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SUMMARY

It seems inevitable to confirm the steady improvement of materials and construction techniques in

the  field  of  civil  engineering.  The  evolution  from  stones  and  bricks  in  masonry  walls  to  self-

compacting concretes reinforced with steel fibers or extruded polymers is enormous. However, it is

important  to  remember  that,  similar  to  any  living  being,  these  construction  methods  are  not

impervious  to  pathological  processes.  Though  their  relevance  and  importance  differ  greatly

depending on the material and the kind of pathological process, they should not be overlooked,

since they will influence directly the construction’s life span. 

Driven  by  the  latter,  this  Doctoral  Thesis  focuses  on  the  development  of  methodologies  and

solutions  that  detect,  evaluate,  materialize  and even foresee  the  pathological  conditions  which

downgrade the bearing capacity of constructions. It endorses as well, global detection and damage

assessment  methodologies  based  on  geomatics  (through  the  use  of  laser-scanner  and

photogrammetric systems) and structure-dynamics (through the Operational Modal Analysis).

In order to corroborate the applicability of the developed procedures, these have been applied in

various construction types: ranging from historical buildings, vernacular architecture or buildings in

an experimental phase, to “modern” constructions erected with reinforced concrete.

The obtained results lead to the conclusion that the sensors that have been used, as well as the

techniques and methodologies that were developed, have earned an essential role in the structural

evaluation of constructions. Laser-scanner and photogrammetric systems are capable of providing

“plentiful”  products  in  terms of  geometric  and radiometric  qualities.  Nevertheless,  they require

complementary methods in order to mechanically materialize possible building damage (except for

the  results  provided  by  strategies  based  on  Digital  Image  Correlation).  This  need  is  met  using
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structure dynamic-based techniques,  specifically  the Operational  Modal  Analysis,  and the Finite

Element Method. Said disciplines offer a wide range of possibilities for quantifying and detecting

structural pathologies in constructions.
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RESUMEN

Resulta inevitable corroborar el constante avance y perfeccionamiento en el uso de materiales y

técnicas constructivas en el campo de la ingeniería civil. Desde el empleo de rocas y ladrillos en

mamposterías, hasta hormigones autocompactantes reforzados con fibras de acero o polímetros

extruidos. Sin embargo no ha de olvidarse, que al igual que ocurre durante el transcurso vital de

cualquier ser vivo, todas estas soluciones constructivas no quedan exentas de procesos patológicos.

Que si bien, adquieren importancias diferentes según el tipo de proceso y material afectado, no han

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

Motivado por ello, la presente Tesis Doctoral centra sus esfuerzos en el desarrollo de metodologías

y  soluciones,  capaces  de  localizar,  evaluar,  materializar  e  incluso  predecir  aquellas  afecciones

patológicas  que  degraden  la  capacidad  portante  de  las  construcciones.  Abogando  consigo  por

metodologías  globales  de  detección  y  cuantificación  de  daños  basadas  en  las  disciplinas  de  la

geomática  (a  través  del  empleo  de  sistemas  láser  escáner  y  fotogramétricos)  y  la  dinámica  de

estructuras (mediante el método de Análisis Modal Operacional).

Con el fin de corroborar la aplicabilidad de los procedimientos desarrollados, estos son empleados

en  diferentes  tipos  de  construcciones:  desde  construcciones  históricas  y  vernáculas  o  en  fase

experimental hasta construcciones “modernas” erigidas en hormigón armado.

A raíz de los resultados arrojados se concluye que los sensores empleados, así como las técnicas y

metodologías desarrolladas, adquieren un protagonismo esencial en el conocimiento estructural de

las  construcciones.  Por  un  lado,  los  sistemas  láser  escáner  y  fotogramétricos  son  capaces  de

suministrar productos “ricos” en cualidades geométricas y radiométricas. Sin embargo, requieren de

metodologías complementarias  para materializar  mecánicamente (a excepción de los resultados
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provistos  por  las  estrategias  basadas  en  Correlación  Digital  de  Imágenes)  posibles  afecciones

patológicas. La respuesta a dicha necesidad puede ser encontrada en el empleo de las técnicas

basadas en la dinámica de estructuras, más concretamente en el Análisis Modal Operacional, y el

Método de los Elementos Finitos. El empleo de ambas técnicas ofrece por ende un amplio espectro

de posibilidades sobre el cual cuantificar y caracterizar los daños presentes en las construcciones.
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Introduction

INTRODUCTION

It is undeniable that a construction’s success is greatly based on the constant development

in the use of materials and construction techniques, especially in terms of its useful life.

They range from solutions that are highly embedded in society, based on the use of walls,

arches and lintels that are in turn built in stone masonry, brick or adobe, to innovative

structural systems which include the use of polymers or fabrics as resistant materials in

self-compacting concrete panels.

However, it is well known that the service loads, environmental actions or accidents may

damage  those  structural  systems,  therefore  decreasing  their  performance  and bearing

capacity. Considering the latter, damage can be defined as the undesirable weaknesses of a

structural  system that risks its  safety  and performance (Stubbs,  1985).  Such weakness,

commonly known as the pathological process, can be reflected among other symptoms on

cracks, delaminations, bulging or corrosion, depending on the type of the building (Watt,

1999). 

In terms of scale, the damage begins at material level, which generally does not imply a

total  loss  of  system functionality,  but  rather  that  the system is  no longer  operating in

optimal conditions. If this damage is not properly treated, it can grow at different levels

(length-scale and time-scale levels) (Farrar & Worden, 2007) and can affect the structural

behavior  to  a  point  that  is  not  acceptable:  the structural  failure.  For  this  reason,  it  is

necessary  to  have  systems that  are  capable  of  detecting  and diagnosing  the  damages

present in structures, with the aim of designing adequate maintenance and renovation
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plans that protect the useful life of the constructions.

It  is  in  these  systems,  where  processes  focused  on  the  evaluation  of  the  structure’s

conditions  become  essential.  These  processes,  commonly  known  as  Structural  Health

Monitoring (SHM) (Worden & Barton, 2004), assume that a current structural damage is

closely  linked  to  a  temporal  factor  and  affect  adversely  the  useful  life  of  engineering

structures  (Liang  &  Yuan,  2015;  Lorenzoni  et  al.,  2013;  Luís  F.  Ramos  et  al.,  2010).

Therefore, the definition of damage will be limited to variations on the material and/or

geometric properties of these structures, including, changes to the boundary conditions

and connections, which adversely affect the current or future behavior of the structural

system (Farrar & Worden, 2007).

In a first instance, it is possible to classify the SHM processes based on their performance

capability,  as  local  or  global  systems  (Housner  et  al.,  1997).  On  one  hand,  the  local

methods (such as x-rays, acoustic methods, magnetic or ultrasonic rays) concentrate on a

part  of  the structure and are usually  considered to  be more sensitive than the global

methods. Requiring a prior knowledge of the location of the damaged area. On the other

hand, the global strategies (which have less diversity than the local ones) are able to detect

those damages that significantly contribute to the global integrity of the structure (Haque

et al., 2012).

However,  this  local/global  classification  refers  solely  to  purely  “spatial”  criteria  which

require of complementary levels that evaluate the capacities of damage characterization.

On this premise, the classification initially defined by (Rytter, 1993) and later modified by

(Worden & Dulieu-Barton, 2004) and by (Yan et al., 2007) provides a valid catalogue on

which  to  analyze  the  performance  of  the  available  methodologies.  The  classification

follows the different levels listed below:

• Level 1 or Detection: includes methods which provide qualitative indicators of the

current damage.
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• Level  2  or  Localization:  comprises  those  strategies  which  provide  information

regarding the probable position of the damage. 

• Level  3  or  Classification:  includes  procedures  that  differentiate  the  type  of

pathological condition. 

• Level  4  or  Evaluation:  comprehends  methodologies  through  which  the  area

affected by the damage in the construction can be estimated.

• Level 5 or Prediction: composed of the methods which offer information about the

safety condition of the structure, and therefore estimate the residual useful life of

the construction. 

It is noteworthy that there is a hierarchical interconnection between each level. This means

that, for example, systems which provide level 3 information intrinsically contain level 1

and level 2 information.

A wide range of nondestructive testing techniques can be used for damage identification

purposes. The majority of these procedures can only be applied when the structure is not

in operation. Consequently, only a few of these techniques are suitable to be applied in the

SHM environment. The dynamic-based technique is of greater interest inside this field, in

comparison to the quasi-static techniques, which presents a lower sensitivity to damage.

This fact positions the dinamic-based tehcnique strategies as the preferred ones. This is

due to the fact that they offer a solution capable of evaluating the structural conditions,

assess  the  present  damage,  and monitor  its  development  (Peeters  & De-Roeck,  2001;

Ramos, 2007). 

In parallel to the classification methods described above, a third classification approach

acquires great relevance: model and non-model based strategies. In a non-model based

method, the results are compared with the results of a reference state, using as damage

detectors  the deviances in  the certain  parameters (wavelet analysis,  changes of  modal
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parameters or changes in derivates of modal parameters) (Ramos, 2007). Furthermore, in a

model based technique the response is compared with some form of numerical model,

usually a Finite Element Model. This strategy allows a damage assessment up to level 3,

according with the Rytter classification, in accordance with another basic pillar in damage

detection: damage prognosis. Damage prognosis estimates the remaining useful life of a

system (Farrar et al., 2003). This estimation is based on the results provided by predictive

models  of  the  current  state  for  which  the  variables  and  the  damage  acting  on  the

structural system need to be correctly defined. 

Finite  Elements  (Zienkiewicz  &  Taylor,  1994)  have  been  given  most  of  the  scientific

attention (Saloustros et al., 2015; Adewole & Bull, 2013). These numeric methodologies,

unlike the more traditional  computation strategies,  such as the graphic statics (Huerta,

2008) or the limit analysis (Heyman, 1997), have been positioned as strong solutions to

different  engineering needs.  They allow the evaluation of  the structure under study in

different situations: dynamic analysis (Ramos et al., 2013), seismic (Milani & Valente, 2015)

or static conditions (Gonilha et al., 2014), among others. In contrast to this flexibility, such

procedure  of  numerical  evaluation  requires  extensive  knowledge  of  the  intervening

variables,  in  particular,  the  boundary  conditions  and  mechanical  properties  of  the

constituent materials. At this point, the structure dynamics and especially the Operational

Modal  Analysis  (OMA) are  ranked  as  one  of  the  preferred  complementary  techniques

(Osmancikli et al. 2015; Türker & Bayraktar, 2014; Ramos et al., 2013). However, this is not

the  only  requirement  to  obtain  adequate  numerical  simulations  in  constructions;  the

calibration  of  its  response  (variables,  boundary  conditions,  etc.)  and  the  correct

geometrical definition are also critical aspects (Mottershead & Friswell, 1993) for which

the disciplines of model updating and geomatics can provide the solution.

On one hand, model updating techniques are focused on the calibration of the system´s

different unknown properties which appear as parameters in the numerical model (Simoen

et al., 2015), with the aim to minimize the discrepancies between the numerical simulation

and  the  experimental  data  (observed  behavior).  A  wide  number  of  model  updating
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techniques have been used in reference text from the approach defined by (Douglas &

Reid, 1982) to more complex techniques such as those exposed by (Simoen et al., 2015).

They  share  common aspects  in  the  operational  frame:  (i)  an  objective  function  to  be

minimized; (ii) the constrain problem; and (iii) the needen of an optimization process.

On the other hand, geomatics are mainly focused on the geometrical definition of the

building. This aspect, particularly important in historic constructions, is a relevant topic in

the International Scientific Community, positioning these sensors (mainly the laser scanner

and  the  digital  cameras)  as  the  most  appropriate  non-destructive  techniques  for  the

geometrical characterization (Conde et al., 2015; Villarino et al., 2014; Riveiro et al., 2011).

These  sensors  are  capable  of  providing  a  tridimensional,  dense  and  accurate

representation of the building, the point cloud. Nevertheless this product, composed by

millions of points in a reference space, does not combine directly with the Finite Element

Method, since this approach requires a transition between the point cloud to CAD models.

However,  the  complexity  of  this  transition  is  a  hot  topic  in  the  Scientific  Community,

limiting  the  use  of  this  point  cloud  as  a  geometric  base  on  which  performs  simple

strategies  are  performed  to  construct  the  CAD model  manually  following  two  basic

approaches (Tognaccini,  2009):  (i)  orthogonal views;  and (ii)  sections applied along the

main  directions and over the mesh. Parallel to these basic approaches, which do not tap

the geometrical potentialities offered by these sensors, other types of solutions  emerged

which  exploit  the concept  of  parametric  surfaces (planes,  cylinders,  etc.)  (Cabaleiro  et

al.,2014; Varady, 2008), Non-Rational Uniform B-Splines (NURBs) (Piegl & Tiller, 2012) and

the voxel approaches (Castellazzi et al., 2015). Beyond the eminently geometrical product

provided by the laser scanner or the photogrammetry,  the radiometric  values of these

products,  point  clouds  or  images,  can  provide  interesting  solutions  for  the  damage

detection and quantification.

One of the main applications of the remote sensing field has been the classification of land

and terrain from remotely sensed images (Del Pozo et al., 2015; Moody et al., 2014; Pope

& Rees,  2014).  This  approach,  commonly  known as  multispectral  classification,  assigns
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pixels  (understanding  these  as  the  basic  unit  of  an  image)  with  the  same radiometric

properties  to  classes.  Said  classification capacity  allows the use of  different  bands and

sensors  (acting  on  different  spectrums)  to  enhance  the  extraction  of  different

informational classes. This proves particularly interesting in the detection of pathologies in

constructions  (Armesto  et  al.,  2010).  Besides these properties,  the  capacity  to  acquire

different images along a period of time and the quantification capacity of this technique

can place this solution as a potential global method for damage identification and as a

complementary solution for SHM.

Nevertheless, the concept of multispectral classification does not acquire a full value in

detecting and monitoring pathologies without the presence of the so-called classification

algorithms. The two most popular approaches in the classification of multispectral images

are  divided  into  (Li  et  al.,  2014):  (i)  supervised;  and  (ii)  non-supervised  classification

systems.  While  the  supervised  classification  systems  requires  the  user´s  interaction,

assigning training areas of the informational classes to train the system for clustering, the

unsupervised classification approach only requires the radiometric information provided by

the different image bands without any interaction with the user.

It  seems  therefore  logical,  considering  the  descriptions  and  classifications  mentioned

above,  that  a  complete  description  of  damages  requires  the  use  of  multidisciplinary

techniques that are not only able of quantifying and locating the damage, but also have

sufficient  operating  capacity  to  predict  the  subsequent  behavior  (damage  prognosis).

Consequently,  this  Doctoral  Thesis  supports  the  use  of  techniques  that  derive  from

structure dynamics (through the  OMA), sensors, and geomatic techniques (laser scanner

and  photogrammetric  systems)  as  well  as  tools  for  image  classification  (multispectral

classifiers),  as  systems  of  damage  characterization  at  a  global  level.  All  this,  without

forgetting the support of advanced techniques of numerical Finite Element Analysis and

calibration  methodologies  (model-based methods)  that  allow to  achieve  the  predictive

capacity in the buildings evaluated.
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According with these basic operational pillars, the subsequent Chapters (I-IV) presented in

this Doctoral Thesis will describe the research activity carried out in the different fields

described  above:  (i)  Chapter  I  geometrical  characterization,  dynamic  identification  and

model updating; (ii) Chapter II: dynamic identification and model updating; (iii) Chapter III:

geometrical  characterization  and  model  updating  and;  (iv)  Chapter  IV:  multispectral

analysis. 

Once the fields needed for damage identification at global level have been defined, it is

necessary to  establish a  general  framework in  which the different  approaches may be

considered.  This would enable their  integration and futher improvements.  To this  end,

Chapter I (which corresponds to the first publication), develops this integration (except for

the multispectral  analysis)  under a common framework: a historic  building with severe

damages, considering the numerical simulation of the building as a link.

Without  any  doubt,  the  terrestrial  laser  scanner  and  photogrammetric  (through  the

Structure  from  Motion  approach  or  SfM)  systems  have  earned  great  relevance  in  the

geometrical  characterization  of  buildings  (Conde  et  al.,  2015,  Villarino  et  al.,  2014,

Barazzetti et al.,2010). Nevertheless, both terrestrial systems have as main disadvantage

the impossibility of acquiring data in areas of difficult access (e.g. roofs, domes or towers)

which  makes  it  a  requirement  to  have  complementary  technologies  that  solve  this

problem. It is in this field and due to the flexibility of the photogrammetric sensor itself (in

its  different  versions  RGB,  multispectral,  etc.),  where  the  photogrammetry-UAV

(Unmanned Aerial Vehicle) has been the ideal solution (Del Pozo et al., 2014; Scaioni et al.,

2009). 

In other words,  the combination of  laser  scanner and  SfM (in  its  terrestrial  and aerial

versions) seems to be the optimal solution for a complete characterization of  complex

buildings. However, the need to use several stations, materialized by different point clouds,

requires of these entities to be introduced into a common framework. It is in this field

where algorithms such as Iterative Closest Points (Besl & McKay, 1992) or Least Square
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Surface Matching (Acka & Gruen, 2007) can be used. Nevertheless the registration carried

out by these algorithms leads to an error accumulation that needs to be compensated.

Algorithms like the Generalized Procrustes Analysis (Toldo et al.,  2010) can address this

problem and provide the solution.

As mentioned above, the conversion of point clouds into CAD models is not a trivial task.

Nowadays the common practices are focused on the use of sections, orthogonal views or

manual  segmentations  of  the  point  cloud,  not  taking  the  advantages  offered by  point

clouds. Parallel to these strategies, emerge new procedures that can be placed as possible

solutions  in  the  conversion  to  CAD models,  such  as  the  Functionally  Decomposition

(Varady, 2008) or NURBs modeling through  mesh quadrilaterization (Branch et al., 2008).

Once the  geometrical  model  is  generated (and adapted for  the  subsequent  numerical

simulation) and its damage is mapped, a correct interpretation of the different variables

acting on the numerical model is needed. Here, is where the OMA and the calibration of

the numerical model become essential.

From  the  different  available  possibilities  for  in-situ  testing,  one  of  the  most  used

techniques  is  the  experimental  modal  identification.  More  specifically  the  OMA,  also

known as ambient modal identification, aims to extract the different modal parameters

related to the structure (such as frequencies, modal shapes or damping ratios) without an

initial excitation or known artificial excitation. This technique includes different methods,

focused on the extraction of these variables, (Ramos, 2007): (i) frequency domain such as

the Peak Piking or the Enhanced Frequency Domain Decomposition; and (ii) time domain

such  as  the  Maximum  Likelihood  Method  or  the  Stochastic  Subspace  Identification

Method. This method can be amplified with the use of  calibration methods,  using the

modal parameters extracted as  ground truth.

The widely used, Douglas-Reid method (Douglas & Reid, 1982) allows the calibration of

numerical models (Zordan et al.,2014; Gentile & Saisi,2007). This method minimizes the

differences between the numerical model and the experimental variables, requiring only
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the  resolution  of  a  non-linear  equation  system  and  the  minimization  of  an  objective

function.

It is noteworthy, that the above mentioned chapter addresses the issue of the damage

(cracking) from a discrete point of view, considering the damage as a discontinuity in the

structure and thus requiring a specific definition of the crack on the numerical model. This

results in the need to develop methodologies that are based on the diffuse damage model

(De Borst et al., 2004), which are able to detect and quantify the damage without having to

materialize  the  existing  pathologies  in  any  specific  way  (based  on  a  discrete  damage

model). Moreover, they serve as systems for the precise localization of damage.

Also to note is  the applied calibration system. It  is  based on the “simplistic” approach

provided by (Douglas & Reid, 1982), whose work structure restricts the calibration to a

dynamic scope. It is therefore necessary to move towards robust optimization strategies

capable  of  including  on  their  work  structure  minimization  objective  functions

(understanding  them  residual  functions  which  express  the  discrepancies  between  the

experimental  and  numerical  data)  able  to  work  with  static  components  such  as

deformations. 

In response to the aforementioned, the second article presented in this Doctoral Thesis,

which is shown as Chapter II, develops a system of robust calibration for numeric models

which is able to integrate static and dynamic parameters within a Deterministic structure.

This structure considers the model as a conjunct of known or assumed properties which

have  a  relation  with  the  output  variables  (Simoen  et  al.,  2015).  Considering  this,  the

Deterministic model update consists in the determination of the optimal set of variables

that act on the system and minimizes the discrepancies between some of the experimental

data and the model prediction. This set of variables needs to be constrained, depending on

the information that is available from the updating parameters.

Once the general concept of the Deterministic approaches is defined, it seems be logical to

assume the possibility  to integrate the structure´s present damage as variations of the
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mechanical variables that act on it. According with to the previous definition of damage:

“Therefore, the definition of damage will be limited to variations on the material and/or

geometric properties of these structures. Including, changes to the boundary conditions

and connections, which adversely affect the current or future behavior of the structural

system”,  adjusting  the  mechanical  values  of  all  elements  results  in  a  large  number  of

variables to be optimized, which leads to ill-conditioned problems, on which the Hessian

matrix  becomes near-singular  and difficult  to invert  accurately.  This  situation does not

guarantee the uniqueness and the stability (concerning to small changes in the variables)

of the system, which can be solved through regularization techniques (Titurus & Friswell,

2008) that try  to replace the ill-conditioned problem with a well-conditioned one that

produces a similar solution. But although this optimization can be solved, two drawbacks

need to be considered: (i) the evaluation of a large sensitivity matrix which results in a time

consuming  problem;  and  (ii)  the  non-continuous  damage  assumption.  Taking  this  into

account,  Chapter II uses the damage function concept, initially defined by (Teughels& De

Roeck, 2003), as a starting point. Taking this approach in consideration, a hybrid system of

damage  detection  and  identification  has  been  developed  which  combines  discrete

functions and sub-structuring systems under one single operational framework. 

As of today, it is inevitable to highlight the importance acquired by the systems of dynamic

analysis of structures in the evaluation of their health. The relevance of these systems lies

in these techniques’ ability to detect and monitor damage (Ramos et al., 2013; Teughels &

De Roeck, 2003). They result in a wide variety of methodologies (Rainieri & Fabbrocino,

2014) and indicators (Dong et al., 1994; Stubbs et al., 1992; Pandey et al., 1991) as well,

some of which are able of operating jointly with numerical simulations by Finite Elements

in order to obtain more robust results (Zordan et al., 2014).

However, and parallel to the mentioned developments in the field of dynamics, emerges

the need for indicators that provide equitable values in the field of statics. Although there

are several studies that use static data from experimental campaigns (such as the research

activity developed in Chapter II), they acquire a purely local character due to the fact that
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they derive from punctual data of the structure (Solis et al., 2013). 

Inspired by this need,  Chapter III introduces two novel parameters of geometric quality.

Such  indicators,  namely  the  Global  Metric  Hausdorff  (GHms) and  the  Local  Metric

Hausdorff  (GHms), which  come  from  the  Symmetrical  Hausdorff  Distance  (Hausdorff,

2008), support the large amount of geometric data provided by the geomatic systems, in

order to be used in the calibration of numeric models.

Parallel  to  the  above,  and  considering  the  importance  of  the  geometry  in  a  correct

numerical simulation, Chapter III improves the geometrical strategy developed in the first

chapter,  based  on  the  Morse  theory  (Varady,  2008)  as  a  clustering  strategy  and  the

parametric fitting of surfaces (based on standard procedures used in reverse engineering),

with  the  inclusion  of  the  non-parametric  surfaces  called  NURBs (Piegl  &  Tiller,  2012).

NURBs can be considered as high level surface primitives, characterized by their ease of

use  and  their  ability  to  deal  with  complex  surfaces.  However  these  types  of  surface

representations require quadrilateral patches for a correct representation. In this context,

the Morse theory and the Spectral analysis of the mesh can provide the solution (Branch et

al., 2008): a quadrilaterization of the triangular mesh, on which the  NURBs approach is

applied. According to this, Chapter III considers the work developed by (Branch et al., 2008)

and  includes  algorithms  for  the  generation  of  manifold  meshes  (meshes  with  natural

shapes, without degeneration or intersection between elements) (Attene, 2010), strategies

developed in Chapter I and the consideration of different pathological processes, such as

cracks (as discrete discontinuities in the structural system) and lack of material.

Although at this point it has been possible to address those pathological processes with a

stronger relation to the geometric aspects (cracks, distortions or lack of material) we must

not forget the existence of certain conditions of great relevance in the behavior of the

materials, namely: (i) the existence of biological activity (fungi, algae, etc.); (ii) geological

landmarks that determine the mineral composition of stone materials; (iii) the existence of

moisture that can cause corrosion processes on reinforced concrete. In order to increase
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the value added by the sensors employed on this Doctoral Thesis, multispectral techniques

have been proposed in Chapter IV as suitable systems for the detection of damage caused

by biological activity, humidity, or geological characteristics. However, whilst the concept of

the  multispectral  image  implies  one  image  captured  through  one  single  sensor

(multispectral camera) (Campbell,  2002), this Doctoral Thesis presents the multispectral

image as the registration of various geomatic sensors that work in different wavelengths

(e.g. RGB camera, infrared or laser scanner). Complementary to this, the use of statistical

indicators, such as the confusion matrix,  Cohen´s Kappa, or the overall  global and user

accuracy (Armesto et al., 2010), can show the robustness and quality of the classification

made. It is possible to have a system that is suitable for the characterization of the above

mentioned pathologies by exploiting, on one hand, the flexibility and the work capacity of

large areas of the geomatics sensors and, on the other hand, the other concepts described

above.  As  a  result  Chapter  IV shows  the  practical  application  of  the  concepts  of

multispectral  image  classification  in  the  evaluation  and  pathological  monitoring  of

structures.  This  application is  focused on three case studies which include pathological

processes  with close  relation to  the building’s  structure:  (i)  probable  corrosion  due to

concrete carbonation and efflorescence in concrete bridges; (ii) biological activity (lichen,

algae and plants) in historical buildings and; (iii) characterization of the granite of Avila, a

special case of altered-facie granite which mechanical properties (frost resistance, bending

and compressive strength) are inferior to non-altered granite (García-Talegón et al., 1993).
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FOCUS OF THE THESIS

Considering the basic pillars, described in the Introduction, for a successful damage identification at

global level, this Doctoral Thesis has been constructed under the following objectives: 

I. Evaluation  of  the  applicability  of  geomatic  sensors  (Terrestrial  Laser  Scanner  and  digital

cameras) in buildings with structural damages. 

II. Development  of  modeling  strategies  and construction  of  CAD models  on  structures  with

pathological processes with a clear geometric component (deformations and cracks), suitable

for its subsequent numerical analysis. 

III. The use of structures’ dynamic evaluation strategies  based on Operational Modal Analysis

(OMA) in the evaluation of damage.

IV. Application and development of methodologies of robust calibration of numeric models, able

to locate and interpret the core damage present in buildings, using the above-mentioned

techniques. 

V. Application  of  techniques  for  the  analysis  of  multispectral  images  in  the  extraction  and

quantification of pathologies with an eminently radiometric component (e.g. characterization

of materials, humidity in concrete, biological attacks, etc.) that show a close connection with

the stability and the useful life of constructions.

In  more  practical  terms  and  concerning  their  reach,  the  sensors  used  as  well  as  the  developed

methodologies have been tested in different types of damaged buildings: from historical and vernacular

architecture, to reinforced concrete constructions and constructive solutions in an experimental phase.
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Chapter V

This Doctoral Thesis aims at making a contribution to one of the most challenging fields in civil

engineering, the detection and quantification of damages in infrastructures and its contribution into

the  structural  response  of  them.  The  major  conclusions  and  contributions  of  the  Thesis  are

expressed in more detail below, in accordance with the objectives defined previously:

I. Evaluation  of  the  applicability  of  geomatic  sensors  (Terrestrial  Laser  Scanner  and  digital

cameras) in buildings with structural damages. 

a) The  geometrical  and  radiometrical  component  of  the  points  clouds  derived  from

Terrestrial Laser Scanner and digital cameras have shown strong potentialities as sensors

for SHM.

b) The Digital Image Correlation approach has proven to be a powerful technique for the

mechanical evaluation of materials. Throwing a non-contact, low-cost methodology able

to  compete  with  the  traditional  sensors  such  as  the  Linear  Variable  Differential

Transformers (LVDTs) or strain gauges.

c) The use of Unmanned Aerial Vehicles  equipped with digital cameras offers a powerful

photogrammetric tool for reconstructing inaccesible areas or buildings.

d) The combination of photogrammetry (Structure from Motion) and the Terrestrial Laser

Scanner allows a complete reconstruction and CAD creation of complex buildings.

e) Although cracks are geometrical phenomena, they can be evaluated through radiometric

approaches (such as edge detectors).

II. Development  of  modeling  strategies  and construction  of  CAD models  on  structures  with

pathological processes with a clear geometric component (deformations and cracks), suitable

for its subsequent numerical analysis.

a) The  curvature  segmentation  technique  holds  a  special  position  among  the  different

segmentation strategies, maintaining details and decimating flat areas.
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b) For a correct point cloud to  CAD conversion a manifold mesh is needed. In a maniflod

mesh each edge is incident to only one or two faces and the faces incient to a vertex

form a closed or an open fan.

c) The Functional Decomposition approach (based on the Morse theory) has proven to be a

powerful methodology for the segmentation of meshes into smooth regions.

d) Parametric (planes, cylinders, etc.) and non-parametric (NURBs) surfaces can be used in

the geometrical models for numerical simulations.

e) The NURBS approach based on the mesh quadrilaterization (Morse theory and Spectral

anlaysis) and regularization shows good results for CAD modeling.

f) The consideration of structural pathologies (such as cracks or lack of material) can be

integrated into NURBS environment through boundary conditions.

III. The use of structures’ dynamic evaluation strategies  based on Operational Modal Analysis

(OMA) in the evaluation of damage.

a) Operational Modal Analysis (output-only modal analysis) has proven to be a powerful

approach for different types of constructions.

b) The  Stochastic  Subspace  Identification  (SSI)  and  Enhanced  Frequency  Domain

Decomposition (EFDD) require random excitations with ambient noise, which makes the

estimation of the modal parameters simple and cost-effective.

c) The detection of the damage (with influence in the global behavior of the structure) can

be carried out by frequency changes.

d) Local damage presents an important relation with the mode shapes. Therefore not only

a sufficient number of measuring points is needed to capture them, but also indicators

such as the MAC or COMAC .

IV. Application and development of methodologies of robust calibration of numeric models, able
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to locate and interpret the core damage present in buildings, using the above-mentioned

techniques. 

a) The  static  and  dymanic  variables  of  the  structure  (deflections,  frequencies,  modal

shapes,  etc.)  can  be  used  to  calibrate  the  structural  response  of  the  numerical

simulation.

b) The point cloud features (geometrical ones) can be used as indicator of robustness of the

numerical model.

c) Global Hausdorff metric (GHms) and Local Hausdorff metric (GHms) seem to have strong

potentialities in the evaluation of the similarities between the simulated deformation

and the current one.

d) The Finite Element Method shows strong capabilities. However the diversity of variables

acting on it need to be calibrated in order to improve the results.

e) The  Douglas-Reid  and  the  Deterministic  calibration  methods  can  be  used  for  the

calibration of complex finite element models.

f) Damage functions (discrete and substructures) can be used to detect and quantifying

cracks in damage constructions.

g) Damage  functions  can  be  used  in  conjunction  with  robust  calibration  strategies  to

enhance the response of numerical simulations.

V. Application  of  techniques  for  the  analysis  of  multispectral  images  in  the  extraction  and

quantification of pathologies with an eminently radiometric component (e.g. characterization

of materials, humidity in concrete, biological attacks, etc.) that show a close connection with

the stability and the useful life of constructions.

a) Laser  Scanning  and  Photogrammetry  provide  useful  information  (radiometric

component) about the pathological state of the construction.
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b) Unsupervised  and  Supervised  classification  algorithms  (such  as  Fuzzy  k-means or

Maximum Likelihood) have proven to be potential tools in the detection of a wide variety

of pathologies (e.g. algae, lichens or humidity in concretes).

c) The spectral response of the structure´s materials and pathologies is needed for their

correct evaluation.

d) Sensor  hybridization  (laser  scanner  and  digital  cameras)  was  successfully  achieved,

improving the results of the multispectral classification.

e) The laser scanner or photogrammetric point cloud can be used as a metric support on

which the damages presented in the building can be quantified.

In more practical terms and concerning their reach, the sensors used as well as the methodologies

developed have been tested in different types of damaged buildings: from historical and vernacular

architecture,  to reinforced concrete constructions and constructive solutions in an experimental

phase.

The work carried out in this Doctoral Thesis provides means to respond to common pathological

processes  presented  in  constructions,  allowing  the  evaluation  of  their  stability  and  life  cycle.

Nevertheless, part of these procedures require future works to boost their applicability, including:

I. Sensor hybridization.

a) Using  thermograpic  cameras  with  dynamic  analysis  to  evaluate  the  influence  of

temperature  in the structure´s dynamic behaviour.

II. CAD modeling strategies for numerical simulations. 

a) Developing the connection with more sophisticated numeric computational strategies,

such  as  isogeometric  analysis  or  Nurbs-Enhanced  Finite  Element  Method  (NEFEM

method)  able  to  exploit  with  the  geometry  provided by  the  laser  scanning  and  the

photogrammetry through a NURBs modeling.
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b) Improving the segmentation process with curvature mean-shifting strategies.

c) Advancing in the automatic classification of segmented zones and connections by means

of parametric or non-parametric surfaces.

d) Labeling the mesh segmentation by means of learning and expert classifiers, allowing the

classification of different structural components and their posible pathologies.

III. Model/non-model based damage-detection.

a) Developing model-based damage-detection methods using improved damage functions

(e.g. considering crack depth and path).

b) Using  non-model  based  methods  as  space  delimiting  agents,  with  the  purpose  of

implementing damage functions on these areas.

c) Progressing  on  the validation  of  geometric-quality  indexes,  GHms  and  LHms,  for  the

calibration of numerical models.

IV. Multispectral classification.

a) Enhancing  the  sensor  fusion  by  means  of  an  automatic  registration  (multimodal

matching).

b) Employing multispectral/ hyperspectral cameras to evaluate different spectrum ranges in

the detection of pathologies.

c) Extending  the  multispectral  classification  to  a  3D  environment  with  the  aim  of

integrating  the  materials  and  pathologies  in  models  fit  for  numerical  analysis  or

advanced construction information systems (Building Information Models-BIM).

d) Complementing the multispectral  classification with the Neural  Network  approach in

order to enhance the recognition and classification of materials and pathologies.
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Annex I

Developed in Matlab®, Enhance your Finite Element Models (EyFEM) is a non-official add-on for the

TNO-DIANA® software developed during this Doctoral Thesis.  EyFEM includes all  the procedures

built in the Chapter II and Chapter III:

• Discrete damage functions.

• Substructure damage functions.

• Hybrid damage funtions (discrete functions and substructures).

• Robust  calibration  procedures  (dynamic,  static  and  a  combination  of  them)  based  on

Deterministic approaches.

• Geometric quality indixes (GHms and LHms) based on the similarity between the numerical

simulation and the real state captured by a geomatic sensor.

EyFEM was conceived with the aim to calibrate complex numerical simulations (static, dynamic or

combination of both) based on the Finite Element Method (Fig. 1). 

Figure 1. EyFEM interface
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Its operational framework includes procedures for damage identification and quantification based

on the damage function concept (1) (2).

X e
=X o

e
(1−ae

)  (1)

ae
=∑i=1

n
p i N i(X

e
)  (2)

Where Xe
o
 is  the physical property related with the damage (e.g. Young Modulus) in its initial value,

Xe is the updated value,  p
i 
is the multiplication factor and  N

i
 is the damage function (discrete or

substructure damage function).

This is  all  supported by a constrained Deterministic approach (assuming a relation between the

experimental and the numerical variables) which tries to find the minimum value of the objective

function (3) (4).

J sta
=1/2Wδ∑ j=1

m
(δ j

num
−δ j

exp
)/(δ j

exp
)

2  (3)

J din
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num
− f i

exp
)/( f i
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))

2
+W φ∑i=1

m
(ϕi

num
(ϕi

exp
)/ϕref

exp
)

2
]  (4)

Where  Wf, Wφ, and Wδ  are the weights considered for the frequency, vibration modes and static

displacements,  respectively,  f is  the  frecuency,  ϕ the  modal  displacements,  δ the  static

displacements, and  ϕ
ref

 is a scaling factor (normalization) that enable a comparison between the

experimental  and  numerical  modes  displacements.  For  the  dynamic  functions  (Jdin)  the  i index

indicates the mode shape and for the static one (Jsta) the j index indicates the load case.

This objective function is stated as a non-linear least square problem by (5) and follows a gradient-

based optimization method (Gauss-Newton approach).

r=1/2∥J
sta

J din∥
2

 (5)

Where ||*|| denotes the Euclidean norm, r is the residual vector of and Jsta, Jdin (static and dynamic

objective functions, respectively). 
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It is noted that the gradient and the Hessian play an important role in this optimization method. For

this reason firstly, the gradient is constructed from the sensitivity matrix (based on the concept of

finite differences)(6). Later, the Hessian of the objective function is built following the next equation

(7).

∇ J (Ѳ)=∑i=1

m
r i(Ѳ)∇ ri(Ѳ)= Jacob(Ѳ)

T r (Ѳ)  (6)

∇ 2 J (Ѳ)= Jacob(Ѳ)
T Jacob(Ѳ)+∑(i=1)

n r i(Ѳ)∇ 2 r i(Ѳ)≌ Jacob (Ѳ)
T Jacob (Ѳ)  (7)

Where  Jacob  is  the Jacobian matrix,  r the vector which contains the residuals,  Ѳ  the different

variables  that  will  be  optimized,  ∇ r
i
(Ѳ) the  residual´s  gradient,∇ J(Ѳ)   is the  first  derivate  of  the

objective function and ∇2 J(Ѳ)  the second one. The index n indicates the number of variables consider

during the optimization.

Additionally, EyFEM includes the geometrical indexes defined in Chapter IIIfor the evaluation of the

robustness of Finite Element Models based on the geometrical similarity between the numerical

and the real shape (point cloud captured by laser scanner or photogrammetry) (8) (9).

GHms=(∑(a=1)
n d SH (a)−∑(a=1)

n d SHb(a))/(∑(a=1)
n d SHb(a)) x100  (8)

LHms=d SH (a )/d SHref (a)  (9)

Where  GHms represent the Global Hausdorff metric index and  LHms the Local Hausdorff  metric

index,  d
SH

(a)the symmetrical Hausdorff distance to cluster a considered for the model,  dSHb(a) the

symmetrical Hausdorff distance for the cluster  a of the base model and dSHref(a) the symmetrical

Hausdorff distance from cluster a to the reference one.
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QUALITY INDEXES FOR PUBLICATIONS:

• SJR  INDICATOR: Expresses the average number of weighted citations received in the selectec year by  the documents

published in the selected journal in the three previous years.

• H INDEX: H index expresses the journal´s number of articles (h) that have received at least h citations. It quantifies both

journal scientific productivity and scientific impact and it is also applicable to scientist, countries, etc.

• TOTAL DOCS.: Output of the selected period. All types of documents are considered, including citable and non citable

documents.

• TOTAL DOCS.(3  YEARS): Published documents in the three previous years (selected year documents are excluded). All

types of documents are considered, including citable and non citable documents.

• TOTAL REFERENCES: Includes all the blibiographical references in a jorunal in the selected period.

• TOTAL CITES (3 ºYEARS): Number of citations received in the selected year by a journal to the document published in the

three previous years. All types of documents are considered.

• CITABLE DOCUMENTS:   Number of citable documents published by a journal in the three previous years (selected year

documents are excluded). Exclusively artibles, reviews and conference papers are consideres.

• CITES PER DOCUMENTS (2 YEARS): Average citations per document in a 2 years period. It is computed considering the

number of citations received by a journal in the current year to the documents published in the two previous years.

• CITES PER DOCUMENTS (3 YEARS): Average citations per document in a 3 years period. It is computed considering the

number of citations received by a journal in the current year to the documents published in the three previous years.

• CITES PER DOCUMENTS (4 YEARS): Average citations per document in a 4 years period. It is computed considering the

number of citations received by a journal in the current year to the documents published in the four previous years.

• REF./DOC.: Average number of references per document in the selected year.

• SELFT CITES: Number of journal´s self-citations in the selected year to its own documents published in the three previous

years. All types of documents are considered.

• NON-CITABLE DOCUMENTS (AVALIABLE IN THE GRAPHICS): Non-ciable documents ratio in the period being considered.
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• UNCITED DOCUMENTS (UNCITED DOCS.): number of uncited documents in the three prevous years.

• % INTERNATIONAL COLLABORATION: Document ratio whose affiliation includes more than one country address.

QUALITY INDEXES FOR BOOK CHAPTERS:

• PBK: Total number of books publised by a given publisher in a certain filed or disciline in the last five years.

• PCH: Total number of book chapters published by a given publisher in a certain field or discipline in the last five years.

• CIT: Total number of citations received by a given publisher in a certain field or discipline at the time of the data retreival

process.

• FNCS: Normalized citations received according to the “crown” indicator.
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JOURNAL: Construction & Building Materials Journal

URL: http://www.journals.elsevier.com/construction-and-building-materials/

EDITORAL: Elsevier

IMPACT FACTOR: 2,29

H INDEX: 70

QUARTILE: Q1 (FIRST DECILE)

RANK: 12(124)
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SJR indicator vs. Cites per Doc (2y)

Citation vs. Self-Citation
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Cites per Document vs. External Cites per Document

Cites per Document in 2, 3 and 4 years windows
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International Collaboration

Journal's Citable vs. Non Citable Documents
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Journal's Cited vs. Uncited Documents
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JOURNAL: Composite Structures Journal

URL: http://www.journals.elsevier.com/composite-structures/

EDITORAL: Elsevier

IMPACT FACTOR: 3,32

H INDEX: 82

QUARTILE: Q1

RANK: 3(24)
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SJR indicator vs. Cites per Doc (2y)

Citation vs. Self-Citation
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Cites per Document vs. External Cites per Document

Cites per Document in 2, 3 and 4 years windows
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International Collaboration

Journal's Citable vs. Non Citable Documents
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Journal's Cited vs. Uncited Documents
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JOURNAL: Remote Sensing

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

EDITORAL: MDPI

IMPACT FACTOR: 3,18

H INDEX: 70

QUARTILE: Q1

RANK: 5(28)
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SJR indicator vs. Cites per Doc (2y)

Citation vs. Self-Citation
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Cites per Document vs. External Cites per Document

Cites per Document in 2, 3 and 4 years windows
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International Collaboration

Journal's Citable vs. Non Citable Documents
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Journal's Cited vs. Uncited Documents
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JOURNAL: CRC Press Balkema

URL: http://www.balkema.nl/

EDITORAL: Taylor & Francis

PBK: 126

PCH: 1832

CIT: 2400

FNCS: 1,22

RANK: 6(75) (FIRST DECILE)
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 PBK PCH CIT FNCS

SPRINGER 1054 12139 14831 1,29

ELSERVIER 387 5238 3943 1,19

NOVA SCIENCE PUBLISHERS 267 2665 954 0,28

WOODHEAD PUBLISHING 192 2482 878 0,43

ARTECH HOUSE 142 1759 676 0,55

CRC PRESS 126 1832 2400 1,22

CAMBRIDGE UNIVERSITY PRESS 99 966 1543 2,08

PAN-STANFORD 79 845 405 1,12

WILEY-BLACKWELL 49 542 194 1,21

MIT PRESS 47 580 437 1,36

IGI GLOBAL 48 593 92 0,38

WILLIAM ANDREW 35 481 169 0,62

DE GRUYTER 25 296 368 1,08

IWA PUBLISHING 22 249 78 0,89

SAE INTERNATIONAL 16 200 16 0,17

SIAM 16 142 248 1,67

SCIENTIFIC PUBLISHING CO PTE LTD 13 134 80 0,97

EDWARD ELGAR 12 147 81 0,82

TAYLOR & FRANCIS 11 172 73 0,46

ASTM INTERNATIONAL 10 206 9 0,06

ROUTLEDGE 10 143 33 0,45
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SPON PRESS 9 85 56 0,93

EDITIONS TECHNIP-TECHNICAL BOOKS 8 114 26 0,88

WIT PRESS 8 84 11 0,15

ISTE LTD 7 76 12 0,21

PALGRAVE MACMILLAN 7 60 35 0,74

AM. SOCIETY OF MECHANICAL ENGINEERS 6 72 20 0,33

IOS PRESS 6 122 35 0,31

WORLD BANK 6 52 22 0,51

AM. INST. AERONAUTICS ASTRONAUTICS 5 73 18 0,21
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