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Abstract
Seismic Risk, a combination of Hazard, Vulnerability and Loss, is becoming a mainstream topic
due to an increase in the losses and damage caused by earthquake related eﬀects worldwide.
Therefore, it has become an important aspect for insurer and reinsurers since it is extremely
diﬃcult to assess due to the lack of the necessary data compared, for example, to car insurance
(chapter 1).
As described in chapter 2, where the state of the art of seismic risk assessment and simulation
is described alongside a more refined approach to seismic risk, current Vulnerability models are
oversimplified and do not provide enough accuracy in predicting the damage. Due to the fact
that little information on the behavior of real buildings under earthquakes is known, the buildings
are vulnerable, and real datasets of observed damages at structures due to earthquake are rare
and vary greatly in terms of quantity and quality.
The scope of this thesis, Vulnerability modelling, is presented in more detail in chapter 3. In
order to cover the demands of the insurance industry, a tool for generating 3D buildings which
are then exposed to several hazard scenarios is needed. This tool has been developed in a general
way with clear interfaces between the risk components Hazard, Vulnerability and Loss, and it is
able to produce realistic 3D buildings quickly and easily. Its global aim is the generation of a
statistically equivalent district of a city or a particular insurance Virtual Portfolio.
Therefore, in this thesis, the Sophisticated 3D vulnerability modelling for Seismic Risk Simulation (3D-SRS) concept (chapter 4) has been developed to better capture observed damages.
It defines the seismic risk in terms of estimating structural damage areas under an seismic excitation in order to be the base for a more realistic pricing from the point of view of insurers
and reinsurers. The 3D-SRS consists of sophisticated numerical 3D Virtual Portfolios, a group
of buildings with detailed local models. Although only linear covered by taken in this thesis, the
concept is open to non-linear approaches as discussed at the end of that chapter. In terms of
seismic risk, this is the first study with such complex local models for Vulnerability.
For the purpose of generating Virtual Portfolios, the Simulated Building Portfolio-Tool (SBPTool) was developed in cooperation between the University of Kassel and the Munich Re, and
it generates hundreds of numerical 3D-FE buildings in an automatic fashion, based on a set of
global building parameters. It is also able to model local pre-damages around the foundation,
windows or roofs in order to take into account a more realistic building stock.
In chapter 5, the SBP-Tool is used to generate the geometry of an Unreinforced masonry
building and it is modeled with geometrically linear shell elements and orthotropic material laws.
The shaking table test of a two storey URM building from LNEC in Portugal is used to validate
the method by comparing observed and estimated damages. The Mechanical Damage Indicator
is used in order to link the principal stresses and mechanical damage. As a first assumption, a
limit of using linear elastic models is proposed using the linear model approach.
Chapter 6 demonstrates the use of 3D-SRS with the clear interfaces. During the evaluation
of the estimated damages, a multivariate test of diﬀerent building parameters was performed
by using a Linear discriminant analysis in order to study the eﬀect as well as the influence of
diﬀerent building parameters on the damage.
At the end of this study (chapter 7), a comparison of the well-known and widely used ParkAng Damage Index between local models, those generated with the SBP-Tool and global models
(SDOF ) is made. This comparison basically reflects the damage distribution. By using local 3D
models, real observed damages can be reflected, whereas the damage distribution of the global
models shows no correlation to observed damages.
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Kurzfassung
Das seismische Risiko ist eine Kombination aus Gefährdung, Vulnerabilitäten sowie den Verlusten
und wird aufgrund der ansteigenden Verluste und Schäden durch Erdbeben weltweit thematisiert.
Aus diesem Grund wird das seismische Risiko in der Versicherungs- und Rückversichungsindustrie sowie die Risikobeurteilung aufgrund fehlender Daten, wie in Kapitel 1 am Beispiel einer
Autoversicherung gezeigt, zu einem wichtigen Thema.
Wie der Stand der Wissenschaft für die seismische Risikobeurteilung und Simulation in Kapitel 2 zeigt, werden heutzutage vereinfachte Modellansätze zur Beschreibung der Vulnerabilitäten
aber dies liefert ungenügende Genauigkeit in der Schadensvorhersage. Aufgrund der wenigen
Informationen bzgl. des Gebäudeverhalten infolge eines Erdbebens, Gebäude sind verwundbar,
reale Gebäudeschadensdaten durch Erdbeben sind wenig vorhanden und in der Qualität und
Quantität sehr unterschiedlich.
Das Ziel dieser Arbeit ist die Modellierung der Vulnerabilitäten und ist in Kapitel 3 näher
beschrieben. Ein Werkzeug zur Generierung von 3D Gebäuden welche verschiedenen Gefährdungen ausgesetzt werden, wird benötigt um die Anforderungen der Versicherungsindustrie zu erfüllen. Dieses Werkzeug muss generisch entwickelt werden um klare Schnittstellen zwischen den
Risikokomponenten Gefährdung, Vulnerabilitäten und den Verlusten zu schaﬀen und muss schnell
und einfach realistische 3D Gebäude erzeugen. Das Hauptziel ist die Generierung von statistisch
äquivalenten Stadtteilen oder speziellen Virtuellen-Portfolien der Versicherungen.
In dieser Arbeit wurde ein Konzept für eine anspruchsvolle 3D Modellierung der Vulnerabilitäten für die seismische Risikosimulation (3D-SRS) entwickelt um reale Schäden besser zu
erfassen. Das Konzept definiert das seismische Risiko bezüglich der Abschätzung von Gebäudeschäden unter seismischer Anregung und kann aus Sicht der Versicherer und Rückversicherer
als Grundlage für eine realistischere Prämienermittlung dienen. Das Konzept besteht aus numerischen 3D V-Portfolien, bestehend aus einer Anzahl an Gebäuden mit lokalen Modellen ist.
Obwohl diese Arbeit nur eine lineare Modellierung behandelt, ist das Konzept oﬀen für nichtlineare Modellierungsansätze, wie in dem Kapitel diskutiert wird. In Bezug auf das seismische
Risiko ist dies die erste Studie mit solchen komplexen lokalen Modellen für die Vulnerabilitäten.
Zur Generirung eines V-Portfolios wurde in Zusammenarbeit zwischen der Universität Kassel
und der Munich Re das SBP-Tool entwickelt und es ist in der Lage hunderte numerische 3D-FE
Gebäude automatisch auf Grundlage globaler Gebäudeparameter zu generieren. Desweiteren
können lokale Schädigungen an den Fundamenten, Fenster und Dächern modelliert werden, um
einen realistischen Gebäudebestand abzubilden.
Das SBP-Tool wird in Kapitel 5 verwendet um die Geometrie von unbewehrtem Mauerwerk
(URM ) Gebäuden mit geometrisch linearen Scheibenelementen und orthotropen Materialgesetz
zu generieren. Der Schwingtischversuch eines URM Gebäudes von der LNEC wurde verwendet
um die beobachtete mit abgeschätzten Schäden zu validieren. Der mechanische Schadensindikator dient zur Kopplung von Hauptspannungen zum mechanischen Schaden. Als erste Annahme
wurde ein Grenzwert für die Verwendung von linear elastischen Modellen vorgeschlagen.
Kapitel 6 demonstriert die Verwendung des 3D-SRS mit klar definierten Schnittstellen.
Für die Auswertung der Schadensabschätzung wurde ein multivariater Test von verschiedenen
Gebäudeparametern mit Hilfer der Lineare Diskriminanzanalyse durchgeführt um die Auswirkungen und den Einfluss der verschiedenen Gebäudeparameter auf den Schaden zu studieren.
In Kapitel 7 wird am Ende dieser Studie ein Vergleich des bekannten Park-Ang Schadensindex zwischen lokalen Modellen unter Verwendung des SBP-Tools und globaler Modelle (SDOF )
gezeigt. Dieser Vergleich spiegelt die Schadensverteilung grundsätzlich wieder. Mit der Hilfe
von lokalen 3D Modellen können reale Schadensdaten wiedergegeben werden, wohingegen die
Schadensverteilung der globalen Modellen keine Korrelation zum beobachteten Schaden zeigt.
ix

CONTENTS

v

Acknowledgements
Abstract

vii

Kurzfassung

ix

Contents

xi

List of Figures

xv

List of Tables

xix

Preface

xxi

I Introduction & state of the art of seismic risk assessment and
simulation
1
1 A brief introduction to insurance risk

3

2 Definition of seismic risk
2.1 Hazard assessment and simulation . . . . . . . . . . . . . . . . . . . . . . . . . .
2.1.1 Discussion of Hazard assessment and simulation . . . . . . . . . . . . . .
2.2 Vulnerability assessment and simulation . . . . . . . . . . . . . . . . . . . . . . .
2.2.1 Empirical and Analytical Methods . . . . . . . . . . . . . . . . . . . . . .
2.2.2 Overview of proposed Damage Index methods . . . . . . . . . . . . . . . .
2.2.3 Large scale shaking table tests . . . . . . . . . . . . . . . . . . . . . . . .
2.2.3.1 Shaking table test on Reinforced Concrete Frames and RC Frames
with shear walls . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.3.2 Shaking table test on Unreinforced masonry building . . . . . . .
2.2.3.3 Shaking table test on wooden structures . . . . . . . . . . . . . .
2.2.3.4 Shaking table test on steel structures . . . . . . . . . . . . . . .
2.2.4 Damage databases and observation methods . . . . . . . . . . . . . . . . .
xi

5
6
11
12
13
14
17
18
19
22
24
25

xii

CONTENTS

2.3

II

2.2.5 Collecting fuzzy building data . . . . . . . . . . . . . . . . . . .
2.2.6 3D modelling approaches . . . . . . . . . . . . . . . . . . . . .
2.2.7 SDOF and MDOF modelling approaches . . . . . . . . . . . .
2.2.8 Discussion of Vulnerability assessment and simulation . . . . .
Loss assessment and simulation . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Direct and indirect Loss . . . . . . . . . . . . . . . . . . . . . .
2.3.2 Evaluating damage data by using Linear discriminant analysis
2.3.3 Discussion of Loss assessment and simulation . . . . . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

Problem statement

28
29
32
35
38
39
39
42

45

3 Problem Statement

47

III

49

Basic concept for seismic risk insurance simulation

4 General concept for earthquake risk insurance simulations 3D-SRS
4.1 Hazard modelling in 3D-SRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Vulnerability modelling in 3D-SRS . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Simulated Building Portfolio-Tool (SBP-Tool) . . . . . . . . . . . . . . . .
4.2.1.1 Geometrical validation of the SBP-Tool . . . . . . . . . . . . . .
4.2.1.2 Mechanical validation of the SBP-Tool . . . . . . . . . . . . . .
4.2.1.3 Link to GEM Building Taxonomy . . . . . . . . . . . . . . . . .
4.2.2 Perform time history analysis . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.2.1 Linear time history analysis . . . . . . . . . . . . . . . . . . . . .
4.2.2.2 Non-linear analysis concept . . . . . . . . . . . . . . . . . . . . .
4.2.3 Interface between Vulnerability and Hazard: Use of mechanical performance values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Loss modelling in 3D-SRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

IV

Demonstration of a 3D-SRS

51
52
52
52
54
54
55
55
55
58
58
59

61

5 Case study for insured masonry buildings
5.1 Importance of the chosen construction type . . . . . . . . . . . . . . .
5.2 Generate geometry by using SBP-Tool . . . . . . . . . . . . . . . . . .
5.2.1 Structural input data . . . . . . . . . . . . . . . . . . . . . . .
5.2.1.1 Number of buildings . . . . . . . . . . . . . . . . . . .
5.2.1.2 Number of storeys . . . . . . . . . . . . . . . . . . . .
5.2.1.3 Dimension of the ground plan . . . . . . . . . . . . .
5.2.1.4 Dimension of the rooms . . . . . . . . . . . . . . . . .
5.2.1.5 Number of windows and location . . . . . . . . . . . .
5.2.1.6 Dimension of the windows and the doors . . . . . . .
5.2.1.7 Balconies and their dimensions . . . . . . . . . . . . .
5.2.1.8 Soft storey . . . . . . . . . . . . . . . . . . . . . . . .
5.2.1.9 Materials of the walls and roofs . . . . . . . . . . . .
5.2.1.10 Distance between openings and between openings and
5.2.1.11 Visual condition of the building . . . . . . . . . . . .
5.2.1.12 Eﬀect of environmental aging . . . . . . . . . . . . . .
xii

. .
. .
. .
. .
. .
. .
. .
. .
. .
. .
. .
. .
the
. .
. .

. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
walls
. . . .
. . . .

63
63
64
64
64
64
66
67
67
67
69
69
70
70
70
71

CONTENTS

xiii
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

71
72
73
73
77
78
79
80
87
92
98

6 Sample V-Portfolio in 3D-SRS
6.1 Selected Hazard model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Selected Vulnerability model . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2.1 Geometric input parameter to generate a Virtual Portfolio (V-Portfolio)
6.2.2 Mechanical input parameter to generate a V-Portfolio . . . . . . . . . .
6.2.3 Link to GEM Building Taxonomy for Unreinforced masonry building . .
6.2.4 Perform time history analysis . . . . . . . . . . . . . . . . . . . . . . . .
6.2.4.1 Linear time history analysis . . . . . . . . . . . . . . . . . . . .
6.2.4.2 Non-linear time history analysis . . . . . . . . . . . . . . . . .
6.2.5 Number of nodes and finite elements, DOF size and CPU duration . . .
6.2.6 Visualization of the V-Portfolio . . . . . . . . . . . . . . . . . . . . . . .
6.2.7 Natural frequencies of the V-Portfolio . . . . . . . . . . . . . . . . . . .
6.2.8 Estimate of damaged areas for the V-Portfolio . . . . . . . . . . . . . .
6.3 Selected Loss model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.3.1 Evaluation of damage curves by using Linear discriminant analysis . . .
6.3.2 Damage classification . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.3.3 Estimation of discriminant functions . . . . . . . . . . . . . . . . . . . .
6.3.4 Statistical significance of the estimated discriminant functions . . . . . .
6.3.5 Statistical significance of building parameter used . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

101
101
103
103
104
104
105
105
107
107
111
111
111
115
115
115
122
123
125

5.3

5.4

5.5

5.2.1.13 Mesh size of a Finite Element grid . . . . . . . . . .
5.2.2 Structural output data . . . . . . . . . . . . . . . . . . . . . .
Numerical modelling and definition of MDI . . . . . . . . . . . . . .
5.3.1 Numerical modelling . . . . . . . . . . . . . . . . . . . . . . .
5.3.2 Definition of the Mechanical Damage Indicator . . . . . . . .
Validation of linear elastic vulnerability model . . . . . . . . . . . .
5.4.1 Experimental shaking table tests at LNEC . . . . . . . . . .
5.4.2 Calibration of the numerical model . . . . . . . . . . . . . . .
5.4.3 Global validation . . . . . . . . . . . . . . . . . . . . . . . . .
5.4.4 Local validation by using observed damages . . . . . . . . . .
Summary of validation and limit for using linear elastic vulnerability

. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .
models .

7 Comparison of damage distribution by using local vs. global vulnerability
models
127

V

Conclusions and Outlook

131

8 Conclusion and Outlook
133
8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
8.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
A Examples for the output data of the SBP-Tool
137
A.1 Building data file: Structural output data with all building information . . . . . 138
A.2 SBP-Tool: Structural output data to compute the mass- and stiﬀness matrix . . 139
B Code of using Mechanical Damage Indicator

141

C Example of the HDF5 file

143
xiii

xiv

CONTENTS

Glossary and Acronyms
145
Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Symbols
149
Latin Characters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Index

151

Bibliography

153

xiv

LIST OF FIGURES

I.i
I.ii

Losses from Great Natural Disasters Worldwide 1980 - 2013 . . . . . . . . . . . . xxiii
Visualization of the number of peer-reviewed journal articles . . . . . . . . . . . . xxv

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13

Definition of Seismic Risk. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Schematical sketch of the risk parameter Hazard, Vulnerability and Loss. . . . . .
Generation of artificial accelerograms based on a random processes . . . . . . . .
3D seismic wave propagation hazard model by using an earthquake simulator. . .
Component for earthquake disaster and pre-disaster preparation of IES. . . . . .
PGV along the two representative directions across the CBD. . . . . . . . . . . .
Hazard modelling related by Goda . . . . . . . . . . . . . . . . . . . . . . . . . .
Flowchart of the seismic risk assessment components and choices. . . . . . . . . .
Overview of some large shaking tables in the world. . . . . . . . . . . . . . . . . .
Reinforced concrete test specimen on the E-Defense shake table. . . . . . . . . .
E-Defense: Reinforced concrete test specimen with infilled shear walls. . . . . . .
Collapse process of brick structure during the shaking table test. . . . . . . . . .
Numerical collapse simulation of a masonry brick building during the Iran Bam
earthquake. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
EUCENTRE: Full-scale shaking table test of a two-storey masonry building. . .
Displacement time-history of markers at the top storey in East and West walls. .
SEESL: Full-scale shaking table test of a two-storey wood building. . . . . . . . .
18-storey test set-up on the E-Defense shake table. . . . . . . . . . . . . . . . . .
Faults due to the shaking table test at the 18-storey test set-up. . . . . . . . . .
Numerical collapse process simulation by using DEM . . . . . . . . . . . . . . . .
Crack propagation by using X-FEM . . . . . . . . . . . . . . . . . . . . . . . . . .
Computer model for an urban area by using MDOF . . . . . . . . . . . . . . . . .
Structural response for low, middle, high buildings using MDOF s. . . . . . . . .
Snapshotsof the simulated displacement of the buildings of the CBD. . . . . . . .
Vulnerability model related by Goda. . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison of non-linear SDOF versus observed damage data. . . . . . . . . . .
Eﬀects of environmental aging and local vulnerabilities due to diﬀerent impacts.
Visual representation of direct/indirect and quantifiable/non-quantifiable Loss .

2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27

xv

5
6
7
8
9
10
11
13
17
18
19
20
20
21
22
23
24
25
31
31
32
33
34
35
37
37
40

xvi

LIST OF FIGURES

2.28 Schematically sketch of needed and still not existing cost functions. . . . . . . . .

43

4.1
4.2
4.3
4.4
4.5

General concept of the developed 3D-SRS. . . . . . . . . . . . . . . . . .
Process to generate a V-Portfolio . . . . . . . . . . . . . . . . . . . . . .
Using street view function in Google maps to perform a “virtual walk”.
Flowchart of the 3D-SRS for the linear vs. non-linear analysis concept.
General damage curve by using a mechanical performance value. . . . .

.
.
.
.
.

51
53
54
57
59

5.1
5.2
5.3
5.4
5.5
5.6
5.7

Two examples of 20 buildings each representing diﬀerent types of portfolios. . . .
Generated buildings with a diﬀerent number of storeys by using the SBP-Tool. .
Variation of the dimension for the ground plan. . . . . . . . . . . . . . . . . . . .
View of the inner walls with transparent outer walls. . . . . . . . . . . . . . . . .
Example of generating a window at the inner wall. . . . . . . . . . . . . . . . . .
Generated buildings with diﬀerent window dimensions in length and height. . . .
Soft storey buildings with diﬀerent dimensions between the outer edge and the
opening. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Pre-damages around the windows, above the foundation and at the roof. . . . . .
Examples for diﬀerent rectangular mesh sizes. . . . . . . . . . . . . . . . . . . . .
Linear shell element used to model the masonry structures with the SBP-Tool . .
Principal stress comparison between Subfeed algorithm and SAP2000. . . . . . .
Estimating damages by using MDI . . . . . . . . . . . . . . . . . . . . . . . . . .
Picture and geometry of the experimental test specimen at LNEC . . . . . . . . .
Time histories used in the LNEC shake table test. . . . . . . . . . . . . . . . . .
Numerical model of the experimental test specimen. . . . . . . . . . . . . . . . .
Test set-up of the uniaxial compression test and the obtained stress-displacement
relation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Relationship between the Young’s modulus and the size of themesh. . . . . . . .
Test set-up of the diagonal compression test on the left and the obtained stressstrain relationship on the right [20]. . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison between the initial tensile strength of the masonry and the MDI used
to estimate damages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison between the experimental and calibrated MDI with the 50 % input.
Natural frequency of the experiment compared with the numerical models. . . . .
Acceleration comparison between the experimental tests and the numerical model
of the SBP-Tool for the north and west walls . . . . . . . . . . . . . . . . . . . .
Comparison of the displacement between the experimental tests and the numerical
model (isotrpic and orthotropic). . . . . . . . . . . . . . . . . . . . . . . . . . . .
Shaking table test 100 % at the north-west wall with observed damages and cracks
in the unreinforced masonry building. . . . . . . . . . . . . . . . . . . . . . . . .
Shaking table test 100 % at the south-east wall with observed damages and cracks
in the unreinforced masonry building. . . . . . . . . . . . . . . . . . . . . . . . .
Shaking table test 200 % at the north-west wall with observed damages and cracks
in the unreinforced masonry building. . . . . . . . . . . . . . . . . . . . . . . . .
Shaking table test 200 % at the south-east wall with observed damages and cracks
in the unreinforced masonry building. . . . . . . . . . . . . . . . . . . . . . . . .
Partial damage due to the 250 % shaking table test: linear-elastic models are not
able to reflect such damages. Non-linear models are mandatory. . . . . . . . . . .

65
66
66
67
68
68

5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28

6.1

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

69
71
72
73
77
78
79
81
82
83
83
85
86
86
88
89
91
93
94
96
97
98

Selected PGA vs. return period. . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
xvi

LIST OF FIGURES
6.2
6.3
6.4
6.5

xvii

6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15

Default sine sweep for calculating the transfer function. . . . . . . . . . . . . . .
Linear analysis concept for Unreinforced masonry buildings. . . . . . . . . . . . .
Non-linear analysis concept for Unreinforced masonry buildings. . . . . . . . . . .
Portfolio information regarding number of nodes, finite elements and DOF s as
well as the duration in relation to the number of storeys. . . . . . . . . . . . . . .
3D view of a part of the V-Portfolio with 100 buildings. . . . . . . . . . . . . . .
Variation of the natural frequency in relation to number of storeys. . . . . . . . .
Damage curves of one building and 19 diﬀerent earthquake records. . . . . . . . .
Diﬀerent proportional influences of the return periods on the EDI . . . . . . . . .
Damage curves of the V-Portfolio depending on the number of storeys. . . . . . .
500 mean damage curves of the V-Portfolio. . . . . . . . . . . . . . . . . . . . . .
Damage surface of the V-Portfolio. . . . . . . . . . . . . . . . . . . . . . . . . . .
Expected Damage Index of the V-Portfolio (500 buildings). . . . . . . . . . . . .
Distribution of the number of storeys over the estimated Expected Damage Index
Two estimated discriminant functions with the classified builidngs. . . . . . . . .

105
108
109

7.1
7.2

Comparison of DI for local and global model approaches. . . . . . . . . . . . . . 128
Several masonry buildings with diﬀerent reactions due to the same earthquake. . 129

110
112
113
114
116
117
118
119
120
121
126

A.1 Example of Building Data File for the software SLang. . . . . . . . . . . . . . . . 138
A.2 Example of a SLang configuration file to assembling and calculating the mass- and
stiﬀness matrix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
B.1 Example code of checking cracked finite element by using MDI . . . . . . . . . . . 141
C.1 Example of the HDF5 output file. . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

xvii

LIST OF TABLES

I.i

c
10 deadliest earthquake events worldwide between 1980 and 2013 ⃝Munich
Re . xxii

2.1
2.2

Seismic risk components and their responsible experts. . . . . . . . . . . . . . . .
Relationship between Damage Index (DI ) and various damage states for rc-frame
structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.1
4.2

5.1
5.2
5.3
5.4

6.1
6.2
6.3
6.4

6.5
6.6

6.7
6.8
6.9

Building Parameters for the SBP-Tool. . . . . . . . . . . . . . . . . . . . . . . . .
General comparison of some of the attributes of GEM Building Taxonomy to the
SBP-Tool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Test program for the symmetric masonry building: Input series and corresponding
PGA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Experimental, isotropic and orthotropic material properties for the roof and the
inner and outer masonry walls [104] . . . . . . . . . . . . . . . . . . . . . . . . .
Dynamic properties of the experimental test specimen and the numerical model.
Limit of the linear modelling approach. The green panel shows the range which
is applicable, the gray one the non-applicable range for the linear elastic models .
Relationship between the PGA and the return period . . . . . . . . . . . . . . . .
Input dimension to generate the V-Portfolio . . . . . . . . . . . . . . . . . . . . .
Isotropic and orthotropic material properties . . . . . . . . . . . . . . . . . . . .
Comparison of the attributes of GEM Building Taxonomy with generated URM
buildings using the SBP-Tool. Attributes or parameters marked with x are used,
o are not used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Detail numbers for the V-Portfolio . . . . . . . . . . . . . . . . . . . . . . . . . .
Diﬀerent proportional influences of the return periods on the EDI for two diﬀerent
earthquakes. The two pesented earthquakes are the minimum and maximum
expected damages at one building. . . . . . . . . . . . . . . . . . . . . . . . . . .
Classification of the numerical damage data . . . . . . . . . . . . . . . . . . . . .
Result of the classification of the numerical damage data . . . . . . . . . . . . . .
Measure of quality for the discriminant functions by using the statistical significance of Wilks’ Lambda . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
xix

6
15
53
56

80
85
87
99
102
104
105

106
110

114
119
120
124

xx

LIST OF TABLES
6.10 Classification matrix with the correctly classified buildings on the principal diagonal.124
6.11 Test of equality of group means (Significance of building parameter) . . . . . . . 125

xx

PREFACE
SEISMIC RISK IN A GLOBAL
CONTEXT
This preface intends to provide the reader with a global overview of the current situation of
Seismic Risk worldwide. Past earthquakes, for example in Iran (2003), Pakistan (2005), Peru
(2007), Haiti (2010) and Nepal (2015), have caused a devastating loss of life and infrastructure.
The MW 7.0 earthquake in Haiti in 2010 destroyed the capital of Port Au Prince, killed more
than 225, 570 people and left more than 4 million homeless [121]. More than one third of the
population of Haiti was directly aﬀected by the earthquake event; it was a "strategic" hit at the
heart of a developing region [60].
In the last few decades, natural disasters have killed about 6.7 million people; around 88 % of
all fatalities caused by disasters including geophysical (earthquake, tsunami, volcanic eruption),
meterological (storms), hydrological (floods and mass movements) and climatological events (extreme temperature, drought, forest fire). Nearly two-thirds of these fatalities occur in developing
countries, and only 4 % of casualties reported are from highly developed countries [127].
Large economic losses, paired with catastrophic human losses, were the painful results of the
earthquake in Nepal on 25 April 2015. This earthquake, which aﬀected Nepal, India, China and
Bangladesh, killed more than 10, 000 people, caused more than 15, 000 injuries and damaged more
than 700, 000 buildings and other structures. Adityam Krovvidi, head of Impact Forecasting Asia
Pacific by the AON Benfield [2], recalled in the newspaper The Actuary - The magazine of the
actuarial profession [3] that the region experienced an earthquake in 1934, so a major event was
not unexpected. Furthermore Adityam Krovvidi said:
“While the level of damage and casualties was enormous, the seismological magnitude
of the event in the Indo Nepal region was not unexpected. Scientists have been
warning about a major event resulting from the ’central seismic gap’ in the Himalayan
fault system since the 1934 event. Unfortunately, for earthquake peril, timing is
always the greatest unknown factor. The vulnerability of buildings and structures
in Nepal posed a significant risk given the absence of good seismic code history and
implementation practice.”
Observed damages caused by that earthquake in Nepal have been estimated at a minimum of
5 bnU S$, which is 25 % of the country’s Gross Domestic Product. Natural disasters are huge
xxi
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economic burdens on developing economies like Nepal.
The problem of seismic risk is obviously not limited to the developing world such as Nepal,
India or Bangladesh. The costliest disaster since 1965 with the highest ever insured earthquake loss of approximately 40 bn U S$, as well as the highest ever absolute earthquake loss of
40, 000 mio U S$ was caused by the Tohoku-Earthquake (Japan) in 2011, followed by a tsunami
in Indonesia with an insured loss of 1, 000 mio U S$ and more than 210, 000 fatalities. Table I.i
summarizes the 10 deadliest earthquakes worldwide between 1980 and 2013 and taken from [121].
c
Table I.i: 10 deadliest earthquake events worldwide between 1980 and 2013 ⃝Munich
Re
Date
12.01.2010
26.12.2004
08.10.2005
12.05.2008
20.06.1990
26.12.2003
07.12.1988
17.08.1999
11.03.2011
26.01.2001

Hyogo framework
for action

Aﬀected area
Haiti: Port-au-Prince
Sri Lanka, Indonesia
Pakistan, India
China: Sichuan
Iran: Caspian Sea
Iran: Bam
Armenia: Spitak
Turkey: Izmit, Istanbul,
Kocaeli
Japan: Aomori, Chiba,
Fukushima
India: Gujarat, Bhuj
Ahmedabad

Overall losses
in US$ m

Insured losses
in US$ m

Fatalities

8, 000
10, 000
5, 200
85, 000
7, 100
500
14, 000
12, 000

200
1, 000
5
300
100
19
600

222, 570
220, 000
88, 000
84, 000
40, 000
26, 200
25, 000
17, 118

210, 000

40, 000

15, 880

4, 600

100

14, 970

An increase in the losses caused by natural catastrophes has been observed worldwide. The
loss data on great natural catastrophes since 1950 shows a dramatic increase in catastrophe losses
over the last decades (fig. I.i). The reasons for this development are manifold, they comprise the
increase in the world population, as well as related eﬀects due to increased values and a higher
concentration in urban areas (cities with a population greater than 2 million). As the underlying
factors for the observed loss trend remain unchanged, a further increase of losses from natural
disasters is inevitable [34].
The next disaster is coming soon, nobody knows where and when, but everybody knows
that the next big earthquake will come. This danger was already recognized in 1994, when the
Yokohama strategy was developed and further elaborated in a plan for action after the Indian
Ocean Tsunami: the 2005 Hyogo framework for action [91]. This framework was designed to
achieve the following outcome by 2015:
“The substantial reduction of disaster losses, in lives and in the social, economic and
environmental assets of communities and countries.“
In order to reach that aim, the resulting key activities had a preliminary focus on:
“risk assessment, information, education, management and institution building“
with its main concern still on reaction, not pro-action. However, no specific actions for risk
reduction, which is a function of hazard, vulnerability and loss, were defined.
At the time of writing this thesis, the Hyogo framework ended less than a year ago (2016),
and its outcome has to be critically assessed: was Hyogo successful? Did it reach its goal?
xxii
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Figure I.i: Losses from Great Natural Disasters Worldwide 1980 - 2013 ⃝Munich
Re [69].
Looking at the numbers and past events during these 10 Hyogo years, this has not been
achieved. Losses, especially from extreme events, kept rising exponentially. Due to the fact that
hazard is a natural process, it can not be reduced, vulnerability reduction is the only key to risk
reduction under natural hazards. That is why Hyogo was destined to fail from the very outset
[60].
The follow-up framework after Hyogo is the Sendai Framework for Disaster Risk Reduction
2015 − 2030 [14] with the global aim of achieving the following outcome during the next 15 years:
“The substantial reduction of disaster losses, in lives and in the social, economic and
environmental assets of communities and countries.“
and in order to attain the expected outcome, the following goal must be pursued:
“Prevent new and reduce existing disaster risk through the implementation of integrated and inclusive economic, structural, legal, social, health, cultural, educational,
environmental, technological, political and institutional measures that prevent and
reduce hazard exposure and vulnerability to disaster, increase preparedness for response and recovery, and thus strengthen resilience.“
To achieve that global aim, “code-enforcement”1 should be carried out in the future, but this
has to be questioned because current codes are not always “codes of practice”. One reason is
that many building types, especially with functional requirements like a soft storey buildings,
are not covered and regulated in current building codes.
A further shortcoming of modern building codes is caused by structural and earthquake
engineers. The seismic demand is defined by seismologists, and engineers put them into building
codes unquestioningly instead of taking into account shortcomings in the manufacturing process
1 Code-enforcement is the prevention, detection, investigation and enforcement of violations of statutes or
ordinances regulating public health, safety, and welfare, public works, business activities and consumer protection,
building standards, land-use, or municipal aﬀairs [8].
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of steel-concrete frame buildings, for example, in a statistical way. In the case of a single steelconcrete frame buildings hundreds of technical details have to be solved in order to manufacture
and reinforce the corners correctly, simply because corners are the most vulnerable part in steelconcrete frame buildings and in frame buildings in general. Hundreds of details in a single
building means millions of details in a whole city, and from a statistical point not all of them will
be built correctly. Usually building code revision comes every 10 years and is applied only to new
buildings. Therefore, maybe in 100 years, most of the building stock in the world is constructed
according to the appropriate regulations. A new approach by using new building technologies
with an increased structural robustness must be developed: New building codes need structural
robustness!
René Lagos, the CEO from René Lagos Engineers in Chile presented a new strategy in his
Keynote at the 16th World Conference on Earthquake Engineering in Chile: new buildings are
designed still with a reduction of response spectrum in the plasticity of the frame, but not longer
as plastic frames. René Lagos suggested designing shear wall type buildings according to a plastic
design but with an eﬀective displacement limit that the building remains still in the elastic range
[100].
Current seismic risk has to be reduced in the world. Reducing the world-wide seismic risk is a
large and global eﬀort, and it has to be done in the future to prevent further financial and human
disasters. More important than reducing economic losses is protecting human lives, especially
in highly aﬀected developing regions in the world where no buildings codes are available or the
existing building codes do not give any information on constructing robust buildings. That can
be seen, for example, in buildings with soft storeys: no information or regulations are given, and
obviously soft storey buildings, especially in the city center where shops and parking space are
located on the ground floor, have a large presence.
The society is not prepared and is still vulnerable, especially in the case of rare extreme natural
events, since they do not fit into the human time scale and they do not obey the usual event
statistics of natural scientists. This is particularly true for large earthquakes where the typical
seismological hazard models seem to fail again and again. Rare, extreme natural events like
mega earthquakes (going beyond the normal design limit) are obviously not properly considered
and this has already resulted in irrecoverable losses, regardless of whether a developed nation
(US, Japan) or a developing one (Haiti, India, Nepal) is hit. The Organisation for Economic
Cooperation and Development (OECD)’s Global Science Forum launched the Global Earthquake
Model (GEM ) in 2007 and is an interdisciplinary public-private partnership. This partnership
consists of financial companies, national governments, often represented by national research
organizations, and international and donor organizations with the final goal of providing a global
earthquake model, data, (software) tools and other resources by the end of 2014, which can then
be used improved and shared in order to define risk reduction programmes on national, regional
and local scales. It is the world’s first ever standardized model for assessing earthquake risks
and one of the founders Dr. Anselm Smolka, said about it
“Reinsurers expect GEM to provide greater risk transparency worldwide. This will
enable them to improve the spread of risks and also to oﬀer more cover in heavily
threatened regions, [118].”
A detailed literature review demonstrates that the technical focus in terms of seismic risk is
on Hazard whilst Vulnerability aspects were less regarded, although the global building stock is
highly heterogeneous in terms of design, materials and construction practices.
251 identified peer-reviewed journal articles are visualized according to their assignment in
terms of risk components, spatial scale and year of publication. As described, the papers are
subdivided depending upon whether the research is Hazard or Vulnerability related, and they
xxiv

xxv
are further diﬀerentiated in pre- and post-event research. Note that the quantitative axis is
logarithmically scaled. Furthermore, the absolute number of papers is visualized in a cumulative
manner over time. First, the quantitative characteristics of the overall categories are noticeable.
Continuous research has been published with contributions to assess earthquake hazards and its
components, both for pre- and post-event analyses and applications (hazard-related pre-event:
97 papers; hazard-related post-event: 76 papers). Especially since the middle of the last decade,
post-event damage analysis has seen an increase (damage related post-event: 64 papers), whereas
the number of papers dealing with pre-event vulnerability components is still comparatively low
(vulnerability-related pre-event: 14 papers).

Figure I.ii: Visualization of the number of peer-reviewed journal articles diﬀerentiated according
to risk components, spatial scales and year of publication based on a logarithmic scaled axis [75].
There is a urgent need on the vulnerability side and, especially in damage estimation before
an earthquake occurs. The following statement highlights the need to make our communities
more earthquake resilient:
“Earthquakes (Hazard) don’t kill people, buildings (Vulnerability) do!” (unknown
author)

xxv

Part I

Introduction
&
State of the art of seismic risk
assessment and simulation

1

CHAPTER 1
A BRIEF INTRODUCTION TO
INSURANCE RISK
In the insurance industry, risk is a function of the Hazard,, the Vulnerability and the values of
exposed objects [138].
It is not that important how the possible loss is triggered: either by human errors like the
dangerous momentary nodding oﬀ in road traﬃc or, by a technical defect such as brake failure.
Overall, it is important that the possible loss has to be known, so that in the end the insurance
premiums can be calculated realistically based on available damage data, whereby deductibles
are used by insurers nowadays to reduce the possible loss.
In the case of car insurance, the mandatory loss data are available from recorded damage
data. The damage data from accidents in the past and their corresponding repair costs are the
base for a realistic pricing for each class of models like small cars (Ford Fiesta), middle class cars
(VW Golf) or luxury cars (Mercedes S-Class). Because these damage data are known in detail,
individual prices can be determined for the customer.
Another example where loss data are available in such detail and an individual pricing can
be achieved, in health insurance. Disease progression is documented and stored in databases for
each individualy and has been recorded over a long period of time. On that basis, a personalized
health insurance can again be oﬀered to the customer.
Car and health insurance are just two examples where loss data for a realistic pricing are
available, but this is not the case for building damages caused by earthquakes.
In terms of structural and non-structural damages, loss data are too sketchy, but they can be
estimated at least in principle. The seismic hazard is well known nowadays and the monetary loss
estimation can be expressed as a function of estimated damage. Moreover, monetary loss diﬀers
according to the local situation because the repair costs for a certain damage in Bangladesch
are diﬀerent to those for the same damage in Germany. Certain individual parameters of the
loss function have to be modified by the insurance, but depend on local conditions that can be
provided from Federal Statistical Oﬃces or other institutions.
Mandatory for a damage estimation are the sophisticated engineering models that reflect
damages as observed in reality. Furthermore, this damage estimation is needed for realistic,
virtual building portfolios and methods for rapid damage assessment of these buildings in order
to estimate their repair costs.
3
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Chapter 1. A brief introduction to insurance risk

Due to the fact that risk as well as Seismic Risk (SR) have several definitions, like in [92]
where the SR is defined by hazard, vulnerability and exposure whereas in [154] the SR is a
combination of seismic hazard and exposure, and each of them have their own justification. The
next chapter defines the SR for this thesis.
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CHAPTER 2
DEFINITION OF SEISMIC RISK

Seismic Risk

Before focusing on Seismic Risk, this chapter provides an introduction to the complex and wide
field of earthquake engineering. In terms of insurance losses from natural perils, the risk should
be put on an equal level, in this study, with direct monetary losses from natural occurrences, and
in the context of the Seismic Risk and its three risk components defined as: Hazard, Vulnerability
and values of exposed objects [138]. The values of exposed objects are hereinafter referred to Loss
in this particular study.
From an insurance point of view, as well as from a general perspective, Seismic Risk consists
of three components: the hazard, the vulnerability of their objects exposed to a hazard and the
value of the exposed assets [137]. The hazard is usually defined as the exceedance probability
of an event of a specified minimum size, e.g. the wind velocity in the case of windstorms or the
ground acceleration in the case of earthquakes.
In this study, the Seismic Risk is defined through the three aforementioned components:
hazard, vulnerability/structural damage and loss as seen in fig. 2.1. In table 2.1 the components
are presented with their academic discipline, where they come from and the experts responsible.

Risk

Hazard
Vulnerability
(Portfolio)

Values of exposed objects
(a) Definition of Risk in insurance industry

Seismic Hazard
Vulnerability
(structural and nonstructural damage)
Possible Loss

(b) Definition of Seismic Risk in this study

Figure 2.1: Definition of Seismic Risk.
Thus, while Hazard is purely a product of natural processes, Seismic Risk depends on the
Vulnerability and Loss in terms of the built-up environment, human population, and value of
operations. Because Seismic Risk depends on the three risk components Hazard, Vulnerability
5
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Table 2.1: Seismic risk components and their responsible experts.
Seismic risk
component
Hazard
Vulnerability/
Structural Damage
Loss

Academic discipline

Responsible experts

Natural science
Engineering science

Geophysicist, Geologist, Seismologist...
Civil engineer, Urban planner,
Earthquake engineer...
Economist, Insurer, Physician...

Finance and
health science

and Loss, and knowing that Hazard is an independent process, Vulnerability and Loss are the
crucial factors for risk reduction. The correlation of the three risk components is described in
fig. 2.2 schematically.

H
H
Risk
V

H
Risk

Risk
L

(a) Reference risk level: Hazard, Vulnerability and Loss
are equal

V

L
V

(b) High risk level: Increased
Vulnerability and Loss while
Hazard remains constant

L

(c) Low risk level: Reduced
Vulnerability and Loss while
Hazard remains constant

Figure 2.2: Schematical sketch of the risk parameter Hazard, Vulnerability and Loss.

2.1
Hazard

Generating artificial
accelerograms based
on a random process

Hazard assessment and simulation

Most seismic risk studies are done nowadays by seismologists and geophysicists and their focus
is on the Hazard component, which can already be seen in fig. I.ii.
This section is intended to be an introduction to past and current hazard models applied in
the field of earthquake engineering. Hazard models are manifold, starting with simple artificial
accelerograms for a local soil, up to complex 3D hazard models on a global scale.
Gasparini and Vanmarcke [72, 73] were among the first to propose a procedure based on generating accelograms artificially. In order to generate representative artificial accelerograms, certain
requirements of the design codes needed to be fulfilled. Gasparini and Vanmarcke proposed
that the most significant accelerogram has to be compatible with the elastic response spectrum
of the region. Taylor [147] has adopted the implementation for the generation of statistically
independent artificial acceleration time histories . A schematical procedure for generating artificial accelerograms based on a random process is presented in fig. 2.3. This approach could
be used for a certain location, i.e. weak soil, then applied to the transfer function so that the
use of sophisticated Hazard models like wave propagation or complex models like 3D earthquake
simulations are not needed.
6

2.1. Hazard assessment and simulation

7

z
z(t)

E Multiplicator
E(t)

H(ω)

x

t

D, ω0

ü
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Figure 2.3: Generation of artificial accelerograms based on a random process [53].

The award-winning Komatitsch et. al. study [97] used 1944 processors of the Earth Simulator
to model seismic wave propagation resulting from large earthquakes. The simulations were
conducted based upon the spectral-element method, a high-degree finite-element technique with
an exact diagonal mass matrix, making it much easier to implement on parallel machines because
no linear system needs to be inverted and a very large mesh with 5.5 billion grid points and 14.6
billion Degree-of-Freedom Systems (DOF s) can be used.
Modeling of the three-dimensional (3D) seismic wave-velocity structure of the earth, the
rupture process during a large earthquake, and propagation of the resulting seismic waves is of
considerable interest in seismology; analyzing the seismic wave propagation in the earth is one of
the few methods of mapping the structure of the earth interior, based upon seismic tomography
[97]. Komatitsch stated that validation of 3D Earth models and finite-source models requires
the ability to calculate accurate theoretical seismograms: time series representing the three
components of the displacement at points located on the surface of the earth. The field of
numerical modeling of seismic wave propagation in 3D geological structures has significantly
evolved in the last few years due to the introduction of the Spectral-Element Method (SEM )
shown in fig. 2.4. It is a high-degree version of the finite-element method that is very accurate
for linear hyperbolic problems, such as wave propagation, having very little intrinsic numerical
dispersion [96].
Integrated Earthquake Simulation (IES) is a simulation technique and will be used for the
earthquake processes, namely, the earthquake hazard processes wave propagation. [140].
The earthquake hazard simulation by means of the macro-micro analysis method is able to
estimate the waveform of strong ground motions for a given scenario of a particular earthquake.
The earthquake simulation with high spatial resolution is thus realizable by inputting the estimated waveform to the numerical analysis methods of structural seismic response.
The IES is a sophisticated technique that allows numerical simulation of the earthquake as:
• The hazard simulation and wave propagation for a particular earthquake scenario by means
of the macro-micro analysis is given in [88]. A detailed derivation of the macro-micro
analysis method can be found in [87]. The output of this simulation is a distribution of the
7
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(a) Global view on the complex 3-D Earth
model by using a mesh of hexahedral finite
elements (SEM )

(b) Detailed view of the mesh 48 x 48
spectral elements at the surface of each
layer

(c) Wave propagation after 2s

(d) Wave propagation after 222s

Figure 2.4: Example of a sophisticated 3D seismic wave propagation hazard model by using an
earthquake simulator (Hazard model with 14.6 billion DOF = 14,600,000,000 DOF ) [96].
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strong motion expressed as waveform.
• in combination with the earthquake simulation applying linear/nonlinear seismic response
analysis methods to a structure (Multi-Degree-of-Freedom System (MDOF )) for a strong
ground motion at its location. In the view of Mueo Hori, the output of this simulation is a
a degree of local overall damage (which includes collapse) for all structures located in the
aﬀected area.
An overview of IES is given in fig. 2.5, where the earthquake simulation is decomposed into
the simulation of the structure seismic response and the simulation of the consequences.

Figure 2.5: Component for earthquake disaster and pre-disaster preparation of IES with earthquake simulation, structure response simulation, and action simulation [88].
A more detailed explanation of IES can be found in [87]. The consequences of the simulations
are, evacuation process, recovery processes, or the evaluation of impacts on the regional or local
economy. The evacuation processes in a damaged structure are simulated by using a multi-agent
simulation at the time of writing this document.
SPectral Elements in Elastodynamics with Discontinuous Galerkin (SPEED) is a new high
performance open-source numerical software with the aim of providing wave propagation analysis in visco-elastic heterogeneous three-dimensional geological structures on local and regional
scales. Physics-based numerical modeling of the seismic response of arbitrarily complex earth
media has gained major relevance in recent years, caused on the one hand by the ever-increasing
progress in computational algorithms and resources, and on the other hand by the growing interest towards using the development of deterministic scenarios as inputs within seismic hazard
and risk assessment studies.
A practical application of SPEED is focused on the simulation of the seismic response of
the Christchurch Central Business District (CBD), social and economic heart of the city of
Christchurch in New Zealand, heavily damaged during the MW 6.2 earthquake of 22 February
2011. The region was characterized by a high density of tall buildings. That earthquake caused
9
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the most damaging and deadliest event of the seismic sequence in New Zealand, with extensive
destruction and more than 180 injured people.

Figure 2.6: peak ground velocity along the two representative directions across the CBD, namely
West-East and South-North. The distance between adjacent receivers is 7.5 m [111].

Probabilistic
seismic hazard
analysis

The main purpose of the application shown there is the numerical evaluation of seismic wave
propagation eﬀects originating at the earthquake source. In particular, a 3D model, encompassing
both the regional and local urban scale, was constructed in order to study the wave passage eﬀects
on pounding-prone compounds of buildings, the influence of a densely urbanized area on the
spatial variability of strong ground motions, and the cause of the damage present in apparently
homogeneous areas. In fact, a densely urbanized area located in an alluvial basin could aﬀect
the seismic wave field, both in a passive way, as the buildings and their foundations are obstacles
to the seismic wave front, and in an active way by behaving like an extended surface source area
consisting of closely spaced sources of translational and rotational motions [135, 146, 151].
The foundations of the building stock with an average depth of 10 m and the surrounding soil,
for a depth of 50 m, have been taken into account for generating the hazard model. Assuming a
mesh size of around 5 m, the CBD is described by approximately 500, 000 hexahedral elements.
The numerical mesh of the CBD has been successively included into the model of the Canterbury
Plains, the latter having a global extension size of 60 km×60 km×20 km (fig. 2.6). The resulting
model reaches globally more than 1.000.000 hexahedral elements.
Probabilistic seismic hazard analysis oﬀers a rational framework that describes the elastic
seismic demand in terms of peak ground motions and response spectra [39, 112]. PSHA for
western Canada is studied in [80] and it incorporates earthquake occurrence models, seismic
source zones, magnitude-recurrence relations and Ground motion prediction equations (GMPEs)
through total probability theorem. The output from a probabilistic seismic hazard analysis is the
expected seismic intensity that corresponds to a specified probability level. It is often presented
as a uniform hazard spectrum and seismic hazard deaggregation. For Canadian locations, seismic
hazard information given by Adams and Halchuk [13] is especially relevant, as it forms the basis
10
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of the seismic provisions of the current National Building Code of Canada. In Goda’s study,
an updated seismic hazard model for western Canada [19, 78] is used in order to reflect newly
available seismological information and models. The key improvements include: (i) conversion
of diﬀerent magnitude scales into a uniform moment magnitude scale in the earthquake catalog;
(ii) reevaluations of magnitude-recurrence relations for diﬀerent earthquake sources based on a
longer and more homogeneous catalog up to the end of 2008; (iii) use of newer GMPEs with
a proper distance measure conversion; and (iv) consideration of the probabilistic mega-thrust
Cascadia scenario events. The sensitivity analyses conducted by Goda [78] indicate that the use
of recently developed GMPEs accounting for epistemic uncertainty, has a significant impact on
seismic hazard estimates, whereas the implementation of proper distance measure conversion in
evaluating GMPEs has a moderate impact on seismic hazard estimates. Another advantageous
feature of using recent GMPEs is that local site can be taken into consideration for seismic
hazard assessment. The hazard model used by Goda is shown schematically in fig. 2.7.
Panel 1: Seismic hazard model
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Vancouver
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Ground motion or
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Source zone model

Panel 3: Building in
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Figure 2.7: Hazard modelling related by Goda [79].
Panel 2: Synthetic seismic catalog and intensity map
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come from artificially generated earthquakes based on a random process or from a global hazard
model like the earthquake simulator.

2.2
Vulnerability

Vulnerability assessment and simulation

Vulnerability assessment is the key to reduce seismic risk by decreasing the existing Vulnerability.
In terms of earthquake vulnerability of buildings, it is necessary to know how the buildings in
a region behave during such events. This is mostly unknown, because real damage data are
normally missing, and design criteria and procedures in building codes are misleading: they
are prescriptions for a limit state design of new structures and they do not provide criteria to
assess the performance of existing ones. Since they change with every major earthquake, and will
continue to do so in the foreseeable future, it is clear the fact that they have not been perfected
yet. Just to highlight one of the issues we are facing: if buildings were to behave according to
the current building codes, their safety would not depend on local building parameters such as
the number of storeys, and they would be equally safe regardless of how many storeys they have.
The literature review on vulnerability assessment for existing buildings is concentrated on the
one hand geographically by area, for example in Japan, India, Turkey and Australia, and on the
other hand according to the diﬀerent construction type. The variety of types and technologies
such as masonry structures, reinforced concrete frames etc. can be found and distinguished across
the globe, and result from local resources such as material, money and construction knowledge,
as well as from climate eﬀects which can be seen by comparing buildings in hot and cold regions
in the world. An overview of the most used vulnerability assessments for diﬀerent regions and
diﬀerent construction types, with the advantages and disadvantages in terms of their capability
of realistically estimating loss and damage for existing buildings, is given here.
Calvi et. al. published the development of seismic vulnerability assessment methodologies
over the past 30 years in [34] and furthermore, D’Ayala has given and reviewed methods to assess
the seismic vulnerability of buildings, with particular emphasis on hospitals and medical facilities
[46].
A significant component of damage and loss data is how to assess the vulnerability of a
particular single risk or a portfolio. The seismic vulnerability of a building can be described
as its susceptibility to damage from a certain ground excitation. The aim of a vulnerability
assessment is to calculate the probability of obtaining a certain level of damage for a particular
building type given a particular seismic input. The various methods of assessing vulnerability
proposed in the past can be classified, according to Calvi [34], into empirical and analytical
methods, and thirdly their combination: hybrid methods. Figure 2.8 presents a flowchart of
the seismic risk assessment components for the vulnerability assessment procedure suggested by
Calvi in [34].
A vulnerability assessment needs to be made for a particular characterization of the ground
motion, which represents the seismic demand of the earthquake on the building. Calvi correlates
the ground motion with the damage to the buildings.
Each vulnerability assessment method models the damage on a discrete scale; frequently
used examples include the Medvedev−Sponheuer−Karnik scale (MSK ) [113], the Modified Mercalli Intensity (MM ) [156] and the European macroseismic scale (EMS-98 ) [83]. In observed
vulnerability procedures, the damage scale is used in reconnaissance eﬀorts in order to produce
post-earthquake damage statistics, while in numerical procedures this is related to limit-state
mechanical properties of the buildings such as interstorey drift capacity. The evolution of the
vulnerability assessment procedures is described in the following sections, where the most important references, applications and developments pertaining to each methodology are reported.
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Figure 2.8: Flowchart of the seismic risk assessment components and choices. Most scientists
understand the path shown in red as the “traditional assessment method”. In green the two
main categories for the vulnerability assessment are shown. The original figure was taken from
[34].
A larger emphasis has been placed on the vulnerability assessment of the built environment on
an urban scale for use in risk and loss assessment methodologies.

2.2.1

Empirical and Analytical Methods

There are two main methods of the seismic vulnerability assessment of buildings that are based
on the damage observed after earthquakes. Both of them can be referred to damage-motion relationships damage probability method (DPM ), which expresses in a discrete form the conditional
probability of observed damage levels for a ground motion intensity, and vulnerability functions,
which are continuous functions expressing the probability of exceeding a given damage state
given a function of the earthquake intensity.
The DPM has been the most common vulnerability assessment method in Europe. Based
on field observations, it expresses, in a discrete form, the conditional probability of obtaining a
damage level, due to a ground motion macro-intensity. The method relies on observed damage
data available from past earthquakes and their correlation with the construction materials and
methods in diﬀerent geographical and seismic regions. First proposed by [155] after the San
Fernando earthquake of 1971, specific applications of this method to masonry structures are
numerous [30, 50] and still widely used in developing countries and regions with extensive historic
seismicity records [17, 160]. The DPM has disadvantages, namely the discrete definition of
damage levels/states and they dependend on a specific seismic and architectural context [148].
Hence, the DPM method may not be extrapolated to diﬀerent geographic locations in the absence
of direct damage data for a specific region.
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Some of these limitations are overcome by the vulnerability index method (VIM ) [25].
The method is based on a large amount of damage survey data. This method is indirect, as opposed to DPM , because a relationship between the seismic action and the response is established
through a vulnerability index.
The method uses a field survey form in order to collect information on those important
parameters of the building which could influence its vulnerability: for example, plan and elevation
configuration, type of foundation, structural and non-structural elements, state of conservation
and type and quality of materials.
Calvi mentioned that the main advantage of indirect VIM is that it allows the vulnerability
characteristics of the building stock to be determined, rather than basing the vulnerability definition on the typology alone [34]. The methodology still requires expert judgement to be applied
correctly when assessing the buildings, and the coeﬃcients and weights applied in the calculation
of the index have a degree of uncertainty that is not generally accounted for.
The most substantial improvement of theVIM over the DPM is that the former provides a
continuous vulnerability function, while the latter uses discrete vulnerability classes expressed in
terms of expected damage.
With respect to the empirical methods, from some scientists’ point of view, analytical methods should have the advantage of framing the problem of seismic vulnerability in structural
engineering terms, defining a direct relationship between construction characteristics, structural
response to seismic action and damage eﬀects. The development of attenuation equations for
specific seismic regions and the corresponding derivation of seismic hazard maps in terms of
spectral ordinates, as opposed to macro-seismic intensity or peak ground acceleration (PGA),
has given impetus to the development of transparent vulnerability assessment algorithms with
direct physical meaning. In the development of the analytical models for masonry structures, two
methods can be identified. On the one hand the correlation between Damage Index and damage
threshold, and on the other hand the correlation between acceleration/displacement capacity
curves and spectral demand curves [86].

2.2.2

Overview of proposed Damage Index methods

Quantifying the damage of buildings caused by an earthquake event is one of the most important issues that have been investigated by several researchers and institutes around the world.
Therefore Damage Indices play a key role, for some scientists, who propose objective DI based
on a set of structural response parameters such as force, deformation, and dissipation of energy,
independent of the building type. Among several DI , the proposed DI by Park-Ang [125] has
to be mentioned, since it is probably the most important and most often used method of quantifying the damages present in a building. In this case the degree of damage as a function of the
dynamic response of the building can be described by the following equation:
∫
δm
β
DIPA =
+
dEh
(2.1)
δu
δu P y
where δm is the maximum displacement (demand), δu is the ultimate (capacity) displacement, β
is
∫ a parameter adjusted depending on materials and building type, Py is the yield strength and
dEh is the dissipated hysteretic energy. Therefore this index combines the maximum lateral
displacement eﬀects with the plastic dissipated energy. One example of the relationship between
DIP A and various damage states for rc-frame structures is presented in table 2.2. A perfect
damage index typically normalizes the damage on a scale of 0 to 1, where zero represents the
undamaged state while unity represents the collapse state of the building. A shortcoming of that
damage index is that the maximum is over 1 and nearly close to 2 in some cases. In addition, the
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Park-Ang damage index is not directly suitable for nonlinear static pushover analysis or normal
capacity spectrum method because cumulative damage does not occur in this case.
Table 2.2: Relationship between DI and various damage states for
rc-frame structures.
Damage State

DIPA

State of the Building

No damage
Slight damage
Minor damage
Moderate damage
Severe damage
Collapse damage

0.0
0.0 − 0.1
0.1 − 0.25
0.25 − 0.4
0.4 − 1.0
> 1.0

No damage
No damage
No damage
Minor damage
Beyond repair
Loss of building

Another method based on plastic energy absorption in cyclic loading developed by [47, 130]
defined structural damages based on the rotation of the structural joints for concrete structures
in order to evaluate the damages of structural elements [153]. A further damage index was
described in [70] and is one of the most often used indices in the category of general DI of
buildings, namely the displacement damage index:
DIDisp =

∆m
Hb

Displacement
damage index

(2.2)

where ∆m is the maximum roof displacement corresponding to a single performance point and
Hb is the total height of the building. This displacement index has the disadvantage of lacking
the ultimate capacity of the building, and therefore the damages cannot be reliably and suitably
presented [40]. The reason for using that damage index is the easy definition by using two global
parameters.
The stiﬀness damage index in order to integrate stiﬀness degradation is proposed by [136]
in the form of:

Stiﬀness damage
index

√
DIStiﬀ ,1 = 1 −

Ki
Ki−1

(2.3)

for non-linear analysis, where DI is the present damage of a member like a beam or column, Ki
is the current tangent stiﬀness and Ki−1 is the previous tangent stiﬀness. This index is applied
to single members such as a beam or column, not to global frames. The stiﬀness damage
index was proposed by [76] and can be used in order to evaluate the seismic performance of
global frames, for example reinforced-concrete frame buildings, and can be obtained by using the
pushover analysis:
DIStiﬀ ,2 = 1 −

Kf inal
Kinitial

(2.4)

where Kinitial is initial stiﬀness or the initial tangent of the capacity curve, which is the relation
between base shear and roof displacement. Kf inal is the tangent of the capacity curve after the
earthquake impact.
The principle of the Modal flexibility damage index method is based on comparing
flexibility matrices obtained from two sets of experimental fundamental frequencies and mode
15

Modal flexibility
damage index

Chapter 2. Definition of seismic risk

16

shapes. The method is applicable if the mode shapes are mass normalized to unity. For the nth
storey the model flexibility equation is defined as
DIMFDI = 1 −

∑N 2 2
ϕ
Fn
i=1 ni/ωi
=
1
−
∑N ∗2 ∗2
∗
ϕ
Fn
i=1 ni/ωi

(2.5)

where Fn is the static displacement due to a unit static load applied at the nth storey which was
used directly as a damage indicator. ϕni is the nth mode shape and ωi is the modal frequency.
The aforementioned and briefly described damage indices have been developed in order to
quantify the global damage in ductile buildings or ductile members of a building, like a beam
or a column. However, at the moment of studying non-linear response of brittle buildings, it
may be possible to observe that damage indices corresponding to the total collapse are lower
than those corresponding to ductile buildings, [153]. This shortcoming prevents the use of the
previously described indices when performing an objective characterization of damage in brittle
buildings.
For an earthquake insurance portfolio analysis of wood-frame houses in south-western British
Columbia (Canada), Goda proposed a modified Park-Ang damage index in diﬀerent terms and
the factor δ to assess damages for an individual structures is defined by [80]:
δ = max(min(

DD − DY
, 1), 0)
DC − DY

(2.6)

where DD is the seismic demand variable, and DY and DC are the yield and ultimate capacity
variables of the structure respectively. These variables are expressed in terms of maximum
inter-storey drift ration and are treated as random variables.
The two procedures, correlation between Damage Index and damage threshold on the one
hand and correlation between acceleration/displacement capacity curves and spectral demand
curves on the other, in line with the performance-based design for new buildings, define the
seismic assessment of the existing building stock and prediction of losses. The required analysis
steps proposed by Goda are:
• classification of the building typology and seismic design,
• definition of damage states,
• assignment of capacity curves,
• definition of demand spectra (associated with return periods and performance targets) and
• evaluation of the building response in terms of performance points.
The two procedures, applied to large sets of buildings, allow the derivation of damage scenarios
for a given site and as a function of ground motion parameters which are connected with hazard
levels. The damage levels are related to the demand parameter, which is expressed in terms
of a displacement. These curves are developed on the basis of a lognormal distribution. Once
the typologies have been defined, D’Ayala mentioned that it is not necessary to have a detailed
knowledge of the building stock [45].
Numerical approaches of [45] to define the seismic vulnerability of buildings are becoming
more and more popular, as improved engineering knowledge of the behavior of structures raises
confidence in the reliability of such models.
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Large scale shaking table tests

The use of large scale testing facilities is usual in the experimental research in the field of
earthquake engineering. The range of experimental data has covered not only structural elements
but also large or full scale buildings for the most common construction types, namely:
• Unreinforced/confined masonry (URM )
• Reinforced Concrete Frames with/without infill walls (RC Frames and RC Frames with
shear walls)
• timber structures
• steel structures
• steel composite structures etc.
RC frames and RC shear wall buildings are the most common construction type, but they are
the most vulnerable building type and present as well the highest risk and damage potential. The
use of shaking tables for the assessment of the dynamic and seismic behavior of civil engineering
structures dates back to the 1960s. At the beginning, shaking tables had important limitations
in terms of performance and capacity and therefore they had been used to study the dynamic
characteristics (natural frequencies and mode shapes) of small models behaving, essentially, in the
linear range. Nowadays, bigger and more powerful shaking tables have been put into operation,
allowing for the adoption of lower time scaling factors, so that it is possible to include time
dependent eﬀects like mass eﬀects and other dynamic forces.
Nowadays a significant amount of research using shaking tables can be found in the literature.
The results of shaking table tests provide the most realistic dynamic behavior of masonry buildings under seismic actions, and they are often used for calibrating numerical models. Shaking
tables are distributed around the world and a small selection is given in fig. 2.9. The following
sections present some studies for the most common building types, namely: Reinforced-concrete,
masonry, wood and steel buildings.

ISMES
SEELS

LNEC

LEE
EUCENTRE

NEES

Tongji
E-Defense

Figure 2.9: Overview of some large shaking tables in the world.
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2.2.3.1
E-Defense, Japan

Shaking table test on Reinforced Concrete Frames and RC Frames with
shear walls

E-Defense: A shaking table test of two full-scale, four storey concrete buildings was done
in 2010 at the facility of E-Defense. This was the first time a full-scale RC building had been
tested using a multi-directional and real-time input and brought to near collapse damage state.
The first test set-up was a systems with RC walls in one direction and RC moment frames
in the orthogonal direction, whereas the second test set-up was constructed with individual
precast concrete members combined with post-tensioning steel [74, 119]. The authors Nagae
et. al., provided unique data on component and system performance that are used to evaluate
current seismic design provisions and highlight potential code changes. Overall, good simulations
of observed global and local responses were obtained, with satisfactory correlations between
predicted and measured roof displacements, overturning moment, and base uplift versus wall
rotation relations. In fig. 2.10 the test set-up can be seen.

Figure 2.10: Reinforced concrete test specimen on the E-Defense shake table. RC-walls in one
direction, RC-moment frames in the orthogonal direction [119].
E-Defense, Japan

Also during the project “Maintenance and Recovery of Functionality in Urban Infrastructures” several tests were performed on the E-Defense shaking table. A 6-storey RC building
with infilled shear walls designed according to the current Building Standard Law in Japan in
a scale 1:3 [145] (see fig. 2.11) was used as a test specimen. The test specimen consisted of
two moment-resisting frames in the longitudinal direction, and four frames with shear walls in
the transverse direction. In the first storey, three shear walls were placed and connected with
the frame. The most important outcome happened during the final shaking table test, where
the 1st and 2nd storey walls failed in shear manner. The columns at the 1st storey had high
ductility, due to the large hoop reinforcement ratio. A soft storey mechanism on the ground floor
was observed, and last but not least, torsional behavior was observed in the wall deformations.
Non-structural walls were damaged and were the cause of damage in the columns after their
collision.

NEES, US

Further shaking table tests on RC : In recent years, several shaking table tests have been
performed to inspect the structural collapse mechanisms, and/or to evaluate the accuracy of
numerical approaches used to simulate the collapse process of RC Frames. Martinelli et. al [109]
have presented the simulation of the non-linear dynamic response of a full-scale seven-storey RC
Frames with shear walls on the outdoor shaking table at Network for Earthquake Engineering
Simulation (NEES). The project, with the tallest structure ever tested on a shaking table up
18
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Figure 2.11: Reinforced concrete test specimen with infilled shear walls on the top of the EDefense shake table [145].

to that time, was participating in the blind prediction contest. The shear wall building was
tested with four consecutive table motions with increasing maximum acceleration from 0.15 to
0.93 g, representative of low, medium, and high levels of excitation. The ability of the proposed
model (2D model) to predict the measured earthquake response of a RC Frames building with
shear walls was shown by the close correspondence between the blind prediction results and the
measured data [109].
Further studies were performed on a three-storey RC Frames model on a scale of 1:5 which was
designed according to the current Chinese building codes and manufactured with microconcrete
and fine wire in order to perform shaking table tests at the Harbin Institute of Technology in
China [102]. One of the results that Zhang et at. [159] obtained was a frequency decrease and
a damping increase as the damage to the model progresses. The dynamic amplification factor
decreases and maximum displacement occurs when the input acceleration increases.
A further investigation was performed by Elwood et. al. [66] in order to test two onestorey, two-bay RC Frames on a shaking table, featuring outside ductile columns to provide an
alternative load path for load redistribution after the middle nonductile column loses its capacity.
These were used to verify the predicted axial and shear failures of RC columns obtained from
nonlinear numerical analysis [65]. Wu et al. [157] performed a shaking table test to investigate
the dynamic softening and global collapse behaviors of a one-storey, one-bay frame designed with
low-ductility columns, for example.
2.2.3.2

Shaking table test on Unreinforced masonry building

E-Defense: The one-directional Tsukuba Shaking Table was used, in cooperation with the
Building Research Institute (BRI) and Mie University, to test the seismic behavior of a small
masonry house modelled after a brick house of mountainous regions in Pakistan [120] and [85].
The bricks were produced in Pakistan and imported in order to construct the structural model
of a typical house in South Asia. It was the goal of these tests to observe whether the seismic
resistance of the building depended on the mechanical properties of a bridge and to get a better
understanding of the dynamic collapse characteristics of masonry buildings. Therefore, a new
numerical simulating method based on the Extended Distinct Element Method (EDEM ) was
developed, and the numerical collapse process simulations were performed for the shaking table
tests. Bricks were assumed to be rigid bodies, and mortar was modeled by a numerical element
consisting of a normal spring and a shear spring. The parameters for each “mortar spring” were
19
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calibrated using the results of material tests. In the simulations, seismic loading was defined by
imposing displacement time histories at the base of the numerical models. The dimensions of
the model structure were approximately 3m × 3m × 3m, and it was constructed using massive
bricks. In order to simulate actual houses found in the mountainous area of Pakistan, a simple
roof of folded steel plates with wooden beams was left unfixed and was placed on the walls with
short wooden posts/stoppers at the four corners to prevent it from shifting or falling down. It
was fixed on the platform of the shaking table. Openings were located in the East, North and
South walls, but not in the West wall.
The aim of the shaking table tests was to obtain data on the actual process by which brick
masonry structures in developing countries collapse. Therefore, the model structure would inevitably collapse in the final stage of the test, as can be seen in fig. 2.12 .

Figure 2.12: Collapse process of brick structure during the shaking table test [120].
Figure 2.13 shows the result of the numerical simulation of the same building under the
seismic load of the Iran Bam earthquake, as can be seen in the sequence of pictures from left to
right. In the first movement from left to right, the diagonal cracks expanded from the bottom-left
to the top-right, and part of the analytical model collapsed.

Figure 2.13: Numerical collapse process simulation of a masonry brick building during the Iran
Bam earthquake [120].
The collapse simulations diﬀered by showing none of the horizontal cracks or rocking behavior
that appeared in the shaking table test. Hanazato et. al. [120] are convinced that this simulation
method would be quite eﬀective and reliable as a tool to analyze and evaluate damages of
the seismic designs of brick masonry structures once the method was further improved. This
technique can not be used for this study for validation purposes unless the EDEM used have
improved in the near future and the results are reliable. Hanazato et. al. mention that the
simulation with 15, 600 DOF was carried out by T. Nakagawa. The interesting computational
time of performing the simulations are not published.
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EUCENTRE: A comprehensive experimental research on seismic performance assessment of
existing stone masonry building and a shaking table test on a full scale Unreinforced masonry
building (URM ) is being performed at the European Centre for Training and Research in Earthquake Engineering (EUCENTRE) laboratory [82, 107]. Among the diﬀerent masonry typologies
of existing masonry buildings in Europe as well as in several non-European countries, stone masonry is particularly common in mountain and rural areas, but also in old historical centres of
urban areas. The selected building size was determined by a compromise between the goal of
having geometric properties as close as possible to full scale and the weight limit of 100, 000 kg
for the whole construction, including the special reinforced concrete foundation, due to the load
limitation of the transporting system. Finally, the test specimen has the following dimension
length 5.8 m, width 4.4 m and total height 6.0 m. Taking into account all the requirements, after
several numerical simulations, a single-room two storey building with a wall thickness of 0.32m,
a wooden floor and wooden roof and with pitched roof was eventually designed (see fig. 2.14a).

(a) Test specimen during manufacturing

EUCENTRE, Italy

(b) Scheme of local damage (c) Cracks at openings after
testing

Figure 2.14: Full-scale shaking table test of a two-storey masonry building at the EUCENTRE
laboratory in Italy [107].
After preliminary modal testing which allowed, using both ambient vibrations and table
random weak motion, natural frequencies and mode shapes (first period of vibration equal to
0.13 s) to be identified , a sequence of incremental dynamic tests was performed. In total six
diﬀerent levels of peak ground acceleration where used as a testing program. As can be seen in
fig. 2.14c, during one test with 0.30 g local failures were obtained and by performing the 0.40 g
the collapse of the specimen was nearly reached. In fig. 2.14b and fig. 2.14c it can be seen that the
upper part was close to falling out. The shaking table tests have delivered plenty of information
on diﬀerent aspects which can be found in the final report.
One interesting result was the role of floor in-plane stiﬀness. For the building specimen with
very flexible floors an uncoupled response was observed for the East and West walls. Figure 2.15
presents the relative displacements recorded for two markers at the same height during the 0.3 g
test.
Further shaking table tests on URM : The project Enhanced Safety and Eﬃcient Construction of Masonry Structures in Europe (ESECMaSE) was a global collaboration between 8
European SME’s, 7 IAG’s and 11 RTD partners and details and partners can be found on the
webpage [49]. The aim of the ESECMaSE shaking table tests was to compare the experimental
tests on masonry buildings with rigid diaphragms and the results coming from nonlinear analyses
on equivalent-frame macro-element models. Therefore two full-scale masonry buildings were used
for pseudo-dynamic tests, and one half-scale mixed structure out of RC Frames and URM was
tested on the shaking table at EUCENTRE in Pavia, Italy. The damage patterns at the mixed
21

EUCENTRE, Italy

Chapter 2. Definition of seismic risk

22

Figure 2.15: Displacement time-history of markers at the top storey in East (blue) and West
(red) walls [107].

ISMES, Italy

LEE, Greece

LNEC, Portugal

specimen were documented at the end of each test. They have been compared with the damage
shown by the numerical walls and the results obtained are satisfactory [108].
24 two-storey buildings were subjected to 119 shaking-table tests by Instituto sperimentale
modelli e strutture (ISMES) (Bergamo, Italy) and LEE (Greece) facilities. The full description
of the test procedure and the measured experimental response can be found in [26]. Several
models were tested: four limestone masonry models and four brick masonry models in order
to study the eﬃciency of repairs and strengthenings concepts. The models were intended to
represent elementary buildings in the Mediterranean area. The materials of the models were
chosen in order to reproduce the bad conditions of existing buildings: solid bricks with a mortar
of poor quality. One of the main achievements is the significant increase in lateral resistance-,
with respect to the original one, may be obtained by rather simple techniques, such as by the
local sealing of cracks and the application of horizontal tendons [26].
Another study deals with the analysis of a two-storey half-scale masonry building that was
tested within the large European project NIKER [11] using the shaking table of the Laboratory
of Earthquake Engineering (LEE). The full description of the test procedure and the measured
experimental response can be found in [141].
A new construction system for masonry structures using concrete blocks units was tested
on the shaking table at National Laboratory of Civil Engineering (LNEC ) and will be used to
validate the generated numerical models present in this thesis. The results of that shaking table
test are presented in section 5.4.
2.2.3.3

NEES, US

Shaking table test on wooden structures

NEES: The Network for Earthquake Engineering Simulation program allowed testing on an
outdoor shaking table measuring 12.2 m × 7.6 m and thus the largest in the United States; here
full-scale tests of diﬀerent building types were performed. One of them was a full-scale shaking
table test of a two-storey lightweight residential wooden structure, built as a “unibody construction” and tested at the shaking table of the University of California San Diego to understand the
dynamic behavior [12]. An unibody construction is one in which the architectural nonstructural
walls and finishes, such as gypsum wallboard in the interior walls and stucco in the exterior walls,
are better connected to the framing elements and work together with structural walls to significantly increase the lateral stiﬀness and strength of the structure. A series of experiments and
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supporting analyses were performed to further develop the unibody approach and to demonstrate
the reliability of concept.
The full-scale two-storey unibody 3-bedroom wooden building had a ground plan of 11.3 ×
7.0 m and a height of 5.6 m (storey height was 2.44 m) [12]. The design was based on the stiﬀness
and strength per wall obtained from the full-scale unibody wall and room tests. The unibody
house was subjected to the 1989 Loma Prieta Earthquake in California and was scaled to diﬀerent
intensities. The house remained entirely damage-free for intensity level with a P GA = 0.8 g which
approximately corresponds to the maximum considered earthquake intensity for buildings located
near downtown Los Angeles, and it sustained only mininal damage even at twice that intensity
level with P GA = 1.5 g. The damage progression is consistent with what was observed in the
wall and room tests. Acevedo et. al [12] proposed that the results and observations of the tests
showed that the unibody methodology has a good performance in terms of damage resistance
and collapse safety. Overall, the dynamic behavior of the unibody structure indicated that the
unibody methodology can help reduce the damage caused by moderate to large earthquakes.
SEESL: The tests Structural Engineering and Earthquake Simulation Laboratory (SEESL)
saw the first simultaneous use of the two three-dimensional shaking tables at the University of
Buﬀalo. The test specimen concerned was a full-scale two-storey wooden building (fig. 2.16),
with approximately 170 m2 of living space, together with a two-car garage, and it was designed
following building codes.
The dimension of the groundplan of the test model is 7 m × 18 m. The height of the test
building from the first floor slab to the roof is 5.3 m and its total weight is 32 t. The testing
program used for the shaking table tests on a full-scale, light-frame wood building conducted
in that study provided an opportunity to study various configurations as shown in fig. 2.16,
(phase 1 is without, phase 5 with wall finishes) and their influence on the seismic response of
this kind of building. Christovasilis et. al. concentrated on the eﬀect of interior and exterior
wall finishes during earthquake excitation [36]. Based on the experimental results obtained,
Christovasilis et. al. [36] concluded that the installation of a gypsum wallboard at the interior
surfaces of structural wood sheathed walls improved substantially the seismic response of the test
building. The application of exterior stucco further improved its seismic response, particularly
in its longitudinal direction, where the shear response of the wall piers dominated.

(a) Testing phase 1: Without wall finishes

(b) Testing phase 5: With wall finishes

Figure 2.16: Full-scale shaking table test of a two-storey wood building at the University of
Buﬀalo [36].
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Further shaking table tests on wooden structures: A further shaking table experiment
on a full-scale 7-storey wood building was conducted by NEES and National Research Institute
for Earth Science and Disaster Prevention (NIED). The first storey of the test specimen was
designed as a steel frame in order to simulate a parking area at the basement. The 2nd to 7th
stories were the residential area, constructed as the wood-frame structure[152] for experimental
purposes.
During the Sofie project the seismic behaviour of multi-storey wooden buildings made with
the X-Lam (Cross-Laminated Timber) system was tested on NIED. At the beginning a threestorey building survived practically undamaged a series of 15 large earthquakes, and later on, at
the first time, a seven-storey wooden house was exposed to a simulation of the earthquake that
destroyed Kobe in 1995, and showed only minimal damage at its maximum intensity which was
repairable with just a few easy interventions. All the details on that project are given in [5] and
[129].
2.2.3.4

E-Defense, Japan

Shaking table test on steel structures

E-Defense: Many shaking table tests on steel frame buildings can be found in the literature,
and one of them was performed at E-Defense. A large-scale shaking table test was carried out
to clarify the collapse process of a high-rise steel building. The model was built on a scale of 1:3,
and the 18-storey steel moment frame was designed following the Japanese design standard in
the 1980s and 1990s [99]. In the shaking table test, the damage progress of columns, beams and
beam-to-column moment connections was observed and the overall building behavior in response
to simultaneous damage to multiple components could be clarified. Finally, the collapse process
of the test specimen was examined. The model and the collapsed specimen at the lowest four
stories is shown in fig. 2.17.
The fracture of the beam connection after the shaking table tests is shown in fig. 2.18. The
crack occurred from the bottom and propagated along the welded beam’s flange. Finally, not
only the lower and upper flange, but also the shear plate and web fractured at the beam end
connection. The damage to the steel frame began as a result of the yielding of the beams at the
lower stories and at the column bases of the first storey. After several progressively increasing
ground motion excitations, cracks initiated at the welded connections. The fractures at the
beam flanges spread to the lower stories. As the shear strength of each story decreased, the
drifts of lower stories increased and the frame finally collapsed and settled on the protective
frame, installed in order to prevent damaging the shaking table.

Figure 2.17: 18-storey test set-up on the E-Defense shake table [99].
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(a) Fracture of beam end connection

(b) Fracture coloumn on the left, local buckling at the coloumn on the right

Figure 2.18: Several faults due to the shaking table test at the 18-storey test set-up on the
E-Defense shake table [99].

Further shaking table tests on steel structures: Another shaking table test with a fullscale 5-storey steel moment-resisting frame building was tested at E-Defense in order to study
the performance of 4 damper types: steel damper, oil damper, viscous damper, and viscoelastic
damper [94].
A further test of a 6-storey., lightweight steel frame building took place on the outdoor shake
table at UC San Diego, US. The global aim of these full-scale tests is better understanding of
how cold-formed steel structures withstand seismic shaking and the fires that may follow. This
test specimen is the tallest cold-formed steel-frame structure ever produced for shaking table
tests and all the details can be found on the webpage of UC San Diego [7].
The work of Elghazouli et. al. [64] deals with the seismic behaviour of bracing members
where an idealised, concentrically braced single-storey frame was tested on the shaking table
at Laboratory of Earthquake Engineering (LEE) in Athens, Greece. Three sizes of square and
rectangular hollow sections were employed to examine a range of member slenderness. One
conclusion concerns to diﬀerent design approaches adopted for the treatment of brace behaviour
in compression, and the implication of the idealization involved on the lateral over strength of
the storey.

2.2.4

Damage databases and observation methods

Real observed damages, stored in databases, and damages resulting from shaking table tests
are mandatory for validation purposes of sophisticated Vulnerability models in order to improve
Seismic Risk and make them more realistic.
However, worldwide information available regarding damage data after an earthquake diﬀers
considerably, both as regards the quality and the geographical source, but the availability of
damage data is an important issue for the insurance industry because it is the basis of realistic
25
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pricing. Additionally, given that good and reliable damage data for a particular location is
available, it can be used in order to validate numerical vulnerability models.
GEM and several other institutes and organizations in the world provide damage databases
with information on several building types, for example, masonry, RC frames with and without
with infill walls, wooden buildings and in some cases steel structures, and a certain damage grade
or level for present earthquakes are stored in databases and some of them are discussed in the
following.

GEM-Earthquake
Consequences
Database

GEM-Earthquake Consequences Database: GEM started to establish the Global Earthquake Model - Earthquake Consequences Database (GEMECD) in 2010 with the prospect of
creating a repository of the most relevant data on consequences of significant earthquake events
since 1970. This tool can be seen as a source of an overview of the earthquake, type of structure, registered damages with graphical documentation as well as all the significant publications
related to the event and available online [139]. A full spectrum of consequences due to an earthquake with detailed information of secondary eﬀects like slope failures, liquefaction, tsunami and
following fires, should be accessible in future for the inventory classes listed below [139]:
• Buildings (including residential, commercial, industrial, agricultural, warehouse etc.)
• Non-standard buildings (including schools, hospitals and clinics, sports arenas etc.)
• Industrial installations
• Other structures (water tanks, silos, pylons, etc.)
• Critical facilities (energy production, dams, ports, airports, rigs, etc.)
• Lifelines (water, sewage, canals, electric, gas, telecom)
• Transport infrastructure (roads, railways, bridges, tunnels)
• Underground facilities (metros, mining, etc.)
• Building contents (household, commercial stock, production stock, machinery etc.)
GEMECD is divided into four diﬀerent levels of information. The first level is a global map
with a list of events, the second level is an overview of a particular event, the third level gives
an overview study and on the fourth level, local information can be found. That level is where
all the available information of building categories and registered damages are stored. But it
has to be known that the availability and the quality of existing post-earthquake surveys varies.
Particularly for building damages, good quality data may be hard to obtain for past earthquakes,
specially for the more recent events in developing parts of the world. Not all of the 63 events
accessible at the time of writing in GEMECD have the same level of detail. Future building
damages caused by earthquakes and their post-eﬀects are going to be collected by observation
teams in street surveys.
Preference should be given to damage surveys that contain the entire building stock for a
chosen location (e.g. a city block, a town or a village), and have suﬃcient and reliable information
regarding the attributes of the Global Earthquake Model - Building Taxonomy (GEM Building
Taxonomy).
These structural attributes contain information regarding the type of load-bearing structure,
for example, including structural details/irregularities that aﬀect vulnerability like the existence
of tie-rods, ring-beams in unreinforced masonry buildings or of a soft-storey in the case of reinforced concrete buildings, type of horizontal structure (e.g. flexible or rigid floor system), type
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of roof, type of wall, number of floors, year or period of construction (related to the earthquake
code in practice during the respective period), and any other important structural irregularities
(e.g. overhangs, irregular plan, etc.). For recent events the location of the individual buildings
in the damage survey should be identified by GPS. The occupancy type of the buildings should
also be recorded if possible, including buildings of mixed occupancy types.
A history of the post-earthquake damage surveys evolution in Italy during the period 1976
- 2002 can be found in [81]. For a review of recent European approaches to post-earthquake
damage surveys and given in [15, 16], while [124, 158] contains information for the Turkish
region, especially for the Kocaeli-Gölcük and Düzce-Bolu earthquakes in 1999. This observed
damage data is stored in the following damage database.
Düzce Damage Database,Turkey: One of the most comprehensive damage databases for
low to medium rise (less than 8 storeys) ordinary reinforced concrete buildings was compiled
after Düzce was hit by two major earthquakes on the North Anatolien Fault System within three
months in the year 1999. On 17 August 1999, Mw 7.4 Kocaeli earthquake had broken the 140 km
long western part of the 1200 km North Anatolian Fault and stopped 12 km away from the city of
Düzce. Another earthquake occurred on 12 November 1999, Mw 7.2 Düzce earthquake ruptured
another 40 km segment of the same fault and passed 6 km south of Düzce.
Sucuoglu et. al. [143] presented that the observed ratio of severely damaged or collapsed
buildings after a severe earthquake is not less than the ratio of substandard buildings 1 . An
optimistic estimation of substandard buildings in Turkey does not fall below 90 % of the total
number of buildings. This can be generalized to Istanbul, or any other earthquake-prone regions
in Turkey. On the other hand, the ratio of collapsed or heavily damaged buildings in Duzce after
the two consecutive earthquakes in 1999 was 20 % [143]. Considering these large diﬀerences, it
may be said that a risk assessment methodology for eﬀective SR mitigation must be focused on
identifying these vulnerable buildings in urban environments as the first priority.

Düzce Damage
Database

Cambridge Earthquake Impact Database: Damage and human casualty survey data from
destructive earthquakes is compiled in the Cambridge Earthquake Impact Database (CEQID)
as a reference resource for use in vulnerability assessment and seismic risk analysis [106]. This
damage database was established by Robin Spence at Cambridge Architectural Research Ltd
(CAR), England, and gathered all the damage data of buildings (with picture, structure types
and damage levels) between 1906 and 2009. All the data is still collected on the web side of
CEQID. Since 2009 the damage data migrated to the open platform of GEM , GEM - Earthquake
Consequences Database (GEMECD) where all the damage date can also be found.

Cambridge Earthquake
Impact Datase

GIS-Based Building Damage Database for the 1995 Kobe earthquake, Japan: After
the 1995 Kobe earthquake, local governments and an organization consisting of the Architectural
Institute of Japan (AIJ) and the City Planning Institute of Japan (CPIJ) performed building
damage surveys. Each organization filled the damage database according to its own needs and
focus; afterwards, a more detailed database of damaged buildings in Nishinomiya City was developed by matching two diﬀerent data sets. On the one hand there is the building damage data
surveyed by Nishinomiya City Government in Hyogo prefecture, and on the other hand there
is that conducted by the organization of AIJ and CPIJ and digitized by the Building Research
Institute (BRI). By combining them, it is possible to utilize the detailed inventory by the former

GIS-Based Building
Damage Database

1 Most regions in the world have laws, as well as local zoning requirements, that require all buildings to be safe
for their occupants and the surrounding area. Substandard means that buildings must meet local and current
building codes, must not be falling apart or infested with rodents, and must not pose other safety hazards to
either visitors or residents. Buildings that do not meet these requirements are considered substandard [9].
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group survey and the unified standard of damage assessment in the widely damaged area by the
latter. This database can be used to analyze the building damage with regard to the structural
type and construction period.
Building Damage
Database of the Great
East Japan Earthquake

Building Damage Database of the Great East Japan Earthquake in 2011: In order to
learn from the unprecedented disaster and contribute to the improvement of disaster mitigation
measures, the National Institute for Land and Infrastructure Management and the Building
Research Institute (BRI) [128] sent staﬀ members to the aﬀected regions and conducted extensive
surveys on the damage of buildings and residential lands caused by the earthquake, tsunami and
subsequent fires. The types and parts of the buildings where these surveys were conducted
included wooden houses, reinforced concrete buildings, steel buildings, residential lands, nonstructural components and seismically isolated buildings. The data collected are available on the
web page of (BRI) [128].

MAasonry DAtabase

MADA: MAasonry DAtabase: MADA is an online database of experimental results on
mechanical properties of masonry and its constituents (i.e., masonry units and mortar), but it
can not directly be used for validation purposes because no information on the local damages
is available. This database is a useful tool to search for particular masonry tests conducted
worldwide .

2.2.5

Collecting fuzzy building data

The global building stock is highly heterogeneous in terms of design, construction practices and
vulnerability to natural hazards. There are diﬀerent and eﬃcient ways to collect the needed
building data in a short period of time. The most important methods are briefly described in
the following pages.

RVS
Walk trough method

Building observation by using the “walk through” method: The Rapid-Visual-Screening
(RVS) methods are based on visual inspection of buildings using predefined forms or, a direct
transfer of that data available in an open database. One example of RVS is the so called “walk
through” method [124, 144, 158], which is a two-level seismic risk assessment procedure at the
creation of Düzce database. The first level of fuzzy building data does not require the observer
to enter the building.
The main advantage of this method is the fast and elementary implementation, which allows
the user to evaluate a large number of buildings in a relatively short period of time. Particularly
in areas with high seismicity, the application of RVS techniques is widespread. In the case of
Düzce, the RVS "walk-through" method was used where structural information of the building
and geotechnical parameters could be easily observed from the outside and is available online
on [28]. A "trained observer" could evaluate a building in less than 10 minutes. The collected
parameters on this level are:
1. The number of stories above the ground (1 to 7)
2. Presence of a soft storey (yes or no)
3. Presence of heavy overhangs, such as balconies with concrete parapets (yes or no)
4. Apparent building quality (good, moderate or poor)
5. presence of short columns (yes or no)
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6. Pounding between adjacent building (yes or no)
7. Local soil conditions (stiﬀ or soft)
8. Topographic eﬀects (yes or no).
Each parameter reflects a negative characteristic of the building system under earthquake excitations on a variable scale. Evaluating the correlation between observed building damage and
parameter variation by using the building data compiled from Duzce, allows an assessment of the
weight of each parameter in order to obtain a seismic performance score. It was intended to develop a linear combination for the selected parameters in order to predict the damage distribution
shown in the collected data as well as possible.
Once such a combination is developed, it will be possible to rate the seismic performance
of reinforced concrete building structures in Turkey by employing a simple walk-through survey
procedure. The proposed method bears some similarities to the seismic evaluation procedure
developed in [132]. However, it is believed by the Turkish authors of [124, 144, 158] that this
method provides a broader description of seismic risk for the multistorey reinforced concrete
buildings in Turkey, that do not comply with the modern seismic building codes.
Building observation via tools like “Google Street View”: Another way of collecting
fuzzy building information is by using modern tools like Google Street View. This technology
was established in 2007 and provides panoramic views on many streets in the world. A big
disadvantage of Google Street View is the permission rights and their coverage. In some countries
like Bangladesh, Great Britain or Italy the government allows to use Google Street view, others
such as Germany do not. An example of collecting building information is given in fig. 4.3.
Building observation by using “GEM Building Taxonomy”: GEM delivered in this
respect the most interesting tool, which was launched in December 2010, namely GEM Building
Taxonomy . This tool intends to provide a classification of building characteristics in an ordered
system. The newest version of the GEM Building Taxonomy, V2.0, is available since March 2013
and can deliver in the best case 30 attributes for describing a building. These are: material of
the lateral load-resisting system; types of lateral load-resisting system, roof and floors; height;
date of construction; structural irregularity; occupancy; direction (to describe the orientation of
the building with diﬀerent lateral load-resisting systems in two principal horizontal directions);
building position within a block, shape of building plan; exterior walls and foundation [32].
Even within GEM Building Taxonomy, for most parts of the world these data are not available
in detail at the time of writing, but it could be the base for a more realistic risk simulation by
using sophisticated 3D virtual portfolios.

2.2.6

Google street View

GEMBuilding Taxonomy

3D modelling approaches

There are several ways to model 3D buildings explained in the literature, each with its own
advantages and disadvantages. Therefore, there is not just one correct way of modelling.
Finite element method (FEM ): There are generally two kinds of models: micro-models
and macro-models. The prefixes micro and macro stand for the scale of modelling; microscopic
or macroscopic. The macroscopic scale is considered to be at least 10 − 100 times larger than
the microscopic scale [110]. Modelling on a scale that is in between these two (mesoscopic)
is considered in most literature to be a special form of micro-modelling, also called simplified
micro-modelling.
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In the two-material model, the discretization follows the actual geometry of both blocks
and mortar joints, and diﬀerent constitutive models are adopted for the two components [77].
Particular attention must be paid to the modeling of joints, since sliding at a joint level often
starts up the crack propagation. Although this approach may appear very straightforward, its
major disadvantage is the extremely large number of elements to be generated as the structure
increases in size and complexity. This renders the method unlikely to be used in micromodels for
the global analysis of entire buildings. Additionally the actual distribution of blocks and joints
might be impossible to detect unless invasive investigations are performed. The macromodel
assumes that the structure is a homogeneous continuum to be discretized with a finite element
mesh which does not copy the wall organism, but obeys the method’s own criteria. The single
element will thus have a constitutive model which must be capable of reproducing an average
behavior. This assumption bypasses the physical characteristics of the problem. Nevertheless,
the equivalent material models have proven to be able to grasp certain aspects of the global
behavior without requiring the number of parameters and the computing eﬀort needed in the
micromodel approach [77].

Finite Elemente
method with
discontinous
elements

Finite element method with discontinuous elements (FEMDE) with interface elements.: In this approach, the blocks of FEMDE are modelled using conventional continuum
elements, linear or non-linear, while mortar joints are simulated by interface elements, the joint
elements, made up of two rows of superimposed nodes, with a friction constitutive law. The joint
is easy to implement in a software programm, since the nodal unknowns are the same for the
continuum and the joint elements, though for the latter, the stress tensor must be expressed in
terms of nodal displacements instead of deformation components. Two major issues balance the
apparent simplicity of this approach [24]:
• Block-mesh and joint-mesh must be connected together, since they have to be compatible.
This is possible only if the interface joints are identically located. This compatibility is
very diﬃcult to ensure when complex block arrangements, like in 3D structures, are to be
handled.
• The joint element is intrinsically able to model the contact only in the small displacement
field. When large motions are to be dealt with, it is not possible to provide easy remeshing
in order to update the existing contacts and/or to create new ones.

Discrete Element
Method

Discrete Element Method (DEM ): The above-mentioned limitations are overcome by the
DEM . In this approach, the structure is considered as an assembly of distinct blocks, rigid or
deformable, interacting through unilateral elasto-plastic contact elements which follow a Coulomb
slip criterion for simulating contact forces. The method is based on a formulation in large
displacements (for the joints) and small deformations (for the blocks). It can simulate collapse
mechanisms caused by sliding, rotations and impacts. The contacts are not fixed, like in the
FEMDE, so that during the analyses blocks can loose existing contacts and make new ones
(see fig. 2.19). Once every single block has been modelled both geometrically and mechanically,
and the volume and surface forces are known, the time history of the block displacements is
determined by explicitly solving the diﬀerential equations of motion.The main advantage of
this approach is the possibility of following the displacements and it also allows the collapse
mechanism of buildings made up of virtually any number of blocks to be determined [42, 43].
It must be considered also that the finite elements used for the internal mesh of the blocks,
when deformable, show poor performance, so the method is not accurate for the study of stress
states within the blocks. For this purpose, other models are more suitable. From a computational
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time point of view, the DEM should be avoided due to the large number of internal meshes of
each blocks; the calculation is simply not eﬃcient enough for a 3D-SRS.

Figure 2.19: Numerical collapse process simulation by using DEM [120].

EXtented finite element method (X-FEM ): The X-FEM , also known as generalized finite
element method (X-FEM ) is a numerical technique that expands the FEM approach by extending
the solution space for solving diﬀerential equations with discontinuous functions. The X-FEM
was developed to ease the diﬃculties in solving problems with localized features that are not
eﬃciently solved by mesh refinement. One of the initial applications was the modeling of fractures
in a material. One example for a crack propagation is shown in fig. 2.20 and was taken from
[103].

Figure 2.20: Crack propagation by using X-FEM [103]
In this original implementation, discontinuous basis functions are added to standard polynomial basis functions for nodes that belong to elements intersected by a crack. In this way
a basis is provided that includes crack opening displacements. A key advantage of X-FEM is
that in such problems the finite element mesh does not need to be updated to track the crack
path. Subsequent research has illustrated the applicability of the method for problems involving
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singularities, material interfaces, regular meshing of micro structural features such as voids, and
other problems where a localized feature can be described by an appropriate set of basis functions. The striking advantages are that the finite element framework (sparsity and symmetry of
the stiﬀness matrix) is retained, and a single-field variational principle is used.

2.2.7
Integrated Earthquake
Simulation

SDOF and MDOF modelling approaches

Integrated Earthquake Simulation: For the seismic response simulation of structures, the
current Integrated Earthquake Simulation implements Multi-Degree-of-Freedom System for the
building environment, but the vulnerability models used are not capable of damage estimation,
due to the fact that local damages such as predamages at the foundation can not be considered.
An example of IES is shown, for a small area of 500×500m in Bunkyo City, Tokyo, in fig. 2.21.
Computer models for around 2000 buildings are automatically generated using the support of
a Geographical Information System (GIS) tool. The buildings shown are represented by simple
MDOF , with constant mass and stiﬀness (simple mass spring systems) in order to calculate the
height and cross-sectional area of the building [89, 90].

Figure 2.21: Computer model for an urban area; a) GIS data used for constructing the computer
model, b) underground structure model and c) structure models represented by using MDOF
[88].
The IES is a linear structure analysis method used to evaluate seismic response of the buildings in an area. In this method the soil is also modelled in detail, and some eﬀort is being made
to include non-linear seismic response of the MDOF as well. A snapshot of vibrating buildings,
modelled as a MDOF , as a result of the IES method is shown in fig. 2.22. It should be noted
that the computational resources required to carry out nonlinear seismic response analysis are
huge, as the number of the target buildings is large.
The simulation utilizes numerical methods for analyzing seismic responses, with the waveform
of the strong ground motion provided locally for each MDOF model by a ground motion based
on the macro/microanalysis method.
Hori et. al. [88] propose that IES could be the bridge between advanced computational
seismology and practical earthquake engineering. However, it is questionable whether the results
of IES simulation can be validated, since a complete set of data for strong ground motion and
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Figure 2.22: Structural response for low, middle, high buildings using oversimplified MDOF s
[88].

structure damage is not available. The primary objective of IES is to estimate earthquake hazard
with high spatial resolution for a given scenario or a possible earthquake.
Information of better quality is always needed for possible earthquake hazard or strong ground
motion distribution, and computational seismology is a unique source that could provide such
information. The diﬀerence in the length scale of the engineering and computational seismology
is overcome to some extent by applying this macro/microanalysis method to the earthquake
simulation, as the macroanalysis serves as input to the microanalysis and the microanalysis is
used to estimate possible seismic responses of structures crudelly modelled as MDOF .
Further progress is needed to make a stronger bridge between computational seismology and
engineering.
SPectral Elements in Elastodynamics with Discontinuous Galerkin: A set of around
150 buildings was used to model the Christchurch Central Business District as illustrated in
fig. 2.23. As a starting point, input data for creating the CBD, comprised height and floor-plan
dimensions of the buildings within an area equivalent to about 1 km×1 km. The buildings, modeled as homogeneous (rigid) blocks, could be considered as shear beams, as recalled by diﬀerent
authors [146, 151].
In order to evaluate the eﬀect of the densely urbanized area of the CBD on the seismic wave
propagation, fig. 2.6 shows Peak Ground Velocity values, computed along the two main horizontal
directions of CBD, namely South-North (S-N) and East-West (E-W), and with and without the
presence of the buildings. It has to be noted that constructive and destructive interference
between the building-foundation system and the surrounding soil may either reduce or amplify
the ground motion,thus increasing, the spatial variability of the surface response within the CBD.
Vulnerability modelling within the seismic risk framework by Goda: The developed
and complex framework in fig. 2.24 deals with simplified bilinear Single-Degree-of-Freedom System
(SDOF ) models for describing the vulnerability. These vulnerability models are not suitable
for realistic damage assessment, because damage is local. Therefore, realistic structural data
combined with sophisticated 3D numerical engineering models has to be developed for realistic
damage estimation. The calculated damage of using SDOF vulnerability models leads to wrong
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Figure 2.23: Snapshots (t = 6, 8, 10 and 12 s, from top to bottom) of the simulated displacement
of the buildings of the CBD, with zoom on significant structures or compounds. Displacements
are considered in their absolute values. On the ground, between buildings, the displacement
wave-field is visible. An amplification factor has been adopted for visualization purpose [111].
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And this is precisely the opposite to what the Düzce damage database shows. Field observations
of damage data at reinforced-concrete buildings up to 7 storeys were recorded by oﬃcial damage
assessors after the 1999 Kocaeli and Düzce earthquakes and reveal a very significant correlation
between the number of storeys and the damage [143].
If all buildings were designed according to modern seismic building codes, then such damage
distribution (fig. 2.25a) would not occur and a more uniform distribution of damage would be
obtained, independently of for example the number of storeys [60]. The increase in seismic
demand with the number of storeys is not balanced with the increase in seismic capacity in
substandard buildings. It can be clearly seen, that there is a nearly linear increase of moderate
and severe/collapse damage whereas the non/light damages decrease linearly.
The damage data of the evaluated district of Düzce was the base for Berth’s comparative
study [27], where the existing damage was compared with the calculated damage of nowadays
commonly used simple building models; using global Single-Degree-of-Freedom System based on
the response spectra to represent vulnerability. The objective of this study was to demonstrate,
that simplified vulnerability models using SDOF with a non-linear Bouc-Wen hysterisis (with 16
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independent parameters to include the pinching eﬀect) do not reflect the real damage distribution,
because the seismic risk of SDOF s is more or less constant and independent of local building
parameters like the number of story. This leads to the false impression that the seismic risk is
mainly aﬀected by the Hazard, while Vulnerability has a minor role.
The most important comparison of Berth’s study [27] is shown in fig. 2.25, namely the comparison of the real observed damage data (fig. 2.25a) of Düzce in comparison to the calculated
damage distribution (fig. 2.25b) using global building models represented by SDOF with a nonlinear Bouc-Wen hysterisis based on the response spectra. However, a response spectra reflects
just the motion of a simple oscillator and this is known as a SDOF . The results of the calculated
response of the SDOF are used to estimate the seismic damage state. The maximum displacement for an equivalent SDOF is used in order to calculate the displacement based on Damage
Index (section 2.2.2 on page 14) developed by Park and Ang [125].
The trendline for the none/light damage yellow and the trendline for the collapse is shown in
red (fig. 2.25a). It can be seen that the relative distribution of buildings decreases for none/light
damage by increasing the number of storeys, whereas an increasing eﬀect for the collapsed buildings with increased number of storeys can be observed. From that data, the following assumption
seems to express the truth for the Düzce damage data: “Buildings with more storeys are less
safe than buildings with less storeys“.
However, the calculated damage distribution diﬀers from that general and proven assumption.
The calculated damage presents even the opposite, this can clearly be seen by the red trendline
of collapsed buildings where the eﬀect of relative distribution decreases by increasing the number
of storeys(fig. 2.25b). Besides that, the green trendline for moderate damage is more or less
uniform lydistributed. This reflects more or less the building behavior adopted from the seismic
codes, because they assume that the risk potential of buildings should be uniformly distributed,
regardless local building parameters such as the number of storeys.
Nevertheless, the assumption of seismic codes contradicts observed damage data. The approach of utilizing global building models, like the use of SDOF in [79], can not be used to
calculate real observed damage data.
This study where reinforced concrete frames were modeled as a nonlinear SDOF systems
demonstrates, that for future seismic risk studies, sophisticated vulnerability models should be
used to come up with a more realistic estimation of damages. This should be done by using local
3D building models in combination with sophisticated Hazard models.
An existing problem with the available numerical models is that the models used in Seismic
Risk are not able to predict local damages,for example damaged areas around the windows.
Specifically, most of the numerical models consider only in-plane or frame-like behavior as referred
to existing building codes, and here lies the fundamental problem. Real reinforced concrete frames
do not behave as assumed in the building codes, like standard frame buildings. Even smaller
architectural changes like thin infill walls, which do not count in the static calculations, change
the structural behavior under seismic action, which can no longer be compared to a frame type
building.
More realistic 3D engineering models have to be developed in order to create regional damage
data and improve the current vulnerability assessment. These 3D building models have to be
able to represent local defects, like predamages due to moisture or splash water or to present
aging eﬀects at the buildings (fig. 5.8).
An important comparison between using local versus global Vulnerability models is useful to
demonstrate how well they can reflect realistic behavior under a seismic excitation as shown in
the last chapter 7. In addition to Berth’s study [27] where calculated damages were compared
with observed damages at Reinforced Concrete Frames (RC Frames), this thesis will present
such a comparison with Unreinforced masonry building buildings, to clearly demonstrate the
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Figure 2.25: Comparison of reinforced-concrete buildings modelled as a non-linear SDOF versus
observed damage data after the two major earthquakes in 1999 in Dücze, Turkey [27].

importance of using complex 3D numerical models for describing the Vulnerability (V ).

(a) Damages due to natural
splash water with capillary
rising water from the ground.

(b) Damages due to moisture
in a corner of an inner room.

(c) Damages around the windows.

Figure 2.26: Eﬀects of environmental aging and local vulnerabilities due to diﬀerent impacts.
In terms of earthquake vulnerability of buildings, the behavior of buildings in a certain region
during an earthquake has to be understood, but this is mostly unknown, because real damage
data is missing for most parts of the world, and design criteria and procedures in building codes
are misleading. Furthermore, building codes are developed to design new structures according
to a certain limit state, but they do not give criteria to assess the performance for the existing
building stock.
Shaking table tests of full-scale or at least on a scale of 1:3 are needed to get a better
understanding of the real behavior of buildings and are mandatory for validating numerical
models, because component test of single walls, columns or beams, for example, do not provide
enough information regarding realistic building behavior.
These shaking table tests are needed for any kind of construction type like masonry, RC
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Hybrid simulation

Frames with infill masonry etc. to fully understand. For one construction type a test series of
a magnitude of 10 test specimen is proposed in order to capture the mechanical validation with
diﬀerent intensities as well as diﬀerent earthquake records. For other construction types, for
example RC Frames, maybe a test series of 10 is not suﬃcient and has to increased. In some
cases the shaking table test can be completed with selected component tests. A local model of
a 3D corner with diﬀerent deficiencies can be tested by using component tests in order to define
the mechanical values for plastic hinges, for example. Such a kind of 3D reinforced concrete
corner can be tested by using Hybrid simulation [23, 51, 54–56, 58, 122, 131], a technique that
combines experimental and numerical testing and has been used for the last decades in the fields
of aerospace, civil and mechanical engineering in order to study the behaviour of a complex
time-dependent system. However, it remains questionable whether hybrid simulation are able to
validate full scale buildings, due to the fact that this technique is applied for small and recurring
components. For example a regular greek column of the Temple of Neptune in Paestum, was
studied in the DFG DO 360/25-1 project and moved within the numerical model virtually.
A validated software tool that is able to generate a virtual city or a city district fully automatically is needed in order to simulate local damages virtually, whereas no or just a small
amount of damage data in the world exists. But the mechanical validation of such a tool is the
most important part and causes most eﬀorts as well as the highest costs, but is mandatory in
order to validate it realistically. But to do that, the data of these shaking table tests are required.
The facilities to perform shaking table tests are available worldwide and should be used to get a
better understanding of real building behaviour under seismic excitation.

2.3

Loss assessment and simulation

Loss estimation is needed because earthquakes in any specific location are fortunately relatively
infrequent. The result is that, while in highly seismic hazard zones in the world, the knowledge
of knowing the precise impacts of future earthquake events, but it is needed to know these
impacts in order to guide new construction, reduce existing vulnerability, plan for emergencies,
and prudently manage insurance and other financial commitments [44]. An example vividly
highlights the need for earthquake loss estimation models, the 1994 Northridge earthquake. At
that time, earthquake loss models were only in the beginning to be developed and were not
generally available within the insurance industry [133]. Instead, insurance rates, which are
based on the expectation of loss costs in the future, were extrapolating from loss results from
the past. In California, it was a requirement by law for insurance companies to oﬀer earthquake
insurance to homeowners, if they oﬀer homeowners insurance. Underlying this oﬀer were implicit
assumptions that the prior history was ”normal”, population (and property) distributions were
constant, construction quality was constant, and the market reasonably priced the insurance cover
[44]. A review of those assumptions, in hindsight, shows they were grossly in error. Following the
1857 and 1906 large earthquakes in southern and northern California, respectively, seismicity in
California was abnormally low, when viewed in the context of several hundred years of seismologic
and paleoseismologic data. Insurers did not have fully accurate methods for tracking precisely
where their insured properties were located so that, unknown to the insurers, an unusually high
fraction of properties in the highest hazard areas were purchasing insurance (a phenomena known
as adverse selection [133]). The loss severity potential also was significantly understated. The
Northridge earthquake, in a single event, shocked the insurance industry out of its complacency
towards catastrophic risk. In 1994, the MW 6.7 Northridge earthquake, not especially large by
California standards, struck the San Fernando Valley portion of the Los Angelos metropolitan
area. The result was the largest natrual disaster in U.S. history (until then), with overall losses
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of 40, 000 mio U S$ and insured losses of 15, 300 mio U S$. A few insurers became insolvent,
and other major property insurers (principally personal lines companies) withdrew from the
market, precipitating an insurance crisis and necessitating the creation of a government managed
insurance pool (the California Earthquake Authority).

2.3.1

Direct and indirect Loss

Direct losses refer to directly quantifiable losses, such as the number of people killed and the damage (structural and non-structural) damage to buildings, infrastructure and natural resources.
Indirect disaster losses include declines in output or revenue, and impact on people’s wellbeing,
and generally arise from disruptions to the flow of goods and services as a result of a natural
earthquake [4]. Economic losses from disasters such as earthquakes are now reaching an average
of US$250 billion to US$300 billion each year. Future losses are now estimated at US$314 billion
as a result of earthquakes and other natural hazards in the built environment alone. This is the
amount that countries should set aside each year to cover future disaster losses [48].
The Earthquake Loss Estimation Methodology [86] facilitates a consistent set of loss estimations. The direct loss module of HAZUS calculates loss estimates for repair and replacement
of building stock (structural and non-structural), building contents and inventory, and business interruption losses. The building response as a function of ground shaking is calculated by a
pushover analsyis (Capacity Spectrum Method). The direct losses information provides the inputs
to the indirect loss module. The indirect loss module estimates the impacts by economic sectors
over time and accounts for both earthquake induced supply shortages and demand reductions.
The relation between the direct/indirect and quantifiable/non-quantifiable Loss is shown in
fig. 2.27, whereas the damage is subdivided into structural and non-structural damage.
Structural damages occur at structural components of a building. Those components includes columns, beams, braces, floor or roof sheeting, slabs, load-bearing walls for supporting
the weight and/or providing lateral resistance and foundations. Non-structural damages occur
at non-structural components of a building. These components includes every part of a building
and all its contents with the exception of the structural components. Common non-structural
components are ceilings, windows, oﬃce equipment, computers, inventory stored in shelves, file
cabinets, heating, ventilating and air conditioning equipment, electrical equipment, furnishings,
lights etc.
This distinction of structural and non-structural damage is important in this context, but
this thesis is focused on structural mechanical damage only.

2.3.2

Evaluating damage data by using Linear discriminant analysis

Mechanical damage cannot directly be correlated to an economic loss, because of the lack of real
cost functions. Even their shape is unknown, and the existing loss data for building damages due
to earthquakes are not able to cover this deficiency. A common way of assessing a realistic loss
in the insurance company is to use statistical methods. These statistical methods are needed in
order to evaluate existing damage data, like the so called Linear discriminant analysis (LDA)[21].
This method has already been applied to the vulnerability data of Düzce [28, 143].
LDA performs a multivariate test of diﬀerences between two or more damage states (groups
of buildings with comparable damages). Therefore, a set of virtual expected damage data has to
be classified for a set of buildings in a way that buildings with the same damage state are more
similar to each other than to those in other damage states. In order to develop a classification
based on LDA , the following steps have to be performed:
1. Group definition
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Figure 2.27: Visual representation of direct/indirect and quantifiable/non-quantifiable Loss [4].
2. Definition of the discriminant function
3. Estimation of the discriminant function
4. Test of the discriminant function
5. Application
The groups to be discriminated can be defined either naturally by the problem under investigation, or by some preceding analysis, such as a cluster analysis. The number of groups is not
restricted to two, although the discrimination between two groups is the most common approach.
Note that the number of groups must not exceed the number of variables describing the data
set. Another requirement is that the groups most have the same covariance structure (i.e. they
must be comparable). The Linear discriminant analysis finds a set of linear combinations of
the variables, whose values are as close as possible within groups and as far apart as possible
between groups. The linear combinations are called discriminant function. Thus, a discriminant
function is a linear combination of the discriminating variables, and it can be described by the
following equation:
Y = b0 + b1 X1 + b2 X2 + ... + bj Xj

(2.7)

where Y is the discriminant value (score), Xj is the value of the discriminant variable j, bj the
discriminant coeﬃcient which produces the desired characteristics in the discriminant function
and b0 a constant. For each element i (i = 1, ..., Ig ) of a group g (g = 1, ..., G) with the
discriminant variables Xjgi (j = 1, ..., J), the discriminant function (DF ) delivers a discriminant
value (score) Ygi .
The parameters bj have to be determined in such a way that the discrimination between the
groups is as high as possible.
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The coeﬃcients for the first discriminant function are derived so as to maximize the diﬀerences
between the group means. The coeﬃcients for the second discriminant function are derived to
maximize the diﬀerence between the group means, but they are to the constraint that the values
on the second discriminant function are not correlated with the values in the first discriminant
function, and so on. In other words, the second discriminant function is orthogonal to the first,
and the third discriminant function is orthogonal to the second, and so on. The maximum
number of unique functions that can be derived is equal to the number of groups minus one or
equal to the number of discriminating variables, whichever is smaller.
The first step in the LDA consists in finding two scatter matrices referred as the between
groups, SSb , and within group, SSw , scatter matrices. Supposing a data set with G diﬀerent
groups, each sample group g has a class mean (centroid), which is denoted as Y¯g :
Ig
1 ∑
Y¯g =
Ygi
Ig i=1

(2.8)

where there are Ig data points in group g. It is possible as well to define a group covariance
matrix:
∑

1 ∑ ¯
(Ygi − Y¯g )(Y¯gi − Y¯g )T
Ig − 1 i=1
Ig

=

i

(2.9)

and a grand mean for the whole data set is of the form:
1∑ ¯
1 ∑∑
Yg,i
Ȳ =
Ig Yg =
I g=1
I g=1 i=1
G

G

Ig

(2.10)

The between class scatter matrix (Sum of Squares between) is defined as:

SSb =

Ig
∑

Ig (Y¯g − Ȳ )(Y¯g − Y¯g )T

(2.11a)

Ig (Y¯g − Ȳ )2

(2.11b)

i=1

SSb =

G
∑
g=1

By normalizing this into a between class covariance matrix by dividing by I − 1, but it is not
necessary to do so. If all groups have the same number of elements, then the I − i could be
removed from the equation. The within class matrix (Sum of Squares within) is defined as
follows:
Ig
Ig
G ∑
∑
∑ ∑
SSw =
(Ig − 1)
=
(Y¯g,i − Ȳ )(Y¯g,i − Y¯g )T
i=1

SSw =

i

(2.12a)

g=1 i=1

Ig
G ∑
∑
(Y¯gi − Y¯g )2

(2.12b)

g=1 i=1
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In the case that the within class matrix SSw and between class matrix SSb are known, the total
scatter matrix SSt can be defined as follows:
SSt = SSw + SSb
SSt =

(2.13a)

Ig
G ∑
∑

∑

g=1 i=1

i=1

Ig

(Y¯g,i − Ȳ )(Y¯g,i − Y¯g )T +

Ig (Y¯g − Ȳ )(Y¯g − Y¯g )T

(2.13b)

or in words:
Total scatter matrix = within class + between class matrix

(2.13c)

The main objective of LDA is to find a projection matrix that maximises the ratio between
the determinant of Sb and the determinant of Sw , in a way that the separation between the
groups is maximized, and the distance within the groups is minimized. This ratio is known as
Fishers criterion Γ and can be expressed as follows:
G
∑

Γ=

Ig (Y¯g − Ȳ )2

g=1
Ig
G ∑
∑

=
(Y¯gi − Y¯g )2

SSb
SSw

(2.14a)

g=1 i=1

in matrix notation it can also be given as:
Γ=

vT SSb v
vT SSW v

(2.14b)

This Fisher criterion has to be a solution of the following equation:
SSb v − SSw vγ = 0

(2.15a)

and multiplying by the inverse of SSw the following equation can be obtained:
SSw −1 SSb v = vγ

(2.15b)

This means that when v is an eigenvector of SSw −1 SSb the separation will be equal to the
corresponding eigenvector γ. There are Ig − 1 eigenvectors with non-zero real corresponding
eigenvalues γ. This is because there are only Ig points to estimate SSb .

2.3.3

Discussion of Loss assessment and simulation

Assessment of damage losses due to an earthquake is invaluable and it is an important issue for
the insurance and reinsurance industry, since it currently lacks the level of detail that is required
for realistic pricing of individual risks. Earthquakes come suddenly and unexpectly, and some are
suprising to the global reinsurance market [137] and loss models play an important role in helping
underwriters assess risk in insurance portfolios. These models worked suﬃciently of predicting
shock losses, but as recent earthquakes have shown the impact of secondary agents such as
tsunamis, aftershocks, liquefaction and Business Interruption (BI ) is frequently underestimated
and moreover the still existing lack of detailed vulnerability models has to be closed in the future.
Furthermore there is an open gap of realistic repair cost functions, and this fact does not
allow mechanical damages to be transfered directly to an economic loss.
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The shape of the cost function for brittle structures, for example, is diﬀerent to the one for
steel or reinforced-concrete structures. This is shown schematically in fig. 2.28. Up to a certain
point, where no damage occurs in a brittle structure (e.g. masonry buildings), the cost function
could be linear, but on the other hand the economic loss could be reached suddenly, so cost
functions for brittle structures might be described with a step function.
Nevertheless, one important fact is that the economic loss comes sooner than a mechanical
loss and for insurance purposes, the total mechanical loss is secondary. In the case that the cost
functions for repair costs would be known, then clearly defined interface would allow them to be
converted directly to the economic loss.
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Figure 2.28: Schematically sketch of needed and still not existing cost functions.
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CHAPTER 3
PROBLEM STATEMENT
Seismic risk is a function of the three risk components Hazard, Vulnerability and Loss and the
focus of this thesis is on vulnerability simulation.
As can be seen from the discussion on the state of the art, current V models are underdeveloped or even misleading, due to the fact that their damage estimations are far away from real
observed damages caused by earthquakes.
Local engineering models, which are able to represent local and concentrated predamages and
defects, are mandatory in order to improve the Vulnerability and obtain more realistic damage
estimations.
Therefore 3D building models, instead of non-linear SDOF or simple MDOF models, are
needed in order to overcome the lack of real datasets of observed damages at structures due to
earthquakes. Since these data are rare and very diﬀerent in terms of quantity and quality, the
use of a simulated virtual database of estimated damages using realistic 3D modelling approaches
can be a step in the right direction in order to solve this problem.
In order to cover the demands of insurer and reinsurer, a tool for generating hundreds or
thousands of 3D buildings which are then exposed to several hazard scenarios is needed. This
tool has to be developed in a general way and must be able to produce realistic 3D buildings
quickly and easily. Its global aim must be the generation of a statistically equivalent district of
a city or a particular insurance Virtual Portfolio.
Due to the fact that modelling a particular building type realistic, is a complex enough
subject, the first implementation of such a tool is going to be limited to masonry buildings. The
approach taken here, however, is generic and can be applied to other types of buildings like, but
not exclusively, RC buildings, composite structures, steel structures or wooden structures. In
order to validate such a V-Portfolio, a full dataset of observed damages due to an earthquake is
essential, but this is still not available at the moment.
Furthermore, one requirement of this tool is clear interfaces between the three risk components
Hazard, Vulnerability and Loss.

47

Part III

Basic concept for seismic risk
insurance simulation

49

CHAPTER 4
GENERAL CONCEPT FOR
EARTHQUAKE RISK INSURANCE
SIMULATIONS 3D-SRS

This chapter presents the 3D-SRS concept (fig. 4.1), which is a general scientific approach to
estimate damages in sophisticated numerical 3D V-Portfolios, generated using the SBP-Tool
software. By using clear interfaces the 3D-SRS can be divided into the three seismic risk components: Hazard, Vulnerability and Loss. Having these clear interfaces is the only way to interact
with experts from other disciplines, for example improving Hazard by implementing wave propagation models of seismologists or using insurer knowledge to describe Loss in a more sophisticated
way.
Seismic hazard

Validation
• Large scale shaking
table test and/or
• damage observation

Vulnerability
• 3D local models
• eﬃcient numerics

Ground acceleration
records

Mechanical performance
values
• Floor acceleration,
velocity,
displacements etc.
• damaged areas

Loss

Linear discriminant
analysis

Figure 4.1: General concept of the developed 3D-SRS. In the centre are the three risk components
Hazard, Vulnerability, and Loss and their corresponding output data on the right. On the left is
the validation needed for the vulnerability.
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4.1

Hazard modelling in 3D-SRS

The 3D-SRS concept is a new general approach with clearly defined interfaces between the SR
components: Hazard, Vulnerability and Loss in order to be able to change, for example, the
Hazard component without modifying the other components.
The state of the art for Hazard has shown, that several Hazard models, from simple models
up to global models including wave propagation, are available. However, the focus of that study
is not on implementing a sophisticated Hazard model, like wave propagation.
The 3D-SRS needs as an input PGA and the number of used earthquake records depends on
the central limit theorem. A certain number of records is necessary in order to determine the
standard deviation of any local mechanical variable, which is important for Loss modelling, with
an accuracy greater than 95 % according to the central limit theorem.

4.2
4.2.1
SBP-Tool

Vulnerability modelling in 3D-SRS
Simulated Building Portfolio-Tool (SBP-Tool)

The Simulated Building Portfolio-Tool (SBP-Tool) is a newly developed software tool to generate
a V-Portfolio consisting of a specific number of numerical 3D finite element (FE) buildings in
an automatic fashion. In order to generate them, the SBP-Tool relies on a set of global building
parameters provided by the user in a configuration file. The tool was developed in a cooperation
between the University of Kassel and the Munich Re [115–117]. The SBP-Tool is independent of
the units as long as they are consistent throughout the process. The requirements defined when
creating the tool were:
• the SBP-Tool has to be user-friendly,
• the SBP-Tool has to be written in a common programming language, ISO C99 was chosen,
• the SBP-Tool has to be written in a generic and modular way so that further improvements
to the tool are possible without much eﬀort,
• the SBP-Tool has to be open for other researchers in the world.

Generating a
V-Portfolio
Simulating
damages for
a V-Portfolio

The process, starting with the Configuration File and ending with all needed information to
perform a time-history analysis, is described in more detail in the next subsections and in fig. 4.2.
As input data (stored in the Configuration File in ASCII format), fuzzy building parameters
are used and a statistical process automatically generates each individual building for the VPortfolio. A Gauss distribution is used for parameters with minimum and maximum input
values.
While some of these building parameters are independent of the construction type (masonry
buildings, RC buildings, composite structures etc.) and are based on geometric properties, other
building parameters depend on the construction type and are based on mechanical properties.
An overview of some parameters, dependent and independent on the construction type, are listed
in table 4.1.
Two terms must be clearly defined: Generating a V-Portfolio and simulating the estimated
damages for the generated V-Portfolio.
Generating a portfolio is the process of defining and introducing the input parameters, running
the SBP-Tool and generating the geometry of numerical models without executing a time history
analysis.
The time history analysis for a given Hazard model is executed in the simulation process in
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Generate
building geometries
by using SBP-Tool

SBP-Tool
Configuration File

Input data

SBP − T ool

Configuration File to
generate matrices

Building Data File

Using a finite element
software to assemble
the matrices
Mass matrix M

Output data

Execute desired
FE-Software

Stiﬀness matrix K

Perform the
time history analysis

Running process

Load vector

DOF information

Time history
algorithm

Figure 4.2: Process to generate a V-Portfolio: From the Configuration File to time history
analysis using the SBP-Tool.
Table 4.1: Building Parameters for the SBP-Tool.
The use of SBP-Tool input parameter for diﬀerent construction types
Independent on
construction type
(Geometrical
properties)

Dependent on
construction type
(Mechanical
properties)

Number of storeys
Dimension of the ground plan
Dimension of inner rooms and openings
..
.
Masonry buildings

See chapter 6

Composite
structures

Definition of plastic hinges with/without degradation, buckling length, density etc.
..
.

Half-timbered
house with infill
masonry

Mechanical properties for the wood
(modelled with beam element)
Mechanical properties for the masonry
(modelled with shell element)
..
.

Other construction
type

Parameter 1, 2, 3...
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order to estimate damages for a generated V-Portfolio. These virtual damage data can be used
for insurance purposes.
4.2.1.1

Geometrical validation of the SBP-Tool

Google Street view cannot only be used for collecting building observations, it can also be used
for geometrical validation purposes. One example of using Google street view can be seen in
fig. 4.3, where, on the left, a picture of two buildings before the earthquake from August 2016
in Amatrice, Italy (Mw = 4, 7) is shown. Two statistically equivalent buildings generated with
the SBP-Tool can be seen on the right. A shortcoming in comparing the numerical model with
the real buildings are the lack of the roofs. The implementation of roofs in the SBP-Tool can be
done in the future, if required.

Figure 4.3: Using street view function in Google maps to perform a “virtual walk”.
Furthermore, the building data of RC structures of a district of Chittagong in Bangladesh
was taken simple, using Google Street view by an exchange student from Bangladesh preparing a
master thesis with the aim of comparing a real district with the possibilities of using SBP-Tool.
Most of the building data, like the number of storeys, approximate building dimensions, the ratio
between the area of wall openings and the total wall area and whether a soft storey was present,
could be easily obtained by the University of Kassel. It was not possible to generate the exact
buildings with the SBP-Tool, but only similar buildings; because the evaluation is a stochastic process, it is suﬃcient to generate static equivalent buildings. At the time of writing this
document, the master thesis had not been published, and the comparison can not be presented
here.
4.2.1.2

Comprehensive testing
program

Mechanical validation of the SBP-Tool

As already discussed in the state of the art, large shaking table test are mandatory to validate the
mechanical properties. A mechanical validation has to be done individually for each construction
type (RC frames, masonry, wood etc.) in order to get an overview of the demands needed for
mechanical validation. Furthermore, a local structural survey of typical construction errors
and the shortcomings of each construction type has to be evaluated first in order to develop a
comprehensive testing program including the main parameter from the mechanical point of view.
Typical construction errors, for example in RC Frames are that reinforcement in corners is either
not available, not placed correctly or the stirrups are not closed with a 135◦ hook as required by
the building codes [142].
For the mechanical validation, full-scale shaking table tests at best, or at least reduced to a
scale of 1:3, are urgently needed in order to study the behavior of real buildings, because compo54
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nent tests of single masonry walls, columns or beams, for example, do not provide information
regarding a realistic building behavior.
These shaking table tests are needed for any kind of construction type like masonry, RC
Frames or half-timbered house with any infill material etc. to fully understand and validate
such complex numerical models. Additionally, some construction types like masonry buildings,
for example, depend on local conditions; thus masonry buildings in Germany behave, due to
the materials used, diﬀerently compared with such buildings in Bangladesh or India. Very large
diﬀerences may be encountered from country to country.
For one construction type with less variance, a test series of 10 test specimens is proposed in
order to capture the mechanical validation with diﬀerent intensities as well as diﬀerent earthquake
records. For other construction types, for example RC Frames, a test series of 10 may be
insuﬃcient, and it may have to be increased. In some cases, the shaking table tests can be
completed with selected component tests. A local model of a 3D corner with diﬀerent deficiencies
can be tested by using component tests in order to define the mechanical values for plastic hinges,
for example. Due to the fact that these tests are used to validate numerical models, no statistical
variation is needed. The statistical variation comes later by applying the numerical models.
Nowadays, excellent numerical modelling approaches and even the time history analysis with
the required speed and eﬃciency are available. The mechanical validation is, however, the most
important part and requires the greatest eﬀorts as well as the highest costs, but it is mandatory in
order to validate the numerical models realistically. Should a large comprehensive testing program
for a construction type be available, this concept could be used in practice after validating them.
4.2.1.3

Link to GEM Building Taxonomy

As already mentioned in section 2.2.5 GEM delivered the tool GEM Building Taxonomy, which
intends to provide a classification of building characteristics in an ordered system. The vision
of the GEM Building Taxonomy team is to create a unique description (code) for a building
or a building typology by using, a maximum of 30 attributes to describe a building. Although
developed independently, the SBP-Tool uses similar or even the same parameters to identify a
building or to define a V-Portfolio. A general comparison of some GEM attributes to some
SBP-Tool parameters is given in table 4.2 where Attribute or parameter marked with x are used,
o are not used. A detailed comparison for Unreinforced masonry building can be seen in the case
study in chapter 6 on page 101.
Due to the fact that the SBP-Tool is written in an open and generic way, it is easy to adapt
new or integrate already existing attributes of the GEM Building Taxonomy into the SBP-Tool.
It should be even possible to extend the existing GEM Building Taxonomy with important
parameters from numerical simulation out of the 3D-SRS.

4.2.2

Perform time history analysis

V-Portfolios could play a key role in modern and sophisticated estimation of realistic damaged
areas for either single risks or large portfolios in the insurance and reinsurance market. In comparison to other studies, this is the first seismic risk concept where sophisticated 3D vulnerability
models, in combination with hazard models, are used for linear and non-linear analysis.
4.2.2.1

Linear time history analysis

A Newmark algorithm with the required speed is needed to perform a linear time history analysis
and the flowchart of using the linear 3D-SRS concept is presented in fig. 4.4a.
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Table 4.2: General comparison of some of the attributes of GEM Building Taxonomy
to the SBP-Tool.
GEM attributes or
SBP-Tool Input Parameter

GEM Building
Taxonomy

SBP-Tool
Parameter

Independent of construction type (Geometrical properties)
Material of lateral load-resisting system
Lateral load-resisting system
Roof ∗
Floor
Height ∗
Ground plan
Dimension Rooms
Windows and doors
..
.

x
x
x
x
x
x
o
o
..
.

x
x
x
x
x
x
x
x
..
.

Dependent on construction type (Mechanical properties)
Wall⋄

∗
⋄

Young’s Modulus
Poisson’s ratio
Density
..
.

..
.

x
x
x
..
.

A range (minimum and maximum) must be defined to be used in the SBP-Tool.
Example for an isotropic material

Within this linear concept, each time history analysis for the buildings of a V-Portfolio
is calculated with a default sine sweep as a base excitation in the three principal directions
with the aim of computing the transfer function T F for the each DOF of the V-Portfolio.
Transfer functions represent the relationship between a local mechanical parameter and the
applied excitation in the case of linear analysis. They are a property of an individual structure
and, once they are obtained, they can be determined without the knowledge of the loading event.
Only the location where the load is applied must be known since they essentially describe the
relationship between the local output and the normalized input in the frequency domain. If the
the input and the output signals are known, in the frequency domain, the transfer function can
be described for the linear elastic analysis used here by:
TF =

output
input

(4.1)

Because of the linear elastic analysis, these functions are constant over time and, therefore,
they only have to be computed once, which allows the linear concept to run fast and eﬃciently. If
the Transfer Function, T F , for a local mechanical variable of a certain building and, on the other
hand a set of statistical hazard models the needed time history for an earthquake simulation is
known, by multiplication of the transfer function T F with the Power spectrum of an earthquake
P S a local mechanical parameter, M Plocal,F can easily computed by:
M Plocal = T F · P S
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Perform time histories analysis by using a
N ewmark method in order to compute:
• Acceleration, Velocity, Displacement,

Use of the SBP-Tool to generate the
geometry of a V-Portfolio

• Principal stresses,
• Additional mechanical parameters...

Obtain Transfer Function for a default input:
T F = output/input

Calculate local mechanical parameter
for the statistical hazard:
M Plocal = T F · P S

Set of statistical hazard models given
as a Power spectrum PS

Evaluate the local mechanical parameter
in order to create:
Damage curves

Loss modeling by
evaluating the damage curves

Linear discriminant analysis

(a) Linear analysis concept.

Perform time histories analysis by using a
N ewmark method in order to compute:
• Acceleration, Velocity, Displacement,

Use of the SBP-Tool to generate the
geometry of a V-Portfolio

• Principal stresses,
• Additional mechanical parameters...

Set of n time historys
for the hazard

Evaluate the local mechanical parameter
in order to create:
Damage curves

Loss modeling by
evaluating the damage curves

Linear discriminant analysis

(b) Non-linear analysis concept.

Figure 4.4: Flowchart of the 3D-SRS for the linear vs. non-linear analysis concept. Risk components on the left side: Hazard, Vulnerability and Loss. Computational tools on the right.
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4.2.2.2

Non-linear analysis concept

The generic concept developed for 3D-SRS can also be used for non-linear analysis in the future.
Due to an earthquake, the dynamic response of structures can exceed the linear and elastic limit
and then enters the inelastic range. The non-linear concept for the 3D-SRS approach is shown
in fig. 4.4b.
Therefore, the Sub-step force feedback (Subfeed) algorithm is proposed which is a hybrid
simulation scheme developed by Dorka in 1989 [23, 51, 54–56, 58, 122, 131].
The most time consuming part of a non-linear time history analysis is inverting the stiﬀness
matrix after each time step, because it is not constant anymore. One solution to avoid inverting
the matrices is, using the parallel implementation of the Subfeed algorithm ([57], [59] and [23]),
where the time discretized equation of motion is viewed as a linear control equation. Sub-steps
are used in order to obtain the response of the structure at time n + 1. This algorithm, designed
for continuous and real time hybrid simulations, was adapted for large and complex numerical
models in [122]. It does not rely on matrix inversion, nor in iterative solvers in order to proceed
with the time integration, but on sub-steps.
The Subfeed algorithm has been tested in a wide variety of situations, ranging from aerospace
to civil engineering applications including non-linear studies of antique column structures. During
the DFG DO 360/25-1 project, the Temple of Neptune in Paestum, Italy, was studied using the
hybrid simulation technique [123]. The modelling approach used in the project can be applied
to highly non-linear masonry buildings. The overall numerical model consisted of 2100 DOF s
and 315 non-linear three-dimensional constitutive laws as substructures. Using a parallelised
implementation of the Subfeed algorithm, in which each substructure was treated in parallel
[122, 123], the same results were obtained when comparing the solution between SAP2000 and
the Subfeed algorithm. However, the Subfeed was able to give a solution in ≈ 20 s while SAP2000
required well above 20 min using the same computer. This time reduction is essential when
simulating large V-Portfolios.

4.2.3

Interface between Vulnerability and Hazard: Use of mechanical
performance values

Because of the presence of clear interfaces between the components, mechanical performance
values can be exchanged easily and in accordance with the needs of the user. The mechanical
performance values can be:
• Floor acceleration, velocities and displacements,
• Damage in terms of any damage index,
• Damaged areas, etc.

Damage curves

Here in this general 3D-SRS concept, the interface between the Vulnerability and the Loss
is used in order to exchange estimated damage areas of buildings for the V-Portfolio and is
expressed as a damage curves. The damage curves play a critical role in risk and loss estimation,
because they represent the probability of attaining a diﬀerent damage state given a ground
motion intensity.
Damage curves describe, in this concept, the ratio between a mechanical performance value,
coming from the Vulnerability on the vertical axis and the return period, coming from the Hazard,
on the horizontal axis. Figure 4.5 shows the general damage curve in principle.
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From Vulnerability:
Mechanical Performace Value
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From Hazard: Return periods

Figure 4.5: General damage curve by using a mechanical performance value and the return period
in principle.

4.3

Loss modelling in 3D-SRS

One of the most demanding tasks of such a risk simulation for the insurer is the link between a
mechanical performance value and the resulting economic damage potential for a building or a
V-Portfolio. This relationship of mechanical damage to economic damage is not an easy task,
because the relationship is not linear, but a shaped function or even a step function as already
discussed in section 2.3 on page 38.
This thesis is not dealing with economic losses, because mechanical damage can not easily
transfered to economic loss, leaving it out of scope for this thesis. In case the economic loss
would be known, an additional step is required to determine the insured loss!
So far, Loss modelling starts in 3D-SRS with evaluation of the damage curves based on
a mechanical performance value by using the statistical method LDA to find out diﬀerences
between two or more groups of buildings. The theoretical backround of LDA is already given in
section 2.3.
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CHAPTER 5
CASE STUDY FOR INSURED
MASONRY BUILDINGS

5.1

Importance of the chosen construction type

This chapter is intended to present the results of the developed 3D-SRS with the goal of estimating the damaged areas for a given V-Portfolio, consisting of generated 3D numerical models,
under an seismic excitation.
Thus, for numerical modelling reasons simple to define and to code, geometrically linear shell
elements are used to build up the models, and because of the importance of the high vulnerability,
URM buildings, especially modern regular masonry buildings with reinforced-concrete slabs for
the roofs, were chosen to demonstrate the newly developed 3D-SRS concept. More complex
construction types like, for example, RC Frames, where beams in combination with shell and
other finite elements are mandatory, can be a focus of future studies.
URM structures are an important construction type. They are a common construction type
for residential buildings, but they present a high vulnerability against earthquakes as can be
seen by observing existing damage and fatalities data of recent seismic events. Scientiscs who
developed the world housing webpage mentioned, that around 240, 000 fatalities were estimated
to have been caused by the earthquake in 1976 in China and most of them by the collapse of
brick masonry buildings [93].
These structures exist in the form of typical houses and oﬃce buildings, but they also include
a wealth of invaluable structures which compose the fabric of human history. Masonry refers to
the art and craft of building and fabricating in stone, clay, brick, or concrete block. The array of
URM buildings within this construction type is vast, and it ranges from historic stone structures
to mortared brick structures still being constructed today. Many masonry structures are located
in seismic regions, where earthquakes have exposed their vulnerability.
Unfortunately, most of them are constructed without consideration of earthquake design
requirements or reference to any particular design code. The analyses made on the damages of
buildings after several earthquakes through history have revealed the high seismic vulnerability of
this type of construction [31]. It is common that total or partial collapse of unreinforced masonry
buildings occurs during an earthquake due to either poor quality of materials and construction
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technology or lack of connections between the intersection walls and between walls and floor and
ceilings [41, 101, 105, 114].
Because this 3D-SRS case study focuses on insurance purposes, safety aspects and safety
risks, for which highly developed non-linear vulnerability models are absolutely essential, will
not be discussed and studied in this context. However, the concept is open for future research
studies.

5.2

Generate geometry by using SBP-Tool

The SBP-Tool is a software tool to generate a V-Portfolio consisting of a specific number of
numerical 3D FE buildings in an automatic fashion and a scheme was presented in section 4.2.1
on page 52.
Currently, the SBP-Tool is able to generate realistic 3D masonry structures in order to
demonstrate the application of the Sophisticated 3D vulnerability modelling for Seismic Risk
Simulation. However, it can be easily extended to cover other types of structures as well, like
for example the most common construction type in the world, namely RC-frames.
To generate the geometry of a set of 3D buildings, the SBP-Tool needs the portfolios input
data; either directly in a Configuration File or by using a graphical interface. The Configuration
File is independent of any FE software and contains the relevant input data for generating a
single building or a full V-Portfolio with specific characteristics, see section 5.2.1. It contains
the necessary information to run a time history analysis, too.

5.2.1

Structural input data

As input data (stored in the Configuration File in ASCII format) fuzzy building parameters
are used and a statistical process automatically generates each individual building for the VPortfolio. A Gauss distribution is used for parameters with a minimum and maximum input
values. The SBP-Tool is independent of the units as long as they are consistent throughout the
process.
5.2.1.1

Number of buildings

The number of buildings specifies the size of the V-Portfolio. On the one hand, a single risk can
be defined by setting number of buildings equal to 1. On the other hand, a large V-Portfolio
with hundred or thousands of buildings can be generated in order to simulate, depending on the
input data, a whole city district, like a city center, or a rural area. A simulated city center with
buildings with 3 to 5 storeys, 80 % soft storeys and 30 % with balconies can be seen in fig. 5.1a.
An example for a rural area with residential buildings with 1 to 3 storeys, and small balconies
can be seen in fig. 5.1b. Both V-Portfolios consist of 20 buildings: with the city center having
355, 089 DOF s and the example with the rural area have 202, 524 DOF s.
5.2.1.2

Number of storeys

As standard, the number of storeys generates floors (full floors) automatically between a defined
minimum and maximum range, a mean or an expected value and a variance for a V-Portfolio. In
addition, the user can force the number of storeys to have a defined value. In the current state,
the SBP-Tool is not capable of representing cellars or half floors, but it could be an improvement
in the near future if needed. In fig. 5.2, three diﬀerent buildings with a diﬀerent number of storeys
can be seen. On the left side one can see building with one storey, while a four storey building in
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(a) V-Portfolio consisting of 20 buildings generating a city center

(b) V-Portfolio consisting of 20 buildings generating a rural area

Figure 5.1: Two examples consisting of 20 buildings each representing diﬀerent types of portfolios
(city center vs. rural area).
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the middle was generated and on the right a building with six storeys. A maximum value for the
number of storeys is not defined in particular, but depends on the computational power of the
computer with which the buildings are generated, because the amount of RAM memory limits
the size of the stiﬀness and mass matrix.

Figure 5.2: Generated buildings with a diﬀerent number of storeys by using the SBP-Tool.

5.2.1.3

Dimension of the ground plan

Currently, the SBP-Tool generates buildings with rectangular and square shapes. This parameter
generates ground plan dimensions between a defined range (minimum and maximum length for
x and y-direction), a mean or an expected value and a variance. As well as the number of storeys
the ground plan dimensions can be fixed to a specific value. Slender structures with a certain
ratio between width x and depth y as well as square buildings can be easily generated as shown
in fig. 5.3. In the current state, the SBP-Tool it is not capable of generating buildings with other
ground plans, like L-shape, U -shape or any other shape for the ground plan. This is a necessary
improvement for the future, because existing building stock is not merely rectangular or square.

(a) Slender buildings

(b) Square buildings

Figure 5.3: Variation of the dimension for the ground plan. A slender structure with a length
(x) to length (y) ration of 2 (fig. 5.3a) and one structure with a ratio of 1 (fig. 5.3b).
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The number of inner walls in the two horizontal directions depends on the wall length x and
depth y. The inner room size is automatically generated. The number of inner walls for x and
y directions does not have to be equal. This can be seen in fig. 5.4, where a view of a building
is shown.

Figure 5.4: View of the inner walls with transparent outer walls.

5.2.1.4

Dimension of the rooms

The generated buildings have inner walls to divide the ground plan into several rooms as is normal
for a residential building. The dimension of the rooms can be described between a defined range
(minimum and maximum length for x and y-direction), a mean or an expected value and a
variance. As before these parameters can be set to a fixed value; attention must be paid to the
value of the sum. An error message will be displayed on the screen, if the sum of inner rooms
(e.g. x = 10m) does not fit with the selected length in the ground plan (e.g. x = 12m).
5.2.1.5

Number of windows and location

For each outer wall of a building, a number of windows is automatically generated. It is also
possible to generate a wall with no windows or else to select a certain number of windows. In
case of a wide window, it is possible to generate the location of the window with respect to the
inner wall as well. This eﬀect of “window overlapping” is shown in fig. 5.5 but can easily be
avoided by selecting the right parameter in the configuration file.
5.2.1.6

Dimension of the windows and the doors

The openings of the buildings (windows and doors) can be defined separately. The height and
width of the windows and doors can be generated automatically between a defined range (minimum and maximum length for x and y-direction), and independently of the four outer walls
(two in x and two in y direction). Three examples for diﬀerent window dimensions can be seen
in fig. 5.6.
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Figure 5.5: Example of generating a window at the inner wall. This eﬀect can easily be avoided
by setting the responsible parameter Allow Overlapping to zero in the configuration file.

(a) Generated building with
a window size of 1.0m ×
1.0 m

(b) Generated building with
a window size of 1.5 m ×
1.5 m

(c) Generated building with a
window size of 1.0 m × 1.5 m

Figure 5.6: Generated buildings with diﬀerent window dimensions in length and height.
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Balconies and their dimensions

Balconies are common features for buildings of a V-Portfolio. For this parameter the SBP-Tool
distinguishes between true (exist), false (do not exist). The value can be set manually for true or
false, or the value can be selected randomly. Furthermore, it can be defined in the configuration
file what percentage of the buildings of the V-Portfolio has to be generated with a balcony. When
a single risk (single building) is generated, the presence of a balcony can be defined by hand.
The shape of the balcony can be rectangular or square depending on the width and length.
The width and the length are generated automatically between a defined range (minimum and
maximum length for width) and the maximum length is set to the wall length. In addition, the
width and the length can be manually specified in the configuration file.
5.2.1.8

Soft storey

Soft storeys are common features in buildings, especially in cities (fig. 5.1a). This parameter can
be fixed to true (exist) or false (do not exist) in the configuration file. In addition, the parameter
for each of the four outer walls can be chosen randomly. If the parameter is true for one of
the four outer walls, no inner walls are generated for that particular building in the first storey
(ground floor). In that way, buildings with a one-wall soft storey can be just as easily generated
as a building with a soft storey in each of the four outer walls.
In the configuration file, the distance between the building edge and the soft storey can be
defined in a range (minimum and maximum distance). Besides that, the user can define that
parameter manually to a certain value in order to generate diﬀerent buildings with certain soft
storey characteristics. Three examples, with diﬀerent distances between the building edge and
the openings are given in fig. 5.7. Depending on that distance, the tool is capable of generating
windows at the soft storeys as well (fig. 5.7c).

(a) Generated soft storey
building with distance between the edge and the opening of 1 m.

(b) Generated soft storey
building with distance between the edge and the opening of 1.5 m.

(c) Generated soft storey
building with distance between the edge and the opening of 2.5 m.

Figure 5.7: Examples of soft storey buildings with diﬀerent dimensions between the outer edge
and the opening.
In the current state of the SBP-Tool, the soft storey is only generated in the first storey, so
that placing the soft storey in one of the other storeys is not possible at the time of writing, but
it could be implemented as well if there is a need in the future.
The presence of soft storeys can easily be seen in a city center for example, where shops,
malls etc. are located, and quite often they can be found on the first floor. Furthermore, in
modern times, most oﬃce and commercial buildings have soft storeys, because in that way the
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inner walls can be taken out and placed in other positions easily (although this is against design
philosophy), depending on the requirements of the house owner and users. One example for a
V-Portfolio where the presence of soft storeys is high is in fig. 5.1a.
5.2.1.9

Materials of the walls and roofs

The thickness and stiﬀness of the outer and inner walls as well as of the roofs has to be defined in
the configuration file. Both parameters, thickness and stiﬀness, can be described using a mean
value or an expected value and a variance. Besides that, the user can define the thickness and
stiﬀness to have a fixed value. Once the value is defined within the SBP-Tool, the thickness and
stiﬀness is constant for the four outer and inner walls as well as for the roof. A variation of these
values within the diﬀerent wall types is not possible up to know, but it can be implemented in
the near future. So far a chosen thickness of the walls and roofs is constant for that particular
building.
5.2.1.10

Distance between openings and between openings and the walls

This parameter, the distance between openings (windows and doors) and between openings and
the walls, defines the distance between two openings or one opening and an outer or inner wall.
If this parameter is set to 0.50 m in the configuration file ,there is an overlapping of openings.
The code is written in a way that prevents an overlapping of openings.
5.2.1.11

Visual condition of the building

The Visual condition of the building can be selected between three diﬀerent visual states, namely
• poor,
• average and
• good
These three levels are used as well in the walk-through assessment of the Düzce database,
and they have an influence on the randomly selected Young’s modulus of the outer and inner
walls. When a building has poor visual condition, the walls get smaller values for the Young’s
modulus E and a larger Poisson’s ratio ν to ensure that the bending and shear stiﬀness is
reduced in comparison to average or good visual condition building. With that first assumption,
the bending and shear stiﬀness can be modified for the numerical model, using as a basis the
visual condition. This is extremely important due to the wide-spread variance of the Young’s
modulus E for masonry buildings.
The MSJC code [37] and FEMA 306 [71] from North America recommend that the Young’s
modulus E should be set to 700 fb 1 for modern masonry and 550 fb for the existing ones. Paulay
and Priestley [126] and Eurocode 6 [67] suggest that E should be set to 750 fb and 1000 fb
respectively. In addition, Kaushik et al. [95] observed that there was a wide variation in the
Modulus of elasticity-compressive strength relationships of newly constructed Indian clay brick
masonry, where the values varied between 250 fb and 1100 fb . This wide variation was also
observed in [61], where past experimental data were collected and present values ranging from
210 to 1670 fb .
1f

b

: ultimate masonry compressive strength
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Eﬀect of environmental aging

Environmental aging is a natural process of erosion, loose surface material and strength due
to rain, ice, snow, heat, wind and other weather conditions, as well as sharp edges badly worn
over the lifespan of the existing buildings. Uncontrolled moisture is the most prevalent cause of
deterioration in existing historical buildings.
When assessing an existing building according to [68], confidence factors taking into account
the knowledge level of the building have to be considered. The knowledge level achieved also
determines the allowable methods of analysis. However there are no instructions for how to take
into account the influence of deterioration of the material or whether, for example, moisture is
present [98].
Taking into account the environmental aging eﬀect of structures, it was decided as a first
assumption to define three particular zones of the building with smaller Young’s modulus E
in order to get reduced bending and shear stiﬀness for the building. These zones are, on one
hand, the part directly above the ground where splash water and capillary rising water from the
ground occurs and moisture can enter the wall (fig. 2.26a on page 37). On the other hand, the
last part below the roof has been also considered, due to the presence of outside splash water
and water from damaged roof constructions as well as moisture inside a room, (fig. 2.26b on
page 37). The third zone is around the window corners (fig. 2.26c on page 37). In that way, the
eﬀect of environmental aging can taken into account as well as concentrated predamages which
are important for local modelling.

Figure 5.8: Pre-damages around the windows, above the foundation and at the roof.

5.2.1.13

Mesh size of a Finite Element grid

The mesh size or grid size of the used finite element has to defined in the configuration file. Several
of the listed parameters (dimension of the ground plan, dimension of the rooms, dimension of
the windows and the doors etc.) have to be a multiple of the Mesh size of a Finite Element grid.
In fig. 5.9a to fig. 5.9c three buildings are shown with a 0.10 m, 0.25 m and 0.50 m regtangular
mesh. This length defines the distance between the nodes. Furthermore, the SBP-Tool is capable
of generating buildings with a triangular mesh as well.
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(a) Generated building example with a mesh of
0.10 m distance between the
nodes. (47628 nodes and
43120 f inite elements).

(b) Generated building example with a mesh of
0.25 m distance between the
nodes. (7920 nodes and
6944 f inite elements).

(c) Generated building example with a mesh of
0.50 m distance between the
nodes. (2108 nodes and
1740 f inite elements).

Figure 5.9: Examples for diﬀerent rectangular mesh sizes.

5.2.2

Structural output data

Due to the fact that for each single building of the V-Portfolio a time history analysis has
to be performed, the SBP-Tool delivers all data needed by the implementation of the Subfeed
algorithm. The ASCII output files contains information like mass- and stiﬀness matrices as well
as information regarding the DOF and load vectors, (see fig. 4.2).
All the requirements of the input parameters are checked, and the SBP-Tool creates an output
file (Building Data File) for each building with the necessary building information. These data
contains all the required information of the nodes (id number and coordinates), the constraints
and restraints, the elements (four nodes counted counterclockwise), material properties (for outerand inner walls, roof and balcony) and the diﬀerent load cases like, for example, additional live
loads for the roofs and balconies.
Due to the fact that the Building Data File and the executable FE Software Configuration
File are not FE-software dependent, the data must be adapted to a specific software format.
The SBP-Tool generates the buildings for the V-Portfolio in a format compliant with the
FE-software Integrated Structural Analysis and Design Software (SAP2000 ) [38] and with the
SLang - the Structural Language (SLang) ([33]) format.
But this data can be produced with any standard FE-software like OpenSees, Open Quake,
Ansys as well as Nastran, but to demonstrate the concept the FE software SAP2000 is used.
Furthermore, an FE Software Configuration File can be used with the aim of executing the
finite element software in order to calculate the required mass- and stiﬀness matrices. Command
based software permit the computation of the mass- and stiﬀness matrix as well as information
for the DOF and the load vector fully automatically. The clear and easy structure of the SLang
configuration file can be seen in fig. A.2.
One example of a Building Data File is shown in fig. A.1 on page 138. The format of this file
has to be adjusted to the requirements of the chosen software. In addition, fig. A.2 on page 139
shows an example for a FE Software Configuration File.
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Numerical modelling and definition of MDI for
masonry buildings

5.3
5.3.1

Numerical modelling

In order to generate a set of URM , the SBP-Tool generates the coordinates of the nodal positions
and defines the elements for the 3D numerical models. For this type of building, geometrically
linear shell elements of the Lagrange family with the assumption of natural strain [63] is used.
One finite element is presented in fig. 5.10.
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Figure 5.10: Linear shell element used to model the masonry structures with the SBP-Tool [22].
Using the natural coordinates r, s and t, the Cartesian coordinates of a point in the element
with q nodal points are defined, before and after deformations, as:

l

x(r, s, t) =

q
∑
k=1

l

y(r, s, t) =

q
∑

z(r, s, t) =

q
∑

(5.1a)

t∑
k
ak hk l Vny
2

(5.1b)

t∑
k
ak hk l Vnz
2

(5.1c)

k=1

q

hk l yk +

k=1

l

t∑
k
ak hk l Vnx
2
q

hk l xk +

k=1

q

hk l zk +

k=1

k=1

where hk (r, s) are the interpolation functions:
h1 = 1/4(1 + r)(1 + s)

(5.2a)

h2 = 1/4(1 − r)(1 + s)

(5.2b)
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h3 = 1/4(1 − r)(1 − s

(5.2c)

h4 = 1/4(1 + r)(1 − s)

(5.2d)

and l x, l y and l z are Cartesian coordinates of any point, l xk , l yk , l zk Cartesian coordinates of
k
nodal point k in the element, ak thickness of shell in t direction at the nodal point k and l Vnx
,
l k
l k
l k
Vny and Vnz are components of unit vector Vn “normal” to the shell mid-surface in direction
t at the nodal point k 2 . The left superscript l denotes the configuration of the element, i.e.
l = 0 and 1 denote the original and final configurations of the shell element [22]. Hence using
eq. (5.1a), the displacement components are:
q
∑

u(r, s, t) =

k=1
q
∑

v(r, s, t) =

w(r, s, t) =

(5.3a)

t∑
+
ak hlk V k ny
2

(5.3b)

t∑
+
ak hlk V k nz
2

(5.3c)

k=1
q

hlk vk

k=1
q
∑

t∑
ak hlk V k nx
+
2
q

hlk uk

k=1
q

hlk wk

k=1

k=1

where Vnk stores the increments in the direction cosines of 0 Vnk :
Vnk =1 Vnk −0 Vnk

(5.4)

The components of Vnk can be expressed in terms of rotations at the nodal point k. An eﬃcient
way is to define two unit vectors 0 V1k and 0 V2k that are orthogonal to 0 Vnk :
0

(ey ×0 Vnk )
|ey ×0 Vnk |

(5.5a)

V2k =0 Vnk ×0 V1k

(5.5b)

V1k =

0

where ey is a unit vector into the direction of the y-axis. αk and βk are the rotations of the
normal vector 0 Vnk about the vectors 0 V1k and 0 V2k . Because αk and βk are small angles,
Vnk = −0 V2k αk +0 V1k βk

(5.6)

Substituting from eq. (5.6) into eq. (5.3), the following set of equation is obtained:
u(r, s, t) =

q
∑
k=1

v(r, s, t) =

q
∑
k=1

t∑
k
k
ak hk (−0 V2x
αk +0 V1x
βk )
2

(5.7a)

t∑
k
k
ak hk (−0 V2y
αk +0 V1y
βk )
2

(5.7b)

q

hlk uk +

k=1
q

hlk vk +

k=1

2 The vector l V k is called normal vector although it may not be exactly normal to the mid-surface of the shell
n
in the original and final configuration, for example in case of shear deformation
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w(r, s, t) =

q
∑
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t∑
k
k
ak hk (−0 V2z
αk +0 V1z
βk )
2
q

hlk wk +

k=1

(5.7c)

k=1

With the element displacements (eq. (5.7)), and coordinates , eq. (5.1a), the evaluation of
the element matrices can be created. The entries in the displacement interpolation matrix H of
a shell element are given in eq. (5.7).
The strain-displacement matrix: can be defined as:
 ∂u 
∂r
 ∂u 
∂s
∂u
∂t

=

 ∂hk

∂r [1
 ∂hk [1
∂s
k=1
hk [0
q
∑

 
k
k
tg1x
tg2x
]
uk
k
k  α 
tg1x
tg2x
]
k
k
k
βk
g1x
g2x
]

(5.8)

and the derivatives of v and w are given by substituting for u and x the variable v, y and w, z,
respectively. In eq. (5.8) the following notation is used:
1
g2k = − αk 0 V1k
2

1
g1k = − αk 0 V2k
2

(5.9)

To obtain the displacement derivatives corresponding to the Cartesian coordinates x, y, z, the
following transformation is used:
∂
∂
= J−1
∂x
∂r

(5.10)

where the Jacobian matrix J contains the derivatives of the coordinates x, y, z with respect to
the natural coordinates r, s and t. Substituting eq. (5.8) into eq. (5.10) it can be obtained:
 ∂u 
∂x
 ∂u 
∂y
∂u
∂z

=

q
∑

 ∂hk

∂x
 ∂hk
∂y
k=1 ∂hk
∂z

 
k
k
Gkx
g1x
Gkx g2x
uk
k
k
Gky  αk 
g1x
Gky g2x
k
k
βk
Gkz
Gkz g2x
g1x

(5.11)

The derivatives of v and w are obtained in analogous manner. In eq. (5.11), J−1
ij , corresponds to
the element (i, j) of J−1
∂hk
∂hk
∂hk
= J−1
+ J−1
11
12
∂x
∂r
∂s
∂h
k
−1 ∂hk
Gkx = t(J−1
+ J12
) + J−1
11
13 hk
∂r
∂s

(5.12)
(5.13)

With the displacement derivatives defined in eq. (5.11) the strain-displacement matrix, B,
can directly be assembled for a shell element. Assuming that the rows in the B matrix correspond
to all six global Cartesian strain components, namely:
∂u
∂x
∂u ∂v
=
+
∂y
∂x

∂v
∂y
∂u ∂w
=
+
∂z
∂x

∂v
∂y
∂v ∂w
=
+
∂z
∂y

ϵxx =

ϵyy =

ϵyy =

(5.14)

γxy

γxz

γyz

(5.15)

the entries in B can be constructed, but then the stress-strain law must contain the shell assumption that the stress normal to the surface is zero.
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Thus, if σ and ϵ store the Cartesian-Cauchy stress and strain components the following
relationship can be established:


 
σxx
ϵxx
 ϵyy 
σyy 

 

 σzz 
 ϵzz 


 
(5.16)
σxy  = Csh γxy 


 
γyz 
 σyz 
σzx
γzx
where
σ T = [σxx σyy σzz σxy σyz σzx ]

(5.17)

T

ϵ = [ϵxx ϵyy ϵzz γxy γyz γzx ]

Csh


1
ν

1


E

= QTsh (
1 − ν2 

 symmetric

0
0
0

0
0
0
1−ν
2

(5.18)

0
0
0
0

0
0
0
0
0

k 1−ν
2





)Qsh




(5.19)

k 1−ν
2

with Qsh representing a matrix that transforms the stress-strain law from r̄, s̄, t Cartesian
shell-aligned coordinate system, to the global Cartesian coordinate system. The elements of
the matrix Qsh are obtained from the direction cosines of the r̄, s̄, t coordinate axes measured
in the x, y, z coordinate directions, and the relation in eq. (5.19) corresponds to a fourth-order
tensor transformation. The factor k is a constant to account for the actual non uniformity of the
shearing stresses and its usually chosen to 5/6 [22].


Qsh

l12
 l22
 2
 l3
=
2l1 l2

2l2 l3
2l3 l1

m21
m22
m23
2m1 m2
2m2 m3
2m3 m1

n21
n22
n23
2n1 n2
2n2 n3
2n3 n1

l1 m1
l2 m2
l3 m3
l1 m2 + l2 m1
l2 m3 + l3 m2
l3 m1 + l1 m3


n1 l1

n2 l2


n3 l3

n1 l2 + n2 l1 

n2 l3 + n3 l2 
n3 l1 + n1 l3

(5.20)

n1 = cos(ez , er̄ )
n2 = cos(ez , es̄ )
n3 = cos(ez , et )

(5.21)
(5.22)
(5.23)

m 1 n1
m 2 n2
m 3 n3
m1 n2 + m2 m1
m2 n3 + m3 m2
m3 n1 + m1 m3

where
l1 = cos(ex , er̄ )
l2 = cos(ex , es̄ )
l3 = cos(ex , et )

m1 = cos(ey , er̄ )
m2 = cos(ey , es̄ )
m3 = cos(ey , et )

There are certain invariants associated with the Cauchy stress tensor that can be represented
by a three-by-three symmetric matrix given in eq. (5.24). The values do not depend upon the
chosen coordinate system, nor on the area element upon which the stress tensor operates.


σxx
σxy
σxz
σyy
σyz 
σ = σxy
(5.24)
σxz
σyz
σzz
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Figure 5.11: Principal stress comparison between Subfeed algorithm and SAP2000 [38].
These are the three eigenvalues of the stress tensor, which are known as the principal stresses.
They can be written in the following form and will be used in this study to check if the finite
element presents damages using a crack criteria based on tensile stress limit:


σ1
0
0
σ2
0
σij =  0
(5.25)
0
0
σ3
The principal stresses can be combined to form the stress invariants, I1 , I2 , and I3 . The first
and third invariant are the trace and determinant respectively of the stress tensor.
I1 = σ1 + σ2 + σ3
I2 = σ1 σ2 + σ2 σ3 + σ3 σ1

(5.26)
(5.27)

I3 = σ1 σ2 σ3

(5.28)

The maximum principal stresses obtained in the software SAP2000 [38] used for the time
history analysis are compared in order to demonstrate the correctness of the stress calculation
process (fig. 5.11).

5.3.2

Definition of the Mechanical Damage Indicator

One of the most challenging tasks by such a risk simulation for insurance purposes is to establish the link between observed mechanical damages (real or virtual) and the resulting damage
potential for a building or a V-Portfolio.
This relationship of mechanical damage to economic damage is not an easy task, because the
relationship is not linear. It could be a shaped function or even a step function (see fig. 2.28 on
page 43).
A V-Portfolio consists of a total number of finite elements for the outer and inner walls ntot
and for all of them, the time histories of principal stress are known. These principal stresses are
used to estimate the mechanically damaged areas at the outer and inner walls of the V-Portfolio.
As an assumption, the ultimate tensile strength of the masonry walls is chosen for the mechanical
damage criteria and is henceforth referred as Mechanical Damage Indicator (MDI ). The MDI
works like a threshold in such a way that principal stresses of each ntot finite element are
checked to see whether they exceed the MDI , because then a damaged fine element is detected.
The working process of MDI is shown is fig. 5.12 schematically.
A damaged finite element occurs if the principal stress exceeds just once the MDI (or more)
so that just the maximum value will be checked. If the principal stress is lower than MDI , the
finite element has no damages. Furthermore it is important to know that the MDI depends on
the material of each finite element.
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Figure 5.12: Estimating damages by using MDI . The MDI is shown as the dotted red line and
acts as a threshold.
Therefore, the principal stresses of each finite element have to be compared with the default
MDI for the utilized material of the outer and inner walls, and a reduced MDI is used in order
to compare finite elements which have an aging eﬀect or are predamaged.
This step has to be repeated for the selected number of earthquake inputs to obtain a statistical significance about the failure of the FE. For example, by using 19 earthquake records,
the V-Portfolio has 19 diﬀerent time histories for the principal stresses. Each of these principal
stresses has to be checked by equation 6.9 to come up with a statistical significance, e.g. in 5 of
19 cases the principal stress of the finite element was damaged, which means that 26.3 % of the
FE suﬀers damages due to the 19 earthquakes and the building has to be repaired.
This thesis does not deal with economic losses because mechanical damage can not easily be
transfered to economic loss. The economic loss is beyond the scope of this thesis.

5.4

Validation of linear elastic vulnerability model

Nowadays, the Düzce database (see section 2.2.4 on page 27) with a dataset of damage observed
in 484 RC Frames after the 17 August 1999 Kocaeli (Mw = 7.6) and 12 November 1999 Düzce
(Mw = 7.2) earthquakes, is the only full data set of observed damages which is reliable and could
be used for validating purposes for a generated V-Portfolio consisting of reinforced concrete.
Unfortunately, no comparable reliable damage database for masonry buildings of real observed
data after an earthquake event is available at this level of detail. Therefore, experimental data
of a shaking table test has to be used for the validation of the generated 3D masonry model by
the SBP-Tool.
For this purpose, the experimental investigation on the seismic performance of masonry buildings on the shaking table at the National Laboratory for Civil Engineering, in the Earthquake
Engineering and Structural Dynamic Division (LNEC-NESDE) in Lisbon, and at the structural
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lab from University of Minho (LEST) in Guimaraes, Portugal are used in this study [20, 104].
It is definitely not totally representative to use just one damage data set of a two storey model
to validate a large numerical portfolio, but nevertheless it is useful in order to get a rough idea
of how this study with linear elastic models is applicable. Therefore, the measured acceleration
and displacement of the shaking table tests is compared with the results of the numerical model.

5.4.1

Experimental shaking table tests at LNEC

The shaking table at the LNEC with 4.6 m × 5.6 m and a payload of 400 kN , is one of the
largest in Europe. It allows the use of a reduced scale model of 1 : 2, taking into account the
usual similitude Cauchy and Froude laws in experimental dynamic test.
By using the Cauchy scale factors, the experimental model has a groundplan of 4.20 m ×
3.40 m, a total height of 3.0 m and a thickness of 0.1 m for the walls and the roofs. The
experimental model for the URM can be seen in fig. 5.13. The story height is 1, 4m with window
openings of 0.8 m × 0.5 m and a door of 0.5 m × 1.1 m. The reduced masonry units in scale 1 : 2
are 200 mm length 100 mm width and have a thickness of 95 mm height. To ensure a realistic
model behavior of the geometry and stress-strain relationship, the material properties are equal
to the prototypes, in terms of compressive strength, shear strength and modulus of elasticity.

Figure 5.13: Picture and geometry of the experimental test specimen at LNEC [20].
The global aim of the shaking table tests in Lisbon [35] was to study the seismic behavior of
symmetric and asymmetric concrete block buildings in unreinforced as well as reinforced masonry.
Due to the fact, that currently the SBP-Tool is not able to generate asymmetric as well as
reinforced concrete buildings, only the symmetric unreinforced masonry building consisting of
concrete masonry blocks (fig. 5.13) is used for validation purposes. In this respect, improvements
of the SBP-Tool are needed in the future in order to generate asymmetric models as well.
Seismic inputs and the test program: An earthquake force consists of two horizontal and
one vertical component and, depending on the shaking table, one, two or even three components
can be used as seismic motions as an input. The shaking table at LNEC has three degrees
of freedom, but in the tests of [20, 104] only the two horizontal components were used due to
controlling problems of two horizontal cylinders in combination with the vertical hydraulic actuator. However the vertical component is known to have little eﬀect on the seismic performance
of regular masonry building motion [150].
An earthquake is a stochastic phenomenon; it depends on the rupture process and the local
soil condition and therefore an earthquake cannot occur twice in the same form. For this reason,
two artificial accelerograms, one in longitudinal and one in transversal direction, were used as a
seismic input in the shaking table tests. These artificial time histories, with acceleration, velocity
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and displacement components for the elastic response spectrum according to [10], can be seen
for the region of Lisbon with a design ground acceleration ag = 1, 5 sm2 = 0, 15g, a type 1 seismic
action, a ground type A and 5% damping in fig. 5.14.
Table 5.1 presents the test program used for the symmetric masonry buildings, corresponding
to distinct percentages of the reference seismic input. Severe damage of the model or limits of
the shaking table in terms of actuators displacement capacity were the parameters for defining
the last test run (250 %), which was repeated once. Due to the need to protect the testing
equipment, most of the instrumentation was removed, anticipating a severe failure. Hence, data
from those tests were not recorded.
Table 5.1: Test program for the symmetric masonry building: Input series and corresponding PGA.
Test

PGA NS [m/s2 ]

PGA EW [m/s2 ]

50 %
100 %
150 %
200 %
250 % ∗

2.62 (0.27 g)
5.01 (0.51 g)
7.88 (0.80 g)
10.90 (1.11 g)
13.04 (1.33 g)

1.99 (0.20 g)
4.26 (0.43 g)
6.64 (0.68 g)
8.51 (0.87 g)
10.42 (1.06 g)

∗

The test was repeated once without measurement equipment,
anticipating severe failure at the structure.

After running a certain shaking table test, detailed visual inspection was performed in order
to observe and identify new cracks and damages at the masonry building. Each crack was labeled
by using diﬀerent ink markers of varying width with the aim of recording the damage propagation
through the whole test procedure. Furthermore, pictures were taken after each test run, and the
crack propagation for the four walls was documented as well.

5.4.2
Dimension

Material properties for
mortar and concrete
block units

Calibration of the numerical model

Dimension: For validation purposes, a 3D numerical model was generated using the SBPTool in an automatic way with a groundplan of 4.20 m × 3.40 m, a total height of 3.0 m and
a thickness of 0.1 m for the walls and the roofs. The distance of the finite element mesh was
set to 0.2 m, and because the mesh distance with 0.2 m did not fit exactly with the openings
of the experimental test set-up, it was necessary to modify the original window dimension from
0.8 m × 0.5 m to 0.8 m × 0.6 m and to increase the door dimension in width and height by
0.10 m; from 0.5 m × 1.1 m to 0.6 m × 1.2 m. The numerical model for the URM can be seen
in fig. 5.15.
Material properties for mortar and concrete block units: Before performing the shaking
table tests for studying the seismic behavior of the URM building consisting of concrete blocks,
the material properties were experimentally obtained for the mortar and the concrete blocks
separately and for the masonry by doing uniaxial and diagonal compression tests at LNEC .
For the mortar, a flexural strength of 2.7 N/mm2 and compressive strength of 11.71 N/mm2 was
measured. For the concrete block, tensile strength of ft = 3.19 N/mm2 , a compressive strength
normal to the bed joint fc⊥ = 12.13 N/mm2 , compressive strength parallel to the bed joint
fc∥ = 7.88 N/mm2 and a Young’s modulus normal to the bed joint with E⊥ = 9, 570 N/mm2 were
defined. All the results can be found in [20].
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Figure 5.14: Time histories used in the LNEC shake table test [104].
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Figure 5.15: Numerical model of the experimental test specimen.
Destructive tests were carried out on masonry wallets with dimensions of 0.6 m × 0.65 m in
order to determine the material properties for the composite material. All the test specimens for
the uniaxial compression tests (fig. 5.16), were tested until failure or heavy damages, and they
were performed in displacement control.
The Young’s modulus E and the compressive strength tests of masonry were always done in
the normal direction to the bed joints. 30 % of the maximum expected load was applied to the
test specimen and kept constant for 2 minutes before unloading. This loading and unloading cycle
was applied 3 times and the obtained data were the basis for calculating the Young’s modulus
E according to [1] by using eq. (5.29a). After this, the test specimen was uniformly loaded
again until failure. From the last test, the compressive strength fc was obtained according to
eq. (5.29b).
Fi,max
3 ∗ ϵi ∗ Ai
Fmax
fc =
A

Ei =

(5.29a)
(5.29b)

with Fmax being the maximum force, A the cross section and the mean strain ϵ at one third of
the maximum strentgh [20].
The mean value normal to the bed joint Young’s modulus E was E⊥ = 5, 300 N/mm2 and the
compressive strength normal to the bed joint fc⊥ = 5.95 N/mm2 .
The results of the uniaxial test set-up with the corresponding stress-displacement relation are
shown in fig. 5.16 [20]. This observed stress-displacement relationship in the uniaxial compression
test is the base for calibration of the Young’s modulus E for the linear-elastic numerical model
with an isotropic material behavior, and it depends on the used finite element mesh size.
The experimentally obtained Young’s modulus of E⊥ = 5, 300 N/mm2 has to be modified to a
value of E⊥ = 10, 200 N/mm2 for a finite element mesh size of 0.2 × 0.2 m. By using a calibrated
Young’s modulus of E⊥ = 10, 200 N/mm2 and a Poisson’s ratio of ν = 0.2, the numerical results
are comparable to those obtained experimentally in the linear-elastic range. This can be seen in
fig. 5.16, where the red line describes the linear elastic range of the used isotropic material.
The Young’s modulus of E depends on the size of the used finite element mesh, and so for
a finite element mesh size of 0.5 × 0.5 m the Young’s modulus has to be adjusted to a value of
E⊥ = 10, 000 N/mm2 . The relation of the Young’s modulus E⊥ to the finite element mesh size is
presented in fig. 5.17.
Masonry is not an isotropic material, nor it is anisotropic: rather it exhibits a structured
orthotropic response to biaxial loading [29]. For the sake of completeness, an isotropic material
is studied as well to present the diﬀerence with an orthotropic material.
82

5.4. Validation of linear elastic vulnerability model

(a) Picture of the test specimen
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(b) Stress-Displacement relationship

Young’s Modulus E
[N/mm2 ]

Figure 5.16: Test set-up of the uniaxial compression test on the left and the obtained stressdisplacement relation on the right [20]. The red line demonstrates the linear elastic behavior by
using the reduced Young’s modulus E.
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Figure 5.17: Relationship between the Young’s modulus E⊥ and the size of the finite element
mesh.
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For calibrating the shear modulus G, the results of the diagonal compression test with the
same size and material as in the uniaxial test were used. This test allows the calculation of the
shear and tensile strength of the test specimen. The tensile strength ft = 0.12 N/mm2 and the
shear modulus G = 1, 760 N/mm2 are obtained by assuming that the test specimen collapsed
when the principal stress, at the center of the test set-up, achieved the maximum value.
In the case of an isotropic material, the shear modulus G for the numerical model is calculated
using:
E
(5.30)
G=
2(1 + ν)
with a Poisson’s ratio of ν = 0.2 and a Young’s modulus of E⊥ = 10, 200 N/mm2 . The corresponding shear modulus is calculated as G = 4, 250 N/mm2 .
The Young’s modulus for an orthotropic material is diﬀerent for the direction parallel to the
bed joint termed 1st direction from the direction perpendicular to the bed joints termed the 2nd
direction. The elasticity equations for an orthotropic material are:
1
ν12
τ1 −
τy
E1
E2
ν1y
1
ϵ2 = −
τ1 +
τy
E1
E2
1
ϵ12 =
τ12
2G1y
ϵ1 =

ν21 E1 = ν12 E2

(5.31a)
(5.31b)
(5.31c)
(5.31d)

where ν21 and ν12 are the Poisson’s ratio for the 21 and 12 components, E1 and E2 are the
Young’s moduli for the 1 and 2 components respectively, ϵ represents the strain components,
τ represents the stress components and G12 is the shear modulus. In case of an orthotropic
material, the shear modulus G is calculated by [18, 29]:
√
E1 E2
G12 =
(5.32)
√
2(1 + ν12 ν21 )
With this shear modulus, the numerical model behaves, for the linear-elastic range, in a
comparable way to the experimental test specimen this can be seen in the obtained stress-strain
relationship in fig. 5.18.
The material properties of the experimental and numerical models, isotropic and orthotropic,
can be found in table 5.2. These data are used to generate the V-Portfolio described in section 5.2.1.
Calibration of MDI

Calibration of MDI : The definition and a detailed explanation of the MDI can be found in
section 5.3.2 on page 77. The following calibration is based on the experimental data obtained
in the diagonal compression test [20].
In fig. 5.19a the principal stresses of the diagonal test with an MDI equal to the tensile
strength of 0.12 N/mm2 obtained experimentally is used. The blue colored areas in the figure
show the corresponding estimated damage. An MDI = 0.12 N/mm2 creates the impression that
the experimental test specimen is already totally damaged, but this is not the case, because the
first cracks start at that moment, see fig. 5.19).
This leads to the fact that an adjustment of the MDI is needed, up to a threshold where
cracks and damages start to happen, in order to visualize a more realistic damage pattern. This
adjustment is presented in fig. 5.19b. With a calibrated MDI of 0.22N/mm2 , the damaged areas
start to grow slowly; they are colored in blue.
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(a) Picture of the test specimen
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(b) Stress-strain relationship

Figure 5.18: Test set-up of the diagonal compression test on the left and the obtained stressstrain relationship on the right [20]. The red line demonstrates the linear elastic behavior by
using the reduced Young’s modulus E.

Table 5.2: Experimental, isotropic and orthotropic material properties for the roof and the inner
and outer masonry walls [104]

Reinforced-concrete
Masonry†

Isotropic

G∗

ν

tf ∗

33, 000
5, 300

13, 750
1, 770

0.2
0.2

0.12

33, 000
10, 200

13, 750
4, 250

0.2
0.2

E∗

Material
†

Reinforced-concrete
Masonry
Material

E2 = E⊥ ∗

Orthotropic
E1 = E∥ ∗⋄
G12 ∗

ν12

ν13 = ν23

Masonry

10, 200

1, 020

0.2

0.2

∗

988

The units for the Young’s moduli E, shear moduli G and tensile strength ft are given in N/m2 .
† This data was observed experimentally at LNEC [104].
⋄ In the case no Young’s modulus for the direction parallel to the bed joint is available, 10 − 20 % of the
Young’s modulus perpendicular to the bed joints are taken as an approximate assumption [134].
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(a) Diagonal test with a MDI =
0.12 N/mm2 . Corresponding damaged areas shown in blue.

(b) Diagonal test with a calibrated
MDI = 0.22 N/mm2 . Corresponding
damaged areas shown in blue.

(c) Picture of the diagonal
compression test, where
first cracks start to appear.

Figure 5.19: Comparison between the initial tensile strength of the masonry and the MDI used
to estimate damages.

The diﬀerence between the experimentally obtained MDI and the calibrated MDI is demonstrated by using the results of the first shaking table test with 50 % (0.27 g) input motion,
because this test showed insignificant damage.
In fig. 5.20a the expected damage with the experimentally obtained MDI = 0.12 N/mm2 is
applied, and the corresponding damage is shown in blue. Contrary to the experimental test,
damages occur where none were observed; the MDI produces around the bottom openings and
edges blue areas (damages). By using the calibrated MDI of 0.22 N/mm2 the damaged areas
are presented much better: only small areas are colored in blue, which indicates the presence of
damaged areas. The value of MDI = 0.22 N/mm2 is more realistic, and it is used in this study
in order to estimate the damages.

(a) Experimental MDI of 0.12 N/mm2

(b) Calibrated MDI of 0.22 N/mm2

Figure 5.20: Comparison between the experimental and calibrated MDI with the 50 % input.
Corresponding damages are shown in blue.
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Global validation

A comparison between the experimental setup and the numerical model for the variables acceleration and displacements is presented and discussed in the following sections.
Dynamic properties: Experimental test specimen in comparison to a FE model
After fixing the experimental test specimen on the shaking table and before applying a seismic
motion, the dynamic properties in terms of natural frequencies, initial damping coeﬃcients and
fundamental mode shapes were defined. In the east-west direction are the walls with the openings
and, in the north-south direction there are no openings
The diﬀerences between the experimentally obtained and the numerically calculated natural
frequencies are given in table 5.3 for the isotropic and the orthotropic model. While for the
isotropic model all members (outer and inner walls as well as the roofs) are defined with an
isotropic material, for the orthotropic model orthotropic materials are chosen for the outer and
inner walls, the roofs are still isotropic.
Table 5.3: Dynamic properties of the experimental test specimen and the
numerical model.

Data

Experimental
Isotrop
Orthotrop
∗

Direction
∗

Natural
Frequencies
F [Hz]

Natural
Period
T [s]

11.11
16.12
43.45
50.91
23.96
28.46

0.090
0.062
0.023
0.019
0.042
0.035

east-west
north-south
east-west
north-south
east-west
north-south

Damping
ζ [%]
3.85
3.52
2.00
2.00
2.00
2.00

The experimental data are taken from [20].

In the east-west direction the experimental model has a frequency of 11.11 Hz and the
isotropic model a frequency of 43.45 Hz, which is around four times larger. The diﬀerences in
the north-south direction are a bit smaller, but even here for frequency at the isotropic model
(50.91 Hz) is around three times larger than the experimental one (16.12 Hz). Due to the fact
that an isotropic material does not distinguish between parallel and perpendicular to the bed
joint (just one Young’s modulus E is used to describe the model with the result), the frequencies
are much larger than the observed ones.
The Young’s modulus for an orthotropic material is diﬀerent for the direction parallel to the
bed joint and for the direction perpendicular to the bed joints. Because of this, (the Young’s
modulus in parallel direction is just 10 % of the perpendicular one), the frequencies come closer
to the experimental ones. In east-west direction a frequency of 23.96 Hz and for north-west
direction, a frequency of 28.46 Hz are obtained, which is 1.5 and 2 times larger respectively. The
frequencies along the north-south direction where no openings are located, fit better with the
experiment. For both, the isotropic and orthotropic materials, the frequencies at the east-west
direction with openings have a wider spread. For a better understanding a comparison is shown
in fig. 5.21.
Acceleration: Experimental test set-up in comparison to the FE-model Time history
analysis for each of the seismic levels shown in table 5.1, allows a comparison of the experimental
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Figure 5.21: Natural frequency of the experiment compared with the numerical models.
data with the isotropic and orthotropic model. Here, the edge node of the first and second
storey are chosen to compare with the recorded accelerations in the masonry building during
the shaking table test. Because the experimental specimen was symmetric, it was observed that
the behavior at both sides of the buildings is similar [20]. Therefore only the northern and the
western wall are presented. The results shown are relative values, e.g. the diﬀerence between the
total values of the roof and the total horizontal values at the base of the experimental specimen.
Because this study is dealing with a linear elastic model, the slope of the acceleration has a
constant increase in all tests, instead of experimental data where sudden changes due to cracks
can be obtained. The acceleration in the experiment changes due to damages.
In fig. 5.22, the maximum acceleration corresponding to the distinct seismic input is shown for
the experimental test specimen, the isotropic and orthotropic model. The best match between the
acceleration of the orthotropic model and the experiment is on the north wall (without openings)
(fig. 5.22a). There, for the first and the second storey the orthotropic model has almost equal
acceleration, whereas the acceleration of the isotropic model is around five times smaller. The
same applies when comparing frequencies. This is shown in table 5.3: for north-south direction,
the experimental frequency was 16.12 and for the orthotropic model 23.96. The accelerations are
nearly parallel and have, more or less, a constant slope until the 200% test, where larger damages
and cracks occur at the experiment. At the north wall it can be observed that the acceleration
at the first storey has a good correlation until the 200 % test, whereas the acceleration at the
west wall diﬀers due to the openings present in this wall. Additionally, cracks start earlier at the
western than at the northern wall.
These diﬀerences can be seen in fig. 5.22b. In the west wall with openings, the orthotropic
model has constantly 20% higher values compared to the experiment; the diﬀerences between
the isotropic and the experimental model vary between 10 − 90%.
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(a) Acceleration at the north wall: Comparison between experimental and numerical data.
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(b) Acceleration at the west wall: Comparison between experimental and numerical data.

Figure 5.22: Acceleration comparison between the experimental tests of [20] and the numerical
model of the SBP-Tool for the north and west walls.
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Displacement: Experimental test set-up in comparison to the FE model In fig. 5.23,
the maximum displacement for the experimental specimen and the isotropic and orthotropic
models is shown for the diﬀerent levels of excitation. The experimental curve is almost linear
until the 200 % test, where larger cracks due to local damages occur. From that test on, sudden
drops in the displacements appear and thus its comparison to linear elastic models is no longer
valid.
The isotropic model is too stiﬀ, and therefore the corresponding displacements out of the
time history analysis are much smaller for the isotropic numerical model in comparison with
the experimental data. Around two times larger are the displacements calculated by using the
orthotropic material, but even here, it has to be noted, the results have no good correlation with
the experimental data. Figure 5.23, shows the diﬀerences in percentage between the experimental
data and the orthotropic model.
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(a) Displacement at the north wall: Comparison between experimental and numerical data.
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(b) Displacement at the west wall: Comparison between experimental and numerical data.

Figure 5.23: Comparison of the displacement between the experimental tests and the numerical
model (isotrpic and orthotropic). Experimental results are taken from [20].
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Local validation by using observed damages

The numerically estimated damage has to be used very carefully, because the material parameters
and the MDI are not representative enough. One dataset of real observed damages is not enough
in order to get reliable results, and therefore further investigation to validate the numerical models
is necessary. The presented pictures of the numerical model are taken for the orthotropic model
only and are taken at the time step where the displacements have maximum values. So the
following comparison of the observed damage is done with the orthotropic model. The following
observation was done after each test, and the corresponding damage pattern found by Leonardo
Avila Velez [20].
Numerical vs. experimental damages: Shaking table test with 50 % After the first
shaking table test, no significant damages or cracks were oberved in the unreinforced masonry
building. This test was used to calibrate the MDI in the section section 5.4.2 on page 84.
Numerical vs. experimental damages: Shaking table test with 100 % A sliding crack
above the foundation started in the north-west corner and had a length, at the north wall, of
around 1.70 m and of around 1.20 m at the west wall (fig. 5.24). There was another sliding crack
of 1.00 m at the east wall, caused by a bad joint fig. 5.25. A further sliding crack of around
1.00 m started on the second floor at the west wall.
Stepped diagonal cracks which had developed at the north-west corner on the first storey
were recorded (Detail A in fig. 5.24 and G in fig. 5.25). In addition to that, stepped diagonal
cracks were observed at the east and west wall, starting from the corners of the windows (Detail
B - F and H).
The numerical damage estimation is shown in blue over the two pictures of fig. 5.24 and
fig. 5.25. The location of all eight details A to H are detected correctly through the MDI and
the assumption with the tension criteria. Even the proportion amount of damaged areas may
not be completely wrong when comparing the numerical damage with that observed.
The sliding cracks cannot be detected with the MDI and the tension criteria used . A shear
stress criterion may be a possibility but without experimental data it cannot be validated.
Numerical vs. experimental damage: Shaking table test with 150 % Damages and
severe cracks were observed at all walls due to the 150 % shaking table test. The horizontal cracks
at the north-south walls extended to the walls with openings (east-west wall). This horizontal
crack on the first storey was approximately 2.50 m long at the north wall. A horizontal crack of
70 % of the wall length developed on the second storey. This crack extended to the full length of
the west wall (with openings). Furthermore, stepped diagonal cracks occured at the upper right
corner of the north wall as well as at the upper and lower right corners of the south wall.
Due to the fact that this is a linear elastic simulation where damages grow proportionally,
the figures for the numerical damages are not presented at this point.
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(a) Numerical simulation of damages shown in blue.
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(b) Observed damages due to shaking table test.

Figure 5.24: Shaking table test 100 % (0.51 g) at the north-west wall with observed damages
and cracks in the unreinforced masonry building [20].
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(a) Numerical simulation of damages shown in blue.
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(b) Observed damages due to shaking table test.

Figure 5.25: Shaking table test 100 % (0.51 g) at the south-east wall with observed damages and
cracks in the unreinforced masonry building [20].
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Numerical vs. experimental damages: Shaking table test with 200 % Already existing
sliding cracks above the foundation as well as those above the roof, on the first storey and at the
north and west wall extend nearly over the whole wall length. Existing horizontal cracks at the
east and west wall got longer: they connected the middle of the windows in the second storey.
Furthermore a new horizontal crack of around 1.70 m developed above the third block layer in
the second storey of the south wall.
Figure 5.26 shows a large stepped diagonal crack over the first and second storeys at the
north wall due to the 200 % shaking table test. This crack starts at the foundation of the left
lower corner on the first storey up to the right upper corner of the second storey. The area
between the door and the window in the south wall (first storey) had some cracks (horizontal
and diagonal stepped) which connected the openings. Further stepped diagonal cracks can be
seen in the right lower corner of the first storey, and one crack starting from the opening on the
second storey runs to the roof at the east wall.
The numerical damage estimation is shown above the two pictures and the location of the
seven details I to O (fig. 5.26). Figure 5.27 shows that the identification of the damaged area
caused by diagonal stepped cracks is reliable through the numerical process. The area between
the door and the window of the east wall, had been aﬀected by some cracks in the experimental
data this can also be confirmed by the numerical model. Most of this part of the numerical
model is blue (Detail N fig. 5.27).
Once again, the MDI and the first assumption of using a tension crack criterion in order
to detect diagonal stepped cracks can represent the damages quite well, but it is not useful for
detecting sliding cracks like the ones seen in Detail K and L (fig. 5.26).
Numerical vs. experimental damages: Shaking table test with 250 % This test is not
useful for the linear-elastic model validation, due to the fact that the experimental specimen
behaves in a fully non-linear fashion. Numerical damages cannot be used to present the damages
(fig. 5.28) of the 250 % shaking table test, because the linear analysis is not able to reflect the
partial collapse or cracks. In this situation, non-linear analysis is needed, but this is beyond the
scope of this thesis.
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I
J
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L
(a) Numerical simulation of damages shown in blue.
I
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L

(b) Observed damages due to shaking table test.

Figure 5.26: Shaking table test 200 % (1.11 g) at the north-west wall with observed damages
and cracks in the unreinforced masonry building [20].
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(a) Numerical simulation of damages shown in blue.
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(b) Observed damages due to shaking table test.

Figure 5.27: Shaking table test 200 % (1.11 g) at the south-east wall with observed damages and
cracks in the unreinforced masonry building [20].
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Partial collapse

Figure 5.28: Partial damage due to the 250 % shaking table test: linear-elastic models are not
able to reflect such damages. Non-linear models are mandatory [20].

5.5

Summary of validation and limit for using linear elastic
vulnerability models

The validated MDI was applied to estimate damages in the numerical model in order to compare
it with observed local damages in the experiment. It shows that the MDI detected the local
regions of damages correctly, and it is even possible to assess the amount of damage by using
the validated MDI .
Therefore, being able to capture the local damages, the method is validated, despite not
having a perfect match in terms of displacement, but only the accelerations. Due to the fact that
this thesis is dealing with estimating damage areas at local models, the local damage validation
is much more important instead of the global validation.
The testing program of Velez et. al [20] with the corresponding PGA (presented already in
table 5.1 on page 80) is given in Table 5.4. The table combines the diﬀerent levels for the PGA
derived from the shaking table test and the ones used in the case study. together with the used
3D-SRS concept.
Additionally, the limit for the linear modelling approach is given as a first assumption and
is set to 2, 000 years. This value is the limit by which the shaking table test at LNEC could be
validated by the the SBP-Tool and the MDI (see section 5.4.2 on page 84) if comparing levels
of PGAs. The proposed applicable range for using linear elastic models is shown in green.
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Table 5.4: Limit of the linear modelling approach. The green panel shows the range
which is applicable, the gray one the non-applicable range for the linear elastic models

PGA levels in
case study (see table 6.1)
Return Period
[years]

PGA
[g]

10
20
50
100
200
500
1, 000
2, 000
5, 000
10, 000
20, 000
50, 000
100, 000

0.003
0.01
0.04
0.12
0.2
0.275
0.4
0.5
0.6
0.7
0.8
0.9
1.0

PGA levels in shaking table
tests at LNEC (see table 5.1)
Intensity

max PGA
[g]

50 %

0.27

100 %

0.51

200 %

1.11
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Description to
the applicable
range

Proposed
applicable range of
using linear elastic
models

Non-linear models
are mandatory in
order to capture
cracks and
damages

CHAPTER 6
SAMPLE V-PORTFOLIO IN 3D-SRS

6.1

Selected Hazard model

The focus of this thesis and the 3D-SRS is on the Vulnerability, and because of that Hazard has
already been presented in section 4.1 and will not be further discussed in detail in this chapter.
For demonstration purposes, a city ward is chosen where the same Hazard is applied for all
buildings. In case of a distributed scenario over a larger region, diﬀerent Hazard would have to
be used.
The estimation of damages is based for this demonstration on a statistical set of 19 recorded
earthquakes with 1500 time steps and a time increment ∆t = 0.01 s between two consecutive time
steps of the L’Aquila event on April 6th, 2009 (Mw = 6.3). The number of earthquake records
used depends on the central limit theorem. This number is required in order to determine the
standard deviation of a local variable (in this case the principal stress) with an accuracy greater
than 95 % according to the central limit theorem.
Furthermore, the maximum expected PGA according to a certain return period or intensity
is needed in order to perform a damage simulation for a single risks at a specific location or
a large portfolio in a region of the world. The information is used in order to scale the set of
time histories to a certain level for a particular location and return period. The ratio between
PGA and return period, which will be used to demonstrate the 3D-SRS, can be seen in fig. 6.1.
These empiracal data are based on discussions with seismologists and are able for theoretically
demonstration of the 3D-SRS.
According to the central limit theorem 19 diﬀerent earthquake records are used in a statistical
manner, which means, that the time history must be transfered from the time domain to the
frequency domain. A Fast Fourier Transformation (FFT ) is used to generate the Power spectrum
(PS) of the time history. The PS indicates which portion of the signal’s power (energy per unit
time) falls within a given frequency bin. Other techniques like the maximum entropy method
could be used as well [62]. The Fourier transformation is defined as:
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Figure 6.1: Selected PGA vs. return period.

Table 6.1: Relationship between the
PGA and the return period
Return Period
[years]
10
20
50
100
200
500
1, 000
2, 000
5, 000
10, 000
20, 000
50, 000
100, 000

[g]

PGA
[m/s2 ]

0.003
0.01
0.04
0.12
0.2
0.275
0.4
0.5
0.6
0.7
0.8
0.9
1.0
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0.029
0.098
0.392
1.177
1.962
2.698
3.924
4.905
5.886
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9.810
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f (v) = Ft [f (t)](v)
∫∞
=
f (t)e−2πivt dt.

(6.1)

−∞

Now consider generalization to the case of a discrete function, f (t) → f (tk ) by letting f (k) ≡
f (tk ), where tk ≡ k∆, with k = 0, 1..., N − 1. This results in the Fourier transformation
−1
Fn = Fk [{fk }N
k=0 ](n) as
N
−1
∑
k
Fn ≡
fk e−2πin /N .
(6.2)
k=0

The inverse transformation fk =

−1
Fn−1 [{Fn }N
n=0 ](k)

fk =

is then

N −1
1 ∑
n
Fn e2πik /N .
N n=0

(6.3)

Discrete Fourier transformation (DFTs), are extremely useful because they reveal periodicities
in input data, as well as the relative strengths of any periodic components. There are, however,
a few subtleties in the interpretation of discrete Fourier transformation. In general, the discrete
Fourier transformation of a real sequence of numbers is a sequence of complex numbers of the
same length. In particular, if fk are real, then FNn and Fn are related by
FNn = F n ,

(6.4)

The statistical estimation of damages is based on the so-produced power spectra of the 19
time histories. Due to the fact of having clear interfaces, the Hazard component has to be defined
by seismologists and other experts in that field in the future!

6.2
6.2.1

Selected Vulnerability model
Geometric input parameter to generate a V-Portfolio

For this case study, a V-Portfolio consisting of 500 URM s with one to five storeys are generated.
For each number of storeys 100 buildings are generated with a certain storey height. The storey
height was chosen as a random on a building basis value between a range of minimum and
maximum value and was constant over the number of storeys.
The dimensions of the ground plan are based on the statistical variation of the GEM Building
Taxonomy [32], and it can be rectangular or square. The dimension was chosen randomly between
a defined range of minimum and maximum length in both directions. This applies for the window
dimensions as well and can been seen in table 6.2.
In order to divide the ground plan into separate inner rooms, the number of inner walls in
the two horizontal directions has to be calculated. It depends on the one hand on the wall length
x and y and on the other hand on the specified size of the inner rooms. Here, the inner rooms
should have an inner wall length of 4 to 7 m based on the GEM Building Taxonomy, which
produces rooms with a size of 16 m2 to 49 m2 . The inner walls cross the buildings in a straight
manner at the moment.
For creating the soft storeys at the ground floor, a selection of 0 (not present) and 1 (present)
had to be done for each of the four outer walls separately. In that way, buildings with one,
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Table 6.2: Input dimension to generate the V-Portfolio
Ground plan∗
x-direction y-direction
min
max
min
max

Windows∗
height
length
min max min max

Inner walls∗
x-direction y-direction
min
max
min
max

8.0

1.0

4.0

12.0

8.0

12.0
∗⋄

Storey height
min
max
3.5
∗
⋄

4.5

2.5

1.0

2.5
∗

Soft storey
min
max
1.0

3.0

7.0

4.0

7.0
∗

Balcony length
min
max
2.0

wall length

The units for the dimensions are given in m.
The given length by the soft storey is defined as the distance between the soft storey and the
edge of the building.

two, three or even four walls with a large opening could be produced. For each soft storey the
minimum distance between the outer edge and the start of the soft storey had to be specified
out of a certain range.
Furthermore, the random generation of balconies for the buildings was enabled. First, a
random selection between 0 (not present) and 1 (present) had to be done. In case a balcony is
chosen as present, the balcony length was selected randomly out of a given range. The minimum
balcony length was limited to 2 m and the maximum length was equal to the wall length. The
balcony width was constant and chosen as 2 m.

6.2.2

Mechanical input parameter to generate a V-Portfolio

The statistical variation of the visual condition of the building is represented by the Young’s
modulus E to represent the eﬀect of older structures. As already presented in section 4.2.1 on
page 52, the statistical variation of the Young’s modulus for masonry is wide-spread, and it
depends on the construction technique and process and its quality as well as the used materials.
This diﬀerence can be seen between masonry from the United States and from India, for example.
During the generating process, the 3D numerical models are built up with linear shell elements
with four nodes of the Lagrange family with a constant distance between the nodes of 0.5 m.
This element type is described in [22] and can been seen in fig. 5.10 on page 73. For this case
study, it is defined as a finite element with an orthotropic material law for the inner and outer
masonry and an isotropic material behavior for the roofs. All the input parameters are given in
table 6.3. The Poisson’s ratio ν is constant and set to 0.2 for the outer and inner walls as well
as for the roofs.

6.2.3

Link to GEM Building Taxonomy for Unreinforced masonry
building

A general comparison of some GEM attributes to some SBP-Tool parameters is already given
in section 4.2.1.3 on page 55 where in table 6.4 a comparison of GEM attributes with SBP-Tool
for the case of Unreinforced masonry building buildings is shown.
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Table 6.3: Isotropic and orthotropic material properties

Section
Roof
Outer
Inner

Istotropic materials
Young’s Modulus∗
Specific mass∗
Emean
V ar
ρ
V ar

Thickness∗
t
V ar

30, 000
10, 200
10, 200

0.3
0.3
0.15

10
20
20

2500
1200
1200

20
20
20

20
20
20

Orthotropic materials
Young’s Modulus∗ ⋄
Shear Mod.∗ Specific mass∗
E⊥
V ar
E∥
V ar
G12
ρ
V ar

Section
Outer
Inner

10, 200
10, 200

20
20

1, 020
1, 020

20
20

988
988

1200
1200

20
20

Thickness∗
t
V ar
0.3
0.15

20
20

∗

The units for the Young’s moduli E, shear moduli G and tensile strength are given in N/mm2 . The specific
mass ρ is given in kg/m3 and the thickness t in m. The variance is given in % and defines the total range ±
from the initial value.
⋄ In the case that no Young’s modulus for the direction parallel to the bed joint is available, [134] suggests
ttaking 10 − 20 % of the Young’s modulus perpendicular to the bed joints as an approximate assumption.

6.2.4

Perform time history analysis

6.2.4.1

Linear time history analysis

2

Acceleration [m/s ]

A Newmark algorithm with the required speed is used to perform a linear time history analysis.
Due to the fact that for all buildings of the V-Portfolio the transfer function has to be determined
Sine
in the linear analysis concept, a default initial excitation is defined. This initial excitation üinit
is a sine sweep with 1500 T ime Steps and a time increment ∆t = 0.01 s between two consecutive
time steps and is shown in fig. 6.2 as a time history. It is applied as a base excitation in the
three principal directions with the aim of computing the transfer function T FF for each single
DOF of the V-Portfolio.
1
0.5
0
−0.5
−1

0
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2
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4
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8
Time [s]
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11
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15
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Figure 6.2: Default sine sweep üinit
for calculating the transfer function.

Transfer functions represent the relationship between a local mechanical parameter and the
applied excitation in the case of linear analysis. In the case of URM buildings, the local mechanical parameters are principal stresses. Transfer functions are a property of an individual
structure, and once they are obtained they can be determined without knowledge of the loading
event. They essentially describe the relationship between the local output and the normalized
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Table 6.4: Comparison of the attributes of GEM Building Taxonomy with generated
URM buildings using the SBP-Tool. Attributes or parameters marked with x are
used, o are not used
GEM attributes or
SBP-Tool Input Parameter

GEM Building
Taxonomy

SBP-Tool
Parameter

Independent of construction type (Geometrical properties)
Lateral load-resisting system
Roof ∗
Floor
Height ∗
Date of construction
Structural irregularity
Occupancy
Direction
Building position within a block
Shape of the building plan
Exterior walls
Foundation
Number of buildings
Number of storeys ∗
Storey height ∗
Number and size of windows ∗
Balcony ∗∗
Soft storeys ∗∗

x
x
x
x
x
x
x
x
x
x
x
x
o
o
o
o
o
o

x
x
x
x
x
x
x
x
o
x
x
o
x
x
x
x
x
x

Dimension

Ground plan∗
Rooms∗
Windows and doors∗

x
o
o

x
x
x

Thickness

Outer walls∗
Inner walls∗
Roof∗

o
o
o

x
x
x

Pre-damages

Foundation
Window
Roof

o
o
o

x
x
x

Dependent on construction type (Mechanical properties)
Material of lateral load-resisting system
For Outer walls,
Inner walls and
Roof⋄

Young’s Modulus E1 , E2
Poisson’s ratio ν12 , ν13
Shear Modulus G12
Density

∗

x

x

o
o
o
x

x
x
x
x

A range (minimum and maximum) must be defined to be used in the SBP-Tool.
% of the whole V-Portfolio has this input parameter.
⋄ Orthotropic material

∗∗
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input in the frequency domain. If the input and output signals are known in the frequency
domain, the transfer function can be described by:
T FF =

OutputF
.
InputF

(6.5)

and for the linear elastic analysis used here:
T FF =

sine
σ(F)

Sine Sweep(F)

(6.6)

Because of the linear elastic analysis, these functions are constant over time, and therefore
they only have to be computed once, which allows the concept to run fast and eﬃciently. If the
transfer function, T FF , is known for the principal stresses of a certain building as well as for a
set of statistical hazard models regarding the time history for an earthquake simulation, then
principal stresses can easily be computed by:
σ1,2(F) = T FF · P SEQ

(6.7)

Finally, the inverse fast Fourier transformation of the principal stresses, σ1,2(F) , returns the
principal stresses, σ1,2(T) , for each DOF of a V-Portfolio in the time domain. These principal
stresses σ1 (maximum tensile stress) are used in the following section in order to estimate the
damage area in a statistical manner.
A detailed flowchart of the linear concept for URM buildings is presented in fig. 6.3 whereas
the general linear concept was already presented in section 4.2.2.1 on page 55
6.2.4.2

Non-linear time history analysis

The developed generic concept for 3D-SRS can also be used for non-linear analysis in the future.
The non-linear concept for URM buildings is shown in fig. 6.4. The general non-linear concept
was already presented in section 4.2.2.2 on page 58

6.2.5

Number of nodes, finite elements, DOF size and CPU duration
to generate the V-Portfolio

The 500 buildings of the V-Portfolio yield a total of 2, 032, 861 nodes, 1, 673, 776 f inite elements
and 8, 470, 698 DOFs.
The distribution of DOF depending on the number of storeys is given in fig. 6.5. An average
2-storey building has around 11, 500 DOF s, a 3-storey building 18, 000 DOFs, a 4-storey building
22, 000 DOFs and a 5-storey building 28, 000 DOFs. To solve these large models in a short period
of time, the eﬃcient Subfeed algorithm, which is described in detail in section 4.2.2.1 on page 55
and section 4.2.2.2 on page 58, was used.
The overall CPU time (Central Processing Unit) required in order to perform the time history
analysis for this V-Portfolio was 1, 400 minutes (23.5 hours). In table 6.5 the duration for the
whole V-Portfolio is shown for each number of storeys. This includes the generation process of the
V-Portfolio, the duration of solving the eigenvalue problem and calculating the main frequencies
for each building, and the duration of the time stepping process by using the Newmark algorithm
with 1500 time steps and a time increment ∆t = 0.01 s.
Although it is possible to run the developed SBP-Tool on a cluster, a powerful personal
computer at the department of steel and composite structures at the University of Kassel, with
an Intel Core i7 − 4960X Processor, a clock speed of 3.70 GHz, 6 cores (12 logical cores), a
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SBP-Tool
Configuration File

SBP − T ool

Initial excitation:
Sine
üinit

SBP-Tool
Output data

N ewmark method
Time Histories for each DOF :
• Acceleration ü
• Velocity u̇
• Displacement u
sine
• Principal stress σ1,2

fft
Set of statistical hazard models:
EQ

Transfer function
sine
σ1,2(F)
TF(F) = üSine

fft

Principal stress for the statistical hazard in
frequency domain:
σ1,2(F) = TF(F) EQ(F)

init(F )

if f t
Principal stress for the statistical hazard in
time domain: σ1,2

Estimate virtual damages by using the
Mechanical Damage Indicator:
σ1 ≥ MDI
σ1 < MDI

→
→

Damaged
Not damaged

Damage curves

Loss
Evaluation of obtained damage curves

LDA

Figure 6.3: Linear analysis concept for Unreinforced masonry buildings.
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SBP-Tool:
Configuration File

SBP-Tool:
Generate V-Portfolio

SBP-Tool:
Output data

Subfeed algorithm
Time Historys for each DOF :
• Acceleration ü
• Velocity u̇
• Displacement u
• Principal stress σ1,2

Set of n time historys
for the hazard

Estimate virtual damages by using
principal stresses σ1,2
σ1 ≥ MDI

→

Damaged

σ1 < MDI

→

Not damaged

Damage curves

Loss
Evaluation of obtained damage curves

Linear discriminant analysis

Figure 6.4: Non-linear analysis concept for Unreinforced masonry buildings.
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Figure 6.5: Portfolio information regarding number of nodes, finite elements and DOF s as well
as the duration in relation to the number of storeys.
cache of 8 M b and 64 GB, 1600 M Hz RAM , was used to generate the portfolio and to simulate
the damage.
An overview of the exact number for nodes, finite elements, DOF s and duration depending
on the number of storeys is shown in table 6.5.
Table 6.5: Detail numbers for the V-Portfolio
Number of
storeys

Number of
nodes

Number of
finite elements

Number of
DOFs

Duration
[min]

1
2
3
4
5

144, 288
256, 920
397, 877
535, 593
698, 183

114, 421
201, 542
324, 718
444, 504
588, 588

572, 056
1, 036, 530
1, 648, 690
2, 250, 316
2, 963, 106

25.65
86.67
220.76
401.05
680.48

Sum

2, 032, 861

1, 673, 776

8, 470, 698

1, 414.61
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Visualization of the V-Portfolio

Due to the fact that the graphics card of the PC is not able to handle 2, 032, 861 nodes,
1, 673, 776 f inite elements and 8, 470, 698 DOFs, a smaller part of the portfolio, with a selection
of the diﬀerent possibilities and diﬀerent buildings, is presented, in order to oﬀer a glimpse of
the V-Portfolio in fig. 6.6 where 100 buildings are shown.
This section of 100 buildings consists of 505, 347 nodes, 422, 223 f inite elements and has
2, 127, 409 DOF s. The distance between the buildings was between 3 and 15 m, so overlapping
of buildings could be avoided. Additionally, each of the buildings is rotated around the z-axis in
a range of ±15◦ .

6.2.7

Natural frequencies of the V-Portfolio

The calculated building characteristics in terms of the relationships between the natural frequencies, f , and the number of storeys from the V-Portfolio are presented in fig. 6.7. The natural
frequencies, f , of the buildings in the two principal directions lies between ≈ 19 Hz for one
storey buildings (with outliers) and ≈ 8 Hz for five storey buildings. Apparent scatter for each
storey group reflects the natural characteristics of the presented V-Portfolio. The box plot in
fig. 6.7 presents the natural frequencies, f , for each number of storeys, the mean and the mean
plus/minus one deviation, where the natural frequencies for one to five storey buildings range
between 14 − 24, 9 − 14, 8 − 13, 8 − 12 and 8 − 12 Hz, respectively. In each box, the central
mark indicates the median, and the bottom and top edges of the box indicate the 25t h and 75t h
percentiles, respectively. The whiskers extended to the most extreme data points are considered
outliers. The outliers are plotted individually using the + symbol.

6.2.8

Estimate of damaged areas for the V-Portfolio

After computing the time histories of the V-Portfolio with 19 earthquake records (each record
taken for 13 diﬀerent return periods) in an eﬃcient way by using transfer functions, a statistical
damage evaluation has to follow. The total number of time histories evaluated for the 500 buildings is 8, 470, 698 DOFs × 19 earthquakes × 13 return periods = 2, 092, 262, 406 time histories.
As already mentioned in section 5.3.2 on page 77, the damage in this study is estimated by
using the Mechanical Damage Indicator to transfer principal stresses to mechanical damage. The
transfer of mechanical damage to economic damage (loss) is currently still an open question and
beyond the scope of this thesis.
The MDI used is based on the ultimate tensile strength MDI and it works like a threshold: The
mean principal stresses σ1 are compared with the MDI, and, as a first assumption, a mechanical
damage at the finite element is present, if the mean principal stress σ1 of a finite element exceeds
the MDI. In case the mean principal stresses σ1 is smaller, the finite element does not show
damage. Mathematically, the following equation can be used to check, if there is damage which
has to be repaired:
σ1 ≥ MDI

→

The finite element is damaged

(6.9a)

σ1 < MDI

→

The finite element is not damaged

(6.9b)

This damage evaluation has to be repeated for the total number of finite elements, ntot ,
and for the diﬀerent hazard models, in this case the 19 diﬀerent time histories. At the end
a statistical statement could be made, e.q. finite element No. i is damaged 6 times out of
111
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Figure 6.6: 3D view of a part of the V-Portfolio with 100 buildings.
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Figure 6.7: Variation of the natural frequency in relation to number of storeys.
19 earthquake records, which means that in 31.6 % of cases, the finite element No. i is damaged
and has to be repaired (economic loss).
To present the expected damage in a damage curve, the Expected Damage Ratio (EDR) can
be calculated for one particular earthquake e by
EDRie =

ndamage
i
ntot

(6.10)

and it is the ratio between statistically damaged area at a certain return period i to the total
number of finite elements of the masonry walls ntot of a particular building. With this value the
Expected Damage Index (EDI ) can be calculated by:
EDIe =

i
∑
EDRe
i

1

rpi

(6.11)

where rp the number of return periods. The mean value for the EDI out of neq earthquakes can
be calculated by
neq
1 ∑
EDImean =
EDIe
(6.12)
neq 1
The EDR on the vertical, in relationship to the return period on the horizontal axis represents
the damage curves.
Figure 6.8 presents the damage curves for one 5-storey building with the corresponding 19
diﬀerent earthquakes. The mean damage for that particular building EDI = 50.39 E −2 resulting
out of the 19 earthquakes is shown in red. It can be seen that up to a return period of 20 years,
the damage is negligible. The estimated damage varies over return periods between 200 and 1000
years. The minimum expected damage estimation with an EDI = 31.76 E − 2 by using eq. (6.12)
is given in magenta, and the maximum expected damage estimation with EDI = 80.32 E − 2 in
green.
The corresponding EDR for both cases and for each return period rp is given in table 6.6 as
well.
The proportional influence InfEDR of EDRrp on the EDI is presented in fig. 6.9. For example,
the earthquake which causes the maximum damage for a return period of 500 years has an
EDIrp = 100 × 24.93/500 = 4.99 % and up to that return period of 500 years the influence is
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Figure 6.8: Damage curves of one building and 19 diﬀerent earthquake records.

Table 6.6: Diﬀerent proportional influences of the return periods on the EDI for two diﬀerent
earthquakes. The two pesented earthquakes are the minimum and maximum expected damages
at one building.
Return period∗
10
20
50
100
200
500
1, 000
2, 000
5, 000
10, 000
20, 000
50, 000
100, 000
EDI
∗
⋄

Maximum damage
EDR⋄
EDI⋄
InfEDR ⋄
0
0
0.71
8.54
16.40
24.93
38.89
48.18
57.51
62.96
67.56
70.98
74.07

0
0
1.41 E − 2
8.54 E − 2
8.20 E − 2
4.99 E − 2
3.89 E − 2
2.41 E − 2
1.15 E − 2
0.63 E − 2
0.34 E − 2
0.14 E − 2
0.07 E − 2
31.76 E − 2

0
0
4.44
31.31
57.12
72.82
85.07
92.27
96.27
98.26
99.32
99.77
100

The return period is given in years.
The EDI and EDR are unitless, InfEDR is given in %.
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Minimum damage
EDR⋄
EDI⋄
InfEDR ⋄
0
0.08
5.47
22.79
41.79
56.56
69.84
76.21
81.06
84.06
87.29
89.35
90.70

0
0.41 E − 2
10.95 E − 2
22.79 E − 2
20.89 E − 2
11.31 E − 2
6.98 E − 2
3.81 E − 2
1.62 E − 2
0.85 E − 2
0.44 E − 2
0.18 E − 2
0.09 E − 2
80.32 E − 2

0
0.51
14.14
42.51
68.61
82.61
91.31
96.05
98.07
99.12
99.66
99.89
100
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InfEDR = 100×(1.41E−2+8.54E−2+8.20E−2+4.99E−2)/31.76E−2 = 72.82 % on the EDI of 31.76 E − 2.
Analogously, for the minimum expected damage the EDIrp = 56.66/500 = 11.31 % and up to that
return period of 500 years the influence is InfEDR = 0.41+10.95+22.79+11.33+11.31/80.32 = 82.61 %
on the EDI of 80.32 E − 2.
Independently of the used earthquake (fig. 6.9a) up to a return period of 2, 000 years, which
is the proposed limit for using linear elastic models section 5.5 on page 98, the sum of the
proportional influence of EDRrp on the EDI is greater than 95 %. This limit is presented as the
red vertical line at the 2, 000 year return period marked in fig. 6.9b.
The area up to a return period of 2, 000 years plays the major role in terms of calculating
the EDR, because the sum of EDR has already reached a level over 95 %. More than 90 % is
achieved by counting the InfEDR up to 5, 000 years. On the basis of the used input parameter
and material law, the largest diﬀerences in EDR are between 200 and 500 years, which is around
50 %. The shape, and even the level of EDR from a return period of 2, 000 years are similar and
the diﬀerent earthquakes do not have a significant eﬀect.
While in fig. 6.8 one building and the corresponding 19 damage curves are shown, fig. 6.10
shows the mean damage curves for the V-Portfolio with 500 buildings. The overall mean damage
curve for the particular number of storeys is shown in red. It can be seen that the damage curves
increase with the number of storeys, as seen in fig. 6.11a where all the 500 mean damage curves
of the V-Portfolio are plotted.
Figure 6.11b shows the boxplot with the median, minimum and maximum damage per return
period. The whiskers extend to the most extreme data points not considered outliers, and
the outliers are plotted individually using the + symbol. A statistical technique is needed to
systematically divide the virtual data in order to obtain new local building parameter with an
influence on the damage distribution.
Therefore, the LDA is applied in the following section to evaluate the virtual simulated
damage data and is given in the following section.
500 damage curves in a 3D plot are given in fig. 6.12. Buildings, especially 1-storey buildings,
and smaller return periods with a lesser potential of damage are colored in blue (less vulnerable),
whereas larger buildings and longer return periods with a higher risk potential are colored in red
(more vulnerable). It can be seen for that particular example and choosen hazard model, that
by increasing the number of storeys and as larger the return periods and increasing EDR can be
observed.

6.3
6.3.1

Selected Loss model
Evaluation of damage curves by using Linear discriminant analysis

The eﬀects of diﬀerent building parameters on seismic damage vary, depending on local damages.
In order to make a more rational and systematic evaluation of responsible damage parameters in
the prediction of seismic vulnerability of buildings, the statistical technique of Linear discriminant analysis is used in the following.

6.3.2

Damage classification

Linear discriminant analysis performs a multivariate test of diﬀerences between two or more
damage states (groups of buildings with comparable damages). Therefore, the virtual simulated
damage data (EDI ) has to classify a set of buildings in such a way that buildings with the
same damage state are more similar to each other than to those in other damage states. One
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Figure 6.9: Diﬀerent proportional influences of the return periods on the EDI .
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Figure 6.10: Damage curves of the V-Portfolio depending on the number of storeys.
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Figure 6.12: Damage surface of the V-Portfolio.
possible technique to classify such data could be done by using the cluster analysis, for example,
or grouping data according to the problem under investigation.
In the most general sense, earthquake damages are distinguished in five diﬀerent states,
namely: none (N ), light (L), moderate (M ), severe (S) and collapse (C). In a similar way to the
Düzce database, it was decided to reduce the number of damage states from 5 to 3. None and light
are combined into one damage state (N/L), because the distinction between these two damage
states is not relevant in terms of vulnerability analysis. Severe and collapse are also combined
into one damage state (S/C) because severely damaged masonry buildings and collapsed ones
are considered a total economic loss. So, in this example of the 3D-SRS, the virtual building,
data are classified into 3 diﬀerent damage states. The number of damage states is in this case
limited to 3 and therefore three predictor variables referred to “discriminant variables” are used.
The “predictor variables” are henceforth referred to building parameters.
The distribution of the EDI for the V-Portfolio is shown in fig. 6.13. It can be seen that the
EDI of the 1 storey buildings are minimum one magnitude smaller than the rest.
The Gauss distribution of the EDI for each number of storeys is shown in fig. 6.14 as well
as a comparison of the five distributions (bottom right), and again the 1-storey builidngs diﬀer
from the rest. There is a peak with ≈ 0 expected damage caused by 1-storey buildings. In this
type of buildings, damages are only expected for higher return periods, and these do not have
an influence on EDI .
This EDI (damage data) has to be classified into the three diﬀerent damage states N/L, M
and S/C. The result of the classification can be seen in table 6.8.
Table 6.7: Classification of the numerical damage data
Damage level
None/light
Moderate
Severe/collapse

Number of buildings

Limit
EDI (Expected Damage Index)

132
140
228

EDI < 10 %
10 % > EDI < 20 %
EDI > 20 %
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Figure 6.13: Expected Damage Index of the V-Portfolio (500 buildings).

Table 6.8: Result of the classification of the numerical damage
data
Number
of storeys

None/light
N/L

Moderate
M

Severe/collapse
S/C

1
2
3
4
5

100
8
0
0
0

0
88
76
18
1

0
4
24
82
99

Sum

108

183

209

120

500
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6.3.3

Estimation of discriminant functions

In the next step a discriminant function, a linear combination of the building parameters has
to be determined. The values of the discriminant functions are known as “discriminant scores”.
The final objective of LDA is to classify numerical models or observation of real damages into
one of the specified damage states, based on the values of their discriminant scores.
The use of large numerical portfolios has the advantage that nearly any absolute or even
relative building parameter can be analyzed and tested with the LDA. Through this method,
the most influential building parameters when describing structural damages can be identified.
Databases like Düzce section 2.2.4 helped to identify the number of storeys as the most influential
parameter. In this study the following absolute building parameters, nabs , are used to perform
the LDA (for a total of 13) :
• number of storeys,
• storey height,
• building height,
• both horizontal length x and y,
• presence of a soft storey,
• two soft storeys present along one direction (e.q. two outer walls in x-direction have a soft
storey, in y- direction there is no soft storey),
• the distance from the edge of a soft storey to the outer wall,
• presence of a balcony,
• thickness of the outer and inner walls,
• Young’s modulus, Poisson ratio and density in outer and inner walls,
• pre-damages of the foundation,
• pre-damages of the roof,
• pre-damages around the openings.
The relative building parameters are defined by the ratio of two absolute building parameter,
nrel . The following relative building parameters are selected, for a total of 11:
• length x to building height,
• area of the ground plan to building height,
• slenderness of the buildings to building height,
• area of wall openings (soft storeys, doors and windows) to building height,
• thickness of the walls to building height,
• presence of a soft storey to building height,
• area of wall openings (soft storey, doors and windows) to the ground plan,
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• visual condition,
• number of storeys over pre-damages of the foundation,
• number of storeys over pre-damages of the roof,
• number of storeys over pre-damages around the openings.
The number of possible LDA parameter combinations N can be calculated by the equation
N = 2n − (n + 1) where n is the sum of absolute, nabs , and relative, nrel , is the number of
parameter. With n = 13 + 11 = 24, the possible LDA combinations amount to N = 16, 777, 191.
With this number of LDA combinations, most of the weighing factors in a discriminant
function with more than 4 building parameters have a negligible influence (< 0.1 %) on the
damage. The possible number of LDA combination has to be reduced in a way that just the LDA
combinations with 4 or less building parameters have to be analyzed. This number of building
parameters, 4, is defined by the number of damages states, plus one additional parameter.
By analyzing the building parameters n = 24, the best measure of the quality which best
classifies the buildings of the V-Portfolio to the predicted damage states is obtained by the following combination: number of storeys, (ns), pre-damages of the foundation (pdf ound ), presence
of a soft storey (sspres ) and the relative ratio between building height and the presence of a soft
storey (nratio ).
The standardized estimation of the discriminant functions Y1 and Y2 based on 4 building
parameters and the classification of 3 diﬀerent damage states by using the virtual damage is
given as follow:
Y1 = 6.259 − 1.272sspres − 4.171ns − 0.151pf f ound − 0.001nratio

(6.13a)

Y2 = 0.264 − 0.970sspres + 3.130ns − 0.127pdf ound − 0.001nratio

(6.13b)

These coeﬃcients of the discriminant functions can be used to calculate the discriminant
score for a given building. The score is calculated in the same manner as a predicted value from
a linear regression, using the standardized coeﬃcients and the standardized variables.
The standardized coeﬃcients for each variable in each discriminant function can be interpreted
as usual: the larger the standardized coeﬃcient, the greater is the contribution of the respective
variable to the discrimination between groups.

6.3.4

Statistical significance of the estimated discriminant functions

After computing the discriminant functions, the level of significance must be assessed. Among
the diﬀerent statistical criteria, the measure of Wilks’ Lambda, which evaluates the statistical
significance of the discriminatory power of the discriminant function, is used. If one or more
discriminant functions are deemed not statistically significant, the discriminant model should
be re-estimated with the number of functions to be derived limited to the number of significant
functions. In this case, the assessment of predictive accuracy and the interpretation of the discriminant functions is based only on significant functions. The statistical significance of Wilks’
Lambda is presented in table 6.9.
γ are the eigenvalues of the result of the matrix product of the inverse of the within-group
sums-of-squares and cross-product matrix and the between-groups sums-of-squares and crossproduct matrix. These eigenvalues γ are related to the canonical correlations c and their magnitude describes how much discriminating ability a function possesses. The proportion of the
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Table 6.9: Measure of quality for the discriminant functions by using the statistical
significance of Wilks’ Lambda

Y1
Y2

Eigenvalue
γ

Canonical
Correlation c

Wilks’
Lambda Λ

Chi-squared
χ2

Significance
α

4.943
0.274

0.912
0.464

0.168
0.785

883.1
119.94

0
0

variance is calculated as the proportion of the function’s eigenvalue γ to the sum of all the eigenvalues γ = 4.943 + 0.274 = 5.217. Here, the first function has a variance of 4.943/5.217 = 94.7%
and the second function 0.141/5.217 = 5.3%.
The canonical correlations c = 0.912 and 0.464 of the predictor variables (number of storeys
(ns), predamaged foundation (pdf ound ), presence of a soft storey(sspres ) and relative ratio between the number of storeys to the presence of a soft storey, are grouped in a damage state.
W ilks′ Lambda Λ depends on the canonical correlation c and is the product of the values of
1 − c2 . Here, the canonical correlations are 0.912 and 0.464, so the W ilks′ Lambda Λ testing
both canonical correlations is Λ = 1 − 0.9122 = 0.168, and the W ilks′ Lambda testing the second
canonical correlation is Λ1 − 0.4642 = 0.785.
The Chi-squared χ2 tests that the canonical correlation c of the given function is equal to
zero. In other words, the null hypothesis is that the function, and all functions that follow, have
no discriminating ability.
The significance α is the p-value associated with the Chi-squared statistics of a given test.
The null hypothesis that a given function’s canonical correlation c and all smaller canonical
correlations are equal to zero is evaluated with regard to this p-value. For a given α level, such
as 0.05, if the p-value is less than α, the null hypothesis is rejected. If not, the null hypothesis
fails.
The number of correctly and falsely classified buildings for the 3 diﬀerent damage states can
be seen in the so called classification matrix or Confusion-Matrix. The classification matrix in
table 6.10, shows on the principal diagonal the correctly classified buildings for each damage
state and, in the outer diagonal, the falsely classified buildings. Next to the total number, the
relative frequency is shown in brackets.
Table 6.10: Classification matrix with the correctly classified buildings on the
principal diagonal.
damage state
None/Light (N/L)
Moderate (M)
Severe/Collapse (S/C)

None/Light
(N/L)

Moderate
(M)

Severe/Collapse
(S/C)

108 (91.5%)
10 (8.5%)
0 (0%)

0 (0%)
159 (85.0%)
28 (15.0%)

0 (0%)
14 (7.2%)
181 (92.8%)

As can be seen from this table, the classification accuracy for the none/light (N/L) is 91.5 %
and 92.8 % for the severe/collapse (S/C) damage state. Overall the probability of correctly
classifying a building is (108+159+181)/500 buildings × 100 = 89.6 %.
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Statistical significance of building parameter used

If the discriminant function is statistically significant and the classification accuracy is acceptable,
adequate interpretations of the building parameter have to be made. This process involves
examining the discriminant functions in order to determine the relative importance of each
independent building parameter and discriminate between the groups (diﬀerent damage states).
Three methods of determining the relative importance have been proposed:
• standardized discriminant weights,
• discriminant loadings (structure correlation),
• Partial F -values
This approach examines the sign and magnitude of the standardized discriminant weight (discriminant coeﬃcient) assigned to each variable when computing the discriminant functions. When
the sign is ignored, each weight represents the relative contribution of its associated variable
to that function. Independent variables with relatively large weights contribute more to the
discriminating power of the function than variables with smaller weights.
The relative discriminating power of the independent variables can be interpreted through
the use of partial F -values. This is accomplished by examining and ranking the absolute sizes of
the significant F -values (table 6.11). Large F -values indicate a greater discriminatory power. In
practice, rankings using the F -values approach are the same as the ranking derived from using
discriminant weights, but the F -values indicate additionally the associated level of significance
for each variable (building parameter).
Table 6.11: Test of equality of group means (Significance of building parameter)
Building
parameter
Number of storeys
Pres. of soft storey
Predamaged foundation
Ratio

Discriminant

Wilks’
Lambda Λ

F -value

Significance
α

1.949
1.986
0.001
5.56E − 4

0.339
0.335
0.999
0.999

484.36
493.6
0.299
0.138

0
0
0.742
0.871

Figure 6.15 shows the results for the two calculated discriminant functions. It can be seen
that most of the buildings are correctly classified, and the few falsely classified buildings do not
have a large influence on the whole results.
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Figure 6.15: Two estimated discriminant functions with the classified builidngs.
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CHAPTER 7
COMPARISON OF DAMAGE
DISTRIBUTION BY USING LOCAL
VS. GLOBAL VULNERABILITY
MODELS
The quality of vulnerability models depends on how well they can reflect realistic behavior
under a seismic excitation. Dorka mentioned in [52] the shortcomings of seismic codes, they are
not “codes of practice”, that buildings do not behave according to seismic codes, and that a
representation of a complex structure as a linear or even nonlinear SDOF is not correct. That
is not even the case in elaborate vulnerability models developed in a software like SAP2000,
where plastic-hinge mechanisms (with weak beam-strong column concept) in frame structures
are included, and a “code-confirm” static on the basis of the current code standards is performed.
The real structure behavior is diﬀerent from the codes, as discussed in section 2.2.8 on page 35
great diﬀerences were to be seen when comparing expected damages using SDOF “buildings”
with the damages observed in reinforced concrete (global models) [27].
A comparison of the local models generated by the SBP-Tool to global models described by
an SDOF demonstrates the considerable diﬀerences between the two model approaches by using
DI s. This comparison is performed by using the damage index DIP A,local and DIP A,local in
principle and both are based on the Park-Ang [125] index
DIPA

δm
β
=
+
δu
δu Py

∫
dEh

(7.1)

where δm is the maximum displacement (demand), δu is the ultimate (capacity) displacement, β
is
∫ a parameter adjusted depending on materials and building type, Py is the yield strength and
dEh is the dissipated hysteretic energy.
Due to the fact that in this study URM s were chosen to demonstrate the general concept,
and because masonry buildings are brittle structures, no hysteretic energy can dissipate and the
second term is irrelevant. Furthermore, the parameters δm and δu from eq. (7.1) are linear factors,
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and because the stiﬀness is needed to calculate δu , this relation is transformed and described in
a force-relationship for the local models:
DIPA,local =

Fb
Fm,i

min( Across,i ∗τu )

=

Fb
Fu

(7.2)

where Fb is the base shear, Fm,i is the shear force and Across,i is the cross-section of storey i.
The minimum of this relative relationship defines Fu .
For the global models, represented as SDOF s models, the lateral force method [10] with the
known mass m and building height h was applied to use the following damage index:
Fb
Fu

(7.3)

Fb = Sd (T1 )m ∗ λ

(7.4)

DIPA,global =
where Fb is the seismic base shear force

with Sd as the ordinate of the design spectrum at the fundamental period T1 , and λ as a
correlation factor, the value of which is equal to λ = 0.85 if T1 < 2TC and the building has
more than two storeys, otherwise λ = 1.0. For buildings with heights h of up to 40 m the
fundamental period of vibration, T1 , can be approximated with Ct = 0.05 [10] by
T1 = Ct ∗ h /4
3

(7.5)

For each building of the V-Portfolio, the ultimate force Fu was calculated by using the
shear force Fm with the corresponding cross-section Across for each storey independently. The
minimum of the ultimate forces per storey defines the ultimate capacity Fu of the building.
The corresponding base shear force, Fb , can directly be taken from the response spectrum,
because the frequency and the mass of the building are known. Finally, the 500 DIP A,local and
500 DIP A,global are computed by using the DI s. The overall behavior can be seen in fig. 7.1. By
using local models the number of storeys has a huge influence on the DI , as expected.

Damage Index

1

0.5
Local DI (SBP-Tool)
Global DI (SDOF)
0

1

2

3
Number of storeys

4

5

Figure 7.1: Comparison of DI for local (detailed FE-model) and global (SDOF ) model approaches.
The recommended code-based approach for the global SDOF models is the lateral force
method of analysis, where for each SDOF the corresponding base shear force Fb has to be
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Figure 7.2: Several masonry buildings with diﬀerent reactions due to the same earthquake [6].
calculated, which is the design force. In the case of a code-confirming building, the base shear
force, Fb is equal to the ultimate force Fu , but if a building is not constructed according to the
codes, then the ultimate force Fu has a statistical variance around the design force. This variance
represents the model uncertainty factor on the design value of resistances in the estimation of
capacity design action eﬀects. Considering these variances, buildings which should have the
ultimate force Fu will have at the end a diﬀerent value.
Global modification in terms of new code regulations on the design limit has to be account
with this statistical variance as well. In that way, existing buildings which were constructed in
times where an earlier seismic code was valid, can get a reduced ultimate force Fu .
At the end, for global models it can be observed that the DI is around the ultimate force Fu
only leading to a subornation of perjury, for the reason that: the most important risk component
is Hazard and Vulnerability has less priority, whereas the local models show exactly the opposite,
namely that building parameters like the number of storey, the presence of soft storeys, the
buildings quality and quality control itself have an important influence on the seismic risk.
That local information for Vulnerability is indispensable is shown in fig. 7.2, where several
masonry buildings were hit by an earthquake.
If buildings were to behave according to prescribed building codes, their risk potential would
not depend on the number of storeys and they would be equally safe.Thus sophisticated local
building models for describing the vulnerability are needed and essential for a more realistic
seismic risk simulation in the future!

129

Part V

Conclusions and Outlook

131

CHAPTER 8
CONCLUSION AND OUTLOOK

8.1

Conclusion

Seismic risk is a combination of the three risk components: Hazard, Vulnerability and Loss. Up
to now, the main focus of current seismic risk studies has been on using sophisticated Hazard
models in combination with simplified Vulnerability models[78, 80].
The current global Vulnerability models, such as SDOF or MDOF , based on the response
spectra method have some shortcomings and they are not able to reproduce real observed damages from past earthquakes [27]. This is reflected by the dependency on local building parameters,
like the number of storeys, as can be seen by observed damages in the Düzce database.
Therefore, in this thesis, the concept of Sophisticated 3D vulnerability modelling for Seismic
Risk Simulation has been developed to improve prediction of the observed damages in a statistical
way. It defines the seismic risk in terms of estimating structural damage areas under an seismic
excitation in order to be the base for a more realistic pricing from the point of view of insurers
and reinsurers. The 3D-SRS generates sophisticated numerical 3D V-Portfolios, comprising a
group of buildings with detailed local models. In terms of seismic risk, this is the first study with
such complex local models for Vulnerability.
For the purpose of generating V-Portfolios, the SBP-Tool was developed ([117], [115] and
[116]) with the advantage of being user-friendly. It is implemented in a way that allows the
addition of further features without much eﬀort. This is also open to other researchers in the
world. The SBP-Tool generates, based on a set of global building parameter provided by the
user in a ASCII configuration file, V-Portfolios consisting of several hundred numerical 3D-FE
buildings in an automatic fashion. The SBP-Tool cannot generate an exact representation of a
particular building, but it is able to generate, statistically similar one.
These parameters are based on fuzzy criteria and on extended building parameters from the
GEM Building Taxonomy, like the number of storeys or the rough dimensions of the ground plan.
The environmental aging parameter define in the local vulnerability models, pre-damages around
the openings, above the foundation due to natural splash water, and capillary rising water from
the ground or areas directly below the roofs to represent moisture.
With this tool, one of the objectives of defining a clear interface between the three risk
components, Hazard, Vulnerability and Loss is accomplished. This was needed, because having
clear interfaces is the only way to interact with experts from other disciplines, like seismologists,
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physicists, mathematician etc. or to use the knowledge of insurers to describe the Loss in more
detail. For example, clear interfaces allow the implementation of more sophisticated Hazard
approaches, like wave propagation, and should realistic cost functions be available, the mechanical
damage coming out of detailed FE models like those outlined in this thesis, could be transfered
directly to the actual economic Loss.
For validating purposes, the experimental investigation on the seismic performance of a masonry building on the shaking table at LNEC [20, 104], Portugal, is used in this study and can be
found in detail in section 5.4 on page 78. It is definitely not totally representative to use just one
damage data set of a two-storey model to validate a large numerical portfolio, but nevertheless,
it is useful in order to get a rough idea until this study with linear elastic models with isotropic
and orthotropic material law is applicable. Hence, the SBP-Tool can be used for realistic seismic
risk studies only when the validation is successfully completed.
The validation of such large numerical models is a critical aspect, and could be done, if enough
data from 3D shaking table tests of diﬀerent types of masonry buildings were available or when
a full dataset of real observed damages for masonry buildings due to an earthquake exists. Both
are not there yet!
In the case of URM buildings, the MDI is used in order to link principal stresses and mechanical damage. The MDI was applied in order to estimate the damages at the numerical model
and compared them to the damaged area presented in the experiment. The study shows, that
the combination of numerical modelling and MDI detected the local regions of damages correctly
and even the amount of damage.
As a first assumption for using linear elastic models and this particular example, the damage
estimation is comparable up to the 100 % shaking table test with an intensity of 0.51 g. This
100 % shaking table test caused a sliding crack above the foundation, and stepped diagonal
cracks developed at the openings on the first floor were recorded. Severe cracks and partial
collapse were not observed due to this test. Beyond that test, the experimental test specimen
remains totally non-linear, and the linear elastic approach is not longer valid. Being able to
capture the local damages, the method is validated despite not having a perfect match in terms
of displacements, but only the accelerations.
As a case study for demonstrational purposes, a V-Portfolio consisting of 500 URM buildings between one and five storeys is generated. Overall the V-Portfolio had 2, 032, 861 nodes,
1, 673, 776 finite elements and 8, 470, 698 DOF s, and to perform the time history analysis it took
1, 414.61 minutes.
During the evaluation of the estimated damages, a multivariate test of diﬀerent building
parameters was performed by using a Linear discriminant analysis to study the eﬀect, as well as
the influence, of diﬀerent building parameters on the damage. Next to the already known and
important building parameter number of storeys, it could be found out, by evaluating the damage
curves by using a LDA, that the presence of a soft storey, pre-damages above the foundation and
the number of windows have the most influence, and are therefore responsible for most of the
structural damages at the V-Portfolio.
At the end of this study, a comparison of the well known and widely used Park-Ang DI [125]
between local models, like the ones generated with the SBP-Tool, and global models (SDOF ) is
given. This comparison between local and global model approaches reflects the damage distribution in principle, and demonstrates, that the global models using the response spectra method
do not reflect a realistic behavior under seismic excitation, whereas the local models do reflect
a distribution with increased damage. This damage distribution is in principle comparable with
observed damages.
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Outlook

This thesis deals with large numerical models in a new seismic risk concept, and therefore there
are open questions regarding the use of the 3D-SRS that have not been explored in this thesis
and are worth looking at in the future:
• Because real datasets of observed damages in structures due to earthquakes are rare and
very diﬀerent in terms of quantity and quality, large shaking table tests of real buildings
are the only way of validating numerical Vulnerability models.
For mechanical validation purposes a comprehensive testing program for full-scale shaking
table tests, or at least reduced to a scale of 1:3, are urgently needed in order to study the
behavior of real buildings; component tests of single masonry walls, columns or beams, for
example, do not provide information regarding a realistic building behavior.
The mechanical validation of this concept is, however, the most important part and requires
the greatest eﬀorts as well as the highest costs, but they are mandatory in order to validate
the numerical models realistically. In case a large comprehensive testing program for a
construction type is available, this concept could be used in practice after validating it.
• Despite the common ground with GEM when describing a building through parameters,
the studies in this thesis have shown that the number of windows, and pre-damages due to
aging or environmental eﬀects have an influence on the amount of damages present after
a seismic event. By integrating them into the GEM Building Taxonomy, the SBP-Tool
could be used in order to generate statistically equivalent neighborhoods due to the larger
dataset available within GEM .
• Collaboration between the three disciplines Hazard, Loss and Vulnerability are mandatory
in order to use the knowledge of each discipline for improving the SR. Seismologists would be
able to implement sophisticated Hazard models, like wave propagation [84], and economists
as well as insurers should define realistic cost functions (Loss) to transfer the mechanical
damage directly into the economic loss. Structural engineers should provide validated and
detailed 3D local vulnerability models.
• Geometric and mechanical improvements of the SBP-Tool could be made in order to generate other building geometries such as an L-shape ground plan or modelling realistic roofs
for the buildings. Furthermore, other finite elements like beam elements or plastic hinges
are mandatory in order to model other construction types. The next step should be to
extend the tool to RC Frames buildings with infill walls.
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APPENDIX A
EXAMPLES FOR THE OUTPUT
DATA OF THE SBP-TOOL
This chapter shows one example for the Building Data File and one example for the Configuration File to generate matrices. The Configuration File is independent of any FE software and
contains the relevant input data for generating a single building or a full V-Portfolio with specific
characteristic. It contains the necessary information to run a time history analysis too. It was
chosen to show both files for the FE software SLang.
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A.1

Chapter A. Examples for the output data of the SBP-Tool

Building data file: Structural output data with all
building information

CONTROL	
  ECHO,	
  OFF,,/	
  
	
  
*	
  NODE	
  DATA/	
  
NODE	
  ALLOCATE,	
  REPLACE,	
  3477,/	
  
NODE	
  CREATE,	
  THREE_D,	
  
	
  1	
  0.000000	
  0.000000	
  0.000000,/	
  	
  
NODE	
  CREATE,	
  THREE_D,	
  
	
  2	
  0.500000	
  0.000000	
  0.000000,/	
  	
  
	
  3	
  1.000000	
  0.000000	
  0.000000,/	
  	
  
NODE	
  CREATE,	
  THREE_D,	
  
.	
  .	
  .	
  
	
  	
  
*	
  NODE	
  CONSTRAINTS/	
  
NODE	
  MODIFY,	
  CONSTRAINTS,	
   	
  1248	
  	
   	
  5	
  	
  	
  	
  	
  	
  
	
  
	
  
0	
  	
  1	
  	
  115	
  	
  1	
  	
  0	
  	
  0	
  
	
  
	
  
0	
  	
  1	
  	
  115	
  	
  0	
  	
  1	
  	
  0	
  
	
  
	
  
0	
  	
  1	
  	
  115	
  	
  0	
  	
  0	
  	
  1	
  
	
  
	
  
1	
  	
  1	
  	
  115	
  	
  1	
  	
  0	
  	
  0	
  
	
  
	
  
1	
  	
  1	
  	
  115	
  	
  0	
  	
  1	
  	
  0,/	
  	
  
.	
  .	
  .	
  
	
  
*	
  NODE	
  RESTRAINTS/	
  
	
  6	
  	
  
	
  
NODE	
  MODIFY,	
  RESTRAINTS,	
   30	
  	
  
	
  
	
  
0	
  	
  1	
  	
  0	
  	
  0	
  	
  
	
  
	
  
0	
  	
  0	
  	
  1	
  	
  0	
  	
  
	
  
	
  
0	
  	
  0	
  	
  0	
  	
  1	
  	
  
	
  
	
  
1	
  	
  1	
  	
  0	
  	
  0	
  	
  
	
  
	
  
1	
  	
  0	
  	
  1	
  	
  0	
  	
  
	
  
	
  
1	
  	
  0	
  	
  0	
  	
  1,/	
  	
  
.	
  .	
  .	
  
	
  
*	
  ELEMENT	
  DATA/	
  
ELEMENT	
  ALLOCATE,	
  REPLACE,	
  2948,/	
  
ELEMENT	
  CREATE,	
  SHELL4N,	
  1	
  	
   1	
  2	
  21	
  20,/	
  	
  
	
  
	
  
ELEMENT	
  CREATE,	
  SHELL4N,	
  2	
  	
   2	
  3	
  22	
  21,/	
  	
  
	
  
	
  	
  
	
  
	
  	
  
ELEMENT	
  CREATE,	
  SHELL4N,	
  3	
  	
   3	
  4	
  23	
  22,/	
  	
  
.	
  .	
  .	
  
	
  
MATERIAL	
  ALLOCATE,	
  REPLACE,	
  3,/	
  
MATERIAL	
  CREATE,LINEAR_ELASTIC,	
  1,/	
  
OBJECT	
  CREATE,	
  REAL	
  VECTOR	
  REPLACE,	
  3,	
  Properties_Outer_Walls/	
  
OBJECT	
  READ,	
  ,	
  Properties_Outer_Walls	
  
	
  0.040000	
  
	
  2651.262207	
  ,/	
  
	
  500000000.000000	
  
MATERIAL	
  MODIFY,	
  MATERIAL_DATA,1	
  Properties_Outer_Walls,/	
  
.	
  .	
  	
  
	
  
SECTION	
  ALLOCATE,	
  REPLACE,3,/	
  
SECTION	
  CREATE,	
  SHELL,	
  1,/	
  
OBJECT	
  CREATE,	
  REAL	
  VECTOR	
  REPLACE,	
  1,	
  Thickness_Outer_Walls/	
  
OBJECT	
  READ,	
  ,	
  Thickness_Outer_Walls	
  
	
  0.300000	
  
	
  ,/	
  
SECTION	
  MODIFY,	
  PHYSICAL_DATA,	
  1	
  Thickness_Outer_Walls,/	
  
SECTION	
  MODIFY,	
  COLOR,	
  1	
  GREEN,/	
  
	
  
ELEMENT	
  MODIFY,	
  SECTION,	
  	
  1	
   	
  1,/	
  *	
  Outer	
  walls/	
  	
  
	
  1,/	
  *	
  Outer	
  walls/	
  	
  
ELEMENT	
  MODIFY,	
  MATERIAL,	
  1	
  
.	
  .	
  .	
  	
  
	
  
LOAD	
  ALLOCATE,	
  REPLACE,	
  1,/	
  
LOAD	
  BUILD,	
  LIST,	
  1	
  1080	
  	
  
1185	
   	
  0	
  0	
  306	
  0	
  0	
  0	
  
1186	
   	
  0	
  0	
  306	
  0	
  0	
  0	
  
1187	
   	
  0	
  0	
  306	
  0	
  0	
  0	
  
.	
  .	
  .	
  
	
  
,	
  LOADCASE1/	
  
	
  

	
  	
  	
  
	
  	
  	
  
	
  	
  

Allocate memory for all nodes.
Node ID and their coordinates
x, y and z are listed below
Allocate memory for the constraints. Node ID 1248 is constraint with node ID 115 in 5
DOF . Transversal x, y and z
and in rotation in x, y direction
Allocate memory for the restraints. Node ID 30 is restrainted in 6 DOF (Transversally and rotationally in x, y
and z direction
Allocate memory for all the elements. Element ID with the
counted clockwise node IDs. Element 1 is defined by nodes 1,
2, 21 and 20
Definition of the linear elastic
material properties: Young’s
moduli, Poisson ratio and density

Definition of the used section.
Outer and inner walls as well as
roofs with their thickness

Element ID and the additional
load

Figure A.1: Example of Building Data File for the software SLang with all structural information like node coordinates, constraints, restraints, element data, material data and additional
loads. This file is generated for each building by the SBP-Tool
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A.2. SBP-Tool: Structural output data to compute the mass- and stiﬀness matrix
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A.2

SBP-Tool: Structural output data to compute the
mass- and stiﬀness matrix

#include Example.s
monitor allocate, replace, 1,/
monitor create,,1 0.1 0.1 0.3 0.6, Structure/
structure image, noshade edges perspective,1 -30 160 15,/

Reads the Building Data File “Example.s”
Allocate the monitor on a specific position on the screen and display the
generated building

control gosub,, linear_statics,/
control quit,,,/

Execute the linear_statics and quit
SLang automatically

#label linear_statics

Start the linear_statics

element build, stiffness total,,/

Build the element stiﬀness matrix.

element build, mass total,,/

Build the element mass matrix.

global restraints,remove_rot_singular,,/

Set restraints and include additional
restraints for the third rotation DOF
of the shell elements.

global matrix, stiffness, , global_k/
output file, text, global_k, Example_ K_SLANG_1.txt/
global matrix, mass, , global_m/
output file, text, global_m, Example_ M_SLANG_1.txt/
node list, total coordinates dofs,,/
control return,,,/	
  

Build the global stiﬀness matrix and
save data in a file.
Build global mass matrix and save
data in a file.
Lists the nodes with their coordinates
and nodal DOF and the global DOF
(position in global matrix).
Exits the subroutine.

Figure A.2: Example of a SLang configuration file to assembling and calculating the mass- and
stiﬀness matrix and to read out all information regarding the DOF s.

139

APPENDIX B
CODE OF USING MECHANICAL
DAMAGE INDICATOR
One of the most-challenging tasks by such a risk simulation for insurance purposes is to establish the link between observed mechanical damages (real or virtual) and the resulting damage
potential for a building or a V-Portfolio. Therefore the Mechanical Damage Indicator is used.
The MDI works like a threshold in a way, that principle stresses of each ntot finite element are
checked, if it exceeds the MDI because than a damaged fine element is detected. The code of
using MDI is shown is fig. B.1
/* Check , if a finite element is cracked */
for ( i =0; i < ntot ; i = i +1) {
Material = MatCell ( i ) ;
if ( Material == 1) {
if ( MaxStress ( i ) >= MDI_OuterWall ) {
No_cracked_FE = No_cracked_FE +1;
}
} else if ( Material ==2) {
if ( MaxStress ( i ) >= MDI_InnerWall ) {
No_cracked_FE = No_cracked_FE +1;
}
} else if ( Material ==3) {
if ( MaxStress ( i ) >= MDI_PredamgedFE ) {
No_cracked_FE = No_cracked_FE +1;
}
}
}

Figure B.1: Example code of checking cracked finite element by using MDI .
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APPENDIX C
EXAMPLE OF THE HDF5 FILE
The output data of the time history analysis by using the Subfeed algorithm is stored in the
well known HDF5 binary format (an exact representation of the memory of the computer) [149]
with all necessary information for the time parameters (date, duration, number of DOF , number
of time steps and duration of time step) and for the time integration (acceleration, velocity,
displacement and stresses) for further processing, e.g. Matlab. An example of this file format is
given in fig. C.1 and is in use for more than 20 years, allows for eﬃcient (parallel) I/O operations
and storing of large scale data in what is called self-describing files which allows having more
detailed information useful for post-processing data than in regular ASCII files.

Figure C.1: Example of the HDF5 output file.
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GLOSSARY AND ACRONYMS

Glossary
Subfeed algorithm The Sub-step force feddback (Subfeed algorithm is an hybrid simulation
algorithm designed by U.E. Dorka. As well as its analogue counterpart designed by Thewalt
and Mahin, it does not depend on models that to predict the response of the experimental
subsystem in order to proceed with the time integration..

Acronyms
3D-SRS Sophisticated 3D vulnerability modelling for Seismic Risk Simulation.
AAL Average Annual Loss.
ANS assumed natural strain.
BI Business Interruption.
CAR Cambridge Architectural Research Ltd.
CBD Christchurch Central Business District.
CEQID Cambridge Earthquake Impact Database.
DEM Discrete Element Method.
DF discriminant function.
DI Damage Index.
DOF Degree-of-Freedom System.
DPM damage probability method.
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Acronyms

EDEM Extended Distinct Element Method.
EDI Expected Damage Index.
EDR Expected Damage Ratio.
EM empirical methods.
EMS-98 European macroseismic scale.
ESECMaSE Enhanced Safety and Eﬃcient Construction of Masonry Structures in Europe.
EUCENTRE European Centre for Training and Research in Earthquake Engineering.
FE finite element.
FEM finite element method.
FEMDE finite element method with discontinuous elements.
FFT Fast Fourier Transformation.
GEM Global Earthquake Model.
GEM Building Taxonomy Global Earthquake Model - Building Taxonomy.
GEM IDCT GEM Inventory Data Capture Tool.
GEMECD Global Earthquake Model - Earthquake Consequences Database.
GIS Geographical Information System.
GMPE Ground motion prediction equation.
GSHAP Global Seismic Hazard Assessment Program.
H Hazard.
IDCT Inventory Data Capture Tool.
IES Integrated Earthquake Simulation.
ISMES Instituto sperimentale modelli e strutture.
L Loss.
LDA Linear discriminant analysis.
LEE Laboratory of Earthquake Engineering.
LNEC National Laboratory of Civil Engineering.
LVDT Linear Variable Diﬀerential Transformer.
MDI Mechanical Damage Indicator.
146

Acronyms

147

MDOF Multi-Degree-of-Freedom System.
MM Modified Mercalli Intensity.
MS Masonry Structures.
MSK Medvedev−Sponheuer−Karnik scale.
NatCat Natural Catastrophes.
NEES Network for Earthquake Engineering Simulation.
NIED National Research Institute for Earth Science and Disaster Prevention.
NIKER New Integrated Knowledge based approaches to the protection of cultural heritage from
Earthquake-induced Risk.
OECD Organisation for Economic Cooperation and Development.
OpenHySL Open Hybrid Simulation Library.
PBEE Performance-based earthquake engineering.
PGA peak ground acceleration.
PGV peak ground velocity.
PML Probable Maximum Lossy.
PS Power spectrum.
PSHA Probabilistic seismic hazard analysis.
PSI parameterless scale intensity.
RC Frames Reinforced Concrete Frames.
RVS Rapid-Visual-Screening.
SAP2000 Integrated Structural Analysis and Design Software.
SBP-Tool Simulated Building Portfolio-Tool.
SDOF Single-Degree-of-Freedom System.
SEESL Structural Engineering and Earthquake Simulation Laboratory.
SEM Spectral-Element Method.
SL Seismic Loss.
SLang SLang - the Structural Language.
SPEED SPectral Elements in Elastodynamics with Discontinuous Galerkin.
SR Seismic Risk.
147
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Acronyms

SRS Seismic Risk Simulation.
Subfeed Sub-step force feedback.
UNDP United Nations Develoment Programme.
URM Unreinforced masonry building.
V Vulnerability.
VIM vulnerability index method.
V-Portfolio Virtual Portfolio.
X-FEM generalized finite element method.
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SYMBOLS

Latin Characters
C

Proportional viscous damping matrix.

f c,a

Numerical (non-linear) restoring force. A simulated substructure.
Experimental (non-linear) restoring force.
Physical specimen.

f c,e

G

Gain matrix. Describes the relationship between degrees of freedom.

K
ke
keb
kem
ksub

Global stiﬀness matrix or stiﬀness matrix only.
Local stiﬀness matrix.
Bending stiﬀness matrix.
Membrane stiﬀness matrix.
Number of sub-steps.

M
me
meb
mem
MDI

Global mass matrix or mass matrix only.
Local mass matrix.
Bending mass matrix.
Membrane mass matrix.
Mechanical Damage Indicator. Works like a
threshold to check, if a finite element is cracked.

N
ndamage
ntot

Number of degrees of freedom.
Number of damaged finite elements.
Number of total finite elements for the outer and
inner walls.

T

Transformation matrix.
149
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Latin Characters

σ
u0

Principal stresses.
Displacement before applying the restoring
forces f c,e and f c,a in the ramp function.

u̇
ü
E

Velocity vector.
Acceleration vector.
Young’s modulus.
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INDEX

Cambridge Earthquake Impact Database, 27
Mechanical Damage Indicator, 77
SDOF and MDOF modelling approaches, 32
“Walk trough” method, 28
3D modelling approaches, 29

Loss assessment and simulation, 38

Case study, 63

SBP-Tool, 52
Seismic Risk, 5
Structural damage, 39

MAsonry DAtabase, 28
Mechanical Damage Indicator, 84, 111

Non-linear concept of the 3D-SRS, 56
Building Damage Database of the Great East Non-structural damage, 39
Numerical modelling, 73
Japan Earthquake, 28

Damage curves, 58
Damage databases, 25
Demonstration of case study, 101
Discriminant Function, 122
Düzce Damage Database, 27

Validation of the linear elastic vulnerability model,
78
Vulnerability, 3, 5, 52, 103
Vulnerability assessment and simulation, 12

GEM Building Taxonomy, 29
GIS-Based Building Damage Database, 27
Global Earthquake Model, 26
Global validation, 87
Google Street View, 29
Hazard, 3, 5, 52, 101
Hazard assessment and simulation, 6
Hierarchical data format (HDF5), 143
Hybrid simulation, 38
Large scale shaking table tests, 17
Linear concept of the 3D-SRS, 55
Linear Discriminant Analysis, 38, 115
Local validation, 92
Local vs. global models, 127
Loss, 5, 58, 115
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