential to plan the multisensory data acquisition. Some possible limita-
tions during data capture and the accessibility to the area depend on the time of day,
number of stations and the distance established to the structure, among other factors.
Therefore, the success in the fieldwork depends largely on the previous inspection. In
this particular study various problems were observed: hidden areas caused by the pro-
jected shadows by two nearby buildings, inability to station the sensors in the desired
position and frequent pedestrian traffic. Finally, the ideal moment was selected to
achieve a homogeneous lighting to ensure uniformity in the radiometric values of the
field campaign.

With laser scanners leveled properly, a total of 2 stations at a distance to the facade
that varied between 6 and 3 m were performed. The final spatial resolution of the
point cloud was 8 mm. As in previous cases, Trimble Realworks Survey and Scene 3D
software were used for the data acquisition. Meanwhile, the Nikon Coolpix L11 was
integrated into the FARO Photon 80 to take pictures simultaneously from the same
point of view.

Filtering and segmentation. As has been mentioned, since the church was located
in a city center and surrounded by some buildings, the multispectral study was very
interrupted by pedestrian traffic and affected by the shadows projected by neighboring
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buildings. Therefore, the first step of data processing was the segmentation of the point
clouds leaving only data belonging to the facade of interest.

Data corrections. Some data required corrections such as carry out a proper reg-
istration and alignment of all stations belonging to each sensor. The targets disposed
on the walls were used to perform the alignments, and therefore these targets should
appear in each laser scan.

Orthoimages generation. After getting all the scans aligned and registered in the
same coordinate system, the three orthoimages (from: RGB, Gr;mpie, and NIR) were
created. The orthoimage generation was carried out with the Trimble Realworks Sur-
vey software. Firstly, orthoimages from both laser scanners point clouds in the green
and NIR ranges respectively were created and orthoimages from the RGB afterwards
(similarly as in the previous case). The spatial resolution reached for the orthoimages
was 20 mm.

Multispectral data classification. Finally, the set of three orthoimages arranged in
a three-channels multispectral image was initially classified in an unsupervised way
and subsequently in a supervised way. For the unsupervised classification the fuzzy
k-means algorithm was used.

13.4.4 Experimental Results

The methodology required to ensure a right pathological classification of the structural
materials involved performing a supervised classification. To this end, it was necessary
to establish the suitable number of a priori informational classes and their connection
with the data collected by all the sensors.

The initial hypothesis was set based on: (i) Three classes for construction materials
(granites); (ii) Three classes for pathologies (two classes for moisture and one for
biological factors); (iii) wood structures; and (iv) null class.

The study of mortar between blocks was not possible since its thickness was less than
the GSD achieved with all sensors. This building material was perceptible only in the
joints with a widest thickness of 3 cm while the spatial resolution of the orthoimages
was 2 cm. Therefore, it was decided to dismiss it from the classification process.

Regarding the fuzzy k-means unsupervised classification, where the aforementioned
hypothesis of clusters was established, provided results were not comparable even with
the visual inspection. Therefore, it was necessary to fix other informational classes (a
total of seven) including artificial elements of the guttering system, excluding wooden
class present in the door and the union of the two types of unaltered granites in one
class. This was necessary since the spectral resolution of the five-channels images
generated was not enough.

The overall accuracy achieved in the classification shown in Figure 13.8 was 0.8835
with a Cohen’s Kappa coefficient of 0.8328 for six informational classes (Table 13.5).

After the unsupervised classification by setting seven clusters, the roof gutters and
metal rivets of the door were classified within the same class. Regarding the detection
of pathologies on the fagade, the confusion between moisture and biological factors
should be noted (Table 13.6). This fact occurs because both pathologies are usually
interrelated.

Moreover, the classes for which the worst value of separability (1.735/2.000) was
obtained were “unaltered granite” and “penetrating damp”, as shown in Table 13.6.
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- Unaltered granite
Ochre granite

- Artificial
Biological

- Penetrating damp

Rising damp

Figure 13.8 Orthoimage classification result after the supervised classification.

Table 13.5 Supervised classification: confusion matrix with six channels.

Artificial

Unaltered Ochre  elements Biological Penetrating  Rising

granite granite  (e.g. gutter) colonization damp damp
Unaltered granite 82.28% 0.96% 0.00% 1.26% 15.48% 0.02%
Ochre granite 0.73% 98.70% 0.00% 0.57% 0.00% 0.00%
Artificial elements 0.00% 0.00%  100.00% 0.00% 0.00% 0.00%
Biological colonization 1.90% 1.33% 0.00% 84.30% 12.46% 0.00%
Penetrating damp 2.53% 0.00% 0.00% 6.41% 91.05% 0.00%
Rising damp 3.36% 0.00% 0.00% 0.00% 0.00% 96.64%
Table 13.6 Separability between classes.

Unaltered  Ochre Artificial Biological Penetrating  Rising

granite granite elements  colonization  damp damp
Unaltered granite -
Ochre granite 1.99642 -
Artificial elements 2.00000 2.00000 -
Biological colonization ~ 1.83363 1.98558  2.00000 -
Penetrating damp 1.73514 2.00000 2.00000 1.87890 -
Rising damp 1.98978 2.00000 2.00000 2.00000 1.99994 -

The main reason is the similar radiometric response of the unaltered granite and slightly
damp unaltered granite and due to unaltered granite is only part of the fagade plinth
and this part of the structure is likely to be affected by rising damp.

As a general conclusion, it is important to highlight that limitations in robust dis-
crimination potential of pathologies after the classification process is not only due to
the radiometric resolution, which depends on the available sensors for each case study,
but also depends on the smallest element that it is possible to discriminate, i.e. the
spatial resolution of the orthoimages.
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An approximate knowledge of the spectral signatures of the materials studied,
although they come from laboratory tests, would help in the selection of the optimal
wavelengths for the definition of effective informational classes.

13.5 Conclusions

Although the described methodology based on multispectral dataset management
allows detecting and classifying accurately a variety of constructive pathologies, cer-
tain aspects such as peelings, cracks or disaggregation processes (abundant in masonry
elements) are not completely explained. Given the flexibility of this methodology,
which allows the analysis of data obtained by laser scanning and photogrammetry
techniques, such degradation processes can be completely characterized through a
geometric analysis of the construction. Also, the possibility of a large scale evalua-
tion (large evaluated areas) and pathologies quantification are the strong points of
photogrammetry and laser systems, making them valuable resources within the build-
ings’ pathological assessment. However, as noted above, certain geometric aspects are
not fully defined, as well as qualitative data on the material affected by pathological
processes (which can be obtained by in-situ or laboratory test).

In order to make a full pathological assessment it is recommended to perform the
following stages: (i) Geometric analysis (measuring deformations, settlements, kaolin-
ization, etc.); (ii) Multispectral classification (using the described methodology); and
(iii) Complementary qualitative in-situ and laboratory tests (use of reagents to assess
biological colonization, mineralogical analysis, mechanical analysis, etc.).

Also essential is planning periodic field campaigns which will allow monitoring and
assessing the pathological condition and the effectiveness of the applied restoration
techniques.

Regarding the field campaigns, a series of particular best practices have been covered
in the previous subsections. However, the optimal data acquisition protocol changes
for the different spectral regions. When the discretization of the textural differences is
required, the visible region is advisable, so the acquisition should be done with uniform
light conditions. However, for a more detailed analysis of moisture (different degree of
moisture) it is recommended to add a thermal infrared channel, which requires a light
absence (mainly the solar effects) for an optimal data gathering. Although it is possible
a priori knowledge of the material spectral signature, this information comes from lab-
oratory test where not only the light conditions are controlled, but also specimens are
optimal. In the field campaign, the constructive materials may have a heterogeneous
appearance due to the textural differences which hinder their correct classification.
In this regard, the use of additional SWIR channels, despite its worst geometric res-
olution, will improve their classification. Finally, the 3D spatial characterization of
the study object is a strong point when the quantitative metric analysis associated to
the areas affected is required. As additional advantage, the quantification of the pre-
vention measures and their associated cost is directly drawn. When only a qualitative
analysis is required, a pure 2D approach could be applied, supported by a projective
transformation. However, the results and the resultant conclusions will be valid, only
if the error budget is admissible and has been taken into account.

The current emergence of BIM (Building Information Modeling) and HBIM (Histor-
ical Building Information Modeling) multilayer models can be the perfect complement
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to the methodology presented. As a result, it would be possible to create a complete
information model including in it an exhaustive material characterization and patho-
logical evaluation through time. As a result, analyses based on predictive models allow
us to anticipate possible events, allowing to safeguard the integrity of the construction.

It is in this field where the methodology presented could play a crucial role and provide
added value.
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La presente Tesis Doctoral centra sus esfuerzos en uno de los campos de mayor peso en la
ingenieria civil, la detecién y cuantificaion de dafios en infraestructuras y su influencia en el
comportamiento estructural de estas. A continuacién son expuestas las conclusiones vy
contribuciones aportadas por el presente documento, en relacién a los objetivos previamente

marcados:

|, Evaluacién de la aplicabilidad de los sensores geomaticos (sistemas ldser escaner terrestre y

camara digitales) en construcciones con dafos estructurales.

a) Los componentes geométricos y radiométricos de las nubes de puntos, obtenidas a
traves de los sitemas laser escaner y fotogramétricos muestran grandes potencialidades

como sistemas para la monitorizacion de la salud estructural de la construccién.

b) La Correlacion Digital de Imagenes a provado ser una técnica de amplia potencialidad en
la evaluacién mecanica de materiales. Posicionandose como una estratégia no
destructiva, sin contacto y bajo coste capaz de competir con los sistemas tradicionales

tales como las galgas extensiométricas o extensémetros.

c) Elempleo de plataformas VANT, junto a camaras digitales ofrece una solucién de amplia

potencialidad para la reconstrucciones de zonas de dificil acceso.

d) La combinacién de los sitemas Structure from Motion, y los laser escaner permiten la

caracterizacion geométrica de la construccion y la creacién de modelos CAD.

e) Aunque las grietas son fendmenos geométricos, estos pueden ser evaluados a traves de

componentes radiométricos (como los detectores de bordes).

Il. Desarrollo de estratégias de modelizacién y construcciéon de modelos CAD en estructuras con
procesos patoldgicos con un claro componente geométrico (deformaciones y grietas), aptos

para posteriores simulaciones numéricas.

a) Las segmentaciones basadas en curvatura mantienen todos los detalles relevantes de la

nube de puntos. Diezmando las zonas planas.
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b)

Para una correcta conversion de la nube de puntos al modelo CAD, una malla maniflod

es requerida. Las mallas maniflod presentan formas naturales y reales.

El enfoque basado en la Descomposicién Funcional (basados en la teoria de Morse) ha

provado ser una estratégia capaz de segmentar mallas en regiones de topoglogia similar.

Las superficies paramétricas (planos, cilindros, etc.) y no-paramétricas (NURBs) pueden

ser empeladas dentro de modelos CAD para andlisis numérico.

Las metodologias de representacion mediante NURBs, que emplean la cuadrilaterizaciéon
de la malla (basada en la teoria de Morse y el analsis Espectral de la malla) y la

regularizacion de esta, muestran buenos resultados para la modelizacion CAD.

La consideracion de patologias estructurales (como agrietamientos o falta de material)

pueden ser integradas dentro de superficies NURBs a traves de contornos.

Evaluacion de los procedimientos de dinamica de estructuras basados en el enfoque del

Analisis Modal Operacional en la evaluacién de dafios.

a)

El Analisis Modal Operacional ha provado ser una herramienta efectiva para diferentes

tipos de construcciones.

La Identificaciéon de los Subespacios Estocdsticos (SS/) y el Método Mejorado de la
Descomposicion en el Dominio de la Frecuencia (EFDD) requieren de exitaciones
aleatorias, con ruido ambiental, que permiten una identificacion simple y efectiva de los

parametros modales.

La deteccién de dafios (con influencia en el comportamiento global de la estructura)

pueden ser determinados por cambios en las frecuencias de la estructura.

Los dafios locales presentan una imporante relacion con los modos de vibracion. Por
tanto, carecer de un ndmero suficiente de puntos de medida pueden limitar la capcidad

de localizacién de dafios a través de los indices MAC y COMAC.
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IV. Aplicacién y desarrollo de metodologias robustas para la calibracién de modelos numéricos.

V.

Capaces de localizar e interpretar los dafios presentes en las construcciones.

a)

Las variables estdticas y dindmicas de una estructura (deformaciones, frecuencias,
modos de vibracion, etc.) pueden ser empleadas para calibrar la respuesta estructural de

una construccion.

Las caracteristicas geométricas de la nube de puntos pueden ser empleadas para la

calibracion de modelos numéricos.

La métrica Global Hausdorff (GHmS) y Local Hausdorff (GHmS) parece mostrar

potencialidad en la evaluacién de la similitud geométrica entre un modelo numérico y su

estado deformado real.

El Método de los Elementos Finitos muestra grandes capacidades. Sin embargo, la
diversidad de variables actuante requiren de la calibracién de las mismas a fin de

obtener resultados adecuados.

El método de Douglas-Reid y los enfoques Deterministicos pueden ser empelados para

calibrar complejos sistemas estructurales por Elementos Finitos

Las funciones de dafio (discretas o sistemas de substructuras) pueden ser empeladas

para detectar y cuantificar agrietamientos en construcciones dafiadas.

Las funciones de dafio pueden emplearse en conjuncidon con las simulaciones numéricas

por Elementos Finitos para mejorar la respuesta obtenidas.

Aplicacién del anadlisis multiespectral de imagenes en la deteccién de patologias con un

componente eninentemente radiométrico (e.j. caracterizacion de materiales, humedad en

hormigones, acciones bioldgicas, etc.) y con una estrecha relacidn con la estabilidad y la vida

util de la construccién.

a)

Los sistemas laser escaner y fotogramétrico proveen de informacion de amplia utilidad

(componente radiométrico) sobre el estado patoldgico de la construccién.
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b)

Los sistemas de clasificacion Supervisados y No-supervisados (e.j. Fuzzy k-medias o
Maxima Probabilidad) han probado ser potenciales herramientas en la deteccién de una

amplia variedad de paologias (e.j. algas, liquenes o humedades en hormigones).

La respuesta espectral de los materiales y patologias presentes es un requisito a

considerar en la correcta evalaucion de las clases informacionales.

La hibridacién de sensores (laser escaner y camaras digitales) se ha llevado a cabo con

éxito, mejorando asi los resultados arrojados por la clasficacién multiespectral.

Las nubes de puntos laser escaner y fotogramétricas pueden emplearse como un
soporte métrico sobre el cual evaluar y cuantificar los dafios presentes en la

construccion.

En términos mas practicos, y en lo concerniente a la actividad de investigacién desarrollada,

diferentes tipos de construccién han sido evaluadas: desde construcciones historicas o vernaculas,

hasta contrucciones erigidas en hormigdén armado o en fase experimental.

El trabajo desarrollado durante la elaboracion de la presente Tesis Doctoral trata de dar respuesta a

los procesos patoldgicos mas comunes presentes en las construcciones. Permitiendo la evaluacién

de la estabilidad de la vida Util remanente de estas. Sin embargo, parte de dichos procedimientos

requieren de desarrollos futuros que mejoren los resultados y aplicabilidad de estos:
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Hibridacion de sensores.

a)

Empelo de cdmaras termograficas y la dindmica de estructuras a fin de evaluar la

influencia de la temperatura en el comportamiento dindmico de la estructura.

Estratégias de modelado CAD para simulacién numéricas.

a)

Desarrollar sistemas de interconexion entre modelos CAD y estratégias numéricas
avanzadas como el andlisis isogeométrico o en analisis Nurbs-Enhanced Finite Element
Method (método NEFEM) capaces de aprovechar la riqueza geométrica aportada por los

sitemas laser y fotogramétricos.



Capitulo V

Mejorar los procesos de segmentacion basados en curvatura con estratégias mean-

shifting.

Avanzar en la clasificacién de zonas segmentadas y la conexién de estas a traves de

superficies paramétricas y no-paramétricas.

Mejorar la segmentacion de mallas a traves de sistemas entrenados y clasificadores
expertos. Permitiendo la clasificacion de los diferentes componentes estructurales y sus

posibles patologias.

Estratégias de dafios basadas o no basadas en modelos:

a)

Desarrollar procedimientos de detecion de dafios basados en modelos a traves de una
mejora de las funciones de dafio (e.j. considerar la direccién y profundidad de las

grietas).

Usar las metodologias de deteccion de dafios no basadas en modelos para delimitar

espacialmente el dafio presente y permitir la posterior aplicacién de funciones de dafio.

Continuar la validacion de los parametros de calidad geométrica propuestos, GHm_ and

LHm , para la calibracion de modelos numéricos.

Clasificacion multiespectral.

a)

Mejorar el emparejamiento de sensores a traves de estratégias de emparejamiento

multimodal.

Emplear camaras multiespectrales o hiperespectrales en la evalucaciéon de procesos

patoldgicos.

Extender la clasificacién multiespectral a un entorno multiespectral a fin de integrar
materiales y patologias en modelos CAD aptos para analisis numéricos o incluso en

sistemas avanzados de informacion (sistemas BIM).
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d) Complementar la clasificacion multiespectral a traves de sistemas de Redes Neuronales

gue permitan mejorar el reconocimiento y clasificacion de materiales y patologias.
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Desarrollado en Matlab®, Enhance your Finite Element Models (EyFEM) es un add-on no oficial para
el software de Elementos Finitos TNO-DIANA® desarrollado durante el transcurso de la presente
Tesis Doctoral. EyFEM incluye todos los procedimientos desarrollados y mostrados en los capitulos Il

y IIl, y listados a continuacion:
« Funciones de dafio discreto.
+ Sistema de subestructuracion de dafios.
«  Funciones de dafio hibridas (funciones discretas y sistemas de subestructuracién).

«  Procedimientos de calibracion robusta, basados en enfoques deterministas (estaticos,

dinamicos o combinacion de ambos).

+ Incides de calidad geométrica (GHm_y LHm ) basados en la similitud geométrica entre el

modelo numérico y el modelo capturado por un sensor geomatico (laser escéner o

fotogramétrico).

EyFEM ha sido concebido con el propdsito de calibrar complejas simulaciones numéricas (dentro del

ambito estatico, dindmico o la combinacién de ambos) a través del Método de los Elementos Finitos

(Fig. 1).

Figure 1. EyFEM interface
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Su estructura funcional incluye prodedimientos para la identificacion y cuantificacion de dafios,

basando su exito en las funciones de dafio (1) (2).
X=Xx:(1-a°) (1)

a‘’=y p,N(X) (2)

Donde Xeo es el valor fisico asociado al dafio (e.j. Mddulo de Young) en su fase inicial, X es el valor
calibrado, p,esun factor multiplicador y N es la funcion de dafio considerada (bien sea esta discreta

o un sistema de substructuracion).

Todo ello complementado por un sistema Deterministico acotado que asume un relacién directa
entre los datos experimentales y los valores numéricos arrojados, y que trata de encontrar el valor

minimo de la funcidn objetiva considerada (3) (4).

J J

Jsta: 1/2Wé Z:’Zl (5;un1_5éxp)/(5éxp)2 (3)

T2 B (= T W 2 (4 (674 (@)

Donde Wf Wd>’ y W, son los pesos considerados para las frecuencias, los modos de vibracion y los

desplazaminetos , f son las frecuencias, ¢ las formas modales 6 los desplazaminetos estaticos, y qbref

el factor de escala (normalizacion) que permite una comparacién entre los valores numéricos vy
. . . ’ . d/n . . .

experimentales. En lo que respecta a las funciones dindmicas (/") el indice i expresa el modo de

vibracion considerado, mientras que para las funciones estaticas (/) el indice j indica el caso de

carga (combinacion de cargas actuantes en la estructura).

El minimo de dicha funcion objetiva es encontrado a traves de un sistema de Minimos Cuadrados

(5), complementado con un sistema de optimizacion por gradientes (Gauss-Newton).
Jsta 2
r=1/2 i (5)

Donde||*|| denota la norma Euclidiana, r es el vector de residuales y /%, J*" *on lass funciones
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objetivas estaticas y dinamicas respectivamente.

EyFEM considera, para la resolucion del minimo un sistema de matrices Hessianas (basadas en el

concepto de diferencias finitas) que responden a la siguiente formulacion (6)(7).

VJ(9)=Zm r(0)V ri(9)=Jacob(9)Tr(9) (6)

i=1 1

V2 J(0)=Jacob(0)" Jacob(9)+Z'&:l)ri(e)vzri(e)% Jacob(6)" Jacob(6) (7)

Donde Jacob es la matriz jacobina, r es el vector de residuales, @ es el vector de variables a
minimizar,V r(6) es el gradiente de los residuales,V J(©) es la derivada primera and V? J(©) la

derivada segunda de la funcién objetiva. Por ultimo, n indica el numero de variables a considerar

durante el proceso de minimizacion.

De forma adicional, EyFEM incluye un sistema de indices de calidad geométrica, definidos en al
Capitulo 3, para la evalucion de la robusted geométrica entre una simulacién numérica y su
correspondiente estado de deformacion obtenido a traves de un sistema ladser escaner o

fotogramétrico (8) (9).

GHms=<Z(na:l)dSH(a)_Zfazl)dSHb(a))/(Z(nazl)dSHb(a))XIOO (8)
LHms:dSH(a)/dSHref(a) (9)

Donde GHm_ representa la métrica Global Hausdorff and LHm_ la métrica Local Hausdorff, dSH(a) la
distancia simétrica Hausdorff para un cluster a considerado del modelo numérico, dSHb(a) la misma

distancio pero para el modelo base y dSHref(a) la distancia simétrica Hausdorff desde el cluster a al

cluster de referencia.
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Anexo I

INDICES DE CALIDAD PARA LA PUBLICACIONES:

» INDICADOR SJR: Expresa la media ponderada de citaciones recividas para el afio selecionado acorde a los documentso

publicados en la revista seleccionada en los tres ultimos afios.

. INDICE H: El indice H expresa el nimero de articulos (h) que han recivido al menos h citaciones. Cuantifica por tanto la

productividad y el inpacto cientifico de |a revista considerada.

«  NUMERO TOTAL DE DOCUMENTOS: Numero total de documentos presentes en la revistas.

«  TOTAL DE DOCUMENTOS (3 ANOS): Numero total de documentos publcados en los tres afios previos. Son considerados

toto tipo de documentos.

«  NUMERO TOTAL DE REFERENCIAS: NUmero total de referencias bibliograficas de una revista. En el periodo considerado.

. NUMERO TOTAL DE CITAS (3 ANOS): Number of citations received in the selected year by a journal to the document

published in the three previous years. All types of documents are considered.

. DOCUMENTOS CITABLES: NiUmero de documentos publicados en una revista y que pueden ser citados. Se consideran de

forma exclusiva los artiuclos, revistas y conferencias.

«  CITAS POR DOCUMENTOS (2 ANOS)Z Media de citas por documento en los Ultimos 2 afios. Este valor es obtenido

considerando el nimeero de citacionees total recibidas por la revista en los ultimos 2 afios.

«  CITAS POR DOCUMENTOS (3 ANOS): Media de citas por documento en los dltimos 3 afios. Este valor es obtenido

considerando el nimeero de citacionees total recibidas por la revista en los dltimos 3 afios.

«  CiTAs POR DOCUMENTOS (4 ANOS): Media de citas por documento en los ultimos 4 afios. Este valor es obtenido

considerando el nimeero de citacionees total recibidas por la revista en los Ultimos 4 afios.

. REF./DOC.Z Media de citas por documento.

«  AUTO-CITAS: NUimero de autocitas recibidas en los tres afios previos. Todos los tipos de documentos son considerados.

. DOCUMENTO NO-CITABLES : Nimero de documentos no-citables.

. DOCUMENTOS NO-CITADOS: Ntmero de articulos no citados en los tres afios previos.
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+ % COLABORACION INTERNACIONAL: Numero de publicacions con autores de diversos paises.

INDICES DE CALIDAD PARA LOS CAPITULOS DE LIBRO:

. PBK: Ntmero total de libros publicados en un cierto campo o disciplina en los Gltimos cinco afios.

«  PCH: Numero total de capitulos de libros publicados en un cierto campo o disciplina en los Gltimos cinco afios.

. CIT: NUmero total de citaciones recividas por una editorial en un cierto campo o disciplina.

. FNCS: citaciones normalizadas recividas.
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REVISTA: Construction & Building Materials Journal
URL: http://www.journals.elsevier.com/construction-and-building-materials/
EDITORIAL: Elsevier
FACTOR DE IMPACTO: 2,29
INDICE H: 70
CUARTIL: Q1 (PrimER DeciL)
PosicION: 12(124)
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Indicador SIR vs. Citas por documento (2 afios)
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Citas por documento vs. Citas externas por documento
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Colaboracién internacional
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Articulos citables vs. Documentos no citados
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REvISTA: Composite Structures Journal
URL: http://www.journals.elsevier.com/composite-structures/
EDITORIAL: Elsevier
FATOR DE IMPACTO: 3,32
INDICE H: 82
CUARTIL: Q1
PosicION: 3(24)
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URL: http://www.mdpi.com/journal/remotesensing
EDITORIAL: MDPI
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