
COMPUTATIONAL MECHANICS
FOR HERITAGE STRUCTURES

WIT Press publishes leading books in Science and Technology.
Visit our website for the current list of titles.

www.witpress.com

WITeLibrary
Home of the Transactions of the Wessex Institute, the WIT electronic-library provides the

international scientific community with immediate and permanent access to individual
papers presented at WIT conferences. Visit the WIT eLibrary at www.witpress.com



H.  Azegami
Toyohashi University of Technology
Japan

A.F.M.  Azevedo
University of Porto
Portugal

G.  Belingardi
Politecnico di Torino
Italy

Associate Editors

The series encompasses the following topics:

High Performance Structures and Materials

Objectives

The High Performance Structures and Materials series has been established to
document the dynamic and rapid changes presently happening in the field of
structural engineering. New concepts are constantly being introduced, and the
series reflects the wide range of significant international research and development.

High Performance Structures
Nonlinear Structural Behaviour
Emerging Applications
Design Innovation
Smart Structures
Space Structures
Microstructures
Marine and Offshore Structures
Composite Structures
Retrofitting of Structures
Sustainability in Design
Shape and Topology Optimisation

Shock and Impact
Structural Capacity under Damage
Soil Structure Interaction
Material Technology
Dynamic Control of Materials
Smart Materials
Sensor Technology
Virtual Instrumentation
Numerical Methods
Computer Packages
Computer Modelling
Control Systems

K.S. Al Jabri
Sultan Qaboos University
Oman

B. Alzahabi
Kettering University
USA

J.A.C.  Ambrosio
Instituto Superior Tecnico
Portugal



D. Goulias
University of Maryland
USA

J.M. Hale
University of Newcastle
UK

N. Ishikawa
National Defense Academy
Japan

N. Jones
The University of Liverpool
UK

A.J. Kassab
University of Central Florida
USA

T. Katayama
Doshisha University
Japan

E. Kita
Nagoya University
Japan

T. Krauthammer
Penn State University
USA

M. Langseth
Norwegian University of Science and
Technology
Norway

S. Lomov
Katholieke Universiteit Leuven
Belgium

C.A. Brebbia
Wessex Institute of Technology
UK

S.C. Burns
University of Illinois at Urbana-
Champaign
USA

W. Cantwell
Liverpool University
UK

J.J. Connor
Massachusetts Inst. of Technology
USA

I. Doltsinis
University of Stuttgart
Germany

M. Domaszewski
Universite de Belfort-Montbeliard
France

K.M. Elawadly
Alexandria University
Egypt

M. El-Sayed
Kettering University
USA

C. Gantes
National Tech. University of Athens
Greece

P. Gaudenzi
Universita Degli Studi di Roma ‘La
Sapienza’
Italy



M. Maier
Institut fuer Verbundwerkstoffe GmbH
Germany

H.A. Mang
Technische Universitaet Wien
Austria

H. Martikka
Lappeenranta University of
Technology
Finland

R.W. Mines
The University of Liverpool
UK

A. Miyamoto
Yamaguchi University
Japan

D. Necsulescu
University of Ottawa
Canada

R. Schmidt
RWTH Aachen
Germany

L.C. Simoes
University of Coimbra
Portugal

S. Tanimura
Aichi University of Technology
Japan

I. Tsukrov
University of New Hampshire
USA

D. Yankelevsky
Technion-Israel Institute of
Technology
Israel

T. X. Yu
Hong Kong University of Science and
Technology
Hong Kong



COMPUTATIONAL MECHANICS
FOR HERITAGE STRUCTURES

B.P. Leftheris
Technical University of Crete, Greece

M.E. Stavroulaki
Technical University of Crete, Greece

A.C. Sapounaki
Prefecture of Chania, Greece

G.E. Stavroulakis
University of Ioannina, Greece

Carolo Wilhelmina Technical University, Germany



WIT Press
Ashurst Lodge, Ashurst, Southampton, SO40 7AA, UK
Tel: 44 (0) 238 029 3223; Fax: 44 (0) 238 029 2853
E-Mail: witpress@witpress.com
http://www.witpress.com

For USA, Canada and Mexico

WIT Press
25 Bridge Street, Billerica, MA 01821, USA
Tel: 978 667 5841; Fax: 978 667 7582
E-Mail: infousa@witpress.com
http://www.witpress.com

British Library Cataloguing-in-Publication Data

A Catalogue record for this book is available
from the British Library

ISBN:  1-84564-034-9
ISSN:   1469-0071

Library of Congress Catalog Card Number: 2004116937

No responsibility is assumed by the Publisher, the Editors and Authors for any injury
and/or damage to persons or property as a matter of products liability, negligence or
otherwise, or from any use or operation of any methods, products, instructions or ideas
contained in the material herein.

© WIT Press 2006

Printed in Great Britain by Athenaeum Press Ltd., Gateshead

All rights reserved.  No part of this publication may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means, electronic, mechanical,
photocopying, recording, or otherwise, without the
prior written permission of the Publisher.

COMPUTATIONAL MECHANICS FOR HERITAGE STRUCTURES

Series: High Performance Structures and Materials, Vol. 9

B. P. Leftheris

Published by

A.C. Sapounaki
G.E. StavroulakisM.E. Stavroulaki



Contents

Preface xi

Foreword xiii

1 Architectural form and structural system 1
1.1 Our cultural evolution is our heritage . . . . . . . . . . . . . . . . 1

1.1.1 The early civilizations . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Other civilizations . . . . . . . . . . . . . . . . . . . . . . 7
1.1.3 The creative Roman engineering works . . . . . . . . . . . 11
1.1.4 The world of Islam . . . . . . . . . . . . . . . . . . . . . . 16
1.1.5 Our awareness of history is a prerequisite for restorations 19
1.2.1 The life of a structure depends on the geometric distrib-

ution of materials . . . . . . . . . . . . . . . . . . . . . . . 23
1.3 Volcanic eruptions and earthquakes interrrupted the human cul-

tural evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.3.1 A geological account . . . . . . . . . . . . . . . . . . . . . 26
1.3.2 A historical account . . . . . . . . . . . . . . . . . . . . . 28
1.3.3 How to understand the technological nature of earthquakes 29

1.4 Two thinspace examples with heritage structures that survived
over many centuries . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.4.1 The island of Crete . . . . . . . . . . . . . . . . . . . . . . 31
1.4.2 The island of Kythera . . . . . . . . . . . . . . . . . . . . 33
1.4.3 What we learned . . . . . . . . . . . . . . . . . . . . . . . 35
1.4.4 How plate tectonics rearranged the geology of the Mediter-

ranea Sea through the millenia . . . . . . . . . . . . . . . 36
1.4.5 Manhattan today is an example of the power of the human

brain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
1.5 Destructuve, chaotic phenomena are part of our evolution . . . . 40

1.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 40
1.5.2 Chaotic phenomena . . . . . . . . . . . . . . . . . . . . . 41
1.5.3 The destruction of the New York Twin Towers on 9/11/2001 43
1.5.4 Details of the Twin Towers . . . . . . . . . . . . . . . . . 45

1.6 A final note . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



2 Static and dynamic analysis 51
2.1 Isostatic and hyperstatic structures. The need for elasticity . . . 51

2.1.1 Classical mechanics. Force and moment equilibrium . . . 51
2.1.2 Redundancy and statically indeterminate structures . . . 53
2.1.3 Structural analysis . . . . . . . . . . . . . . . . . . . . . . 54

2.2 Linear elastic analysis. Differential equations . . . . . . . . . . . 55
2.3 Weak form and energy approach . . . . . . . . . . . . . . . . . . 56

2.3.1 A spring equilibrium problem . . . . . . . . . . . . . . . . 56
2.4 Numerical approximation and finite elements . . . . . . . . . . . 59
2.5 Representative examples . . . . . . . . . . . . . . . . . . . . . . . 59

2.5.1 Axial deformation of a bar . . . . . . . . . . . . . . . . . 60
2.5.2 Beam in bending . . . . . . . . . . . . . . . . . . . . . . . 66
2.5.3 The two-dimensional, plane elasticity problem . . . . . . . 69

2.6 Dynamic and modal analysis . . . . . . . . . . . . . . . . . . . . 72
2.6.1 Structural dynamics and seismic design . . . . . . . . . . 72
2.6.2 Dynamics of idealized mechanical systems . . . . . . . . . 72
2.6.3 Modal analysis. A cheaper alternative . . . . . . . . . . . 76

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3 Computational techniques 81
3.1 Differentiation, integration and computational mechanics . . . . 81

3.1.1 Differentiation . . . . . . . . . . . . . . . . . . . . . . . . 81
3.1.2 Integration . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.2 Discretization methods and numerical treatment . . . . . . . . . 83
3.2.1 Outline of linear elastic analysis . . . . . . . . . . . . . . 84

3.3 Nonlinear models (plasticity, cracking, damage, contact elements,
etc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.3.1 Moderate material nonlinearity. The case of elastoplasticity 88
3.3.2 Genuine nonlinearity. The case of unilateral contact along

interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.4 Time-stepping techniques and simplified conbination of modal

response: Response spectrum analysis . . . . . . . . . . . . . . . 91
3.4.1 Design response spectrum . . . . . . . . . . . . . . . . . . 92
3.4.2 Seismic analysis . . . . . . . . . . . . . . . . . . . . . . . . 95
3.4.3 Calculation of the maximum response . . . . . . . . . . . 96

3.5 The static and dynamic simulation of masonry structures.
Description of specific modeling problems . . . . . . . . . . . . . 98
3.5.1 Simulation of masonry structures . . . . . . . . . . . . . . 98
3.5.2 Specific modeling problems . . . . . . . . . . . . . . . . . 102

3.6 Elements of structural optimization . . . . . . . . . . . . . . . . . 107
3.6.1 Theory and algorithms of optimization . . . . . . . . . . . 108
3.6.2 Structural optimization . . . . . . . . . . . . . . . . . . . 110

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113



4 Case studies of selected heritage structures 117
4.1 Materials modeling and modal analysis of the Venetian lighthouse

in Chania . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.1.1 Structural modeling . . . . . . . . . . . . . . . . . . . . . 117
4.1.2 Material assumptions . . . . . . . . . . . . . . . . . . . . 122
4.1.3 Modal testing . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.1.4 Modal and response spectrum analysis results . . . . . . . 126

4.2 Buildings of special shape . . . . . . . . . . . . . . . . . . . . . . 130
4.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.2.2 Analysis of clock-turret construction . . . . . . . . . . . . 131

4.3 A bridge built by the British during the early part of the 19th
century on the Ionian Island of Kythera . . . . . . . . . . . . . . 139

4.4 A bridge built in 1866 in Plaka, Greece . . . . . . . . . . . . . . . 147
4.4.1 Bridges of the region of Epirus, in Northwest Greece . . . 147
4.4.2 Historical documentation . . . . . . . . . . . . . . . . . . 148
4.4.3 Structural analysis . . . . . . . . . . . . . . . . . . . . . . 149
4.4.4 Discussion of results . . . . . . . . . . . . . . . . . . . . . 150

4.5 The building of Merarchia, in Chania.
A typical neoclassical residential building . . . . . . . . . . . . . 154
4.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 154
4.5.2 Structural analysis . . . . . . . . . . . . . . . . . . . . . . 157
4.5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 162

4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

5 Restoration modeling and analysis 169
5.1 Intervention methods for masonry structures . . . . . . . . . . . 169
5.2 Restoration modeling and design . . . . . . . . . . . . . . . . . . 173

5.2.1 Restoration of buildings with prestress cables . . . . . . . 173
5.2.2 Solution of the optimal prestress problem . . . . . . . . . 179
5.2.3 Methodology for the optimal prestress problem . . . . . . 185
5.2.4 Further intervention methods and optimization . . . . . . 187

5.3 Prestress restoration . . . . . . . . . . . . . . . . . . . . . . . . . 190
5.3.1 Reinforcement of a typical wall with prestressed cables . . 190
5.3.2 Parametric analysis of the prestressing method for the

reinforcement of masonry walls . . . . . . . . . . . . . . . 202
5.4 The mantle of shotcrete (gunite) . . . . . . . . . . . . . . . . . . 205

5.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 205
5.4.2 Technology of gunite restoration . . . . . . . . . . . . . . 207
5.4.3 Numerical examples and finite element modeling . . . . . 208

5.5 Wooden and steel substructures . . . . . . . . . . . . . . . . . . . 217
5.5.1 Wooden structures . . . . . . . . . . . . . . . . . . . . . . 217
5.5.2 Steel structures . . . . . . . . . . . . . . . . . . . . . . . . 219

5.6 Nonlinear analysis of composite masonry walls . . . . . . . . . . 221
5.6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 221
5.6.2 Numerical models and analysis results . . . . . . . . . . . 222



5.7 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
5.7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 230
5.7.2 Various types of strengthening methods . . . . . . . . . . 235
5.7.3 Models of orthogonal buildings . . . . . . . . . . . . . . . 237
5.7.4 Models of circular buildings . . . . . . . . . . . . . . . . . 245

5.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

6 List of symbols 259

Index 263



Preface
The book deals with applications of advanced computational-mechanics tech-
niques for structural analysis, strength rehabilitation and aseismic design of
monuments, historical buildings and related structures.
The authors have extensive experience working with complicated structural

analysis problems in civil and mechanical engineering in Europe and North
America. They have been working together for more than ten years on the
topic of this book.
During this period they had the opportunity to work together with archi-

tects, archaeologists and students of engineering. This text evolves gradually
and introduces the material without the burden of deep theoretical details.
The authors believe that this is the most effective didactical way that helps

readers to start working on real-life problems as soon as possible, with the use
of sophisticated, but user-friendly software.
Practical experience from their teaching and research activity at the Techni-

cal University of Crete, Chania, Greece, the University of Ioannina, Greece, The
Technical University of Braunschweig, Germany, the University of New York,
USA and Princeton University, USA, helped them to develop the approach used
in the book.
The authors would like to thank their colleagues in all the above-mentioned

Institutes for their help and support that contributed to the preparation of this
book.
Financial support from the Regional Office of Crete and the European Union,

which helped them work on various aspects of the material presented in the
book, is acknowledged.
Last, but not least, we would like to thank Mr. Nikos Afentakis for his help

during the production of the cover sheets. The pictures are from old Chania, a
place that was both a working field and a relaxation port for the authors during
this period.

The authors.
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