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RESUMEN

Resulta incuestionable la funcion que desempenan las infraestructuras, desde
posibilitar el desarrollo de un pais hasta el valor sentimental que representan para las
sociedades. Pero en determinadas circunstancias se muestra desconocido el estado
estructural actual de una infraestructura, condicionando con ello la vida 1til de las
construcciones, ademas de poner en riesgo la calidad de su servicio o su integridad
global. Esta tarea de evaluacion estructural se dificulta de manera considerable en las
ocasiones en las que no se dispone de informacion geométrica, debido a la
inexistencia de la documentacion grafica de su disefio, o causada por modificaciones
a lo largo del tiempo.

Motivado por ello, la presente Tesis Doctoral centra su esfuerzos en desarrollar y
aplicar métodos y procedimientos de trabajo para obtener modelos geométricos, de
manera precisa y eficiente, de diferentes tipos de infraestructuras con los que llevar a
cabo analisis que evaluen su comportamiento estructural. El modelado geométrico se
consigue a partir de una metodologia basada en la hibridacion de diferentes técnicas
geomaticas de cardcter no invasivo, utilizando sensores tales como el laser escaner
terrestre 3D (TLS) y el georradar (GPR). Estos modelos obtenidos son
implementados en programas de analisis numérico mediante el método de los

elementos finitos (MEF) que permiten diagnosticar su estado estructural.

Con el fin de corroborar la aplicabilidad de los procedimientos desarrollados, estos
son empleados en diferentes tipos de infraestructuras: por un lado, las asociadas a las
infraestructuras viarias, de vital importancia en el desarrollo social y cultural. Por
otro, la edificacion subterranea contemplada dentro del Patrimonio Histdrico y por
ultimo, torres metalicas en celosia para el transporte de energia eléctrica, tan

necesaria en los tiempos presentes.



A raiz de los resultados obtenidos, se concluye que los sensores geomaticos adquieren
un protagonismo esencial en el conocimiento de la geometria de una construccion.
Por un lado, la metodologia de hibridacion del TLS y el GPR suministra abundante y
completa informacion de las caracteristicas geométricas y fisicas. Por otro lado,
ambos se establecen como complemento perfecto para suministrar datos al analisis

numérico por elementos finitos, con el que evaluar mecanicamente una estructura.
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Analisis Estructural de Infraestructuras a partir de
la Hibridacion de Sensores Geomaticos

1. INTRODUCCION

Aunque no existe en la literatura una definicion generalmente aceptada de
infraestructura, se podria definir esta desde un punto de vista ingenieril como: “El
conjunto de estructuras de ingenieria e instalaciones que constituye la base sobre la
cual se produce la prestacion de servicios, que se consideran necesarios para el

desarrollo de fines productivos, personales, politicos y sociales”.

Es bien conocido que las infraestructuras tienen un papel decisivo en el desarrollo de
un pais, ya que componen los pilares basicos del sistema productivo, de la
distribucién de bienes y servicios y de la movilidad de las personas. Desde las
civilizaciones mas antiguas hasta el mundo presente (Wright, 2004; Herranz, 2004;
Pereira, 2005), estas han constituido un elemento de dinamizaciéon econdmica y
creacion de empleo, ademas de favorecer a una amplia gama de industrias y servicios
vinculados. Son consideradas uno de los factores que hacen posible y condicionan, de

una manera global, el proceso de crecimiento econdmico, social y cultural de un pais.

Pero deben tenerse en cuenta dos aspectos importantes de las infraestructuras desde
su punto de vista constructivo. Por un lado, estas son disefiadas y construidas con
determinados materiales y bajo unas condiciones establecidas, que hacen posible que
cumplan su servicio durante su ciclo de vida (Silva, 2001). Por otro lado, no existen
habitualmente labores estipuladas de control sobre las infraestructuras, entendiendo
que son estructuralmente seguras durante el periodo de vida util para el que fueron

disefiadas.

Sin embargo existen multiples factores a lo largo del tiempo, como por ejemplo:
defectos de montaje, modificacion de las cargas de servicio, acciones ambientales o
accidentales, el deterioro de los materiales e incluso factores a priori desconocidos,

que originan dafios en dichos sistemas estructurales.
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Esto puede suponer importantes consecuencias como reducir la seguridad estructural,
limitar el periodo de vida 1util o incluso poner en riesgo la integridad global de la

construccion.

Es en este punto donde el conocimiento del estado estructural actual de las
infraestructuras toma especial relevancia, sirviendo esta informacion de mejora y
complemento en los planes de conservacion, durabilidad y sostenibilidad de las
mismas (Libro verde, 2011; Rui-Wamba, 2011). Esto permitira por un lado preservar
el patrimonio de las infraestructuras, con el especial valor y arraigo cultural que estas
representan para la sociedad, y por otro optimizar la gestion de recursos, prolongando
la vida util de las mismas y evitando con ello los costes de construccion de otras

nucvas.

El otro aspecto a destacar, es que para evaluar estructuralmente una construccion se
necesita previamente informacion métrica, tanto de su geometria exterior como de las
caracteristicas de los materiales que la constituyen. Esta informacion se obtiene
tipicamente a partir de los planos originarios de su disefio y posterior ejecucion, o en
el caso de estructuras tipificadas a través de prontuarios, manuales o normativas
(Albermani et al., 2003; Guang-lin et al., 2009). Pero en determinados casos, y
especialmente en infraestructuras de cierta antigiiedad, estos planos estan incompletos
y/o apenas acotados, por lo que son completados con mediciones in situ,
observaciones y fotografias (Mark, 1982; Hernandez et al., 2003) conllevando una
importante cantidad de medios y tiempo, ademds de no generar modelos geométricos
precisos. Este hecho es de especial importancia, ya que una informacion detallada de
la geometria externa e interna es necesaria para generar un modelo estructural lo mas

cercano posible a la realidad.

Los dos importantes aspectos anteriores establecen unas necesidades que motivan la
realizacion de la Tesis Doctoral, cuyo objetivo general es desarrollar una
metodologia que permita generar modelos geométricos precisos 3D de una
infraestructura, para su posterior implementacion en programas informaticos de
calculo numérico que evalien su comportamiento estructural, y que posibiliten planes

que prolonguen la vida util de las infraestructuras.
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Dicha metodologia sera empleada en la investigacion de tres ambitos
complementarios de estudio, con el fin de desarrollar un método de trabajo aplicable a
este tipo de infraestructuras, como son: las estructuras asociadas a las carreteras, la
edificacion contemplada dentro del Patrimonio Historico y las torres metalicas en
celosia para el transporte de energia eléctrica.

Llegado este punto, es donde entran en escena los sensores y técnicas geomaticas
(fotogrametria terrestre, TLS y GPR), que han sido elegidas en esta Tesis Doctoral
como tecnologias de aplicacion en la obtencion de modelos geométricos, debido a su
caracter no invasivo (Annan, 2003; Farjas et al., 2008; Lorenzo et al., 2012), lo que
representa una gran ventaja en cuanto a la preservacion de la construccion. El uso de
técnicas invasivas (ej. excavaciones, perforaciones de prueba, etc.) conllevaria un

deterioro de los materiales y el consiguiente dafio al bien patrimonial.

En particular, el escaneado laser y la fotogrametria terrestre se presentan como
técnicas no-destructivas apropiadas en la obtencion, de manera rapida, eficiente y con
un alto grado de detalle, de informacion métrica que permita generar un modelo 3D
de una construccion (Vosselman et al., 2001; Capra et al., 2005; Arayici et al., 2007;
Manana-Borrazas et al., 2008; Riveiro et al., 2011; Molina et al., 2012).

Por su parte, el GPR es un método geofisico de teledeteccion que permite identificar
las caracteristicas fisicas de los materiales analizados, la homogeneidad del material
de relleno o la deteccion de inclusiones de diferentes materiales (Gonzéalez-Drigo et
al., 2008; Orban et al., 2009; Solla et al., 2011; Santos-Assungao et al., 2014; Kanli et
al., 2015).

Esta aplicacion de los sensores y técnicas geomaticas en la busqueda de generar un
modelo geométrico 3D de una infraestructura, es el punto de partida de la Tesis
Doctoral, que se pone de manifiesto con el desarrollo del primer articulo cientifico
titulado “Successful Applications of Geotechnologies for the Evaluation of Road
Infrastructures”. Este analiza la idoneidad, eficacia y alcance de las técnicas
geomaticas en el modelado de las estructuras asociadas a las carreteras. Por un lado,
se examina la fotogrametria mediante rectificacion de imagenes y orientada hacia la
obtencion de documentacion métrica plana de arcos de puentes historicos; y por otro
lado, la fotogrametria multiple convergente, como método centrado en la generacion

de modelos tridimensionales de puentes.
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En estos casos al tratar con imagenes, no solo es posible extraer ciertas medidas
especificas de las estructuras o sus desgastes (ej. fisuras, fugas, etc.), sino también
llevar a cabo una delimitacion precisa de los dafios o las caracteristicas del elemento
estructural (ej. grietas, elementos desplazados, pérdida de material, desgaste de la
superficie, etc.).

Por su parte el estudio con el laser escaner se presenta desde una doble perspectiva.
La primera en su version terrestre (estatica) utilizando un laser escaner terrestre,
aplicado sobre puentes historicos, con la que se consiguen detalladas nubes de puntos
y que tras un preciso tratamiento de estas (Conde et al., 2015) permite visualizar
modelos 3D en formato CAD de las superficies de los puentes. La segunda en su
version terrestre (dinamica) utilizando una unidad movil de escaneado laser, con la
muestra de una representacion cartografica de la trayectoria calculada para una
carretera, junto con varias nubes de puntos de las infraestructuras asociadas a la

misma.

Aunque la aplicacion de las técnicas mencionadas se lleva a cabo con éxito, esta se
realiza de manera individual sin combinacion entre ellas. Esto brinda la idea que da
lugar al desarrollo de unidades moéviles de inspeccion de infraestructuras de carretera
que integren diferentes sensores geomaticos (laser escaner, camaras termograficas,
perfilometros, GPR, etc.), posibilitando no solo la monitorizacion masiva de
elementos (ej. aceras, tuneles, puentes y taludes) sino mostrar incluso, gracias al
GPR, datos de parametros no visibles, como la estructura interna del pavimento,
patologias del firme, etc. Todo ello implica destacables ventajas: automatizacion y
mejora de la productividad en el inventario geométrico e inspeccion de las carreteras
y sus infraestructuras asociadas, asi como evitar la subjetividad en el diagnostico del
estado actual de estas. Ademas, en la era tecnoldgica actual, se hace practicamente
necesario desarrollar una aplicacion de software que sirva de sistema de gestion de
carreteras, integrando el inventario geométrico en una base de datos que permita

acometer tareas de inspeccion y diagndstico.

Es esta parte final del primer articulo, en la que se aborda la combinacion de sensores
geomaticos, la que nos abre la puerta en busca de un nuevo avance de la
investigacion. Para ciertas aplicaciones estas técnicas geomaticas han sido utilizadas
con éxito desde un enfoque multidisciplinar, pero sin aprovechar de forma optima las
sinergias obtenidas de su hibridacion, ademas de ser empleadas en construcciones de
ingenieria civil pero de marcado caracter lineal y a nivel de superficie, como es el

caso de los puentes historicos (Lubowiecka et al., 2009; Solla et al., 2011).
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En este sentido, el segundo articulo cientifico titulado “The Integration of
Geotechnologies in the Evaluation of a Wine Cellar Structure through the Finite
Element Method” trata de integrar las geotecnologias del TLS y GPR, con el objetivo
de deparar un completo modelo geométrico de una edificacion subterranea. Se
desarrolla un método de trabajo que hibride las técnicas geomaticas del TLS y GPR
de manera Optima, a fin de obtener un modelo computacional con el que realizar un

analisis estructural que determine su estado actual.

Con ello se pretende crear una metodologia que no requiera excesiva especializacion
y conocimiento, y que pueda ser aplicada con éxito a este tipo de construcciones. En
este caso la infraestructura en estudio es una edificacion de caracter patrimonial, en
concreto una bodega perteneciente al Patrimonio Histérico de la ciudad de Toro
(Zamora), y que constituye una de las sefias de identidad en la vida cultural de las
sociedades de esta comarca. En este caso de estudio, los perfiles obtenidos con el
GPR sobre la bodega son georreferenciados sobre la base de los datos geométricos
recogidos por TLS, con lo que se obtiene un modelo geométrico en 3D, con
informacion detallada de la geometria externa y la composicion interna de los
elementos constitutivos. Los datos integrados son implementados en programas de
analisis numérico por elementos finitos, obteniendo interesantes conclusiones acerca

de su estado actual.

Es en este momento de la investigacion donde el método de calculo por elementos
finitos toma especial relevancia. De hecho, en el campo de la ingenieria civil y la
arquitectura, las estrategias de analisis numérico por elementos finitos (Zienkiewicz y
Cheung, 1967) han acaparado gran parte de la atencion cientifica (Lubowiecka et al.,
2011; Van de Ven et al., 2004). Estas metodologias numéricas, en contraposicion con
las estrategias de calculo mas tradicionales como la estatica grafica (Huerta, 2008) o
el andlisis limite (Heyman, 1997; Riveiro et al., 2011), se han situado como
soluciones apropiadas a diferentes necesidades ingenieriles, permitiendo incluso la
evaluacion estructural de construcciones histéricas (Lopez et al., 1998; Roca et al.,
2010) y siendo objeto de estudio en diferente situaciones: analisis dindmico (Martinez
et al., 2007), sismico (Endo et al., 2015) o modelos de dafio continuo (Roca et al.,
2013).
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Cabe destacar, que el analisis estructural en estas edificaciones subterraneas presenta
ciertas particularidades respecto a las que actualmente existen sobre estructuras en
superficie (Arias et al., 2007; Gonen et al., 2013; Saloustros et al., 2015), ya que estas
edificaciones tienen la singularidad de encontrarse confinadas bajo una masa de
tierra. Esto obliga a realizar un estudio diferente de las coacciones a las que se
encuentra sometida, asi como un andlisis diferenciado que modele la masa de terreno
que gravita sobre la boveda de la bodega, con el fin de poder determinar las cargas

que se transmiten a esta.

La inevitable y consecuente asociacion entre la componente geométrica y el analisis
estructural, hace que las metodologias geomaticas citadas anteriormente se sitien
como perfectas compaiieras del analisis numérico por elementos finitos. Este hecho y
el grado de detalle obtenido con el estudio del TLS en el articulo anterior, sienta la
base de una nueva investigacion, llevada a cabo en el tercer articulo cientifico titulado
“Geometrical Issues on the Structural Analysis of Transmission Electricity Towers
Thanks to Laser Scanning Technology and Finite Element Method”. En este articulo
se comprueba el potencial del TLS en la generacion de modelos geométricos precisos
de estructuras complejas que nutran de datos al analisis numérico. Las
infraestructuras para esta investigacion son las estructuras metalicas en celosia, en

este caso las que forman las torres de soporte de cables eléctricos de alta tension.

Una importante apreciacion radica en que investigaciones realizadas en
infraestructuras de este tipo centran sus estudios en otros aspectos como: determinar
el efecto que distintos desplazamientos de la cimentacion tienen sobre las torres,
teniendo en cuenta la no linealidad geométrica y del material (Shu et al., 2011; Yang
et al,, 2013), dar soluciones para las mejoras en el disefio y refuerzo de las
cimentaciones (Kuang et al., 2002; Zhang et al., 2006) y averiguar las causas que
produjeron el colapso estructural en determinadas torres, bien por cargas excesivas o
por un defecto de los materiales que las forman (Klinger et al., 2011; Rao et al., 2012;
Komorski et al., 2013). Ademas, en las situaciones anteriores, se parte de un modelo
geométrico obtenido de prontuarios o planos de ejecucion existentes, considerando
estos como correctos, no verificando por lo tanto la geometria y perfiles metalicos de
las mismas, asi como la posible existencia de defectos o imperfecciones en el montaje
de las torres.
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Esto hace necesario dar el salto hacia una estrategia que audite en primer lugar la
calidad geométrica de las torres. Ademas, en este caso concreto de estudio, la
antigiiedad de las torres impide la existencia de documentacion que especifique las
caracteristicas geométricas de las mismas; mientras que la toma de datos con otros
medios, como la medicion manual o la topografia tradicional, implica un alto nivel de
riesgo, ademas de no permitir el grado de detalle obtenido con tecnologias laser. Por
lo que el TLS se presenta como una herramienta rapida y precisa para conocer la

geometria en detalle de este tipo de infraestructuras.

Los conjuntos de datos de nubes de puntos obtenidos con el TLS son procesados con
precision (Tang et al., 2010; Laefer et al., 2011; Walsh et al., 2013), resultando
modelos compatibles para implementar en programas de analisis numérico por
elementos finitos. Los modelos geométricos reales obtenidos, detallan tanto la
geometria y dimensiones de los perfiles que constituyen las torres, como todo tipo de
particularidades (ej. desvio de la verticalidad y horizontalidad o imperfeccion en la
conexion de los perfiles metalicos).

Esta informacion establece las bases de un analisis estructural posterior, que compara
diferentes modelos estructurales, teniendo en cuenta la geometria real y el disefio
original. Los resultados obtenidos corroboran la notable influencia que este tipo de

imperfecciones tienen sobre el comportamiento estructural de las torres.
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2. HIPOTESIS DE TRABAJO Y OBJETIVOS

Se establecen tres hipdtesis de trabajo en la presente Tesis Doctoral:

1. Se puede caracterizar geométricamente una infraestructura con la aplicacion
individual o conjunta de técnicas geomaticas como la fotogrametria, el TLS y el
GPR.

2. Con los datos obtenidos de la caracterizacion se pueden generar modelos
geométricos detallados en 3D de una infraestructura.

3. El modelo geométrico obtenido puede ser utilizado para realizar diferentes analisis
estructurales que evalten el grado de seguridad actual.

Los objetivos que se pretenden alcanzar durante el desarrollo de la Tesis Doctoral

son:

1. Analizar la utilizaciéon de manera individual o combinada de técnicas geomaticas
como la fotogrametria, el TLS y el GPR, para obtener modelos geométricos

precisos de infraestructuras.

Esto sera aplicado a las estructuras asociadas a las carreteras, utilizando los datos
obtenidos como plataforma de gestion que mejore las labores de inspeccion y

mantenimiento de estas infraestructuras lineales.

2. Desarrollar un método de trabajo a partir de la hibridacion del TLS y el GPR para
generar un modelo geométrico 3D de una edificacion subterranea, realizando un

analisis estructural por el MEF que identifique su estado estructural actual.

Se elige como caso de estudio la Bodega del Ayuntamiento de la localidad de Toro
(Zamora). La conservacion y mantenimiento de este tipo de construcciones, que
forman parte del Patrimonio Histérico de la localidad, es un aspecto fundamental
debido a la importancia econdmica y cultural que la industria viticola tiene en la

region.
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3. Crear un modelo as built en estructuras metalicas complejas, mediante el uso del
TLS, identificando con ello todo tipo de particularidades de su montaje (ej.
perfileria, la geometria de union y defectos) que son consideradas en diferentes
modelos estructurales, analizando la influencia que esto tiene en el estado de
deformaciones y tensiones de las torres.

Se someteran a estudio las estructuras que forman las torres de soporte de cables
eléctricos, constituidas por perfiles metalicos en celosia. Tres torres de diferentes
dimensiones y caracteristicas geométricas son utilizadas en el estudio, con el fin de

llevar a cabo un analisis y comparativa de resultados.
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3. ARTICULOS CIENTIFICOS

A continuacion se muestran los tres articulos cientificos publicados en revistas
internacionales de impacto. Antes de cada articulo original se describe un breve
resumen que recoge el trabajo de investigacion de cada uno de ellos.
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3.1 Successful Applications of Geotechnologies for the Evaluation
of Road Infrastructures

RESUMEN

Este trabajo presenta los resultados obtenidos, a lo largo de varios afios de
investigacion, sobre la utilizacion de diferentes técnicas geomaticas en el campo de la
ingenieria civil y, en particular, en su aplicacion a la gestion de la red de carreteras y
estructuras asociadas.

La fotogrametria digital terrestre y el laser escaner son técnicas geomaticas que
permiten obtener informacion métrica de manera rapida y eficaz de una
infraestructura, generando modelos geométricos detallados en 2D y 3D. Esa
modelizacion es adaptada para la integracion en los diferentes métodos de calculo
estructural de arcos de puentes historicos, realizando evaluaciones estructurales
basadas en la teoria del andlisis limite y simulaciones numéricas mediante el método

de los elementos finitos a partir de modelos discretos de los elementos de los arcos.

La hibridacion de diversos sensores geomaticos, sincronizados y perfectamente
calibrados, posibilita el desarrollo de una unidad de cartografiado movil que lleve a
cabo la monitorizacion masiva de elementos en la trayectoria de una carretera y sus
infraestructuras asociadas. Este volumen de datos permite reconstruir la geometria 3D
del entorno del vehiculo gracias al escaner laser movil, asi como la medicion de
elementos no visibles mediante la tecnologia de georradar. La informacion puede ser
implementada en un sistema de gestion, que integre el inventario geométrico en una
base de datos que permita acometer tareas de inspeccion y diagnostico.

Entre los principales avances obtenidos destacan: la calidad métrica de los resultados
adquiridos con técnicas geomaticas en el modelado en 2D y 3D, y la alta
productividad en la cuantificacion de parametros de inventario e inspeccion de las
carreteras. El desarrollo de herramientas hardware y software posibilita la
automatizacion de las tareas de gestion, control y mantenimiento involucradas en las

infraestructuras viarias.
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Abstract: This work reports the results obtained over several years of research into the
application of different geomatic techniques in the field of civil engineering and, in
particular, in their application to the management of road systems and associated
structures. Among the main advances obtained are the quantification of parameters during
the inventorying and inspection of infrastructures, the metric quality of the results
and the development of hardware and software tools for the automation of road
systems management.
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1. Introduction

The infrastructure of a country plays a crucial role in the national economy. Conservation of such
systems is key to improving a country’s economic strength. Transport systems are the most intensely
demanded infrastructures, and investments in road networks usually represent the highest percentage
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of all investments in transport. For example, 5317 million euros were invested in Spain in 2012, which
represents 45.2% of the total investment in transport infrastructure [1]. The overall set of
communications networks in developed countries is huge, and in Europe, in recent years, Spain has
been outstanding, with more than 165,000 km of roads, which represents 3% [1]. Thus, in view of the
costs of constructing new transport systems, the maintenance of extant systems should be a strategic
objective. In this sense, roads and associated structures require conservation and maintenance, and
these must be guaranteed in order to optimize economic resources and to maintain a productive
economy for a country. Furthermore, within a scenario such as the present one, scourged by a lack of
economic resources, it is crucial to prioritize investments, making use of mechanisms that will help to
make decisions based on objective facts about resource allocation. Aspects, such as the exploitation
and safety of road networks, are now hot-spots in current Spanish society, where traffic accidents are
one of the major problems facing the various administrations. For instance, 89,519 accidents happened in
Spain in 2013, 10% being due to a lack of conservation of infrastructure [2]. Current inspection
systems are mainly based on reports drafted by technicians, who base their findings on the visual
inspection of the infrastructures (experience); although the degree of technical know-how of these
individuals is considerable, in most cases, the reports consist merely of the acquisition of digital
images and georeferencing of the data gathered during visits. The use of these traditional procedures
contrasts with the need to have objective, quantifiable data that will allow the best decisions to be
made and the actions proposed to be prioritized. In [3], we can find a highway research program report
developed in the USA that is focused on the use of advanced geospatial data, technologies, tools and
information in the department of transportation projects. The key objectives were to summarize and
document the current state of the practice through detailed online questionnaires and literature reviews.
Interesting conclusions have been obtained, such as that nearly 85% of the departments of
transportation (DOTs) surveyed seems to regularly use geospatial technologies, with more than 50%
indicating that they are proactive in researching new technologies. Almost two-thirds of the DOTs
stated that most divisions had integrated advanced geospatial technologies into their daily workflows.
The top three barriers to technology adoption are cost, inertia and technical expertise. The technologies
most frequently used by DOTs are global positioning systems (GPS), geographical information
systems (GIS) and video logging. However, newer technologies, such as cloud computing, machine
control, electromagnetic imaging, unmanned airborne vehicles (UAVs) and interferometric synthetic
aperture radar (inSAR/ifSAR), are not yet well integrated. On the other hand, the DOTs are
experiencing a paradigm shift in their geospatial workflows as the technology moves from
two-dimensional (2D) to three-dimensional (3D).

In recent years, geomatic methods have undergone an important series of developments. Currently,
some technologies have now reached maturity in other engineering applications (3D laser scanning,
thermography, ground penetrating radar, etc.), whose adaptation to the 3D cartography of roads has
been an important challenge. In this sense, the investigation reported here does not only address the
adaptation of geotechnologies to this field, but also pursues the exploitation of the data acquired and
their usefulness in tasks involving geometric inventorying, the inspection of wear (fissures, leakages,
cracks, etc.) and damage assessment, as well as their incorporation into more advanced procedures,
such as the structural assessment of infrastructures associated with road networks.
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Here, we offer a compendium of the work carried out between 2006 until the present. The analysis
focuses on the application of geomatic methods (photogrammetry, laser scanning and the integration of
both) in the field of structures. The work summarized here includes the definition of sensors and the
acquisition of data, together with the development of informatics applications that, on the one hand,
allow the information provided by geometric sensors to be consulted and interpreted and, on the other,
input these into the databases stipulated by Spanish legislation for the geometric inventorying of roads
and associated infrastructures and as guidelines for damage assessment.

2. Materials

The materials used to digitize infrastructures in 3D comprised conventional topographic
instrumentation (as a method for validating the results) and the basic instruments to obtain a geometric
and radiometric reconstruction of objects: photographic cameras for the case of photogrammetric
methods and a laser scanner for the case of laser scanning approaches. Different tools were used as
auxiliary supports in the various experiments carried out.

2.1. Photographic Cameras

With a view toward facilitating the use of geomatic methods in the work involving the inspection
and assessment of infrastructures, one important aspect to be taken into account is the simplicity of the
devices to be used, which must, at the same time, ensure the quality of the documents generated. Thus,
the photogrammetric methods developed here were based on simple methodologies for data acquisition
that would not require advanced knowledge of geomatic methods. In this sense, different single-lens
reflex (SLR) cameras with fixed-focus lenses were used, depending on the requirement of the work to
be undertaken.

Geometric Calibration of the Cameras

To exploit the photographic data correctly, and hence, generate geometric models with precision,
it is necessary to reconstruct the mathematical model of the generation of the image in the camera.
This process is known as internal orientation of the photogrammetric process and is achieved by a
process of camera calibration at the laboratory with fixed acquisition parameters before data are
collected in the field. To calibrate the camera, different commercial software packages were employed,
among them the calibration module of Photomodeler Pro™ and the AICON 3D system
photogrammetric restitution platform. The calibration procedure was accomplished using standards
with markers of known position, which enabled the problems (principal distance, position of principal
point of the image and distortions of the lens) to be solved simply. The internal orientation parameters
obtained for the various cameras used can be consulted in [4].

Considering the distances involved in this work and the pixel size of the sensors, it was possible to
attain spatial resolutions at the sub-centimeter level, which makes the technique highly appropriate for
acquiring the geometry of linear structures.
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2.2. Laser Scanning Systems: Terrestrial and Mobile.
2.2.1. Static Laser Scanning System (TLS) (Riegl LMS Z390i)

In the cases addressed here, we used a time of flight (ToF) scanning device from Riegl, model
LMS-Z390i [5]. The measurement window ranged between 1.5 m and 400 m, with a nominal error in
distance measuring of 6 mm at 55 m under normal conditions of lighting and reflectivity. This device
used an infra-red laser with a wavelength of 1.54 um. The spherical field of vision encompassed 80°
on the vertical plane and 360° on the horizontal one. The maximum scanning resolution was 0.002°,
with a divergence of the laser of 0.3 mrad, and the point acquisition ratio was 11,000 points per
second. The radiometric resolution of the intensity attribute was 8 bits.

2.2.2. Mobile Scanning System (MLS) (Lynx Mobile Mapper)

The mobile system used was a Lynx Mobile Mapper, manufactured by Optech Inc. [6]. The Lynx
system comprises two LiDAR sensor heads with a nominal error of 8 mm that form a 90° angle
between their respective rotation axes and 45° with respect to the trajectory of the vehicle, optimizing
the avoidance of occlusions. The acquisition range of this system reaches 500,000 points per second,
with a field of view on the scanning plane of 360° (each sensor head). The navigation system used was
an LV 520 from Applanix that integrates an inertial measurement unit with an azimuth determination
system comprising two antennas (GAMS), with an angular resolution of 0.015° and 0.005° in roll and
pitch, together with a positioning precision of 0.02 m on XY and 0.05 m on Z. All of these values were
obtained after post-processing differential correction using GPS bases [7]. The Optech LiDAR devices
provided up to four echoes per pulse, with their respective attributes of radiometric resolution intensity
of 12 bits.

3. Methodologies
3.1. Photogrammetric Methods: 3D and 2D Geometric Reconstruction

In this work, we used different approaches for the metric documentation of infrastructures
associated with roads from photographic images. Two basic methodologies can be defined, one of
them oriented towards obtaining flat metric documents (that is, in two dimensions) and the other
focused on the generation of three-dimensional models of objects.

3.1.1. 2D Photogrammetric Modeling

The method chosen to acquire 2D metrics was governed by the need to have a low-cost method that
would guarantee reliable metric results when using simple documentation operations. To accomplish
this, we used a method based on photogrammetric rectification, by means of which the geometry of
the center of perspective of the images captured is transformed into a Euclidean projection, allowing
metric measurements to be performed on a plane [8].

To achieve this transformation, it is necessary to know the coordinates of at least four unaligned
control points located on the same plane (which defines the projection plane). To apply this method to
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the documentation of infrastructures, such as the spandrel walls and abutments of bridges, surfaces and
pavements, etc., auxiliary support tools were developed for control points, whose relative position was
known after calibration at the laboratory. The next figure (Figure 1a) shows an example of a crossbar
developed during the calibration in the laboratory and during data acquisition in the field on a
stone-block bridge arch (Figure 1b).

Figure 1. Image of auxiliary tools for the rectification of images at the time of
(a) calibration at the laboratory and (b) in situ measurements. The 2D position of the center
of the round white targets is measured with great precision, thereby guaranteeing the
correct transformation of the images.

" HE @
Image management

2012_02_03_3_154

2012_02_03_3_154_1

201202 03 3 1542

e

< E " J = = = »
@® @ @ @ o Ed P« Crossbar|Aluminum|+| Position: WaterDo ~ Bridge Element -

Image management
3.1.2. Acquisition of Images

The methodology used for data acquisition consisted simply of taking photographs with calibrated
cameras or even with conventional cameras without needing to calibrate the camera beforehand. Once
the control points in the images had been identified and the photogrammetric algorithms had been
implemented, it was possible to obtain the metric properties on the principal rectification plane. Since
we were dealing with images, it was not only possible to extract certain specific measurements of the
structures or their wear (fissures, leaks, efc.), but also to perform a precise demarcation of the damage
or characteristics of the structural element (cracks, displaced elements, loss of material, surface
wear, etc.). The next figure (Figure 2) shows the demarcation of a rectified image corresponding to the
stone arch after this methodology had been implemented using software designed for the in situ
inspection and structural assessment of stone arches. This software incorporates a database for
geometric inventorying according to the guidelines of geometric inventorying [9] and basic inspection
of passage works [10].

Finally, knowledge of the geometry of the arch, at the barrel ends, of these structures allows
the information to be exploited during the process of structural assessment according to the theory of

limit analysis, as reported in the Results section.
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Figure 2. (a) Visualization of the application of image rectification, allowing geometric
parameters stored in the database to be acquired. (b) In the rectified image of the arch, note
the contours of the arch to be input in the software for the analysis of structural stability.
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3.1.3. 3D Photogrammetric Modeling

The second strategy of photogrammetric reconstruction was based on the principles of convergent
multi-station photogrammetry. This strategy allows the reconstruction of 3D objects with great
precision, using bundle bock adjustment. During the process, the calculation of the coordinates of all
of the points is done simultaneously, using an iterative process based on least-squares fitting, so that
the errors in the calculation of the 3D position of the points of interest can be minimized.

When using convergent photogrammetry, it is crucial to ensure the correct design of the station
network. In this sense, it is necessary to seek optimum convergence angles of 90° between cameras.
This angle is defined as the smallest angle formed by the straight lines defined by the principal
distance of the camera at each station. It is also necessary to maintain overlaps above 60% between
photographs in order to guarantee the generation of a precise model. The following figure (Figure 3)
shows an optimum configuration for cameras during the inspection of vertical clearance of bridges on
a highway.

It is also necessary to count reference points on the object in order to endow the 3D model
generated with scale. To accomplish this, it is usual to take control points using topographic
instruments, such as total stations when accurate models and quality control of the measurements are
required, or more portable instruments, such as scale bars, when the priority is freedom of movement
and portability during data acquisition, as happens in inventory or damage assessment campaigns.
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Figure 3. Optimum configuration of the cameras of a convergent multi-station network for
data acquisition during the inspection of clearance heights below overhead roads. This
camera configuration is optimal, since it provides good intersection angles, as well as
a validation based on the third right camera.

The 3D coordinates of the points identified in the images are usually computed simultaneously to
the relative orientation of the cameras, and this is done by identifying a minimum of six points on
overlapping images and using least-squares fitting [11]. To obtain a dense point cloud that will allow
the contours of interest to be delimited, massive restitution is performed (manually or automatically).
This merely consists of finding the intersection of the laser beams (spatial intersection).

3.2. Laser Scanning of Roads and Associated Infrastructures

As detailed in the Introduction, the process of generating 3D point clouds differs between static and
mobile systems. This makes it necessary to perform a pre-processing of the different types of
information, and hence, very different methodologies are used during data acquisition in the field.

3.2.1. Terrestrial Laser Scanning

Laser scanning is appropriate when the aim is to document objects or specific structures in detail.
This is the case of bridges, walls, deterioration on certain stretches of roads, efc.

When the objective is to carry out an investigation using this technique, the planning and
optimization of the station network with the instrument become paramount, since it is necessary to
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acquire the important details of the structure, and at the same time, to ensure that all of the point clouds
acquired from the different points of view can be recorded later in the same coordinate system.

The data acquisition phase, or scanning of the study object, is usually divided into two steps:
a preliminary low-resolution scan (low point cloud density) is performed to determine the geometry of
all of the surroundings of the scanner and to locate the linking points between the different stations
(or control points when their absolute position is known). Following this, a detailed scan is performed
on the area of interest, allowing the object or damage to be modeled in detail.

Finally, to obtain radiometric information about the surfaces of objects, as well as intensity data, it
is customary to take photographic images, which, after the inner and exterior orientation parameters
have been determined, can be used to texturize the point clouds collected by the scanner.

Once the field work has been completed, it is necessary to define the coordinate reference system
(CRS) and then record it, either by linking points when common points have been taken between
stations or by making use of the geometry itself of the object to achieve the assembly of the global
point cloud.

Once the point cloud that defines the 3D reality has been created, different filters are used to
homogenize its density, remove undesired points in the modeling and delete redundant information
that would only distort the final model. This process is performed using the software Riscan Pro©,
from the laser company, Riegl. The next figure (Figure 4) shows a view of the point cloud of the
Segura Roman Bridge, on the international highway from Castelo Branco (Portugal) to Céceres
(Spain), using two different visualizations: the first using only the intensity data recorded for each
point (Figure 4a) and the second incorporating RGB information after orienting the photographic
images (Figure 4b).

Figure 4. Visualization of a 3D point cloud as a function of (a) the intensity of the
reflected laser beam or (b) the photorealistic texture of the object.

metres

When it is desired to exploit the 3D model of the object, for example for structural assessment, it is
common to triangulate the point cloud in such a way that it generates a 3D model of the surfaces of
the bridge, similar to digital terrain models (DTM), and then export this to an exchange file of a CAD
model. When detailed plans of the structure or orthoimages are required, a texturing process is
employed, consisting of the projection of texture onto each of the triangles. The next figure (Figure 5)
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shows a photorealistic model of the Segura Roman Bridge and the detailed maps generated at the
Roman Bridge in Lugo before its restoration.

Figure 5. (a) Photorealistic model of the Segura Roman Bridge; (b) Detailed plans of the
Lugo Roman Bridge (Spain).

3.2.2. Mobile Laser Scanning

As explained in Section 2.2, the construction of the point cloud in a mobile scanning system
depends on two subsystems: the navigation system and the LiDAR sensor. These sensors are
synchronized though the time stamp and GPS information from the navigation system. The Applanix
POS 520 navigation system uses the LV-POSView software. This system is the first one that must be
initiated, since it is responsible for ensuring the synchronicity of the other devices. It also allows
the frequency of data acquisition to be selected, typically 200 Hz for the inertial system and 1 Hz for
the GPS.

The software that controls the LiDAR systems is called LYNX Survey, and for it to function
properly, (a) it needs to have the Applanix system connected previously and (b) it must be sending
data. It allows the frequency of LiDAR data acquisition to be set between 75 kHz and 500 kHz for
each of the scanners. In this software, there is a library that also permits the acquisition of photos
obtained from cameras.

Regarding data processing, the first step consists of generating a precise trajectory on which
the data from the others sensors are synchronized, in this case, the LIDAR data and cameras, if they are
oriented inside the vehicle. To do so, the software that allows the import of the RINEX files
corresponding to the base stations close to the survey site is used to correct the GPS data. Additionally,
by applying algorithms based on the Kalman filter [12], it is possible to integrate the different
navigation sensors (GPS system, inertial system and encoder), in which there is precise information
about the trajectory and the measurement of the GPS time corresponding to each point.
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Once the trajectory has been generated, the next step is to fuse the navigation data with the LiDAR
data. The LiDAR system of a mobile unit is a 2D measuring system that requires the navigation file for
the generation of 3D point clouds. Furthermore, since the origin of both systems of coordinates is
different, the use of a calibration file that implements the translation and rotation matrix between both
coordinate systems (external orientation of the sensors in the vehicle) is essential.

Once the point cloud has been reconstructed, the operations coincide with those explained in
the previous section. One particularity of the data acquired from mobile systems is related to the huge
computational volume they occupy, which may also correspond to large extensions of terrain. Thus,
the incorporation of the data in geographical information systems (GIS), and, in particular, with
the road network, now means that the technique is a very useful tool for management, as detailed in
the Results section. Moreover, not only do the files allow one to work based on 2D GIS, but also,
the technique becomes ideal for the input of information into 3D GIS.

The next figure (Figure 6) shows a cartographic representation of the trajectory calculated for a road
survey together with several point clouds of infrastructures associated with roads in the Regional
Community of Galicia, together with LiDAR data converted to SHP (ESRI Shapefile) and loaded in
Quantum GIS.

Figure 6. Trajectory and examples of point clouds obtained with the mobile scanning system.
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3.3. Structural Evaluation of Road Infrastructure

The methodologies for geometric reconstruction presented above were applied for structural
purposes. The aim was to build geometric models that could be imported into the tasks of structural
assessment. In this sense, for the particular case of stone or concrete structures, it is particularly useful
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to build the detailed 3D model of the construction in order to be able to carry out more realistic
structural calculations. Successful examples of application follow.

3.3.1. Structural Assessment of Arch Bridges Based on Limit Analysis Theory: The 2D Approach

The first set of experiments performed consisted of the use of flat metric documents, such as
rectified images and the delineation on the elevation plane of the bridge arches to carry out structural
assessment work. To do so, within the framework of limit analysis theory, we considered methods for
the analysis of the structural stability of masonry arches.

Masonry arches are hyperstatic structures, which imply the possibility of infinite numbers of
pressure lines [13]. For a structure subjected to pure compression to remain at equilibrium, the pressure
lines must be kept inside the arch ring defined by the intrados and extrados. Accordingly, equilibrium
in a stone arch can be visualized via a pressure line. Thus, on the basis of the geometric information
extracted from the structure, as well as the mechanical properties of the material, it is possible to
evaluate different collapse mechanisms of bridges by varying the position and value of the load. In this
sense, according to the different hypotheses concerning the formation of hinges in the arch, it is
possible to determine the lowest load value that would cause the arch, and hence the bridge, to
collapse. The results of the present work can be consulted in detail in the work by [14]. Likewise, since
the arch thickness of the inner parts of the vaults may not necessarily coincide with the thickness
measured at the vault ends, an integral methodology was developed by integrating ground penetrating
radar, aimed at determining the values of arch thickness across the entire vault. Details of this work
can be found in [15].

Figure 7. (a) Geometric inventory software inspection; (b) in situ structural assessment
from image rectification.
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Similarly, the above methodology was implemented in the metric inspection tool of arches based on
image rectification. This application, therefore, has photogrammetric rectification tools that allow
metric documents to be obtained for use in the calculation of structural stability, as well as to perform
both geometric inventories and routine inspections of the bridges. Within the framework of a bridge
management system, this approach allows access to the real geometry of the structure in a simple way
for the operator (improving safety and access), together with data digitalization and in situ structural
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assessment. The next figure (Figure 7) shows a photo of the geometric inventory module over an image
interactively, together with the results of the stability analysis of one of the arches studied.

3.3.2. 3D Structural Assessment Using Micromodeling Technique and Finite Element Modelling

In order to build more realistic structural models, the detailed 3D geometry of the structures was
exported to platforms involving more sophisticated methods for the structural analysis, such as the case
of the finite elements method (FEM). One of the methods consisted of modeling an arch bridge as
a discontinuous model of voussoirs. This model was chosen according to the formulation of the plastic
analysis that allows masonry arches to be analyzed through the line of pressure that transforms the arch
into a mechanism, when the truss line reaches the limit of the arch ring at a sufficient number
of points (joints).

The discontinuous model was created by photogrammetric restitution of the points that delimit each
of the granite voussoirs of the arch. Joints between voussoirs do not transmit tensile stresses, so
contacts were modeled, allowing only the transmission of compression stresses, with no displacements
between the blocks and no resistance to traction. The stone was assumed to deform elastically, and
the behavior of the arch was evaluated under monotonic variation of loading. In the model built, it was
possible to estimate the collapse loads from the diagram that related load and displacement between
blocks, obtained by varying the loads in an iterative process, determining load peaks. For each
voussoir and load level analyzed, a finite-element model was built, determining the distribution of
stresses inside each block and at the interfaces. The FEM model of the voussoirs was built using
tetrahedral elements with second-order interpolation, with three degrees of freedom per node
(translation). The contact defined between voussoirs allows the connection between nodes and faces of
contiguous elements [16]. The next figure (Figure 8) shows the distribution of stresses in the 3D
model, in which it is easy to note the formation of the collapse mechanism. The details of
the methodology used for this case can be consulted in [16].

Figure 8. Distribution of stresses and the appearance of plastic hinges during the formation
of a mechanism in the geometric model built from the photogrammetric survey.
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3.3.3. Determination of the Structural Failure of Arches on the Basis of Information from the First
Hinge: FEM in 2D

As in the previous case, starting out with detailed information about the geometric reality of
masonry aches, it was possible to validate methodologies for the determination of critical loads using
elastic frame analysis. To accomplish this, accurate elevation plans of bridges were imported into
software for planar structural analysis using the finite elements method. The methodology consisted of
defining the arch ring in detail from the photogrammetric restitution. Following this, the analysis
consisted of assessing the internal forces for the loads applied assuming elastic behavior for
the material, since the deformations caused by the loads are minimum. Based on the information about
the first hinge, a plastic analysis was performed until the mechanism appeared. It was thus possible to
compare the critical load values for both situations. A detailed description of this can be seen in [17].

4. Preliminary Findings in the Automation of Road Monitoring: Results and General Discussion
4.1. New Tools for Road Inventory

From the experience obtained in the above investigations, in 2010, a project was started up based on
the same technologies, but was much more ambitious: the development of a mobile mapping unit with
the final aim of automating the geometric inventorying and inspection of both roads and their
associated infrastructures. The core idea was to obtain high productivity in performing the inspection
works and avoiding subjectivity in the diagnosis of the current state of the infrastructures.

The need therefore arose to have a vehicle-laboratory that would allow the acquisition and
management of all of the field data, with the best degree of automation possible. This led to
the creation of a mobile inspection unit, composed of different geomatic elements or sensors necessary
for the collection of data of the infrastructures, together with software applications and processes for
the synchronization of sensors and georeferencing of the information gathered. The mobile mapping
system allows the massive monitoring of elements (pavements, tunnels and slopes) and functions
synchronously with the motion of the vehicle, as explained in Section 3.2, so that measurements can be
georeferenced automatically. The inspection unit is integrated by:

e A laser scanning system composed of two LiDAR sensor heads; the system is the Lynx Mobile
Mapping from Optech (Section 2.2) (Figure 9a).

e A navigation system for georeferencing information and synchronizing the data acquired.
The unit installed in the vehicle was the LV 520 from Applanix (Section 2.2) (Figure 9b).

e A thermographic camera. This sensor allows the capturing of thermographic images in motion
with the purpose of detecting thermal differences on the surfaces measured. The thermographic
camera selected for the vehicle was a GOBI 384 camera from Xenics (Figure 9c¢).

e A multi-camera computer viewing system. A set of four JAI RGB cameras was installed for the
capture of images in motion (Figure 9d).

e A ground penetrating radar, integrating an antenna with several frequencies, which allows
the inspection of the subsoil between 0 and 1 m. A Ground Couple system from MALA
Geosciences was used (Figure 9e).
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e A laser profilometer from the Danish company, Greenwood, which allows the measurement of
the International Regularity Index (IRI) [18] of roads by means of the use of two laser
rangefinders (Figure 9f).

e The vehicle offers a step forwards in the state-of-the-art of road inspection in which the various
sensors used have been integrated for the first time (Figure 9g).

Figure 9. (a) LIDAR LYNX sensor head; (b) Applanix POD LV520 navigation system,;
(¢) GOBI 384 thermographic camera; (d) RGB JAI vision system; (e) control unit and GPR
antenna; (f) Greenwood laser profilometer; (g) vehicle for the inspection of roads and
associated infrastructures; (right) detail of the disposition of LiDAR heads, cameras and
GNSS antenna.
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Each time the vehicle sets off on a measuring excursion, it is able to reconstruct the 3D geometry of
the surroundings (up to 200 m) of the route followed by it, with centimeter precision.

At the same time, the vehicle records visible and thermographic images of elements of interest
(pavement, structures, efc.). Figure 10 shows some of the data recorded by the different sensors
integrated in the vehicle. The data provided by each sensor are used for inspections and individual
analyses of each element and, at the same time, feed the geometric inventory parameters of the road
and associated elements

Figure 10. (a) View of a point cloud of a highway; (b) visualization of cracks on the
pavement through a visible image, point cloud and thermogram; (¢) 2D radargrams
acquired on a bridge that show the characteristics of the internal structure of the work.

Distance (m)

4.2. Management Software

For the handing of all of the information gathered by the inspection unit, a software application was
developed that allows the visualization and editing of the database that constitutes a management
system of road infrastructures. The software application consists of a tree view, which encloses those
elements imported from the different sensors. By means of this tree view, it is possible to achieve
the configuration, pre-visualization and access to certain properties of the elements.

The right-hand side of the screen is a visualization area. As mentioned, since all of the elements are
linked to the trajectory data, it is possible to navigate through the elements synchronically with
the trajectory. The application allows the advance in the trajectory to be configured at 1, 5 and 20 m,
and it is also possible to increase or decrease the duration of this interval. Furthermore, it is possible to
move the visualizing point to a particular milestone of the road to provide the inventory or inspection
data required by the database of the management system.
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The next figure (Figure 11) shows the application interface in which (from left to right and from top
to bottom) the following can be seen: the window with the trajectory of the vehicle, a colored point
cloud with intensity data concerning the return of the laser beam, a RGB panoramic image, a window
to evaluate pavement thickness derived from GPR data and a window with the IRI of the pavement in
that stretch.

Figure 11. Road management software interface with windows showing the data acquired
from different sensors.
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4.3. Geometric Road Inventory and Trends toward Automation

One of the original aims of the project was to develop a management system that integrates
the geometric inventory and routine inspection database, whose data is directly extracted from massive
inspection campaigns with the mobile inspection unit. The database developed is able to store all of
the information established in the codes of the Spanish Transport Administration. These tables are fed
with the geometric and radiometric data recorded by the different geomatic sensors once they have
been processed. It should be noted that the description of the inventory parameters is established not
only on the basis of visible measurements, but also on the basis of the measurement of non-visible
elements (pavement thicknesses and the presence of anomalies on the road surface).

In recent years, the scanning technique has proven to be highly suitable for different applications
that require data processing adapted to specific individual problems. Accordingly, existing
methodologies must be improved to guarantee the quality of the results sought in each case. This has
meant that research into geomatic technologies has advanced towards the development of automatic
data-processing algorithms. The issue is further exacerbated by the fact that the management of
the information acquired with geotechnologies is no trivial task and normally demands advanced
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knowledge of geomatics. Along these lines, another important limitation is the need to use highly
specific software packages, which are usually expensive to purchase and maintain.

The use of platforms, such as MATLAB, is a highly suitable option, because they operate with
a high-level technical computing language and offer an interactive environment for numerical calculus,
visualization and the programming of algorithms for the automatic processing of point clouds. Several
algorithms oriented towards the automation of the processes required for the inspection of road
infrastructures, and structural assessment, can be found in the works of [19-22].

5. Conclusions

This work offers a review of the circumstances in which geomatic technologies were
successfully applied to the structural assessment of infrastructures associated with roads. Initially,
the photogrammetric and scanning laser techniques were successfully exploited to construct structural
models that allowed an assessment of the structural safety of bridges. In these works, the detailed
geometric models generated with the geomatic technologies were adapted for integration in different
methods and calculation theories of these structures, from both 2D and 3D perspectives. Following
this, thanks to the development of the scanning technique for mobile technology, vehicles integrating
several synchronized geomatic sensors were built up for the documentation and assessment of
road infrastructures.

Within a strategy aimed at automation during the management and maintenance tasks involved in
road infrastructures, the development of new instruments for advanced inventorying/inspection that
will allow the necessary information to be gathered from the efficient management of road
infrastructures is considered to be crucial. The challenge addressed here consisted in the use of new
vehicles with automated sensor systems for the acquisition of large volumes of geolocalized data that
were later digitalized in situ (laser scanner, georadar, thermography, RGB cameras, profilometry, efc.).
The development of an integrated management platform that offers a further step forwards as regards
the objectivity and quality of the results of the inspection provides a noteworthy improvement in the
productivity of all of the associated tasks and an improvement in the safety conditions of operators.

To exploit the whole volume of data, an integrated management platform was developed. Supported
by a 3D GIS, this permitted the management of the geometric inventorying and inspection tasks of
linear structures according to State norms concerning roads. This management platform allows
operators to get into a virtual reality environment to complete all of the inspection tasks.

The present work shows that geomatic methods can not only contribute to documenting structures,
but also that they are steadily becoming the basic sensors for the exploration, management and
efficient maintenance of roads and their associated infrastructures.
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Analisis Estructural de Infraestructuras a partir de
la Hibridacion de Sensores Geomaticos

3.2 The Integration of Geotechnologies in the Evaluation of a
Wine Cellar Structure through the Finite Element Method

RESUMEN

Esta publicacion desarrolla una metodologia basada en la integracion de técnicas
geomaticas no invasivas, como el TLS y el GPR, con el anélisis numérico mediante el
método de elementos finitos. El objetivo final es generar modelos precisos de
simulacion numérica que permitan evaluar estructuralmente una edificacion
subterranea. Para validar esta metodologia se ha empleado como caso de estudio la
Bodega del Ayuntamiento de Toro (Espafia), donde este tipo de construcciones
juegan un papel importante, econémica y culturalmente, en la industria viticola de la

region.

La falta de informacion historica, el desconocimiento de la geometria inicial y de las
caracteristicas fisicas de los materiales, motivan el desarrollo de un método de trabajo
que aproveche las sinergias obtenidas de la hibridacion del TLS y el GPR. Asi los
datos obtenidos del estudio con el TLS proporcionan informacion detallada, en forma
de una nube de puntos, que contiene la geometria externa de la bodega. Tras un
procesamiento de la informacion se concibe un modelo geométrico en 3D y en
formato CAD.

Por su parte los perfiles obtenidos de la prospeccion geofisica con el GPR identifican
las caracteristicas fisicas de los elementos constituyentes. Esta informacion es
georreferenciada con el modelo geométrico obtenido con el TLS, consiguiendo una
caracterizacion detallada de la geometria externa e interna de la bodega.

El modelo geométrico CAD, resultante del procesamiento de las nubes de puntos
provenientes del TLS, es implementado de manera semiautomatica para su
simulacion estructural mediante un modelo continuo por elementos finitos. A partir
de la teoria de los estados limites se analizan las tensiones y deformaciones a las que
estd sometida la bodega, identificando zonas criticas de la estructura como esfuerzos

de traccion excesiva y patrones de agrietamiento.
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Como resultado de la actividad investigadora desarrollada, es posible concluir, que la
hibridacion de técnicas geomaticas no invasivas, TLS y GPR, junto con la simulacion
por elementos finitos, permite disponer de manera rapida y eficaz de modelos
numéricos capaces de evaluar estructuralmente el estado actual de una construccion
subterranea. Esto posibilita determinar los valores limite de carga, y servir de
herramienta de decision en la planificacion de acciones de rehabilitacion y

mantenimiento de la arquitectura patrimonial.
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Abstract: This paper presents a multidisciplinary methodology to evaluate an underground
wine cellar structure using non-invasive techniques. In particular, a historical subterranean
wine cellar that presents a complex structure and whose physical properties are unknown is
recorded and analyzed using geomatics and geophysics synergies. To this end, an approach
that integrates terrestrial laser scanning and ground penetrating radar is used to properly
define a finite element-based structural model, which is then used as a decision tool to plan
architectural restoration actions. The combination of both techniques implies the registration
of external and internal information that eases the construction of structural models.
Structural simulation for both stresses and deformations through FEM allowed identifying
critical structural elements under great stress or excessive deformations. In this investigation,
the ultimate limit state of cracking was considered to determine allowable loads due to the
brittle nature of the material. This allowed us to set limit values of loading on the cellar
structure in order to minimize possible damage.

Keywords: masonry structure; terrestrial laser scanning; ground penetrating radar; sensor
registration; finite element method
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1. Introduction

In Castilla-Leon region, wine cellars constitute a patrimonial legacy of singular value. The types of
materials and forms of construction are very diverse. In addition, the wine industry plays an important
role in the agricultural economy in this region. It is a sophisticated industry, which provides a high
added value, but deeply rooted in socio-cultural customs and traditions. This strong combination
between modern and traditional systems has made the wine industry the main key for economic
development in these areas. Through regulatory policies, the traditional production and marketing
systems related to wine have been improved, providing also added value on all heritage elements
related to wine.

In this paper, we focus on the study case of “Toro’s Council” wine cellar due to its complex
geometry, unknown materials, internal structure analysis and, last, but not least, its heritage restoration.
The underground structure is located in the municipality of Toro (Zamora) in the west of Spain
(Figure 1a). This wine cellar was built centuries ago as a part of a noble building of great historical and
architectural value; today, it forms part of the underground of the Town Hall of Toro (Figure 1b). Over
the years, this historic building has suffered decay, invasion of vegetation in walls, paths and even
major changes as a result of urban development. At present, policies to promote the wine regions are
clearly committed to architectural restoration and rehabilitation of this wine cellar. Thereby, they
recover their importance by fitting to more modern uses, becoming elements that reinforce the cultural
identity. However, given the underground features of this wine cellar, it has been necessary to integrate
different sensors, such as terrestrial laser scanner (TLS) and non-invasive ground penetrating radar
(GPR), in order to perform thorough research.

Figure 1. (a) Location of the wine cellar: Toro, Zamora, Spain; (b) top view and location

of the “Toro’s Council” wine cellar.

50



Remote Sens. 2014, 6 11109

The conjunctions of TLS and GPR provide us a whole metric 3D structure of the external and
internal areas inside the wine cellars. In particular, GPR geophysical methods enable the identification
of the size, shape and direction of inaccessible areas, such as walled, hidden areas or areas where there
have been landslides. Multidisciplinary approaches have been applied for the documentation of historic
structures, as is the case of: [1], who applied GPR and photogrammetric techniques to document
megalithic tombs; and [2,3], who applied digital photogrammetry and GPR, to evaluate structural
damages and possible failures of a mediaeval bridge. Recently a combination of GPR and electrical
resistivity tomography (ERT) techniques has been applied to reveal hidden archaeological structures in
a mausoleum [4] and in the Acropolis to reveal a bronze foundry complex [5]. On the other hand, in
the context of geology and not for archaeological and heritage documentation, [6] used a combination
of geomatics and geophysical methodologies for geomorphology characterization of a small
mountainous catchment in Scotland. Specifically, they used a TLS (Riegl LPM-i800HA) to create a
detailed digital terrain model (DTM) and the Differential Global Positioning System (DGPS) to
complement the other geophysical techniques. In a similar way, [7] used TLS data in combination with
GPR and ERT to evaluate the stability of cliff sites; more recently, [8] employed a multidisciplinary
approach based on GPR, ERT and TLS to investigate the responses of slope stability due to climatic
changes in high alpine rock walls.

In this paper, we perform a detailed characterization of the geometry and internal material for the
structural evaluation of an underground wine cellar. The approach developed copes with the external
geometry applying TLS equipment and with the internal structure using GPR data. Finally, a structural
evaluation of the wine cellar based on the previous data and supported by the finite element method
(FEM) is applied. The paper is structured as follows: after this introduction, Section 2 describes the
sensors used, as well as the methodology developed, putting special emphasis on the pass from the
laser point cloud to the computer-aided design (CAD) model, as well as its structural analysis.
Section 3 outlines the experimental results, including a technical discussion. A final section is devoted
to put across the main concluding remarks.

2. Materials and Methods

When performing a structural modelling of any structure, several models must be considered. First,
a conceptual model that represents the physical reality of the structure has to be defined by means of
its geometrical description and boundary conditions. Then, a mathematical model that describes the
behavior of the structure has to be established. The mathematical or structural model basically refers to
the relationships between the variables and parameters that describe the physical model, the
constitutive law of materials and the basic theories that model the structural behavior. In this article,
the reconstruction of the physical model is assisted by geomatic methods, such as TLS and GPR. Then,
the structural modelling was performed following the basis of the classical plate theory by using FEM.

2.1. Geometric Reconstruction

A geomatic survey was conducted in order to generate a 3D model accurately describing the
structure of the wine cellar. For that purpose, TLS and GPR techniques were integrated.

51



Remote Sens. 2014, 6 11110

2.1.1. Terrestrial Laser Scanner for External Geometry

A time-of-flight (ToF) TLS, Trimble GX, was used for recording external geometry (Figure 2a).
This scanner covers a field of view of 360° in the horizontal direction and 60° in the vertical direction,
enabling the collection of full panoramic views. The distance measurement is obtained with a nominal
accuracy of 2 mm at a 10-m range using a wave length of 532 nm. The vertical angular step-width is
0.0014°, and the horizontal one 0.0012°. The diameter of the laser spot is 1 mm at 10 m. The system is
able to measure 5000 points per second. The scanner incorporates a dual axis compensator, so the
vertical Z-direction is perfectly defined during data acquisition.

Because of the vertical direction limitation, four scanner stations with a resolution of 1 cm at 10 m
were required to enclose the whole area. The resulting point cloud (about 4 million) not only generated
three-dimensional coordinates (XYZ) of points, but also their intensity values (I) processed using 8-bit
electronics. Likewise, all of the profiles defined in the geophysical prospection were identified with
artificial targets and georeferenced with the TLS in order to reach valid conclusions. In particular, as
we seek to integrate the underground geometry (GPR) of the wine cellar with the results of TLS
survey, it was necessary to define a network of control points defined by planar targets performing as a
local reference coordinate system. The definition of the reference system is a key factor enabling the
results of different methodologies (TLS and GPR) to be merged and compared.

This operation requires the location of these targets along the profiles defined for the GPR
measurements, as well as several targets placed in other vertical walls and their own floor for aligning
the four scanner stations that enclose the whole external geometry.

2.1.2. Ground Penetrating Radar for Internal Structure

A GPR equipment, RIS MF HI-MOD 200-600 MHz (Figure 2b), was used in order to provide
information about the internal structure and materials of the cellar, achieving greater efficiency in
occluded areas. This equipment was chosen due to its favorable compromise between spatial resolution
and depth of detection. This antenna provides 6 m in-depth penetration (under optimum conditions)
and a vertical resolution of 5 cm, which indicates the differentiation of two adjacent signals, like
different events [9].

Data were acquired with trace intervals of 2 cm and time windows of 100 ns. A total of 4 parallel
profiles were surveyed with a distance between profiles of 1 m. Since there was not too much
information available about the modification works done in the wine cellar over time, the walls
selected were those that at first sight appeared to be built later than the original wine cellar
construction, a feature that could indicate the continuity of the wine cellar behind the wall. The
workflow followed in the definition of the profiles tries to solve two mains problems: (i) tracing
profiles with enough length to distinguish the reflections correctly, so that vertical profiles were
surveyed; (i) providing the best interpretation of the profiles based on the TLS georeferencing.

On the other hand, two additional profiles were surveyed and considered as a reference. These
reference profiles consist of registering data (TLS and GPR) at locations in which the composition of
what exists underground was previously known. The in situ procedure consisted of using the walls
whose faces are visible following the procedure presented in [10]. The external geometric model was
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achieved using the TLS, whereas the morphologic composition of the wall was deducted from the
visible walls. Then, a georeferenced grid (at both of the wall faces), using flat reflective targets,
marked the path of the antennas during the calibration, and so, this combined information assisted the
calibration model and, thus, the registration of TLS and GPR under the same coordinate system. In this
way, a first reference profile was surveyed in a wall with a known hole behind; a second reference
profile was surveyed in a wall where the composition of material behind was known (conglomerate in
a reddish brown clay matrix, corresponding to “Toro’s Red Facies”).

Figure 2. (a) Terrestrial laser scanner used for the recording of the external geometry,
Trimble GX; (b) ground penetrating radar equipment, RIS MF HI-MOD 200-600 MHz.
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2.1.3. Data Processing

Geometric data processing was performed following four steps:

- Cleaning and segmentation of point clouds. Data preprocessing may also include manual or
automated filtering to remove undesired data, such as reflections, noise or sensor artifacts.

- Alignment. The point clouds from each scan are initially represented in the scanner's local
coordinate frame. All of the data need to be aligned in a common coordinate system through a process
known as alignment. An automated registration method, iterative closest point (ICP) [11], was applied,
supported by the identification of matching points.

- Generating a CAD model. Since the FEM model does not cope with dense laser 3D models, an
important step that allows us to pass from 3D point clouds to a solid model was performed. In this
case, once the point cloud was converted into a triangulated mesh, cross-sections were extracted, and
surface extrusions were performed as follows: first, horizontal and vertical cross-sections were
obtained from the mesh in order to represent the basic geometry of the wine cellar. Then, the 3D solid
of the wine cellar was modelled by extruding the horizontal cross-section vertically, based on the
constraints of the vertical cross-sections.

- Before interpretation of the internal structure, GPR processing filters (low-pass and high-pass
filters) were employed in order to reduce any unwanted noise in the raw data. This allowed enhancing
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the differences in the information composed of the signals received, and an image of the subsurface
(radargram) was produced, including all of the features and/or targets of interest. Consequently, GPR
data interpretation could be performed easier. Each radargram was processed by Spiview software by
applying the following processing workflow: deconvolution (to improve resolution and avoid multiple
reflections); Hilbert’s transformation (to obtain some properties of the traversed matter); migration (to
provide the true geological position), spectral transformation (to improve resolution and amplify
certain signals) and spatial filtering (fast Fourier transform was applied to decrease the effects
of noise).

As a result of this process, a final cartographic map in 3D space containing both surface evidence
provided by TLS and the GPR interpretation was obtained. In particular, the metric information
obtained allowed calibrating radar wave velocities accurately in different zones of the structure, as
shown in Section 2.1.2. Knowledge of the most appropriate radar wave velocity allowed for a more
exhaustive interpretation of the GPR data. All of the TLS and GPR data processed were used to build a
3D finite element model of the wine cellar.

2.2. Structural Modeling

As stated above, the geometric model was built to support the structural analysis. Having a detailed
geometric reconstruction of the cellar may allow one to perform a realistic structural evaluation of the
built up construction. The simulation of the structural behavior was done following the mathematical
principles of classical plates theories.

The Mindlin-Reissner theory of plates [12,13] is an extension of the Kirchhoff-Love plate theory
that takes into account shear deformations through the thickness of a plate. These theories are intended
for thick plates in which the normal to mid-surface remains straight, but not necessarily perpendicular
to the mid-surface. The Mindlin-Reissner theory is used to calculate the deformations and stresses in a
plate whose thickness is of the order of a tenth the planar dimensions, while the Kirchhoff-Love theory
is applicable to thinner plates.

2.2.1. Materials

Modelling the material properties of a historical masonry structure is quite challenging, particularly
in the absence of field and laboratory tests. The construction material of the winery is limestone, and
according to [2,14,15], a linear and isotropic elastic behavior is assumed. The main mechanical
properties of limestone are defined according to [11], the specific weight (y) being 27 kN/m?’, the
compressive strength established as 4 x 10* kN/m?, the tensile strength taken as a tenth of the
compressive strength, the Young’s modulus of elasticity (E) with a value of 3.2 x 10° kN/m? and a
value of 0.2 for the Poisson’s coefficient (U) taken according to [16].

2.2.2. Boundary Conditions

Due to the peculiarity of the construction (i.e., a wine cellar), only constraints on the soil are
defined, which restrict the movements in the two horizontal directions and in the vertical. These
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constraints are modeled by linear elastic supports, with an elastic coefficient, calculated on the basis of
a ballast coefficient that represents the interaction soil-winery.

More specifically, these supports are modeled through the area elements of the ground of the winery
with a ballast coefficient estimated as 5 x 10° kN/m® in the vertical direction according to [17,18]. This
is a high value because of being a consolidated soil for years. A ballast coefficient in both horizontal
directions was used to compensate for the asymmetry of loads. The ballast coefficient for horizontal
loads was equivalent to a tenth of the vertical one. Figure 3 shows the floor model of the wine cellar
with the boundary conditions imposed at one of the shell elements; the same boundary conditions are
applied to the rest of shell elements.

Figure 3. Boundary conditions at the floor of the wine cellar.
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2.2.3. The Computational Model

Once the conceptual model was created, it was exported to the Drawing Exchange Format (DXF),
which allowed the importation of the 3D model into the software for structural analysis. The software
SAP 2000 was used to perform the structural computations [19].

For the structure under study, the FEM was defined using a planar shell model whose elements are
defined by 4 nodes with 6 degrees of freedom each (shell-thick type), which take into account the
contribution of the shear stiffness of the plate, according to the theory of plates in [12,13]. As a result,
a model consisted of 8087 nodes and 8122 elements.

Planar elements instead of volumetric ones were selected due to the constant thickness of cellar
walls. This simplification allowed carrying out calculations with a better computational performance,
preserving the accuracy of the structural model. The averaged thickness of walls was found to be 0.4 m
in the elevation walls of the cellar and 0.4 m for the upper walls, corresponding to the barrels.

It is important to note that two large categories of computational models exists: discontinuum
models and continuum models. In a discrete or discontinuum model formulation, the structure is
divided into large discrete deformable parts connected with interfaces [20]. A unilateral law, possibly

55



Remote Sens. 2014, 6 11114

with friction, describes the behavior of the contact surface in each interface, while the discrete
elements are assumed to behave elastically. When modelling a masonry structure, building discrete
models seems to be a more realistic approach for the representation of the mechanical behavior of the
structure. Nevertheless, this approach is computationally very costly, first, due to the geometric
description of all of their masonry blocks and also interfaces, and second, due to the requirement of
difficult numerical methods [21].

In continuum model approaches, the walls are assumed to be composed of a single material whose
mechanical behavior is described by a non-linear constitutive law [22] or the different mechanical
behavior between stone and mortar and the anisotropy induced by them are taken into account on the
basis of a homogenization theory [23]. For the computational modelling of the wine cellar presented
here, a continuum model was used. In particular, a 3D FEM based on the overall geometry taken from
TLS was considered, whereas the GPR survey gave important general information about the internal
composition of the wine cellar walls. As a result, on site measurements could be applied to make the
computer simulation more reliable.

The purpose of the structural modelling was to detect critical zones in the structure and compare
these zones with both geomatic results and visual inspection. Cracking is one of the main failure
problems of masonry structures. It is assumed that cracking happens when stress reaches a critical
failure surface.

2.2.4. Loading Conditions

Different actions were taken into account for the structural simulation:

- Dead load (DL): defined by the specific weight and the volume of the structural elements of the
wine cellar according to the geomatic results.

- The permanent load of the ground (PLg ground) is one of the most important loads over the wine
cellar and represents the thrust caused by soil on the walls and vaults. The maximum thrust on walls
has been calculated using the Rankine theory [24], considering active thrust, since it is assumed that
the displacement of walls is subtle. The soil thrust on the walls defining the envelope of the building is
considered to be a trapezoidal load. The wine cellar comprises 8 walls with different geometry and
upper bounds, so that there are different values of thrust on each wall. As an example, Figure 4 shows
the value of soil thrust on two walls of the wine cellar.

The soil thrust on the vault required a different calculation: due to the curved shape of the vault, the
soil thrust would result in a hardly-measurable inclined load. This was therefore modelled through
finite elements; the vault and the soil above were independently modelled in order to obtain an
estimation of the soil loading over the vault as realistic as possible.

- The data considered for the soil were: specific weight of 18 kN/m?, modulus of elasticity (E) of
8 x 10* kN/m? and an internal angle of friction of 30°, according to [18]. Historic documents relate that
the height of soil over the vault is 19 m. The model of the vault and the soil consists of a 1 m-thick flat
model (Figure 5a). The vault was modeled through 30 discrete bar-type elements, with a length of
25 cm each and a cross-section defined by a thickness of 40 cm and a width of 10 cm.
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Figure 4. Values of soil thrust on two walls of the wine cellar.
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This model provided a value for the thrust caused by soil and the permanent load of the building

(PLb building) at each element of 5 kN/m?[25]. Figure 5 shows forces acting for two of the elements;

the others were obtained analogously.

Figure 5. (a) Ground-vault model; (b) ground-vault mesh detail; (¢) vertical and horizontal

thrust (due to weight soil and the permanent load of the building above the wine cellar)

over two vault elements.

a) b)

Vertical load
64.36 kN/m?

Horizontal load
2.11 kN/m?

Lo

- Live loads (LL) are those loads due to the presence of people inside the cellar and the building;

values were taken from [25]. This load includes a service overload of 3 kN/m? in the upper building

(Sh Building use) and a service overload of 4 kN/m? in the cellar (Sc Cellar use). Following the same
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procedure explained above, the new live loads on the vault of the cellar were estimated. The service
load of 4 kN/m? was introduced as a uniformly distributed load (Figure 6)

Figure 6. Service load of 4 kN/m? on the floor of the wine cellar.
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Load 4 kN/m?

I \Z

0 1
meters Y\VX

The limit states are states beyond which the structure no longer satisfies the design performance
requirements; these are classified as ultimate limit state and serviceability limit state. The ultimate
limit state (ULS) [26] concerns the safety of people and/or the safety of the structure and is the state
associated with structural collapse or other similar structural failures, such as excessive deformation,
transformation of the structure or any part of it into a mechanism, rupture (cracking) and loss of
stability of the structure or any part of it, including supports and foundations. The serviceability limit
state (SLS) [26] concerns the functioning of the structure or structural members under normal use and
the comfort of people. Both limit states will be analyzed for the wine cellar. There are two live loads
applied to different areas; therefore, two loading combinations will be calculated for each of these
states with different safety coefficients. The combinations of loads and coefficients were estimated
according to [26]. Table 1 details the load combinations and the applied coefficients for each limit state
and the type of load.

Table 1. Load combinations and applied coefficients according to the limit state and the
type of load. SLS, serviceability limit state; ULS, ultimate limit state.

Limit State Load-Coefficient Type
DL Sh Sc PLb PLg
SLS1 1 0.7 1 1 1
SLS2 1 1 0.7 1 1
ULSI 1.35 1.5 1.05 1.5 1.35
ULS2 1.35 1.05 1.5 1.5 1.35

3. Experimental Results and Discussion

The described method has been tested for one of the most representative cellars of the region of
Toro, Zamora (Spain): The Town-Hall Cellar. The construction of the cellar of the Town-Hall of Toro
took place in 1778 according to the headstones that lie next to the main entrance door. The famous
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royal architect Ventura Rodriguez signed the project, and the construction was carried out by the
notorious local architect, Mr. Francisco Diez Pinilla. The cellar is buried 19 m deep compared to the
entrance level of the town hall. The cellar is divided in two areas; the first one has a rectangular shape
5-m long and 3-m wide, surrounded by 2.5 m-high walls and covered by a vault with a 3-m span. The
second area has a 3 m-wide squared plan covered by a barrel vault whose walls are located at different
heights: 5 m and 2.5 m respectively. The materials used for the construction were rectangular
limestone blocks (40-cm wide and 25-cm high), all joined with mortar.

The different results obtained in each phase of the present methodology are described in the
following paragraphs.

3.1. Geometric Model

The external and internal geometry of the wine cellar was acquired from a combination of TLS and
GPR [27], respectively. More precisely, it was necessary to scan at four laser stations. Each scan
provides a horizontal coverage of 360° acquiring a point cloud with an average of 1-cm resolution at
10 m and using two single shots per point. The data collection settings ensured more than 50% overlap
between clouds of points, guarantying the best alignment. In this way, we obtained a total of
approximately eight million raw points in XYZ coordinates for the geometric definition of the interior
of the wine cellars. Regarding the internal geometry, four profiles were defined with enough length to
distinguish the reflections correctly. The standard procedure is performing horizontal profiles (in a
plane orthogonal to the plumb line). However, with walls of reduced width, it was necessary to acquire
vertical profiles. In addition, radar profiles were geo-referenced based on geometric data collected by
TLS, which constituted a significant advantage towards the success of profile interpretation (Figure 7).

Figure 7. 3D laser model with the GPR profiles georeferenced.
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As a result of the processing and registration of TLS and GPR, a final geometric 3D model with
internal (GPR) and external (TLS) properties was obtained. This 3D geometric model is a CAD
product, which will be considered in the structural analysis.
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3.2. Structural Analysis
3.2.1. Finite Element Model

The format and volume of the geometric data acquired by a laser scanner present important
limitations in order to be converted to a finite element model of the construction. For this reason, a
semi-automatic process has been carried out with the commercial software, Geomagic, which allowed
the laser point cloud to be converted into a solid CAD model. Once the solid geometric model was
defined, the structure of the wine cellar could be evaluated through finite element modeling (FEM).
SAP2000 software [19] was used to perform the structural evaluation.

The structural analysis was focused in the zone of the wine cellar shown in Figure 8a, which
presents the 3D model of the whole cellar. The reason for choosing this part of the winery was
motivated by the results found in the GPR campaign, which showed important information about the
internal composition of the walls. In this zone, the interpretation showed the existence of materials of
low compactness and high porosity, as well as the presence of air voids (red color) behind some of the
wine cellar walls (Figure 8b). Figure 9 shows the FEM model of the cellar from laser data.

Figure 8. (a) 3D surface model of the wine cellar and the area of study selected for
performing the structural evaluation (top view); (b) radargrams that show the presence of
air voids and porous materials.
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Figure 9. Generation of the FEM model of the cellar from laser data.
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3.2.2. Results and Discussion of the Structural Analysis

The first part of the analysis examines the principal compressive and tensile stresses in the model
as [2,15,28,29] for the purpose of comparing them with the tensile and compression fracture stress of
limestone. Even though other authors have developed methodologies for the analysis of masonry
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vaults based on the collapse mechanism [30], the work performed in the wine cellar does not evaluate
such procedures.

Due to the existence of two ultimate limit states, the following shows the principal stresses of the
inner-face of the cellar of both states, taking the thickness of elevation and upper walls as the averaged
value (0.4 m) provided by the GPR (Figure 10).

Figure 10. (a) Maximum principal stresses (kN/m?) in ULSI (with averaged thickness
values); (b) maximum principal stresses (kN/m?) in ULS2 (with averaged thickness values).
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It can be appreciated that the principal tensile and compressive stresses are slightly higher in the
ULS1 (Figure 10a) than in the ULS2 (Figure 10b). In the ULS1, higher compressive stresses occur in
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the vault with values of 2 x 10° kN/m?, which do not exceed the compressive strength of limestone,
which is 4 x 10* kN/m? (obtained in Section 2.2.1). Consequently, it can be assumed that cracking in
the vault will not occur. On the other hand, the highest values of tensile stresses would be found at the
walls of the wine cellar due to the tensile stresses that the bending moments would cause on the walls
of the cellar, provoked by soil pressure. Figure 1la shows a small area where values near
4000 kN/m?can be found. These values would mean that the tensile fracture point of the limestone has
been exceeded. It is expected that the masonry might crack in that area, so a visual inspection of the
site was conducted checking for the cracking of masonry in that area. The region of maximum tensile
stresses is confined in a very specific area in the cellar, but after the visual inspection, a pattern of
fissures in the walls could not be observed. Only an isolated masonry block presented a vertical fissure
(Figure 11b).

Figure 11. (a) Area of the wall with tensile stresses (kN/m?) exceeding the tensile breaking
point of limestone and the output table of calculation results; (b) photograph of the cracked
masonry inside the cellar.
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Since the tensile breaking point of limestone in both ULSs is only exceeded in a very small area, it is
not necessary to limit its loads; the fissuration of a single piece of masonry does not endanger the
stability and structural safety of the entire cellar. Although the initial load hypotheses are assumed to be
correct, these loads should be established as the maximum allowed, since the increase of loading could
produce the breaking of the wall and, thus, affect the stability and structural safety of the wine cellar. In
this case, a new structural analysis would be required, taking into account the new loading conditions.

3.3. Validation of Results

Considering the averaged thickness values (0.4 m) provided by the GPR and its standard deviation
(2 cm), a sensibility analysis has been performed with the aim of assessing the variation of principal
tensile according with the thickness. To this end, the maximum principal tensile for the elevation wall
subjected to the major stresses, taking a thickness of 0.38 m and 0.42 m, were obtained. Figure 12
outlines the principal tensile for the different wall thickness according to ULS2.

Figure 12. (a) Maximum principal tensile (kN/m?) for the elevation wall with a thickness
of 0.38 m; (b) maximum principal tensile (kN/m?) for the elevation wall with a thickness

of 0.42 m.
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The results obtained show that the maximum principal tensile for the 0.38-m elevation wall is
slightly higher (1%) than that obtained for the averaged thickness (0.40 m). Analogously, a slight
decrease is observed when the thickness of the elevation wall is 0.42 m. Anyway, the variations of
tensile strength are insignificant due to the reduced standard deviations of the GPR, which confirms
that the averaged thickness values considered for the walls are suitable for the structural
analysis performed.

The second part of the analysis is a study of the deformations [15,29] in order to identify areas of
excessive deformations that could jeopardize the functionality of the building. Figure 13 shows the
greatest deformations along the Y-axis of the SLS/ model. The deformations are in the order of
millimeters, the highest value being 3.36 mm. It is observed that these are small values, and this is
largely due to the underground confinement of the cellar, which prevents large deformations and does
not put at risk its functionality.

Figure 13. The deformation of the cellar (x200) along the Y-axis of the global model and
in the SLS7 model.
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4. Conclusions

In recent years, the perception of the role of multidisciplinary science and technology by the
stakeholders of the conservation and restoration of historical buildings has changed. In all major fields,
geomatic methods and techniques are now seen as central for the study and diagnosis of this type of
historical construction.

This paper presents a methodology to evaluate the structural condition of traditional constructions
using non-destructive technologies to collect both the external geometry and inner characteristics of
the structure. While the terrestrial laser scanner provided only the visible surroundings of the structure
with a precision of +1cm, the ground penetration radar provided a more complete geometry for the
construction, focusing on the inner structure. GPR provided information about the internal composition
of constructive elements, providing the thickness of walls with averaged errors of +2 cm. Furthermore,
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it helped to discard the bulging of the structural walls, collapses and material shortages. The geometric
model built using this integral approach allowed for building a more realistic finite element model of
the cellar.

Structural simulation for both stresses and deformations through FEM allowed for identifying
critical structural elements subjected to excessive tensile stress (4496 kN/m?). The tensile state allows
us to discover a small area of the wall where the tensile stresses of limestone are overpassed (without
endangering the stability and structural safety of the entire cellar. Nevertheless, this situation requires
establishing the maximum loading state allowed, so that an increase in loading conditions would
require a new structural analysis. The deformations obtained are in the order of millimeters (with a
maximum value of 3.36 mm in the Y transversal direction of the main structure), so the functionality
of the wine cellar is not under suspicion.

A sensibility analysis was performed in order to quantify the validity of GPR precision to carry out
structural analysis. The differences in wall thickness caused by the precision of GPR (+2%) reflected
that the tensile stress varies less than +1%. As a result, GPR can be accepted as accurate enough for the
subsequent structural analysis of the wine cellar.

Among its limitations, the lack of further mechanical information about the properties of the
materials, both soil and masonry, is remarkable. Furthermore, the methodology presented here does not
account for the soil-structure interaction, so these effects must be evaluated in the future, in order to
increase the accuracy of the structural simulation of the wine cellar.

Finally, through this multidisciplinary study, an accurate, reliable and non-destructive diagnosis of
the current state of the cellar could be obtained: from its apparent health based on the external
geometry to the stress and possible failure based on its internal structure. Therefore, a complete
compilation of all of the useful information about the wine cellar is presented through this study.
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3.3 Geometrical Issues on the Structural Analysis of Transmission
Electricity Towers Thanks to Laser Scanning Technology and
Finite Element Method

RESUMEN

Este articulo presenta un enfoque multidisciplinar para la ingenieria inversa y el
analisis estructural en complejas estructuras metalicas de las que no existen planos de
detalle de su construccion. El método se ha aplicado en tres tipos diferentes de torres
en celosia, ubicadas en la provincia de Guadalajara (Espafia) y disenadas para
soportar los cables de transmision de electricidad de lineas de alta tension.

La tecnologia geomatica basada en el TLS es aplicada en las torres para obtener
modelos geométricos tridimensionales de alta precision, que reproducen de forma
fiable la realidad geométrica de las torres. Con ello, se determinan las dimensiones de
los elementos constituyentes y se detectan imperfecciones geométricas, defectos de
montaje y particularidades en el ensamblaje de los perfiles metalicos. Esta realidad se
materializa en diferentes modelizaciones que consideren la geométrica real actual (as

built) y el disefio original.

Tras un procesamiento de la informaciéon obtenida con el TLS, los modelos
geométricos son exportados en formato CAD y tratados de manera semiautomatica
para un analisis numérico por elementos finitos. Se realizan diversas simulaciones de
las torres, en régimen elastico y lineal, teniendo en cuenta sus singularidades
geométricas, asi como la rigidez de los nodos de unién de los perfiles y las hipotesis
de carga establecidas segin la normativa vigente. El propodsito final cuantificara el
grado de afeccion de la geometria sobre el comportamiento estructural de las torres.

Los resultados obtenidos en la investigacion corroboran al TLS como la técnica
geomatica idonea para la modelizacion geométrica de este tipo de estructuras, debido
al alto grado de detalle geométrico obtenido y a la seguridad en la toma de datos,
dado su caracter remoto. Esta técnica sienta la base del analisis numérico por
elementos finitos, que arroja conclusiones significativas sobre la incidencia que la

geometria tiene en el estado tensional y de deformaciones de las torres.
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Abstract: This paper presents a multidisciplinary approach to reverse engineering and
structural analysis of electricity transmission tower structures through the combination of
laser scanning systems and finite element methodology. The use of laser scanning
technology allows the development of both drawings and highly accurate three-dimensional
geometric models that reliably reproduce geometric reality of towers structures, detecting
imperfections, and particularities of their assembly. Due to this, it is possible to analyze
and quantify the effect of these imperfections in their structural behavior, taking into
account the actual geometry obtained, different structural models, and load hypotheses
proposed. The method has been applied in three different types of metal electricity
transmission towers with high voltage lines located in Guadalajara (Spain) in order to
analyze its structural viability to accommodate future increased loads with respect that
which are currently subjected.
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1. Introduction

Traditionally, building high-voltage power lines has had few obstacles during their construction
phase. Currently, this type of infrastructure is facing a number of setbacks: it has a considerable impact
on the environment, on economic activities, and on the expansion of cities, besides its economic cost,
including inspections and maintenance. All of these problems have led the companies that use and
maintain this infrastructure to consider making the best use possible of the existing lines before placing
new lines. Old lines were designed according to the standards of the time in which they were built and
they were designed to bear a certain load. In many cases, these towers were designed over forty years
ago, so the increased loads that will be placed on them will be far greater than the one for which they
were designed. In addition to this fact, the design and execution data of the towers has, in most cases,
disappeared, and in other cases, building regulations did not even exist at the time. Due to this,
addressing the re-use of existing power lines requires a geometric and structural analysis of the towers to
assess their current state.

Formerly, the towers’ dimensional analysis was performed through expeditious and manual methods
(through the use of a gauge and a measuring tape) that required direct contact with the structure and,
therefore, meant high risks and high costs. Afterwards, in search of a remote non-invasive measuring
method, classic topographic measuring allowed thorough, notably intense, field work taking angular
measurements and determining singular points indirectly through angular intersections. More recently, the
existence of reflectorless electromagnetic surveying equipment has allowed direct measurement of
distances and angles from a single point, making field work easier and more efficient, although it solely
focuses on extracting unique and specific measurements determined by the topographer [1]. This has meant
great uncertainty upon the elements of the tower, since the data was only taken at the point where the
measurement is performed. In order to have the full representation of the geometry of the structure, in the
last years laser scanning has presented as an interesting solution [2,3,4,5], due to the fact that they
generate dense real-time point-clouds of the tower’s geometry from a distance [6]. However, one of the
major limitations of these terrestrial geotechnologies is the overall height of the tower, impossible to
cover completely from the ground, which has led to the use of robotic unmanned aerial systems that
take aerial images and, through photogrammetric procedures, obtain dense three-dimensional models
of this type of infrastructure [7].

As for structural assessment, this kind of structure has been analyzed from different points of view
as presented in the literature: the effects of loading in the stability of the tower [8—11]; the effects of
the stiffness of connections [12—14]; and causes of failure [15-17]. No previous work was performed
in order to evaluate the effect of geometric imperfections such as misalignments of structural members
at joints or assembly imperfections.
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Therefore, in view of what is mentioned above, this paper presents a non-destructive

multidisciplinary approach that is articulated in two stages and that analyzes geometrically and

structurally electricity transmission tower structures:

1.

The first stage will address a detailed geometric description of the structure (reverse engineering)
using a terrestrial laser scanner system, performing an “as built” model that provides information
on the structure’s most relevant data, such as geometry, type, and dimensions of the metallic
profiles and their assembly drawings.

Secondly, and taking the geometric model obtained by the laser system as a starting point, three
different structural finite element models will be developed: one model will have an ideal
geometry considering the nodes of the transmission tower to be pinned, supposing that this
model was the one that was used in the original design of the towers. A second model will be
developed with the ideal geometry of the previous model, but considering certain continuous
elements of the transmission tower to be rigidly connected at both ends. The third model will use
the real geometry obtained from the laser scanner (taking into account all possible initial
imperfections as, for example, misaligned structural members at joints) and will also consider the
stiffness behavior of the continuous elements of the tower. For its analysis the current Spanish
standard for the design of such towers will be taken into account [18]. The analysis will be
carried out in a linear elastic regime with the software SAP2000 [19] to obtain data of the
displacements and stresses in transmission tower members for each load case established by the
current codes. It is expected to obtain conclusions about the performance of these different
structural approaches and, therefore, conclude which is the most appropriate modeling strategy
in structural assessment procedures when an increase in loads to accommodate new services
is demanded.

The paper is outlined as follows: after the introduction, in Section 2, the characteristics of the

towers’ considered structural models are described. Section 3 details: the equipment used, the

production of the geometric models through computer aided design (CAD) software, and the data used

in structural analysis. In section 4 the results are analyzed and end with the reached conclusions.

2. Structural Modeling of Truss Structures

A transmission tower could be considered as a three dimensional truss structure [20], which is

comprised of a reticular structure formed by discrete elements (bar or rods), joined together at their

ends by means of connections without friction and designed to withstand the external forces by means

of axial internal forces in their members. The idealized structural model used for the study of this kind

of structure is usually based on the following assumptions [21,22]:

1.

Individual elements or rods are joined together at their ends by means of connections with no
friction, which means the nodes transmit forces but do not transmit moments.

The centroidal axis of each member is straight and matches the line that joins each end of
the member. The axis of all of the members that end in the same node is cut at a single
point; otherwise moments will appear in these members so that the node could be at
static equilibrium.
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3. Whenever external loads are applied in the nodes, all the elements that comprise the structure
are subjected to tensile and compressive forces, since there is no friction at the connections.
This means that the self-weight of the elements is replaced with loads applied at their ends.
According to [23] bending caused by direct wind loads on the structural elements can be omitted.
The cross section of each member has a negligible area compared to its length.

5. The self-weight of the elements is negligible, since the loads supported by the structural
elements are usually large in comparison to their weights.

Under the fulfillment of these assumptions, the structural elements are exclusively subjected to axial
forces. For the case studies later reported in this paper, given the age of the towers and the virtual
inexistence of structural calculation software at that time, it is logical to assume that they were either
calculated manually, using the so-called Ritter method [21,22] or graphically, using the Cremona
method [21,22].

However when looking at the analyzed tower’s “as built” model we found out that
assumption 1 and 2 are not true in the case studies herein presented:

1. In the case of members of the towers, their connections are bolted and thus they are not actually

frictionless nodes. Additionally, some members, such as the truss chords, are continuous
elements, which can evidently transmit moments from one side of a node to another [24].
Thus, these nodes are assumed to be rigidly connected behaving as elastic embedment (or
simply rigid joints), which cause local bending moments due to rotations that take place as a
consequence of the global deformation of the structure. Such effect causes the so-called
secondary bending moments and consequently a secondary stress state, which are juxtaposed to
the primary stresses derived from axial forces.

2. Furthermore, truss members that end in the same node do not always cut it at the same point,
leading again to an apparition of secondary bending moments. Such bending moments depend
upon both proportion of the misaligned or eccentricity and stiffness of the elements.

Both circumstances are observed in all towers herein analyzed. Figure 1 corresponds to an example
of the aforementioned issues upon one of the case studies later described (Tower 1). Furthermore, as it
can be appreciated, the ideal situation of perfectly-aligned elements assumed in the initial stage of
structure design and calculation can suffer variations during its construction on site. This is shown in
the “as built” model, obtained with the laser scanner, where small deviations in the horizontality of
several truss members and even a small deviation in the vertical alignment of the main body of the
tower can be appreciated (Figure 1).

All of these issues question the use of a model with ideal pinned connections, which was possibly
the used method at the time of the structure’s design and calculation, and whether it is a valid model to
perform further calculations at the present time. Therefore, in view of the constraints and
considerations discussed above, three different structural models of the towers are tested in order to
compare the results with each other and draw conclusions about the deformations and the actual stress
state of the tower’s elements, all under different load hypotheses established by current standards [18].

1 Model with pinned joints and ideal geometry (Model 1). This model is supposed to be the one
that was used for the design of the towers. A three-dimensional model with all members
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pin-jointed at nodes was developed that took into account all the previously-mentioned
assumptions. Accordingly, the adoption of certain assumptions about the geometry provided by
the laser scanner was needed in order to adapt the model to an ideal geometry. More
specifically, it was assumed that all members concurring in one node were overlapping in a
single common point since, in reality, these members were assembled more erratically. For this,
the criterion used was to assume that the main vertical members of the tower and the horizontal
members were fixed in their position, and the corrections changed the length and exact location
of the diagonal braces that connect at each joint. Additionally, the geometry was simplified in
certain areas of the horizontal sections of the towers, ignoring the bend and the inclination.
Accordingly, vertical deviation of the main bodies of the towers was not taken into account.
Finally, the obtained ‘““as built” model measurements of certain modules that form the main
body of the towers are simplified to theoretical values. For example, when certain lengths result
in 1.99 m or 2.01 m, the value is simplified and considered to be 2 m. For clarity, Figure 2 presents
a scheme with the principal structural parts of a transmission tower.

2 Model with rigid joints and ideal geometry (Model 2). According to the data proportioned from
the “as built” model, assumption 1 is not valid because certain elements, such as truss chords, are
continuous elements. Therefore, a second model was elaborated which considers an ideal
geometry but where truss chords and horizontal members of the towers are considered rigidly
connected at both ends and all other structural components (truss elements) are treated as pin
jointed. In this way, the originated secondary bending moments and, consequently, secondary
stresses can be taken into account and their impact in comparison to modeling the tower with all
ideal pinned joints quantified.

3 Model with rigid joints and real geometry (Model 3). In contrast with the two previous models, this
approach considers all of the real geometric singularities of the structure and includes them into the
simulations; for example, it includes horizontal deviations of truss chords, the vertical deviation of
the tower’s main body, as well as assumptions 1-3 obsolescence. To create such a structural model,
first a 3D wire-model was produced using the “as-built” model as a dimensional foundation.
Secondly, it was imported as a “dxf” file into the structure calculation software SAP2000 [19].

a) ] c) V \

i
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0,0136 m

Figure 1. (a) Detail of the bolted connections with the inclusion of the eccentricity present
at the linkage between profiles; (b) vertical deviation of the main body of tower;
(¢) horizontal deviation in the members of the main body of tower.
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Figure 2. Scheme of main structural parts of transmission tower upon draws of one of the
cases studies herein analyzed (Tower 1). Data was obtained from laser scanning

technology according to the methodology presented in Section 3.
3. Methodology
3.1. Geometric Digitalization

A laser scanning survey was conducted in order to generate a 3D model accurately describing the
structure of the transmission towers. A time-of-flight (ToF) terrestrial laser scanner (TLS), Leica
ScanStation2, was used for recording external geometry. This scanner covers a field of view of 360° in the
horizontal direction and 270° in the vertical direction, enabling the collection of full panoramic views. The
distance measurement is obtained with a nominal accuracy of 4 mm at 25 m range. The horizontal and
vertical angular accuracy is of 60 prad (3.8 mgon). The diameter of the laser spot is 4 mm at 50 m.
According to the technical specification of the instrument, it has a maximum acquisition rate
of 50,000 points per second. The scanner incorporates a dual axis compensator, so the vertical
Z-direction is perfectly defined during data acquisition. Due to the complexity of transmission towers
and their heights, four scanner stations with a resolution of 5 mm at 25 m were required to enclose the
whole structure. The resulting 3D point cloud (about 6 million points per tower) contains geometric
data, normally given in Cartesian coordinates (XYZ), as well as the intensity values (/). This intensity
measurement is referred to as the amount of reflected radiation with respect to the emitted radiation.
Typically, this value is normalized in the range of 0—1 or 0-255, 8-bit format in our case. According to
the principles of interaction between electromagnetic radiation and matter, the intensity values directly
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depend on the physical characteristics of the object surface, the wavelength of the incident radiation, and
the distance between the laser and the object.

3.2. Geometric Modeling

The geometric modeling of the transmission towers was performed following four steps:

1. Cleaning and segmentation of point clouds in order to remove undesired data, such as
reflections, noise or sensor artifacts. This step was performed manually.

2. Alignment of the point clouds from each scan under a common coordinate system. An
automated registration method, iterative closest point (ICP) [25], was applied, supported by the
identification of matching points and minimizing the Euclidean distance between
corresponding point clouds. Initial approximations (three points) were manually identified by
the user, trying to guarantee a good distribution around the area of interest and along the three
main directions (X, Y, Z). A solid-rigid transformation based on the three points identified was
executed. Afterwards, an automatic iterative process to align the different scans was performed
taking the Euclidean distance as a minimization criterion.

3. Generating cross-sections and technical drawings of the electrical towers, focusing on the steel
profiles that make up each section of the tower and the arrangement of the connections used to
define the linkage of these profiles. Different profiles were automatically generated along each
main direction (X, Y, Z) in order to obtain vector information of the main sections of the towers
and, thus, initial approximations to support the technical drawings and CAD model generation.

4. Obtaining a computer aided design (CAD) model. Since the structural analysis based on a FEM
model does not cope with dense laser models, an important step which allows us to pass from
the 3D point clouds to a solid geometric model was performed. This step consists in extruding the
sections obtained in the step before along its normal direction. Manual interaction is required in
this step in order to solve the different intersections between profiles and their connections. In
addition, specific existing libraries based on standard steel profiles (i.e. L-shaped and U channel
profiles) were used for modeling the towers. Geometric modeling was done using Geomagic
Spark, 2013 version.

3.3. Structural Analysis

The three towers are formed by angular steel profiles of different dimensions, and given the age of
the towers and only for the purpose of the methodology developed in this article, we assume the lower
specification for a steel material enabled by [26], type S-235.

This brings the following mechanical properties: Young’s modulus of 2.1 x 10® kN/m?, specific
weight of 76.9729 kN/m’, Poisson’s coefficient of 0.3, and yield stress of 235 MPa.

Furthermore, the data of the power line, support type of the tower, and the mechanical
characteristics of the electrical drivers are detailed below:

- High voltage power line with rated voltage of 132 kV and 50 Hz AC
- Two duplex-circuit line with alignment support.
- Span: 300 m between supports.
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- Electrical driver of aluminum galvanized steel, type LA-280.

The boundary conditions of the three towers are assumed to be articulated supports in each of the
legs that make up the outer frame of the towers, so that they have only limited movements according to
the global axes (X, Y, Z). The constraints upon the members are explained in each of the structural
models discussed above.

The different load conditions are obtained according to [18]. The following descriptions summarize
the loads, always bearing in mind that the towers are located in the province of Guadalajara (Spain)
and that they are power lines with alignment support and with suspension insulator strings [18].

- Permanent loads: The self-weight of the steel profiles that comprise the towers, electrical
conductors, fittings, insulators, and the grounding wire.

- Wind load: It acts upon steel members of the towers, the insulators, and the suspension
insulator strings.

- Imbalance of tensile forces: A longitudinal force equivalent to 25% of all unilateral tractions of
electrical drivers and grounding wire. This tensile force will be applied at the point where the
electrical conductors and the grounding wire are attached to the support, thus taking into
account the torsion that these forces could create.

- Electrical conductor failure: A unilateral tensile force related to a single electrical conductor or
a grounding cable’s failure. The minimum admissible value for the failure is 50% of the broken
cable’s tension in the power lines that have two conductors per phase.

Taking into account aforementioned load patterns, the current standards [18] refer to certain
calculation hypotheses that establish the load cases, shown in Table 1.

Table 1. Load cases considered in structural analysis of towers.

Tower Type Force Direction Hypothesis 1 Hypothesis 2 Hypothesis 3

Permanent loads, considering the electrical
Vertical conductors and the grounding cables to withstand

wind load according to a 120 km/h wind speed

Wind load (120 km/h) on
Alignment support electrical conductors, cables, . .
£ . PP Transversal . Not applicable Not applicable
and suspension grounding cables and
insulator strings supports of tower
Electrical
o . Imbalance of tensile conductor and
Longitudinal Not applicable )
stress grounding cable
failure

In order to clarify such load cases considered, in Figure 3 is detailed upon finite element model of
one of the case studies herein analyzed (Tower 1), the arrangement of the loads in each of the three
scenarios previously commented. Similarly, loads are arranged in Towers 2 and 3.

78



11559

Remote Sens. 2015, 7

b) 5 )
‘ ()]
/ 3 TN 8
1o, [B/ B 0 5 Ee2>
Q N I NE @ 7 o
O e XX
e m—— 0 )
?QA”-'-: o o - >
o TR > o
703,/8. /" ' 254, g//’
Ve~ > 0 g //
X &

) piavAvAY:
A TATAAS

Figure 3. Loads cases considered in structural analysis. (a) Hypothesis 1: wind;

(b) Hypothesis 2: Imbalance tractions; (¢) Hypothesis 3: electrical conductor failure.

4. Experimental Results and Discussion

4.1. Case Studies
Since this study arises as a consequence of the need to analyze the structural viability of a series of

electricity transmission towers that serve as support to an old power electricity line located between the
cities of Guadalajara and Torija (Spain), three different cases studies were chosen for the development

of the aforementioned methodology.

The electricity transmission towers chosen correspond to a type of tower known as
“support alignment” which are disposed over different sections of electricity line. Additionally,
in order to extend the study over different structural typologies, each tower corresponds to a

different morphology.

The first tower is formed by both a main body support and another principal body (comprising
horizontal bracings and diagonal bracings according to a St Andrew’s disposition) and three horizontal
symmetrical bodies for the support of the cables. The second tower only has a support body (formed
by horizontal bracings and secondary diagonal bracings according to a St Andrew’s disposition) and

three asymmetric horizontal bodies. The third tower is similar to the second one, with exception in the
diagonals forming the support body which are not arranged according to a St Andrew’s disposition.
Figure 4 shows a photograph of the three towers that composes cases studies described above.
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Figure 4. Transmission towers considered in this study: (a) tower 1; (b) tower 2;

(c¢) tower 3.
4.2. Geometric Modeling

Following all steps described in Section 3.2, the point cloud data obtained as a result of a laser
scanning survey was subsequently transformed into a CAD model valid for its implementation in the
finite element software package SAP2000.

This is a key step required in this kind of reverse engineering process, since data obtained from
laser scanning technology do not represent any valid information by itself for the purpose of finite
element analysis without suitable data processing [27].

Therefore, taking this into account, CAD models for each one of towers analyzed together with
drawings about its current disposition and assembly information were obtained.

Figure 5 shows CAD wire models obtained for each one of towers analyzed. Once such geometrical
models were obtained, they were directly imported as a DXF file to SAP2000 software for the finite
element analysis stage.

Main geometric data concerns to dimensions of the base, height of the tower, and length of
horizontal bodies are displayed in Table 2. The length of the horizontal bodies of the towers is
measured from the main body of the tower up to the farthest node. Tower 1 has three horizontal bodies
with different dimensions, while in towers 2 and 3, all the horizontal bodies have similar dimensions.

Table 2. Main geometric data for transmission towers analyzed.

Tower  Base Dimensions (m) Height (m) Length of Horizontal Body (m)
3.95
1 7.25 x7.25 37.25 6.25
5.0
2 1.5x1.5 18.50 2.0
3 1.5x1.5 18.50 2.15
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Figure 5. Geometrical CAD wireframe models of transmission towers analyzed: (a) tower 1;
(b) tower 2; and (¢) tower 3.

4.3. Structural Analysis

As was previously indicated, finite element models of transmission towers were analyzed in
SAP2000 software. Within this package, frame elements were chosen so that stiffness against rotations
could be considered in all of those nodes assumed to behave as rigid joints. For all other cases where
moments will not be considered (as, for example, in diagonal members pin jointed to truss chords),
releases end options in nodal degrees of freedom could be imposed for transforming frame elements to
truss elements and, thus, only axial forces be considered. For all structural models herein developed,
analysis was carried out considering linear elastic behavior.

Table 3 shows the number of frame elements and the number of degrees of freedom for each of the
finite element model developed, taking into account the type of transmission tower structure and
structural model approach.

Table 3. Number of frames elements and degrees of freedom for each one of the three
different structural models considered upon cases studies analyzed.

Tower Model 1 Model 2 Model 3
Frame Degrees of Frame Degrees of Frame Degrees of
Elements Freedom Elements Freedom Elements Freedom
1 419 3320 419 3896 683 6772
2 241 1909 241 2348 321 3308
3 181 1448 181 2100 226 2408
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4.3.1. Displacements

In this section, displacements [12,14,28] experimented by each tower under different load cases and
structural models are analyzed and discussed.

To carry out the analysis and comparison, representative points of the three towers associated with
the nodes of the horizontal bodies and the upper node of the dome were selected. Figure 6 shows an
example of these nodes together with the displacements experimented for each tower under Loading
Case 1 (wind load) and structural model considering real geometry for upper node of the dome (Node 1).

Table 4 reports both the values of maximum displacements obtained for Model 3 (real geometry)
and the node where they take place (one of the aforementioned) for the different loading scenarios
considered in each one of the transmission towers analyzed. Table 5 represents a comparison (in absolute
value) between maximum displacements for Models 1 and 2 with respect to Model 3 (considered as the
most accurate).

In both tables, the structural model considered is represented by “M” followed by a number
indicating the corresponding model described in Section 2. Load cases considered are indicated by “H”
denoting each one of the hypothesis described in Section 3.3 and Table 1 is applicable.

b) J®T T U,=0,182m
i U,=-0,009m
U,=-0,105m

& @7 U,=0,195m
) \1 U,=-0,009m
([ Ay U,=-0,055m

\!
N

Figure. 6. Nodes considered for analysis of displacements according to the global axis
directions in each tower and structural model analyzed. (a) tower 1; (b) tower 2; (¢)tower 3.

82



Remote Sens. 2015, 7 11563

Table 4. Values of the maximum displacements experimented for Model 3 in all
transmission towers and load cases considered with the indication of the node where they

take place.
Tower Model 0 e Uy (moe ———
H1 H2 H3 H1 H2 H3 H1 H2 H3
1 M3 161/1  14/3  12/4  &/3 162/3 140/3 132/3 8/2 8/2
2 M3 182/1  44/2 112 9/1 88/1 125/3 12372 11/2 15/2
3 M3 195/1  52/2 1572 91 971 146/3 85/2 21/3 18/2

Table 5. Comparison between displacements experimented by Models 1 and 2 with respect
to Model 3 in all transmission towers and load cases considered.

Maximum Deviation Maximum Deviation Maximum Deviation
Tower Models Compared

Ux (mm)/Node Uy (mm)/Node Uz (mm)/Node
H1 H2 H3 HI H2 H3 H1 H2 H3
! M3 front M1 93/1  6.3/3 4/4 5/3  52/3 62/3  27/3 472  4.6/2
M3 front M2 95/1  6.3/3 4/4 5/3  65/3 78/3  29/3 472 52
) M3 front M1 66/1  83/2 7/2 4/1 44/1 39/3 3512 42 92
M3 front M2 80/1 91 82 6/1 43/2  48/3 382 5/2 10/2
3 M3 front M1 75/1 92 6/2 7/1  38/1 37/3 382  3/3 52

M3 front M2 65/3 7/1 7/2 42 32/2 42/3 43/3  5/3 6/3

The results displayed in Table 5 show that principal differences always take place in all towers
under Hypothesis 1 (wind load case). The differences found between Model 3 and Model 1,
reaching 95 mm in the global X direction is remarkable.

There are also significant differences for all towers, although less than aforementioned for
displacements of nodes in the global Y direction under Hypotheses 2 and 3 (Imbalance tractions and
cable break). The reasons that can explain these differences may be due to the following factors:

1. Consideration of the initial small vertical deviations of the towers’ main bodies along with the
application of wind forces in Hypothesis 1, precisely in that direction, may have accentuated
the displacements in global X direction obtained in Model 3.

2. The fact of considering the true connections of the profiles onto the nodes (misalignment) has a
drastic consequence upon the behavior of the structure since it directly affects to its stiffness.

In Models 1 and 2 “ideal nodes” connecting various elements mobilize stiffness of all concurrent
elements (truss chords, diagonal, and horizontal members): axial stiffness in Model 1, and axial and
bending stiffness in Model 2; in Model 3, however, it does not occur equally.

When considering real geometry, the existence of “intermediate” nodes inserted into the truss
chords cause local bending moments and, thereby, additional rotations that accentuate local
deformations of the structures. Therefore, we can state that the improper execution of the connections
leads to a less stiff structure and may be the main cause of the differences found between the
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displacements obtained in the three towers for global X direction under Hypothesis 1 and for global Y

direction under Hypotheses 2 and 3.

A representative example of this behavior can be seen in Figure 7, which shows the deformed shape
of tower 1 for Models 2 and 3 under Load Case 3 (electrical conductor break), which subjects the body

of the tower to a torque.

a)
e 1 a1 Ea —
LB —— -
s |
e e /] -
e i, T —
o T
— = a— .
i v—
e iy
b ]
e

Figure 7. Detail of the different structural behavior of the Tower 1 under Load Case 3 in
Model 2 (a) and Model 3 (b). Undeformed shape is shown in blue and deformade shape in red.

4.3.2. Stresses in Structural Elements

Finally, a comparison regarding the stresses in structural elements [12,14,15,16,29] is also
established. Table 6 shows, based on the finite element results obtained, the maximum normal stresses
for each transmission tower and its respective structural model. Particularly, it details for each tower, and
for each model, the maximum normal stress in which member it occurs, and under which loading case

is developed.

Table 6. Structural elements with maximum normal stresses for all transmission towers

analyzed and structural models considered.

b)

Tower Model Maximum Stress (Mpa)/Frame Element
Hypothesis 1 Hypothesis 2 Hypothesis 3
1 215.15/90 165.26/401 195.56/468
1 2 225.36/90 170.23/401 205.21/468
3 252.30/696 185.96/433 230.20/696
1 218.96/380 155.50/442 221.32/405
2 2 222.56/380 163.89/442 232.45/405
3 234.21/178 181.78/439 245.63/189
1 222.25/272 167.25/353 221.45/107
3 2 232.63/272 175.63/353 226.12/107
3 252.58/272 195.56/353 233.16/104

Based on Table 6, it can be observed that the differences in maximum normal stresses between
Model 1 and Model 2 for all towers are quite small and the maximum of these values are always
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produced in the same members for both models. On the contrary, significant differences appear when
compared to Model 3. Consider the case of Tower 1 and under Load Case 1 where the differences is
approximately 37 MPa.

Moreover, it could be observed that the maximum stresses in Model 3 no longer occur at the same
members that for Models 1 and 2. This is due to the singular arrangement of nodes in Model 3 (members
do not intersect at a single point) which leads to a different discretization of frame elements compared
to Models 1 and 2.

Rising stresses in Model 3 are mainly due to secondary stresses caused by the additional bending
moments derived from small geometric eccentricities at diagonal and horizontal member’s connections
upon truss chords which are neglected in Model 1 and Model 2.

The higher the eccentricity is at the connections, the greater the induced bending moments will be.
Likewise, the level of induced secondary stresses will be influenced by the stiffness of the truss chords;
the greater is their stiffness the greater bending moments will be induced.

This is perhaps the cause of the observed differences for Tower 1 under Load Case 1, where the stiffness
of the truss chords relative to the overall stiffness of the whole structure is greater than in the other two
towers, thus providing greater increased stresses (37 Mpa) with respect to the theoretical Model 1.

It should be also noted that for Model 3, under certain load cases in all towers, some elements
exceed the yield point of the material. This circumstance is highlighted in Figure 8, where for tower 1 and
under Load Case 1, the element with maximum normal stress reaches 252 MPa, exceeding the elastic
limit of the material in 17 MPa. Figure 8 also shows a representative image of the above discussed; the
effects of improper execution of nodes upon truss chords and, consequently, the different discretization
of frame elements in the model with ideal geometry and those based on real geometry.

Maximun stress element
of 215 Mp value

Maximun stress element
of 252 Mp value

[ Compression stress

Tensile stress

Figure 8. Normal stresses distribution onto Tower 1 for different structural models.
(a) Model 1, with ideal representation of the nodes and maximum stress below the yield
limit of steel; (b) Model 3, including the improper executions of the nodes and maximum
stress exceeding the yield limit of steel.

As for results involving values of maximum normal stresses, they should be analyzed carefully. Due
to the age of the structures, assumed material properties have been chosen according to the minimum
value specified by the current regulatory codes; however, these values do not have to match the actual
properties of the structure. Accordingly, appropriate experimental tests should be carried out in order
to improve their characterization and, thus, derive proper conclusions about the real current safety state
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of the structure. Note, also, that the structural analysis of transmission towers was carried out assuming
a linear elastic behavior.

Nonetheless, the results herein obtained could be considered as acceptable, bearing in mind that the
present work is focused in defining an overall methodology able to detect the geometric imperfections
present in electricity transmission tower structures by means of precise laser scanning systems and the
procedures to incorporate them in structural models based on finite element methods.

5. Conclusions

Terrestrial laser scanning enabled performing a non-invasive remote survey of different
transmission tower structures; it should be noted that these are objects of great complexity, not only for
their size, but also by their geometry and their high heights. This technology allowed detecting
significant imperfections in terms of connections between the members at the nodes, loss of verticality
of the towers and the lack of horizontality in the horizontal bracings. The aforementioned
imperfections motivated the consideration of different structural models for the towers, in order to
analyze how this affects their structural behavior. To that purpose, three different models have been
carried out: first, a model with an ideal geometry and considering perfectly pin jointed nodes
(supposed model in original calculations of the structures); second, a model with ideal geometry, but
taking into account real existing continuity in some profiles by means of rigid connections and pin
jointed connections of all others elements upon them; and finally, a third model similar to that
previous, but with a real geometry incorporating all imperfections obtained from laser scanning data.

When analyzing the results obtained in terms of displacements and stresses yielded by the different
structural models considered, significant differences were observed. At those nodes considered for the
comparison of displacements, differences between models with ideal geometry, and models with real
geometry reached several centimeters, becoming the highest value (for Node 1 in Tower 1 under wind
loading) 9.5 cm respect to the X global direction.

The study of stresses brings some other conclusions. Considering models with ideal geometry and
considering pinned joints (Model 1) or rigid joints (Model 2) no significant differences were found.
Indeed, maximum normal stresses in elements always take place in the same elements for both models.
On the contrary, the model which accounts for real geometry (Model 3) presented notable differences
when compared with their respective idealized models. Notorious increases in stresses were detected
under certain loading conditions, even reaching the elastic limit of the steel in some occasions.

Differences observed in displacements, stresses in elements and, thereby, whole structural behavior
of towers suggest that a detailed survey and conscientious structural analysis has to be carried out
when these type of structures will be required for future uses as, for example, new communication
services that increase their service loads.

Further studies could contemplate performing nonlinear analysis to extend and improve the results
herein obtained, either by considering geometric nonlinearity effects such as P-Delta effects and plastic
behavior of steel material. Moreover, due to the nature of the structures (quite slender, and with very
slender members) the issue of structural stability should also be addressed. Therefore, it is expected
that the combination in the use of the information already available, with the procedure herein
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developed, together with the consideration of more advanced topics related to strength and structural
stability evaluation, will bring a deep insight in the behavior of the towers.
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4. CONCLUSIONES

En la Tesis Doctoral se ha propuesto, desarrollado y probado una metodologia para la
modelizacién geométrica tridimensional de infraestructuras, a través de la hibridacion
de técnicas geomaticas y su analisis estructural por el método de los elementos
finitos. Presentandose su aplicacion a las infraestructuras asociadas a las carreteras,
las edificaciones subterraneas pertenecientes al Patrimonio Historico y las estructuras

metalicas en celosia, como las torres de soporte de lineas de alta tension.

A continuaciéon se destacan las conclusiones mas relevantes de los articulos

cientificos desarrollados en la Tesis Doctoral:

» La fotogrametria digital terrestre y el TLS, se muestran como técnicas geomaticas
optimas en la reconstruccion geométrica en 2D y 3D de las infraestructuras
asociadas al trazado de una carretera. En concreto, su aplicacion en estructuras
historicas, como los puentes de fabrica, permite generar modelos que describan el
sistema de construcciéon y la configuraciéon de sus elementos constituyentes.
Destacan por ser herramientas de caracter no invasivo y no destructivo, faciles y
rapidas, tanto en la adquisicion de datos en campo como en el procesamiento de la
informacion en laboratorio, y accesibles para la mayoria de técnicos intervinientes.
Resultan idoneas en la obtencion de informacion métrica, en los casos, en que no
hay constancia de planos de construccion de estas infraestructuras, reflejando tanto

las caracteristicas dimensionales como su textura.
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» Se ha avanzado en estrategias de transformacion de las nubes de puntos, obtenidas
de los sensores geomaticos, en representaciones graficas de formatos de dibujo
universal del tipo CAD, aptos para su aplicacion en campos de la ingenieria y la
arquitectura. De esta manera, la geomadtica se posiciona como el primer paso de
posteriores analisis estructurales, permitiendo optimizar el tiempo de generacion
de un modelo geométrico preciso que pueda ser exportado para una simulacion
numérica. Esto proporciona datos valiosos con los que diagnosticar la salud

estructural de las construcciones.

» La combinacion de diversos sensores geomaticos en unidades moviles terrestres,
permite la toma masiva de datos que generen mapas cartograficos de las carreteras
y sus infraestructuras asociadas. Esto automatiza los trabajos de inventario
geométrico e inspeccion, consiguiendo una alta productividad en la realizacion de
estas labores, ademas de evitar la subjetividad en el diagnéstico del estado actual
de las infraestructuras. Toda la informacion reunida puede ser visualizada y
editada en aplicaciones de soffware que constituyan un sistema de gestion de las

infraestructuras viarias.

» La hibridacion de técnicas geomaticas como el TLS y el GPR en una edificacion
subterranea de caracter patrimonial, permite aprovechar las sinergias obtenidas con
la georreferenciacion de ambas tecnologias, disponiendo de un modelo geométrico
completo con el que relacionar la geometria exterior con las caracteristicas fisicas
internas de las partes integrantes de la construccion. Esto optimiza el tiempo de
generacion de un modelo estructural preciso, que puede ser implementado en
simulaciones numéricas por elementos finitos. Esta disciplina de analisis
estructural se considera adecuada en este tipo de construcciones, ya que permite la
simulacion bajo diferentes solicitaciones y condiciones, ademas de aportar
resultados precisos, confiables y detallados. Los resultados de la evaluacion
estructural proporcionan informacién relevante para el estudio de la estabilidad,
capacidad portante y vida util de estas estructuras subterraneas, contribuyendo a

complementar y mejorar las labores de conservacion y preservacion.
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» EI TLS es un sensor geomatico cuya aplicacion en estructuras metalicas en celosia
garantiza eficacia y calidad en los resultados. Debido a la complejidad geométrica
de estas, el grado de detalle del TLS aporta una representacion métrica de alta
precision, que complementado con su caracter remoto reduce riesgos durante el
proceso de medicion en este tipo de estructuras. El TLS se establece como
herramienta perfecta para crear modelos fidedignos de la realidad geométrica, que
puedan ser implementados de manera semiautomatica en simulaciones numéricas
por elementos finitos. La posibilidad de obtener modelos geométricos precisos y
detallados de este tipo de estructuras, permite analizar y cuantificar la incidencia
que las singularidades constructivas detectadas tienen en el comportamiento de la

estructura.

Finalmente como conclusion general de la presente Tesis Doctoral, se muestra una
metodologia de trabajo global, que combina los sensores geomaticos con el analisis
estructural por elementos finitos, lo que redunda en un incremento de la precision de
los modelos numéricos necesarios para entender el comportamiento estructural de las
construcciones. Este método de trabajo es una herramienta de caracter no invasivo,
rapida, precisa, accesible para la mayoria de técnicos intervinientes y de multiples
aplicaciones que sirven de importante complemento en los trabajos de
mantenimiento, conservacion, preservacion, inspeccion e inventario de

infraestructuras.
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5. LINEAS DE INVESTIGACION FUTURAS

A raiz del desarrollo de la Tesis Doctoral se proponen las siguientes lineas de

investigacion futuras:

» La hibridacion con otras herramientas, como la tomografia infrarroja o métodos
ultrasonicos, que permitan obtener nuevas sinergias que complementen la

caracterizacion de las estructuras.

» Avanzar en un método de trabajo conjunto que combine los sensores laser escaner
y fotogramétricos con la evaluacion dinamica de estructuras, principalmente a
través del analisis modal. Con el objetivo de aumentar la precision de los modelos
numéricos, necesarios para entender el comportamiento de las infraestructuras.

» Aplicacion de métodos de clasificacion multiespectral de imagenes, a partir de
diferentes sensores geomaticos, que permitan identificar y cuantificar patologias

que presenten una relacion con la estabilidad y vida util de las construcciones.

» Desarrollar metodologias de calibracion robusta de modelos numéricos, capaces de
localizar e interpretar los dafios principales presentes en las construcciones a partir

de modelos geométricos precisos.
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7. ANEXO. FACTOR DE IMPACTO DE LAS
PUBLICACIONES

La revista de impacto en la que se han publicado los diferentes articulos originales
que componen la presente Tesis Doctoral, esta indexada en el Journal Citation
Reports®, adjuntandose a continuacion la informacion detallada referente a los
parametros estadisticos y bibliométricos de la revista.

Nombre de la revista: REMOTE SENSING

URL: || www.mdpi.com/journal/remotesensing

Editorial: MDPI

ISSN: || 2072-4292

Factor de impacto (2014): || 3.180

Ranking de la revista: || 5/28

Cuartil: || Q1

103






IS| Web of Knowledge*®™

Journal Citation Reports®

#, RETURN TO

2 HELP LIST

0 WELCOME

© Journal: Remote Sensing

2014 JCR Science Edition

5-Year
Impact Impact| Immediacy Citable| Cited Citing
Mark Journal Title ISSN Total Cites| Factor | Factor Index Items |Half-life Half-life
E:] REMOTE SENS-BASEL [2072-4292 3061 3.180 | 3.257 0.505 572 2.5 7.9
Cited Journal JJ Citing Journal (][I Source Data Journal Self Cites
| cmepJouRNALDATA | | cminGiouenALData | |[Jij IMPACTFACTORTREND | | RELATED JOURNALS
A

Journal Information U

Full Journal Title:
ISO Abbrev. Title:

Remote Sensing
Remote Sens.

Eigenfactor® Metrics
Eigenfactor® Score

JCR Abbrev. Title: REMOTE SENS-BASEL 0.01044
ISSN:2072-4292 Article Influence®
Issues/Year: 12 Score
Language: ENGLISH 0.772
Journal Country/Territory: SWITZERLAND
Publisher: MDPI AG
Publisher Address: POSTFACH, CH-4005 BASEL, SWITZERLAND
Subject Categories: REMOTE SENSING
|\ VIEW JOURNAL SUMMARY LIST | |5 VIEW CATEGORY DATA
Journal Rank in Categories: [ JDURNAL RANKING |
Journal Impact Factor i -
Cites in 2014 to items published in: 2013 =893  Number of items published in: 2013 =316
2012 =697 2012 =184
Sum: 1590 Sum: 500
Calculation:Cites to recent items 1590 =3.180
Number of recent items 500
A

5-Year Journal Impact Factor

Cites in {2014} to items published in: 2013 =893

Number of items published in: 2013 =316

2012 =697 2012 =184
2011 =513 2011 =137
2010 =428 2010 =141
2009 =241 2009 =73
Sum: 2772 Sum: 851
Calculation:Cites to recent items 2772 = 3.257
Number of recent items 851

105




Journal Self Cites U

The tables show the contribution of the journal's self cites to its impact factor. This information is also represented
in the cited journal graph.

Total Cites 3061 Self Cites 920 (30% of 3061)
Cites to Years Used in Self Cites to Years Used o

Impact Factor Calculation 1590 in Impact Factor Calculation 528 (33% of 1590)
Impact Factor 3.180 Impact Factor without Self Cites|2.124

Journal Immediacy Index U

Cites in 2014 to items published in 2014 =289
=572

Number of items published in 2014

Calculation:

Cites to current items

Number of current items

Journal Cited Half-Life i)

The cited half-life for the journal is the median age of its items cited in the current JCR year. Half of the citations
to the journal are to items published within the cited half-life.
Cited Half-Life: 2.5 years

289
572

=0.505

Breakdown of the citations to the journal by the cumulative percent of 2014 cites to items published in the
following years:

A

A

Cited Year 2014 2013 2012 | 2011 2010 2009 | 2008 | 2007 | 2006 | 2005 2004-all
# Cites from 2014| 289| 893| 697 513 428 241 0 0 0 0 0
Cumulative % 9.44| 38.61| 61.39 78.14| 92.13| 100.00| 100.00| 100.00| 100.00| 100.00 100

Cited Half-Life Calculations:
The cited half-life calculation finds the number of publication years from the current JCR year that account for 50%
of citations received by the journal. Read help for more information on the calculation.

Cited Journal Graph U
Click here for Cited Journal data table

This graph shows the distribution by cited year of citations to

Citations to the journal (per cited year)

items published in the journal REMOTE SENS-BASEL.

1000 —

00—

a0 |——

400 ——

Nunber of Cites

593

Ba7

513
| 425
59 I

241
I n ] ] ]

2014 2013 2012 2011 2010 2008 2005 2007 2006 2005
Cited Years

[]< Hal¥-Lifa
[1> Half-Life
[5elf Cites

B 0ther Cites

Journal Citing Half-Life i/
The citing half-life for the journal is the median age of the items the journal cited in the current JCR year. Half of

106

- The white/grey division

indicates the cited half-life (if <
10.0). Half of the journal's cited

items were published more

recently than the cited half-life.

- The top (gold) portion of each

column indicates Journal Self
Citations: citations to items in
the journal from items in the

same journal.

- The bottom (blue) portion of

each column indicates Non-Self
Citations: citations to the journal

from items in other journals.

- The two lighter columns
indicate citations used to
calculate the Impact Factor
(always the 2nd and 3rd
columns).

A




the citations in the journal are to items published within the citing half-life.
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Citing Half-Life Calculations:
The citing half-life calculation finds the number of publication years from the current JCR year that account for 50%
of citations in the journal. Read help for more information on the calculation.

Citing Journal Graph U
Click here for Citing Journal data table

This graph shows the distribution by cited year of citations from current-year items in the journal REMOTE
SENS-BASEL.
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For 2014, the journal Remote Sensing has an Impact Factor of 3.180.

This table shows the ranking of this journal in its subject categories based on Impact Factor.

Total Journals

Category Name . Category

Journal Rank

Quartile

in Category |in Category

REMOTE SENSING 28

5

Q1

Category Box Plot i

For 2014, the journal Remote Sensing has an Impact Factor of 3.180.

This is a box plot of the subject category or categories to which the journal has been assigned. It provides
information about the distribution of journals based on Impact Factor values. It shows median, 25th and 75th
percentiles, and the extreme values of the distribution.
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