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Preface

The collection of articles compiled in this first volume of the series entitled as
Perspectives on European Earthquake Engineering and Seismology is composed of
some of the keynote and theme lectures presented during the Second European
Conference on Earthquake Engineering and Seismology (2ECEES) held in Istan-
bul. The remaining keynote and theme lectures will be compiled in the second
volume of the series that will be published after the Conference. Since the Confer-
ence is a joint event of European Association of Earthquake Engineering (EAEE)
and European Seismological Commission (ESC), the lectures thus articles cover the
major topics of earthquake engineering and seismology along with priority issues of
global importance.

On the occasion of the 50th anniversary of the establishment of the European
Association of Earthquake Engineering, and for the first time in the book series on
Geotechnical, Geological, and Earthquake Engineering, we will be publishing an
open access book that can be downloaded by anybody interested in these topics. We
believe that this option adopted by the Advisory Committee of 2ECEES will enable
wide distribution and readability of the contributions presented by very prominent
researchers in Europe.

The articles in this first volume are composed of five keynote lectures, first of
which given by Robin Spence, the recipient of the third Prof. Nicholas Ambraseys
Lecture Award. His lecture is titled “The full-scale laboratory: the practice of post-
earthquake reconnaissance missions and their contribution to earthquake engi-
neering” . The other four keynote lectures are by Mustafa Erdik on “Rapid earth-
quake loss assessment after damaging earthquakes”, Paolo E. Pinto on “Existing
buildings: the new Italian provisions for probabilistic seismic assessment”, Matej
Fischinger on “Seismic response of precast industrial buildings”, and Marco
Mucciarelli on “The role of site effects at the boundary between seismology and
engineering: lessons from recent earthquakes” .

The remaining 15 chapters are the EAEE Theme Lectures that are presented by:
Tatjana Isakovic on “Seismic analysis and design of bridges with an emphasis to
Eurocode standards” , Michael N. Fardis on “From performance- and displacement-
based assessment of existing buildings per ENI1998-3 to design of new concrete



vi Preface

structures in fib MC2010”, Elizabeth Vintzileou on “Testing of historic masonry
structural elements and/or building models”, Carlos Sousa Oliveira on “Earthquake
risk reduction: from scenario simulators including systemic interdependency to
impact indicators” , Roberto Paolucci on “Physics-based earthquake ground shaking
scenarios in large urban areas”, Gian Michele Calvi on “A seismic performance
classification framework to provide increased seismic resilience”, Katrin Beyer on
“Towards displacement-based seismic design of modern unreinforced masonry struc-
tures” , Mario De Stefano on “Pushover analysis for plan irregular building struc-
tures”, Alessandro Martelli on “Recent development and application of seismic
isolation and energy dissipation and conditions for their correct use”, Dina
D’Ayala on “Conservation principles and performance-based strengthening of her-
itage buildings in post-event reconstruction”, Helen Crowley on “Earthquake risk
assessment: present shortcomings and future directions” , George Mylonakis on “The
role of pile diameter on earthquake-induced bending”, Amir Kaynia on “Predictive
models for earthquake response of clay and quick clay slopes”, Kemal Onder Cetin
on “Recent advances in seismic soil liquefaction engineering”, and Martin Wieland
on “Seismic hazard and seismic design and safety aspects of large dam projects” .

The Editor and the Advisory Committee of the Second European Conference
on Earthquake Engineering and Seismology appreciate the support given by the
Istanbul Governorship, Istanbul Project Coordination Unit for the publication of
the Perspectives on European Earthquake Engineering and Seismology volumes
as Open Access books.

Istanbul, Turkey Atilla Ansal
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Chapter 1

The Full-Scale Laboratory: The Practice

of Post-Earthquake Reconnaissance Missions
and Their Contribution to Earthquake
Engineering

The Third Nicholas Ambraseys Lecture
Robin Spence

Abstract This paper aims to review the nature and practice of earthquake recon-
naissance missions since the earliest examples to today’s practice, and to try to
show some of the ways in which the practice of earthquake engineering today has
benefitted from field observations. To give some historical background, the nature
of some of the earliest recorded field missions are reviewed, notably that of Mallet
following the 1857 Neapolitan earthquake; the achievements of the UNESCO-
supported missions of the period 1963—1980 are considered; and the nature and
contributions made by several national earthquake reconnaissance teams (EERI
based in the United States, EEFIT based in the UK, and more briefly the Japanese
Society for Civil Engineering, the German Earthquake Task Force, and AFPS based
in France) are reviewed. The paper then attempts to summarise what have been the
most important contributions from the field observations to several aspects of
earthquake engineering, particularly to understanding the performance of buildings,
both engineered and non-engineered, including historical structures, to geotechni-
cal effects, to gaining understanding of the social and economic consequences of
earthquakes, and to loss estimation from future scenario events. The uses and
limitations of remote sensing technologies to assess damage caused by an earth-
quake are considered. Finally, possible changes in earthquake field missions to
meet anticipated future challenges and opportunities are discussed.

R. Spence (P<)
Emeritus Professor of Architectural Engineering, Cambridge University, Cambridge, UK

Cambridge Architectural Research Ltd, Cambridge, UK
e-mail: robin.spence@carltd.com
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1.1 Introduction

Engineering progresses through innovation, through the development of theories to
explain observed phenomena, and through testing of those theories in the laboratory
and in the field. In the case of earthquake engineering, field observation assumes a
particular importance, because the science which needs to be applied, both in
estimating the ground motions to be designed for, and in predicting the performance
of structures under these ground motions is still relatively poorly understood, and
also because earthquakes occur in any one location so infrequently.

A decade ago, in his keynote address to the 12th European Conference on
Earthquake Engineering (Ambraseys 2002), Nicholas Ambraseys quotes a col-
league’s definition of the earthquake engineer as the professional who “designs
structures whose shapes he cannot analyse, to resist forces he cannot predict, using
materials the properties of which he does not understand, but in such a way that the
client is not aware of it”. Ambraseys was pointing to the alarming fact that for all
our scientific and technological achievements, earthquake losses keep increasing
with time, stretching the credibility of the earthquake engineering profession: and
over many years he strongly argued the need for more systematic learning of the
lessons from past earthquakes to improve performance.

The title of this talk is taken from the concluding remarks of Ambraseys’ Mallet-
Milne Lecture (Ambraseys 1988), which emphasises the importance of field obser-
vation through post-earthquake reconnaissance missions, and identifies some of the
most important roles of such missions:

It is increasingly apparent that the site of a damaging earthquake is undoubtedly a full-scale
laboratory, in which significant discoveries can be made by keen observers - seismologists,
geologists, engineers, sociologists and economists. As our knowledge of the complexity of
earthquakes has increased we have become more and more aware of the limitations which
nature has imposed on our capacity to predict, on purely theoretical grounds, the perfor-
mance of engineering structures, of the ground itself or of a community. It is the long-term
study of earthquakes and fieldwork that offers the unique opportunity to develop a knowl-
edge of the actual situation created by an earthquake disaster. . . It is field observations and
measurement that allow the interaction of ideas and the testing of theories....Much
computer effort has been devoted to solving problems based on guessed parameters ...
more data from field observation and measurement are now required.

The major disasters which have occurred since those words were written have
only served to demonstrate their validity, and there has, in the last 25 years, been a
steady growth in the number and quality of field reconnaissance missions, and in the
understanding gained from them of the essential aspects of earthquake actions, the
behaviour of different types of structures, and the response of communities in
different societies to large earthquakes. But many barriers to the achievement of
effective post-event reconnaissance still exist, from organisational and funding
difficulties to long delays in the implementation of field observations into design
practice.

This paper aims to review the nature and practice of earthquake reconnaissance
missions since the earliest examples to today’s practice, and to try to point out some
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of the ways in which the practice of earthquake engineering today has benefitted
from field observations. To give some historical background, the nature of some of
the earliest recorded field missions will be reviewed; the achievements of the
UNESCO-supported missions of the period 1963—-1980 will be considered; and
the nature and contributions made by several national earthquake reconnaissance
teams (EERI in the US, EEFIT in UK, the Japanese Society for Civil Engineering
and others) will be reviewed. The paper will finally try to summarise what have
been the most important contributions from the field observations to several aspects
of earthquake engineering, particularly to understanding the performance of build-
ings, to geotechnical effects, to gaining understanding of the social and economic
consequences of earthquakes, and to loss estimation from future scenario events.
The future of earthquake field missions will be discussed.

The UNESCO field missions were interdisciplinary field missions in which
engineers studied alongside geologists and seismologists, sciences which depend
to a large degree on field observation and measurement, and much was gained from
this collaboration. Since about 1980, such interdisciplinary missions have become
less common, since the style and timing, as well as the funding of post-earthquake
seismological investigations has become very different from that of earthquake
engineering missions. A limitation of this paper is that it concentrates on lessons for
earthquake engineering rather than seismology, which is a topic for another author.

1.2 Early Field Investigations

Perhaps the earliest field investigation with a scientific purpose was that of De
Poardi following the 1627 M = 6.8 earthquake in the Gargano Region on the
Adriatic Coast of Southeastern Italy. The earthquake was destructive, with a
maximum intensity Imax = X (MCS), and liquefaction along the coast; there was
also a strong tsunami that inundated the low-lying coastland (De Martini
et al. 2003). De Poardi’s map shows the towns and villages affected with different
symbols to indicate the different levels of damage (Fig. 1.1). Fish are depicted being
thrown out of the coastal Lesina Lake which was seriously affected by the tsunami,
corresponding to contemporary eyewitness accounts which reported that the lake
completely dried out for many hours after the shock and many fish were stranded.
Thus Poardi’s map may claim to be the first macroseismic intensity map
(De Martini et al. 2003, Musson, pers comm).

The 1755 Lisbon earthquake of course was the occasion for important studies of
earthquake and tsunami effects, though since Lisbon, the primary focus of the
disaster, was also the capital city these cannot properly be said to be the result of
a reconnaissance mission. The Marques de Pombal, Prime Minister at the time, was
given charge of the emergency management (as it would today be called), and
reconstruction planning. One of his notable moves was the systematic collection of
quantitative information on the degree of shaking and the effects it produced. His
questionnaire, sent out to local officials and the clergy, included questions such as:
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Fig. 1.1 De Poardi’s map of the damage caused by the 1627 Gargano earthquake (Based on De
Martini et al. 2003, a forerunner of modern isoseismal maps)

How long did the earthquake last? How many shocks were felt? What damage was
caused? Did animals behave strangely?, and was thus arguably the forerunner of
today’s online Did You Feel It? questionnaires (Dewey et al. 2000). Another of
Pombal’s actions was to order the reconstruction of the Baixa District, close to the
Tagus, not in the closely-packed heavy masonry construction which had proved so
vulnerable to the ground shaking, but with broad avenues and use of a braced timber
frame construction (the gaiola system), which is still the main form of construction
in that area today (Cardoso et al. 2013).

1.3 Mallet’s Investigation of the 1857 Neapolitan
Earthquake

The most significant earthquake reconnaissance mission prior to the twentieth
century was undoubtedly that of Robert Mallet, who investigated the effects of
the 1857 Great Neapolitan Earthquake, and who in his subsequent report (Fig. 1.2)
justifiably laid claim to have established the first principles of observational seis-
mology (a term which Mallet was the first to use).

Mallet, from Ireland, was by profession an engineer, having taken over his
father’s Dublin foundry at the age of 21. Through involvement with the learned
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RTHQUAKE OF 1857.

THE FIRST PRINCIPLES

OBSERVATIONAL SEISMOLOGY

AF DEVELOPED IW THE

REPORT TO HE ROYAL BOOTETY OF TLONDON
OF THE TXPEDITION MADE BY COMMAND OF TUE S00IETY INTO
THE INTERIOR OF THE KINGDOM OF NAPLEL

TO INVERTIGATE 1TE CIRCUMSTANCGER OF THE GREAT
FARTHGQUAKE OF DECEMBER 1857,

BY

ROBERT MALLET, B, FR.S, TGS, MRLA,
&e., &o.

 Non fingendum aut éxcogitendurn sed tovenicaduro quid natova faciab and frat.”

FPRULIENEED BY THE AUTHORINY AND WITH TR AID OF THE
ROFAL SOCIETT GF LONDON,

Fig. 1.2 Cover of Mallet’s report on the 1857 Neapolitan earthquake

societies of the time, first the Royal Irish Academy and later the British Association,
he became interested in earthquake mechanics, and wrote a paper in 1847 in which
he set out a view (not in fact a new one, Musson 2013) that an earthquake consists in
the transmission through the solid crust of the earth of a wave of elastic compres-
sion, and that this could explain the previously observed rotation of monuments in
earthquakes. He was convinced that this theory could be used to locate the focus of
an earthquake using the effects on buildings and objects at the surface, but he
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needed a large earthquake to test his hypothesis. This earthquake was to be the
Neapolitan earthquake of 1857, a decade later; but before he undertook this field
mission, he had made two other important contributions to seismology. The first of
these was a large catalogue of over 7,000 historical earthquakes from 1606 BC to
1842, developed from a variety of sources, and accompanied by a map of global
seismicity remarkable for its accuracy in identifying most of the earthquake belts
known today (notably not the mid-ocean ridges). The second was a design for a
seismograph; this was never built but may have influenced the design of Palmieri’s
later working seismograph.

Mallet explains his purpose in undertaking the mission in the first chapter of his
report (Mallet 1862), so elegantly expressed it is worth quoting at length:

An earthquake, like every other operation of natural forces, must be investigated by means
of its phenomena or effects. Some of these are transient and momentary and leave no trace
after the shock, and such must either be observed at the time, or had from testimony. But
others are more or less permanent and from the terrible handwriting of overturned towns
and buildings, may be deciphered, more or less clearly, the conditions under which the
forces that overthrew them acted, the velocity with which the ground underneath moved,
the extent of its oscillations, and ultimately the point can be found, in position and depth
beneath the earth’s surface, from which the original blow was delivered, which, propagated
through the elastic materials of the mass above and around, constituted the shock. . .. ..

(There are) two distinct orders of seismic enquiry. By the first we seek to obtain
information as to the depth beneath the surface of the earth at which those forces are in
action whose throbbings are made known to us by the earthquake and thus to make one
great and reliable step towards a knowledge of the nature of these forces themselves; and
this is the great and hopeful aspect in which seismology must be chiefly viewed and valued.
By the second order of enquiry we seek to determine the modifying and moulding power of
earthquake on the surface of our world as we now find it; to trace its effects and estimate its
power upon man’s habitation and upon himself.

Thus Mallet’s goals were both seismological and engineering; and the paragraph
quoted can indeed be taken, as a statement of the general aims which have guided
post-earthquake reconnaissance missions to the present day.

The arrangements made by Mallet for the field mission are instructive, and are
set out clearly in the introductory Chapter of his report (Mallet 1862). The earth-
quake occurred on 16th December 1857, and began to be reported in England about
24th December. On 28th December Mallet wrote to the President of the Royal
Society suggesting the importance to science of sending “a competent observer”
and offering to undertake this himself, estimating the cost at £50. He received (with
the support of Charles Lyell) approval on 21st January, spent the next 5 days getting
letters of approval from the Royal Society, the Minister for Foreign Affairs and
“some noble or eminent scientific persons” to assist his travel into the earthquake
affected area, and departed on 27th January. He travelled overland through Paris
and Dijon where he consulted with eminent geologists; arrived in Naples on 5Sth
February, and had to wait for a further 5 days for approval from the King, setting off
on 10th February, accompanied by “a trustworthy staff of persons”, including an
interpreter, who he had recruited while waiting for permission.
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Fig. 1.3 Mallet’s isoseismal map of the 1857 Neapolitan earthquake (Mallet 1862)

Once in the field, his method of working was to make use of detailed observa-
tions of the effects of the earthquake: cracks in masonry walls, fallen and
overturned objects, the size, orientation and displacement of which he used to
estimate the direction of the earthquake wave and also its angle of emergence,
and even the velocity of the ground shaking. For this purpose he used a series of
mechanical equations governing the movement of objects given an initial impulse,
and some hypotheses about the position, size and direction of cracking in masonry
walls under an emerging earthquake shock. By his own admission it was in many
places extremely difficult to make any sense of the chaotic damage visible, but he
learnt to make use of a subset of buildings which were typical, suitably oriented,
and standing away from adjacent buildings. By plotting the direction and strength
of shock in a total of 78 locations, he found a strong convergence and was able to
determine a focus (at Caggiano), and plot a series of isoseismals (his own term)
(Fig. 1.3) showing areas in four categories, essentially: those destroyed, those
heavily damaged with fatalities, those slightly damaged, and those where the
earthquake was felt (Musson 2013). He also estimated the focal depth from his
estimates of the angle of emergence which had a mean value of 10.6 km.

All of these deductions look reasonable today, but given what we now know
about the complexity of ground motion and its effects on buildings, the method of
deducing not only direction but also angle of emergence of the earthquake waves is
questionable. The chronology of the journey and what was observed at each
location is exhaustively recorded in the report, which when finally produced had
more than 700 pages. Mallet was also able to commission a photographer, Alphonse
Bernoud, to travel the same route later, taking the first earthquake damage photos.
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Fig. 1.4 Drawing, based on photograph, of damage in Polla from Mallet’s report on the 1857
Neapolitan earthquake (Mallet 1862)

Figure 1.4 is a drawn reproduction of one of several hundred also published with his
Report, many of them designed to be viewed stereoscopically.

While the contribution to seismology, and the development of an approach
which could be used by others, was the main aim of Mallet’s investigation, the
report is full of important insights about the local construction techniques of the
time and their failings. He makes the observation several times that where buildings
are well-built, they were very little if at all damaged by the earthquake. The
sketches and photos clearly demonstrate the principal mechanisms of failure of
masonry structures, and the attempts to describe these in mathematical equations of
equilibrium anticipate later important lines of enquiry about vulnerability and
strengthening measures. So does his assembly of the available statistics on
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Fig. 1.5 The damage to Polla, in Irpinia, in the 1857 earthquake (from frontispiece of Mallet
1862)

fatalities, which numbered more than 10,000. The concluding remarks in the report
are striking:
All human difficulties to be dealt with must be understood: were understanding and skill
applied to the future construction of houses and cities in Southern Italy, few if any human

lives need ever again be lost by earthquakes; which must there recur in their times and
seasons.

Unfortunately the reconstruction efforts following the 1857 earthquake substan-
tially rebuilt the towns and villages of this area in the same manner as before; and
when another major earthquake struck the same region in 1980, the destruction was
just as severe and extremely similar in nature to that of 1857, and a further 3,000
deaths occurred. The town of Polla was affected by both earthquakes, and Figs. 1.5
and 1.6 show identical views of Polla following the two events, demonstrating the
similarity of the damage, the former from the Mallet report, the later one taken by
the author during a field reconnaissance there in 1981 (Spence et al. 1982).

The methods proposed by Mallet did not find immediate scientific application,
and his report (perhaps because of its severe criticism of Italian seismologists of the
day) was little noticed in Italy until some 20 years after its publication (Ferrari
1987). Then first an Englishman (Johnson-Lavis), and subsequently the great
seismologist Giuseppe Mercalli applied Mallet’s methods to the 1883 and 1885
earthquakes on the island of Ischia, then to the 1884 Andalusian earthquake and
finally to the Ligurian earthquake of 1887, and in the process elaborated and
extended them. The method was also taken up in India (Melville and Muir Wood
1987). However, within another 10 years instrumental seismology had arrived, and
epicentres were in future to be located by instrumental means, a surer and less time-
consuming approach. From the 1890s onwards, field investigations were concerned
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Fig. 1.6 Polla from the same location as Fig. 1.6 in 1981 after the Irpinia earthquake. Note
similarity of building form and construction (Photo by author)

more with the determination of intensity, using the newly devised macroseismic
intensity scale of Rossi and Forel (Melville and Muir Wood 1987). However,
Omori (1908), after the 1908 Messina earthquake, used observations of overturned
bodies to locate the point of origin of the event.
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Fig. 1.7 S.V.Medvedev, S. Bubnov and N.N. Ambraseys, founding members of EAEE, in Skopje
in 1964

1.4 UNESCO Field Missions 1962-1980

Over period of nearly 20 years from 1962, UNESCO supported at least 23 post-
earthquake reconnaissance missions. Nicholas Ambraseys was the leading figure in
this programme: according to Michael Fournier d’Albe, then Head of the UNESCO
Natural Hazards Programme, it was Ambraseys who was largely instrumental in
persuading the UNESCO Secretariat in the early 1960s that “a useful purpose might
be served by UNESCO sending international multidisciplinary teams to conduct
field studies of damaging earthquakes as soon as possible after their occurrence”,
and Ambraseys himself carried out the first of such studies of the Buyin-Zara
earthquake in Iran in 1962. He subsequently participated in a further 12 of these
studies; he gave a shape and a cohesion to the programme, and he made sure that the
findings of the studies were properly recorded and made available to the govern-
ments of the countries concerned and to the wider research community.

An important element of the missions was their multi-disciplinarity: they all
included seismologists, geologists and engineers. Many distinguished engineers
and scientists participated in one or more of the missions, including J. Despeyroux,
A Zatopek, A.A. Moinfar, S. Bubnov, T.P. Tassios and J.S Tchalenko. Indeed the
1964 Skopje Conference, at which the European Association for Earthquake Engi-
neering was founded, took place as a direct result of the 1963 UNESCO mission to
Skopje (Fig. 1.7).
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A summary account of the programme was given by Ambraseys at the Inter-
governmental Conference on the Assessment and Mitigation of Earthquake Risk
organised by UNESCO in Paris in 1976. The general objective of the missions,
simply stated, was “to investigate the cause and effects of such events for the
purpose of adding to scientific and practical knowledge for the mitigation of their
disastrous consequences” (Fournier-D’Albe 1986). More specifically Ambraseys
(1976a) states that:

It is only through properly-run field studies that ground deformation or faulting associated
with an earthquake can be discovered and studied and the bearing on local risk assessed.
Existing building codes and regulations as well as the efficacy of their enforcement and
implementation, can only be tested after an earthquake. It is only through well-designed and
efficient field studies that the economic and social repercussions of an earthquake disaster
can be identified so as to avoid undesirable results in future events.

The composition of the missions was dictated by the circumstances, whether the
affected area was urban and small, rural and large, or not easily accessible. But a
key aspect of the missions was that they were based on a small number of
international experts, and drew in expertise from local organisations as far as
possible. One further aim was to bring to the country and install a portable network
of seismic stations, or at least a strong-motion accelerograph, although that proved
possible in only a few cases. There was also a target that the mission should aim to
arrive within 72 h of the earthquake’s occurrence, but this was never achieved, and
the typical delay, mainly due to the waiting for permission from the host Govern-
ment, was typically 3 weeks. However, once in place, the field studies typically
lasted 3 or 4 weeks or more, much longer than is typical of many reconnaissance
missions today.

Table 1.1 identifies the earthquakes for which the UNESCO Missions which
took place between 1962 and 1980, and Figs. 1.10, 1.11 and 1.12 show the locations
of the earthquakes studied. Reports on all these events were published by
UNESCO. General features of all these reports are:

¢ Information on the regional and local seismicity, including usually a detailed
listing of all historical and instrumentally recorded damaging earthquakes.

¢ An account of the actual earthquake and its overall effects, including foreshocks
and aftershocks.

» Details and analysis of any strong motion recordings available.

¢ Detailed description of any surface faulting, and other geological or geotechni-
cal features observed, with maps and photographs.

e Description of typical forms of building construction found, and description,
place by place of the extent and types of damage, with maps and photographs.

¢ Description of notable civil engineering structures and any damage sustained.

e Assessments of macroseismic intensity at the different locations visited, and
where possible the preparation of preliminary intensity maps.

» Recommendations for reconstruction.

Overall, this is an immense record of earthquake effects in more than 20 -
earthquake-prone locations, involving a huge individual research effort. Ambraseys



13

The Full-Scale Laboratory: The Practice of Post-Earthquake Reconnaissance. . .

1

(ponurnuod)

X 8L BUIYD ueysSuel, 9/61/L0/8C

X ¢9 Arei BUOWRD  9/61/50/90
X ¢9 Aeir g 9.61/S0/90

X SL p[ewaenD neyq enbeloy  9261/20/+0

X 8¢ vsn BILIOJI[ED) Q[IA0IQ  GL61/80/10

” 9 uejsryeq uened  yL61/T1/8C
X L nisg ewry L61/01/€0

X 0L OOIXOIN ZNIdRIDA  €L61/80/8C

< X 9 engeredIN enSeueN  ¢L61/T1/€T
X 79 uer| o 7L61/¥0/01
X S9 vsn BIWIOJI[ED) ‘OPUBUIS] UBS  [L61/20/60

X L9 uely yaaruIRy  (0L61/L0/0E
X S'L ned oquiyd-yseduy  0L61/S0/1€
X L sourddiyq uozn T  (0L61/¥0/LO
X 'L Koying, Z1Ip3D  0L61/£0/80
X €9 BIAR[SOIN eyn elueg  6961/01/9¢
X 'L uvip zefeg-oJused  8961/80/1€
” ¢l sourddifiyq uoznT  8961/80/10
X ¢9 vIpu[ eukoy]  £961/¢1/01
X ¢'9 B[ONZOUD A seovre)  [961/L0/6T
X 'L Koyang, numpny - £961/L0/TT
X 9/ nig ey 9961/01/L1
< 89 Koy, OlEA  9961/80/61
X 9 epuedn) 0101, 9961/€0/0C
X 09 vIAR[SOSN & ofdoys €£961/L0/9T
X 9°¢ eAQI redg  €961/20/1¢C
X L uel] vrez-wing  2961/60/10
HOSI SdAV ODSANN  odioyse], LIJHH [¥Hd  SpmiuSe Anunop Syenbyey  Sjeq/reax

UBWLIOD

HOSI PUe SAAV ‘ALD ‘LA ‘TIHH ‘OISANN £q uayeropun ‘€ 107961

‘SUOISSTUW P[oY Jo ATewrwung '] d[qe,



g X 6'9 uedef NqIoS UM-oueseN  ¥861/60/t1
m X 9 vsn eIuIojI[R) ‘[[1H UeSIOW  $861/40/¥C
o X 99 vsn memey ‘TyI0eY  €861/11/91
X 0S wnidfeg wnid[eg ‘93917  €861/11/30

X I'L Koy, AoyIn, uIdIseAULON  €861/01/0€

X 0L vsn oyep] “Yesd yeiog €861/01/81

X L'L uedef nqnuD)-Tey-UeyIN  €861/50/9T

X $9 vsn vluIojIe) ‘®3UI[R0)  €861/S0/20

X (S BIQUIO[0D) uefedod  €861/€0/1€

X 0L JopeAfes 14 JIopeAfes ues  z861/90/61

X LS epeuR) Yormsunig mON ‘IYOIWRIN - 7861/10/60

X €999 EREETS) SI[S SAPIUOY  [861/20/¥T

X TL Aeif ejeor[iseg-eruedwe)  (0861/11/€C

X 0L vsn RIUIOJI[®D) ‘PePIULL], SI0YSIFO  0861/11/30

X X €L eLID3Y weusy-1g  0861/01/01

X 79 001X eleq ‘I[edIXoN  0861/90/60

X ¥'9 vsn BILIOJI[RD) D[IAURID  (0861/10/¥T

X ¥'9 vsn eruiojife) ‘Ajuno) rersdwy  6L61/01/S1

X L 0I30UAUOIA 0I30UAUOIN  6L61/70/S1

X L'L OOIXAN o1a1RND)  6L61/€0/11

X 6L 0OIXa voexeQ  8.61/11/6T

X ¥'9 EREES) eoIuofes  8/61/90/0C

X SL ueder IBeAIN 8L61/90/C1

X 8'C uel] IO LL61/21/61

X .v.h .mc_uﬁow;w uenf cﬁm vﬁm wuuosﬁU hhmﬁ\ﬁﬂ\MN

X X TL RIUBWOY BOURIA  LL61/€0/40

X 6L sourddriyq oruBpUIN  9/61/80/L1

HOSI SddV ODSANN  2doiopyse], LIJAH [Ydd  Spmiusey Anuno) oyenbyurey  sjeQ/rea X

UBWLIOD

14

(ponunuod) 'Y Aqe],



15

The Full-Scale Laboratory: The Practice of Post-Earthquake Reconnaissance. . .

1

(ponurjuod)

X

KoK K K K X

ST > > o ST T S

o

L9

9
LS
['8
8L
9°¢
6
99
9
1Y
69
79
L'L
9°¢
L'L
8L
0L
145
69
89
09
TLOL
6°¢
€9
Y
79

08
S'L

vsn

elpuy

vsn

weno
ueder

vsn

1dA3q

vsn

vsn
SPUBLISYION
Aoyung,
elpuy

BOTY BISOD
Apei

uel[
sourddifryq
BIUBWOY
BIfRIISNY
vsn
BIUSULIY
epeuR))
BUID

vsn
pue[RaZ MIN
IopeA[eS 19
909910)

OJIXO]
AMMD

BILIOJI[E)) ‘O3 PLIYLION

eIYSBIRYRIA
JOLnSI e e[y
u03a1Q ‘s[req yrewers|
PUB[S] JO pug yinog
DlO-TosUBN-OpIEOH
uo3aIQ ‘S[[IA 109S
olre)
eruIojIfe) ‘Iedg Sig pue SIopue|
BIUIOJI[E)) ‘9L, enysof
PUNULIdOY
ueouIZIg
[emylen
B[[20SH ®B] 9P S[[BA
A71018 ‘eISn3ny
[rfuey
uozn|
BIUBWOY ‘BOOUBIA
eI[RNSNY ‘Q[ISLOMIN
RIUIOJI[R)) ‘BALI{ BUWO]
yendg
29gon) ‘Aeuangeg
ueuun x
BIUIOJI[ED) ‘SMOLIEN JOTNIYA
aquno3pyg
IopeA[eS ues
eleweey]

(KD
OJIXJJA]) UBOBOYDIJA-OIQLIIND)
O9[I0I'T

¥661/10/L1

£661/60/6T
£661/60/0T
£661/80/80
€661/L0/C1
€661/€0/ST
T661/01/C1
7661/90/8T
T661/40/TT
T661/70/€1
T661/€0/€1
1661/01/0T
1661/40/CC
0661/T1/€1
0661/90/1¢
0661/L0/91
0661/50/0¢
6861/T1/LT
6861/01/L1
8861/C1/L0
8861/11/5C
8861/11/90
L861/01/10
L861/€0/20
9861/01/01
9861/60/¢€1

$861/60/61
$861/€0/€0



g X X X 9L Koyng, 119v00Y  6661/80/L1
wq X $9 001X uedenyal,  6661/90/S1
" X 96 anbrunrey anbrunieN  6661/90/80
X 99 eIpup noweyd  6661/£0/6T
X X X X 79 BIQUIO[OD) orpumd 14 6661/10/5T
X 0L voumo maN ended 1580 YMON T8N 8661/L0/L1
X X X 79 Koyng, ueyAaD-euepY  8661/90/LT
L'SSS (syorey
X X ‘€666 SS Aoy -eLiqui)) sLRS ATeI] L661  L661/60/9T
X X X 69 B[ONZOUIA 0dBLIED  £661/L0/60
X 8'C eIpup Indreqer  £661/50/2T
X €L uel] [BPIY  L661/S0/01
X S'L niag BIZEN  9661/11/C1
X YL nisg sloquIyd  9661/20/1T
X TS douery J9[[IOUd-3p-[ned-1S  9661/20/81
X '8 BIsouopu| uoI3ay eAe[ URLl  9661/0/L1
X 79 eury) Sueill']  9661/20/€0
X I'L 1d43g eqeby  6661/11/2¢C
X 9L 001X O[[IUBZUBIN  S661/01/60
X 0L BISQUOpU] ynuadresuns  6661/01/L0
X 09 Koying, Teul  $661/01/10
X TL 001X saderow)  §661/60/11
X 08 Elitte) QD ‘eiseSeIoIy  S661/L0/0€
X 99 EREES) (UHON-[eUD) BUAARID  G661/S0/E1
X X 69 uedef 390 S661/10/L1
X 0L sourddiiyq puels] OI0PUIN  $661/11/S1
X T8 uedef 1jO-04O], OPIEOH/SPURS] [UNY  $661/01/40
HOSI SddV ODSANN  2doiopyse], LIJAH [Ydd  Spmiusey Anuno) oyenbyurey  sjeQ/rea X

UBWLIOD

16

(ponunuod) 'Y Aqe],



17

The Full-Scale Laboratory: The Practice of Post-Earthquake Reconnaissance. . .

1

(ponurnjuod)

X

[T T

KoX K X X X XK

MoK X X K X

ST T

99

06
Y
99
09
9
99
¢9
€8
¢9
s
0L
89
9
9L
6L
VL
6°C
¢9
'L
9
7’8
89
L'L
L'L
L
L'L
6°¢
s

ueder
puerrey[, ‘ejue] us ‘arod

-B3UIS ‘SOAIP[BIA ‘BISQUOPU] ‘BIpU]

adnojepenn
ueder

vSn
0000I0JA
uel[

vSn

ueder
oriqndey ueosrurwoq
ueder

ueder
BLIOI[Y
Aoyung,
0OTXIN
vSn
BISSUOPU]
A1

uel]
uemIe],
Koyyn,
nIg

vsn

elpuy
IopeATeS 19
Koy,
uemIe],
929910
Koy,

nysnAy|
IWEBUNS ], UB3D() UBIPU]
puE SpUB[S] UBWEpUY-elRWNg
souresg soJ
nsjony) udy eIeINN
(eruzogie) [eNUL)) PIoYNIEd
1580D) YMON
(uel] wIdIseAYINOG) Wweyg
BIUIOJI[E)) ‘UOQWIS UeS
OpIexOoH
BIR[d O1aNg
ISRATA UIOYLION
LIRS TWeUIA
(LIS Y UIAYLION]) soplownog
[o3urg
OJIXJIA ‘BWI[0D)
eYSEIY ‘Ieusq
enewng
SSTION
ns unys-feae-reyqe-wresd qy
uemIe], ISeylION
13epuejng
nIod uIyINos
uoj3urysepn ‘A[renbsiN
(nyg
10peA[ES [H
KoIng, ‘@0zn(q
uo-1ud
suayIy
Koyan, yrwuzy

€002/€0/0T

$002/T1/9T
$00T/11/1¢
$002/01/€T
$002/60/8T
$00T/20/tC
€002/1/92
€002/21/2t
£002/60/ST
£00¢/60/TT
€002/L0/9T
€002/50/9t
£002/S0/12
€002/S0/10
€002/10/1T
2002/11/€0
2002/11/20
T00T/01/1€¢
2002/90/Ct
2002T/€0/1€
2002/20/€0
1002/90/€¢
1002/20/8¢
1002/10/9¢
1002/10/€1
6661/11/C1
6661/60/1¢C
6661/60/L0
6661/80/1¢



g X X 0L nrey nrey  0107/10/1
& X 9 vsn wyeIng  010¢/10/01
Y X X X 9L eIsouopu| eIsauopuy ‘Sueped  600¢/60/0¢
X X 08 rowresg SpUB|S] UBOWES  6002/60/6C
X 0L eIsouopuy RISOUOPU] “BAR[  6002/60/20
X $9 uedef feq eSems  6007/80/11
X €L senpuoy (a10ys}jo) sempuoH  6002/S0/8T
X X X X €9 Aoy Aref ‘ermby . T 6002/+0/90
X 69 uedef nysuoH  8007/90/%1
X €9 929210 902210 210YSPO  8007/90/30
X X X 6L itie) UBNUOUSA  800T/SO/CT
X 9°G ©ISZAIZAY] ©ISZAISAY ‘eIN  8002/10/10
X X L'L Silte} o[y “edoso -easeSejoluy  L00T/11/41
X 6L BISQUOpU| rnRWNS  £002/60/€1
X X ¢'8 BISQUOpU| eNEWNG WILINOS  £00T/60/C]
X X X 08 nig n1od Ise0) [enua) IeoN  £00T/80/S1
X X X 99 ueder (s10ysjjo) nysuoH L00Z/L0/91
X X L9 ueder (a10ysyjo) esurudg 010N  L00T/€0/ST
X X 9 eISouopuy rISQUOPU] ‘enewWIng UIISIM  £002/€0/90
" 'L ueMIR], uemIe], 900¢/c1/9¢
X L'L eIsauopuy BAB[  900T/LO/L1
X X X €9 eIsuopuy BAB[  9007/S0/9C
(909010
X 69 929210 UIR1SOMIINOG) PUB[S] BIIAS  9007/10/30
X X X X 9L ue)syed ‘erpuf Tuyses] - 5002/01/80
X 8L cilte} eoedere],  002/90/<1
X X L8 eIsuopuy eIEWNG WIYLON  S00T/€0/8C
HOSI SdAV OOSHANN  92Iopise], LIJAd TYdd  opmIusey Anunop oxenbyireg o/

UBWLIOD

18

(ponunuod) 'Y Aqe],



19

The Full-Scale Laboratory: The Practice of Post-Earthquake Reconnaissance. . .

1

ST T A S I o T T

<

99
9
89
VL
¥'9°¢9
VL
'L
69
8¢
06
€9
¢9
'L
L
[
88

euIy)
uelIp

JTewueAN
elRWISIEND)
uel|

OJIXIIN
Aoyung,

[edoN ‘erpuy ‘ueinyg
vsn

uedep
puereaz maN
uel[

puereaz MaN
VS ‘0N
uedef

QD

eury) ‘Aluno)) ueysn|
uelIy ‘Iyaysng

TewueAN ‘0qQamys
ereworeny) ‘oorredwey)
uel] ‘Iey-URyIeZICA
021X3IA “‘dadarow
KoyanJ, urojseqg

WIS

BIUISITA

ueder nyoyog,

PUB[EIZ MAN ‘YoINYIISLIYD
PeqeuIasSOHq

pue[eoz MoN ‘AIngiojue)
0JIXQIA ‘BrulojIfe) Bleg
eulrys uo,

(s10ys330) SIYD “ONEN

€102/¥0/0T
€102/¥0/60
C10T/11/11
C10T/11/L0
T102/80/11
2102/€0/0¢
1102/01/€T
1102/60/81
1102/80/€T
1102/€0/11
1102/20/TC
0102/C1/0¢T
0102/60/+0
0102/+0/+0
0102/20/LT
0102/20/LT



20 R. Spence

said that he had himself spent, in total, more than 5 years of his life on such field
investigations. A few of the more notable findings of specific missions are worth
summarising.

1.4.1 The M = 6.1 Skopje Earthquake of 26 July 1963

The earthquake, though not of great magnitude, was of shallow depth, and had its
epicentre close to or within the city. The report concentrated on damage within
Skopje itself, a city which had grown very rapidly from a population of 47,000 in
1947 to 220,000 in 1962. Damage was in some areas very severe, but much of the
city’s infrastructure was left intact or repairable; the spatial damage distribution
was difficult to understand. Varying soil conditions, marked variations in the
standards of construction, particularly in reinforced concrete structures, and the
effect of the 1962 Vardar floods on basements and subsoil conditions were all
thought to have played a part. Flexible structures were found to have behaved far
better than rigid ones (UNESCO 1963).

1.4.2 The M = 6.8 Varto-Ustiikran Earthquake of 19 August
1966

Damage was over a wide, largely rural, area of Eastern Turkey, and many houses of
traditional adobe or stone masonry construction collapsed. Some houses used
reinforced concrete, but construction standards were very poor. It was impossible
to assess macroseismic intensity above MMI VII +in rural areas, because in many
places all buildings collapsed at this intensity; damage from a series of foreshocks
in the months before the August earthquake probably contributed to this. The report
concluded that, for this reason, past assessments of intensity in developing countries
may have been systematically overestimated (Ambraseys and Zatopek 1967).

1.4.3 The M =7.1 Mudurnu Valley Earthquake of 22 July
1967

This earthquake, on a section of the North Anatolian Fault with many previous
recorded events, caused more than 80 km of surface rupture. The fault displacement
was traced along the whole of this rupture length, with a maximum right lateral
displacement of 1.9 and 1.2 m vertical; observations on power lines suggested that
there was considerable additional displacement away from the immediate surface
rupture. Damage was very severe over a wide area, but damage in the immediate



1 The Full-Scale Laboratory: The Practice of Post-Earthquake Reconnaissance. . . 21

vicinity of the fault break was no higher than that at distances as much as 10 km
from the fault. As for the Varto earthquake, it was impossible to assess intensities
above MMI VII because almost all adobe construction collapsed. There was a very
large difference between the performance of adobe and timber-frame buildings,
which survived well. There were significant ground displacements and associated
liquefaction in and around Sapanca Lake (an observation which was to be repeated
in the 1999 Kocaeli and Duzce earthquakes, which also affected this part of the fault
zone) (Ambraseys et al. 1968).

1.4.4 The M = 6.4 Pattan Earthquake of 28 December 1974

The earthquake affected a mountainous region of Northern Pakistan characterised
by steep slopes and deep valleys, with a relatively small seasonally migrant
agricultural population. The focal depth, as deduced from the seismic array at the
Tarbela Dam 130 km south, was relatively shallow, about 5 km, and the direction-
ality of movement was in accordance with expected movement on the Himalayan
thrust; however there was no observed surface faulting. Widespread rockfalls
damaged roads; and the earthquake occurred in winter, making access to many of
the affected places difficult. Nevertheless the UNESCO team were able to visit
most of the worst damaged settlements, often on foot, and record the damage
distribution. Stone masonry is a common material of construction in the area, and
marked differences in level of damage were noted according to the form of
construction. In many cases the roofs (flat packed earth on timber rafters), were
supported independently of the timber-laced rubble-filled walls on separate timber
columns (Fig. 1.8); in other cases the roofs were directly supported on the walls.
The houses which had bearing walls were found to have suffered severely from the
earthquake, but those with independent columns much less. (This observation was
to be followed up in the 1980 International Karakoram Project, Spence et al. 1983).
There were very few modern structures in the area. Brick masonry buildings with
good quality mortar were little damaged, but others were damaged severely.
Bridges generally survived intact, but the Karakoram Highway was seriously
affected by rockfalls in many places (Ambraseys et al. 1975).

1.4.5 The M =6.3 Gemona di Friuli Earthquake of 6 May
1976

The earthquake was the first visited by a UNESCO team to occur in an area with a
large number of buildings of historical importance. The main objective of this
mission was to study damage to structures, rather than investigate the geological
and seismological aspects. The team accordingly consisted of two architects and an
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Fig. 1.8 Stone masonry
buildings with roofs
supported on timber
columns independently of
the walls, from UNESCO
mission to 1974 Pattan
earthquake (Ambraseys
et al. 1975)

engineer (Ambraseys), and the report divides into three separate parts. The report
notes the unusually large number of large aftershocks, associated with earthquakes
in this region. The damage caused by this repeated activity compounded that
resulting from the age and poor quality of much construction. Construction methods
typical of the Friuli region of Italy are described in detail, and the many weaknesses
in the stone masonry leading to damage and collapse are described; these were
further compounded by improper repair, war damage and previous earthquakes; it is
noted, though, that many houses were saved from collapse by the use of tie-rods in
masonry walls which held walls together. A detailed listing of the historic churches
and palazzi damaged by the earthquake is given, covering a very wide area but with
a particular concentration in the historic towns of Gemona and Venzone. A section
discusses the loss of life and injuries, and its demographic distribution, and analyses
possible reasons for higher casualties among the young adult population in the older
town centres, probably the first time this issue was considered in a field mission
report (Ambraseys 1976b).

1.4.6 The M =7.2 Romania Earthquake of 4 March 1977

This report, like that of Friuli, is also a compilation of separate reports, that of
Ambraseys dealing with the earthquake and its principal effects, and that of
Despeyroux dealing with the behaviour of buildings. The earthquake was deep
(110 km); it occurred in the same area, with a very similar magnitude and depth as a
previous one in 1940 (and, indeed a later one in 1990). Both earthquakes caused
moderate damage over a wide area (around 80,000 kmz), with a particular concen-
tration of damage in Bucharest about 200 km away from the focus. Much of the
damage was sustained by older reinforced concrete frame buildings which had
either been damaged in 1940 or built without provision for earthquake loading
(Fig. 1.9). By contrast, small brick bearing wall structures suffered relatively minor
damage. The recording of a strong motion accelerograph from the Building
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Fig. 1.9 Damage to older
reinforced concrete
buildings in Bucharest in
the 1977 Romania
earthquake, recorded by the
UNESCO mission
(Ambraseys and
Despeyroux 1978)

Research Institute in Bucharest was analysed, and the response spectrum approx-
imately extracted, showing a peak between 1.5 and 2 s. The concentration of
damage in 6-12 storey RC frame buildings (with fundamental periods of 0.7—
1.6 s (the ascending branch of the response spectrum) is thus explained. Over the
whole affected area, intensity assessment was made very difficult because of the
lack of damage caused by high-frequency ground motion. Earlier attempts to
provide a microzonation of Romania and Bucharest are shown to have been
ineffective for this event: the report notes that there was “not the slightest similarity
in pattern between the predicted and observed damage pattern”. The importance of
reconsidering the design codes to be able to deal with both long—period motions
from distant earthquakes and local, shallow earthquakes is emphasised (Ambraseys
and Despeyroux 1978).

The 1980 El Asnam Mission was the last such UNESCO mission. While it
lasted, the UNESCO programme made vital contributions to the understanding of
earthquake effects across a wide area of the world. Fault systems were mapped,
ground motion and response spectra and their distribution was reported and
analysed where possible, the distribution of damage across the affected zone was
explored, the effects of subsoil conditions investigated, and the performance of a
variety of types of building, including historical structures in several cases, was also
investigated. One particular aspect of this was demonstrating the relative perfor-
mance of different traditional building types in a way which is today less common,
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as field missions nowadays concentrate more on engineered and modern structures.
The style and contents of the UNESCO Reports was to become a template for those
of later field missions.

But the inherent inter-disciplinarity of the UNESCO Missions was perhaps
difficult to keep going as the field investigation techniques of the different disci-
plines matured and it also became more common to involve research students in the
data collection. And as Fournier-D’Albe (1986) states in the Foreword to the
compilation of field reports, the administrative obstacles that such UN-sponsored
international missions had to overcome were steadily increasing. From 1980
onwards earthquake engineering reconnaissance missions organised by national
societies, and supported by research councils and by industry began to become
more common, while earth scientists have tended to conduct separate studies with
different itineraries and timescales.

1.5 EERI Learning from Earthquakes Programme
(1972-2014)

The Earthquake Engineering Research Institute, based in Oakland California, was
founded in 1949, and has conducted post-earthquake field investigations, both of
US and non-US earthquakes from its inception. However, until 1971 these missions
were ad-hoc responses to the events, largely focussed on investigating damage to
buildings. The 1971 San Fernando earthquake was the stimulus to establishing
EERI’s Learning from Earthquakes (LFE) programme; it became clear from that
event that advance planning and coordination would have been beneficial to
achieve the maximum benefit in understanding the damage, and ensuring that all
aspects of the event were examined, and avoiding the tendency of individual
surveys to duplicate each others’ investigations. The LFE programme was
formalised in 1973, with three principal activities: conducting field investigations;
developing guidelines for conducting post-earthquake investigations that enable
consistent data to be collected; and disseminating the lessons learned (EERI 1986,
1995a). For many years funding for the LFE programme has been provided by the
US National Science Foundation.

Today, after mounting investigations of nearly 300 events, EERI has developed
a highly professional approach to the mounting and management of field missions,
and can claim to be the world’s leading earthquake field investigation organisation.
With a large worldwide individual membership, EERI is in many respects an
international organisation with a global outreach. As well as documenting each
separate mission, EERI has also documented the overall learning from its field
missions in a number of different publications (EERI 1986, 2004).

EERI is notified on a 24-h basis of all global earthquakes likely to have been
damaging by the National Earthquake Information Service of USGS; the Executive
Committee then has responsibility for deciding which earthquakes EERI will
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investigate. The level of response is determined by the location and extent of
damage. In general terms for small earthquakes in the USA or for moderate
earthquake abroad, EERI identifies members in the area who can be asked to
conduct a short investigation and produce a brief report for the EERI newsletter.
For earthquakes outside the USA which “hold potentially significant lessons for US
practice”, a multidisciplinary reconnaissance team of 4—-8 members is sent into the
field for typically 1 week or more; EERI members from the affected country are
often members, sometimes the leaders, of such reconnaissance teams. The aims of
such reconnaissance teams (EERI 1995a) are:

1. To collect the available perishable data in an effort to learn as much as possible
about the nature and extent of damage and identify possible gaps in existing
research or in the practical application of scientific, engineering and policy
knowledge, and

2. To make recommendations regarding the need for further research and suggest
possible foci.

For significant earthquakes in the USA, similar reconnaissance teams may be
mounted, but for US events EERI also works closely with local universities or
companies which are mounting their own investigations to ensure that all available
observations are assembled and reported.

In either case the findings of each reconnaissance mission are recorded in a
Reconnaissance Team Report, sometimes, for major events, in a special issue of the
EERI journal Earthquake Spectra (www.earthquakespectra.org), and more recently
by an online report. All reports are available through a web portal at https://www.
eeri.org/projects/learning-from-earthquakes-lfe/lfe-reconnaissance-archive;/.

Aspects normally investigated by EERI post-earthquake reconnaissance mis-
sions are very broad, but generally include the following:

* Geosciences

* Geotechnical engineering

¢ Engineered buildings

¢ Industrial facilities

¢ Lifelines and transportation structures

» Architectural and non-structural elements

» Emergency management and response

» Societal impacts

« Urban planning and public policy implications

Each of these topics normally constitutes a chapter of the final report. Where
appropriate a chapter on tsunami impacts may also be included. The level of
geoscience investigation varies: but is usually primarily associated with the level
of ground shaking and its distribution, with less attention to the investigation of the
underlying faulting as was attempted by the earlier UNESCO mission teams.

An important feature of EERI’s programme are the detailed procedures laid
down for the recruitment, briefing, activity in the field, and post-event debriefing of
the reconnaissance team members, all of whom are volunteers. A balanced team
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Fig. 1.10 Locations of all field investigations by different reconnaissance teams 1962-2013

membership whose members are experienced and capable to deal with all the above
aspects is selected. For non-US earthquakes a team leader and team members able
to speak the local language are sought. Advice is also given on dealing with the
media, and the responsibility of all team members for contributing to the final
reports is emphasised (EERI 1995a).

The total number of field missions of all types conducted by EERI since the 1971
San Fernando earthquake is 290, of which 138 have led to Reconnaissance Team
Reports or Earthquake Spectra articles. Of these only 34 were in the USA, Canada
or Mexico, the remaining 104 were elsewhere in the world. On average there have
been about four such missions per year since 1990. Table 1.1 lists all of the
138 events reported in detail, and their locations are shown on the maps,
Figs. 1.10, 1.11 and 1.12.

The cumulative learning from all of these field missions is immense. An early
review was made in the publication Reducing Earthquake Hazards (EERI 1986),
and learning was more briefly reviewed in Learning from Earthquakes (EERI
2004). A selection of some of the most important contributions noted by these
publications, many of which are now widely accepted generalisations, includes the
following.

1.5.1 Contributions to Structural Engineering

It has consistently been found that well-designed, well detailed and well-
constructed buildings resist earthquake-induced forces without excessive damage,
though designing to code does not necessarily protect against severe damage;
damage and collapse of buildings can often be attributed to poor construction
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Fig. 1.13 Damage to
precast concrete garage
structure in the 1994
Northridge earthquake from
the EERI photographic
dataset for that earthquake
(EERI 1995a)

practice and lack of quality control. Detailing for ductility and redundancy provide
safety against collapse: a complete load path designed for seismic forces must be
provided. The stiffness of the lateral load resisting system has a major effect on both
structural and non-structural damage. Properly designed horizontal diaphragms are
essential. Irregularities in both plan and elevation can have a very significant effect
on earthquake performance, especially soft stories. Inadequate distance between
buildings can result in pounding damage. Stiff elements not considered in the
design can strongly affect the seismic response of a building (Fig. 1.13).

The relative performance of structures with different load-resisting systems has
shown that unreinforced masonry buildings have performed poorly, though better if
strengthened with steel ties; by contrast reinforced and confined masonry buildings
have performed well. Steel frame buildings have generally performed well, though
investigations following the 1994 Northridge and 1995 Kobe earthquakes found
unexpected levels of damage to welded connections. Performance of precast and
pre-stressed concrete buildings depend critically on the connection of the elements;
exterior panels and parapets need strong anchoring to protect life safety. Though
timber frame structures often perform comparatively well, various recent forms of
wood frame construction has been found to have serious weaknesses. Reinforced
concrete frame buildings often demonstrate similar weaknesses, including the roles
of a soft storey, nonductile elements, and irregularities in contributing to damage or
collapse.

The importance of such observations consists not only in their occurrence and
reporting in one earthquake, but in the repetition of the same observation in many
earthquakes in different regions with differing patterns of ground motion, in
building stocks designed to different codes and built according to differing local
practices.

These and other observations derived from field studies have led, often through
subsequent research programmes (such as that of Arnold and Reitherman 1982), to
the progressive development of the building codes for earthquake-resistant con-
struction in the USA, from ATC3-06 (ATC 1978) through to the current version of
the International Building Code (International Code Council 2012). The US codes,
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in turn, have influenced earthquake construction codes in other countries of the
world. Thus a direct link can be traced between the structural engineering findings
of these EERI Field Reconnaissance Missions and today’s best practice in the
structural design of buildings worldwide. Field mission experience has also led to
the definition of a small number of Model Building Types (FEMA 2003; Jaiswal
et al. 2011) used in loss estimation studies, and to the development of standards for
the evaluation of existing buildings to assess whether they should be strengthened
(ASCE 2003). Field investigations have also helped gain acceptance for new
technologies such as seismic isolation and semi-active control (Booth, pers comm).

1.5.2 Contributions to Site Effects and Geotechnical
Engineering

Field investigations of the distribution of damage, coupled with the increasing
availability of strong ground motion recordings of the main shock and aftershocks,
has led to a better understanding of the role played by site conditions on the
amplification of ground motion and the types and distribution of damage to
structures. Prior to 1999 there were only eight strong ground motion recordings
worldwide within 20 km of the fault for earthquakes greater than M =7 (EERI
2004). In the last 15 years this situation has been transformed by the much wider
availability of such records which, coupled with field observation of damage, has
enabled a much better understanding to be gained of the role played by soil
amplification, topographical effects, location in relation to the fault, and the nature
of the ground motion, on the damage to structures caused by earthquakes.

As aresult of this, it is now widely recognised that no single parameter of ground
motion can be used to define the damage capability of strong ground motion, and
that features such as fault-rupture type, duration, frequency content, and the ratio of
vertical to horizontal ground motion amplitudes have to be considered in different
ways for different classes of structures. In some especially well-instrumented
events such as 1994 Northridge, effects of ground motion directivity and of high
vertical acceleration on damage distributions have been observed. For different
regions, ground motion prediction equations have been developed through which it
is possible to estimate the ground motion for locations where it has not been
measured directly.

Liquefaction effects have been observed in reconnaissance missions following a
number of earthquakes, notably 1989 Loma Prieta, 1995 Kobe, 1999 Kocaeli , 2004
Niigata 2010 Haiti and 2011 Christchurch events, which have enabled an extensive
database of liquefaction effects to buildings, bridges, port structures and pipelines
to be assembled, enabling improvements in the design of such structures in soils
with a liquefaction potential. Field missions have enabled similar advances in
understanding of the deformations caused by the displacement at surface fault
ruptures and by landslides.
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1.5.3 Contributions to Lifeline Engineering

Investigations into the performance of lifelines have been a crucial aspect of EERI
reconnaissance missions. Bridges and highway structures, gas and water pipelines,
and electrical power generation and transmission systems all suffered damage in
recent earthquakes. The data assembled by field missions has included damage, lost
service and needed repair. This has identified both systems that have performed
well and those that failed; and has resulted in numerous changes to design practices
including better characterisation of ground motion, better specification of materials,
anchorage details and welding practices. Damage to the power supply system in the
1999 Taiwan earthquake demonstrated the importance of building redundancy into
lifeline systems.

1.5.4 Contributions to Social Science (and Urban Planning)

Since 1977 social scientists have regularly contributed to field reconnaissance
missions, studying aspects of mitigation, response and preparedness, and more
recently post-earthquake recovery. These observations have been used in the design
of disaster plans for areas of the US which have not experienced an earthquake.
From such studies, conducted in many different societies, certain general conclu-
sions have been reached. It is now widely understood that that the most effective
search and rescue activity is neighbourhood-based, involving informal groups of
individuals who are on the scene because they live or work there; this has been used
in the US to develop training programmes for neighbourhood groups. It is also
understood that self-protective practices applicable for well-designed structures do
not work in poorly built or weak masonry structures. Observations of emergency
response procedures adopted in different situations have demonstrated a need for a
more integrated approach to building design, land-use planning and emergency
response in many seismic hazard areas. Experience in communities affected by
tsunamis has provided important lessons in the best way to manage the distribution
of warnings to potentially affected communities. Strategies for providing temporary
shelter in different societies have been observed and their effectiveness reviewed.
More recent field missions have revisited areas affected by earthquakes after a lapse
of some months or years, and a database is being assembled of longer-term recovery
experiences, which will provide data on the relative success of, for example,
centralised or decentralised approaches to recovery. In recent events, the availabil-
ity of rapid post-event damage estimation (e.g. using the USGS PAGER, or
QLARM approach, Jaiswal et al. 2011; Trendafilowski et al. 2011) has enabled
an early assessment of recovery needs. The impact of such early warnings has been
assessed in recent events.
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1.5.5 Use of Information Technology

EERI has been involved in pioneering the use and development of new information
technology tools for post-earthquake reconnaissance. High-resolution satellite
imagery has now been available for more than 10 years, and was first used to
examine damage after the 2001 Gujarat earthquake in India (Saito et al. 2004).
More recently, the satellite image providers have been able to rapidly make
available before-event and after-event images of the most badly affected areas at
less than 1 m resolution, and these have been used to guide reconnaissance missions
in the field. Field investigations (2003 Bam, 2010 Haiti) have experimented with
the use of VIEWS, a satellite linked video camera for recording damage, enabling a
large increase in the speed of capturing building-by-building damage data in ground
surveys. In recent earthquakes EERI has, in conjunction with ImageCat, deployed
the GEOCAN network, a method of obtaining a rapid building-by-building damage
assessment directly from satellite imagery using crowd sourcing (this technology is
further discussed in Sect. 1.7). After recent events EERI has established a
web-based data assembly and dissemination tool, called the Virtual Clearinghouse,
on the EERI website. This enables the field team, the researcher community and
EERI to upload data and communicate rapidly. The Virtual Clearinghouse has been
mounted for 12 events since 2009.

1.6 EEFIT (1982-2014)

The UK-based Earthquake Engineering Field Investigation Team (EEFIT) was
founded in 1982. Its direct origin was a field investigation of the 1980 Irpinia
Earthquake in Southern Italy by the author with several UK colleagues (Spence
et al. 1982). Because of logistical difficulties, this field investigation did not take
place until four months after the earthquake, and it was realised that for field
missions to be most effective they should occur earlier; for this to be possible, a
team should be ready to mobilise at short notice, with procedures and funding
sources in place beforehand. In 1982 EEFIT was formed as “a UK-based group of
engineers, architects and scientists who seek to collaborate with colleagues in
earthquake-prone countries in the task of improving the seismic resistance of both
traditional and engineered structures”. It was supported by both the Institution of
Civil Engineers though SECED (the British national section of IAEE) and the
Institution of Structural Engineers (IStructE). From the outset EEFIT was envis-
aged as a collaboration between academic institutions and the practising engineer-
ing profession.

EEFIT exists solely to facilitate the formation of investigation teams which are
able to undertake, at short notice, field studies following major damaging earth-
quakes and to disseminate the findings to engineers, academics, researchers and
extent the general public. The objectives are to collect data and make observations
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leading to improvements in design methods and techniques for strengthening and
retrofit, and where appropriate to initiate longer-term studies. Field training for
engineers involved in earthquake-resistant design practice and research is also one
of its key objectives. Recently EEFIT has extended its activities by conducting two
longitudinal studies, one to L’Aquila (Rossetto et al. 2014) and one to Tohoku,
Japan; the objectives of these were to better understand the recovery process and
how engineers can contribute to this. The observations and findings from these
missions are published in detailed reports and usually include sections on:

* Mission methodology

» The earthquake affected region

¢ Seismological aspects

» Types of damage, including distribution and extent, on both engineered and
non-engineered structures

» Social and economic effects of the earthquakes.

EEFIT reports can be freely downloaded from http://www.istructe.org/
resources-centre/technical-topic-areas/eefit/eefit-reports and contain many valuable
descriptions of failure and detailed photographs.

For any major reported earthquake, the EEFIT management committee decides
whether the event might merit an investigation; if so, EEFIT members are invited to
express an interest in joining a mission; the management committee then decides
whether a mission is justified, who should be invited to participate and who should
be the team leader. The team leader, a person with experience of previous missions
and if possible also with knowledge of the country affected, organises the logistics
of the mission, including making local contacts and obtaining any permissions
needed. Team members are briefed by the team leader including any necessary risk
assessments, and asked to sign a form committing them, among other things, to
contribute to the final report. Since the late 1980s IStructE has provided the
secretarial support for EEFIT. The relatively small recurrent central office costs
of running EEFIT are met by IStructE, as well as membership subscriptions and
corporate sponsorship. The time and mission expenses of practising engineers are
provided by their employers, while the expenses of academic participants is met by
specific grants from the UK Engineering and Physical Sciences Research Council,
using an accelerated application procedure. Since 2010 EPSRC has provided
funding for a 5-year programme of work, which has ensured that reconnaissance
missions can continue to be supported, and has enabled follow-up missions to take
place (Rossetto et al. 2014; Booth et al. 2011a).

Between 1982 and 2014 EEFIT reconnaissance team have visited and produced
reports on 29 separate earthquakes, including most of the significant events of the
period, with two of these (2009 L’Aquila and 2011 Tohoku) having had follow-up
missions. A list of these events is shown in Table 1.1, and the locations are shown in
Figs. 1.10, 1.11 and 1.12. Eight of these events have been in the wider European
area (in countries with EAEE membership, Fig. 1.11). Collaboration with other
national teams has been an important feature of these missions where possible, and
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Fig. 1.14 Damage to the Basilica of S. Francisco at Assisi in the 1997 Umbria-Marche Earth-
quake: investigation of performance of historical structures has been a regular feature of EEFIT
missions (Spence 1998)

EEFIT has collaborated with teams from France, Italy, Turkey, USA, Chile, Peru
and New Zealand.

The findings of EEFIT reports echo, in many respects, those of the EERI mis-
sions listed earlier. An important aspect of EEFIT’s mission is in the training of
younger engineers and scientists, and this has been achieved by the participation of
over 100 engineers and scientists in EEFIT missions, more or less equally divided
between industry and academia. EEFIT members have been involved in the devel-
opment of Eurocode 8, now governing the design of structures in most EU coun-
tries, helping to bring field observations into new code provisions. As in the USA,
field mission findings have been the basis for a number of important subsequent
research programmes (Booth et al. 2011a) including:

¢ Development of guidelines for the post-earthquake investigation of historical
structures and non-engineered buildings Fig. 1.14, and approaches for the repair
and strengthening of masonry structures (Hughes and Lubkowski 1999; Patel
et al. 2001).

e Development of vulnerability functions for masonry structures and historic
centres (D’Ayala 2013) and the need for code provisions for vernacular struc-
tures (D’Ayala and Benzoni 2012); these are further discussed in Sect. 1.8.

» The development of databases of earthquake damage data: in recent years these
have been web-based searchable databases, which enable cross-event compari-
sons to be made, such as CEQID (Spence et al. 2011) and GEMECD
(So et al. 2012); these are further discussed in Sect. 1.8.
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» Soil amplification and other effects following the Mexico earthquake of 1985
(Steedman et al. 1986; Heidebrecht et al. 1990).

e Seismic hazard and risk in areas of low seismicity (Chandler et al. 1991; Pappin
et al. 1994).

* Modelling of tsunami impacts on structures (Allsop et al. 2008).

¢ Mitigation of liquefaction effects on foundations (Brennan and Madabhushi
2002).

¢ Performance of earth dams in earthquakes (Madabhushi and Haigh 2005).

* Understanding human casualties associated with building damage in earth-
quakes (So et al. 2008); this is further discussed in Sect. 1.8.

» Assessment and validation of damage estimates from satellite and aerial images
(Booth et al. 201 1b; Foulser-Piggott et al. 2014); this work is further discussed in
Sect. 1.8.

» Relationships between ground motions and observed damage (Goda et al. 2013)

These research programmes have in their turn, affected both engineering prac-
tice and design regulations in the country affected and elsewhere. Of equal impor-
tance, perhaps, have been the establishment of lasting collaborations with
colleagues and research teams in the affected countries, which, particularly in the
EU countries, have led to UK involvement in long-term funded collaborations such
as RiskUE (2001-2004), LessLoss (2004—2008) and PERPETUATE (2009-2012).

1.7 Other Post-Earthquake Field Reconnaissance Teams

This discussion has emphasised the UNESCO, EERI and EEFIT missions primarily
because these were deliberately set up to be international in scope, and also because
these are the best documented archives of earthquake damage descriptions available
in the English language. But post-earthquake reconnaissance missions and associ-
ated reports on damage have been made by many other organisations and by
individual efforts; there are national teams in many countries set up to undertake
post-earthquake reconnaissance, notably in Japan, France, Germany, Italy, Greece,
Turkey and China. Many university groups have fielded reconnaissance missions to
study particular aspects of earthquakes; consultancy, insurance and modelling
companies have fielded their own reconnaissance missions to obtain data for their
own purposes, some of which has been published; and the literature can yield many
thousands of individual observations of earthquake damage, which can be of great
value, particularly eyewitness accounts by acute observers such as that of Rev
Charles Davy documenting his experiences of the 1755 Lisbon earthquake (Davy
1755), Swedish doctor Axel Munthe describing his experiences in the ruins of
Messina in 1908 (Munthe 1929), or writer Jack London’s account of the 1906 San
Francisco (London 1906). To conclude this section, the aims and achievements of
three further teams with international scope will be briefly summarised.
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1.7.1 Japanese Society for Civil Engineering (JSCE)

Since 1993 JSCE has had a programme of sending field investigation teams to all
major events both in Japan and overseas. Multidisciplinary teams have investigated
strong motion, engineering and post-disaster response aspects of the events, and
reports from 1996 to 2010 are available on the JSCE website (www.jsce.or.jp/
library/eq_repo/index.html). The 38 reports covering this period are listed in
Table 1.1, and their locations are shown in Figs. 1.10, 1.11 and 1.12. Ten of these
were in Japan, 12 of the others elsewhere in Asia. The joint JSCE team investigation
with the Architectural Institute of Japan and the Japan Geotechnical Society after
the 1999 Kocaeli earthquake in Turkey, involving a joint team of Japanese and
Turkish scientists, was perhaps the most intensive investigation of that event,
including a detailed building by building survey of more than 2000 buildings in
the heavily damaged town of Golciik (AIJ 2000).

1.7.2 German Task Force (GTF)

The German Task Force for Earthquakes is a multidisciplinary response team
which was founded in 1993; it consists of scientists from geosciences, structural
engineering, sociologists and rescue specialists. It has three subsections: geology
and geophysics (the main core of the taskforce), building and underground studies,
and economic and societal affairs (Eggert et al. 2014). An important aspect of GTF
missions is the deployment of a network of strong motion instruments in the
affected area, sometimes in collaboration with other scientific teams. Since 1993
GTF participated in 22 national and international rapid response actions after
earthquakes. Eleven of these are listed in Eggert et al. (2014) of which seven had
structural engineering participation in the team. Dates and locations of these are
listed in Table 1.1 and shown in Figs. 1.10, 1.11 and 1.12. The seismological data
acquired is stored within the GEOFON data archive at GFZ Potsdam (http://geofon.
gfz-postadam.de/waveform/). The building-related reconnaissance mission reports
are available online at http://www.edac.biz/field_missions/german_taskforce_for_
earthquakes.html?L=1

1.7.3 AFPS (Association Francaise du Genie Parasismique)

AFPS is a French society set up in 1983 on the initiative of Jean Despeyroux to
promote the study of earthquakes and their consequences, and to promote measures
to mitigate their effects and to protect human life. One of its central activities has
been to send field missions to areas affected by earthquakes, especially, but not
exclusively in French speaking countries. The first of these field missions was to the
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1988 Spitak Armenia earthquake, and the AFPS website lists reports on 22 earth-
quakes since that time which have been visited by AFPS teams. These are listed in
Table 1.1, and shown in Figs. 1.10, 1.11 and 1.12. Reports on all these events are
available through the AFPS website (www.afps-seisme.org). The 92-page Report
on the 2003 Boumerdes Algeria earthquake (Mouroux 2003) is probably the most
detailed available record of that event.

1.8 Some Contributions of Post-Earthquake Field Missions
to Earthquake Engineering

1.8.1 Understanding Performance of Non-engineered
Structures

From Mallet onwards, field reconnaissance missions have frequently found that a
large proportion of the damage has been suffered by so-called “non-engineered”
structures, mostly ordinary domestic buildings built according to the local vernac-
ular, but also larger public buildings, churches, mosques etc which may be of
historical importance. Sections discussing the performance of non-engineered or
vernacular structures often form a part of the field reconnaissance reports, espe-
cially those of UNESCO and EEFIT, both of which organisations specifically set
out to record such damage.

Performance of non-engineered and/or historical buildings are discussed in
detail for example in the UNESCO reports on the 1966 Varto, 1967 Mudurnu
(Ambraseys et al. 1968), 1974 Pattan (Ambraseys et al. 1975) and 1976 Friuli
earthquake and in the EEFIT reports on the 1990 Romania, (Pomonis 1990), 1992
Erzincan (Williams 1992), 1997 Umbria-Marche (Spence 1998) and 2010 Maule,
Chile (Lubkowski 2010) earthquakes. Additionally historical structures formed an
important part also of the EEFIT report on the 2009 L’Aquila earthquake (Rossetto
2009). Other field investigators, notably Langenbach (2000), have focused
exclusively on investigation of vernacular structures. In the 1997 Umbria-Marche
and 2010 Maule earthquake it was possible to observe the performance of buildings
which had been strengthened by relatively recent interventions specifically to
improve their earthquake resistance (Fig. 1.15).

The conclusions of such investigations reveal much of interest about the com-
parative performance of different forms of traditional construction, and also about
the performance of traditional structures by comparison with more recent
engineered ones. In a variety of field reports, it has been observed that lightweight
structures, using timber frames, have had a surprisingly good performance. Local
traditions such as quincha and bahareque in Central and South America, himis and
baghdadi in Turkey, and also masonry-infilled timber frame construction dhajji
diwari in Kashmir performed comparatively well (Spence 2007) (Fig. 1.16). In
Pakistan, as noted earlier, the UNESCO mission following the 1974 Pattan
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Fig. 1.15 Investigation of
the performance of
strengthened historical
structures formed part of the
EEFIT reconnaissance
following the 2010 Maule
Chile earthquake
(Lubkowski 2010)

Fig. 1.16 Dhajji Diwari
construction in Kashmir,
found to have performed
much better than more
recent forms of construction
in Indian Kashmir following
the 2005 Kashmir
earthquake (Langenbach
2000)

earthquake observed much better performance in stone masonry buildings in which
the flat roof was independently supported on timber columns than in those buildings
in which the roof was directly supported by the walls (Ambraseys et al. 1974)
(Fig. 1.8). However, conversely, many local traditional building types, especially
those using field stone masonry or earthen construction, performed very poorly, and
uniformly collapsed at relatively low levels of ground motion. Buildings with heavy
mud roofs, or vaulted roofs, have been found to perform very poorly. But also
certain forms of timber-frame structure, such as the traditional heavy-roof con-
struction in Kobe, often performed badly (Chandler and Pomonis 1995).

For historical structures, several studies have concentrated on identifying the
particular mechanisms of damage using methods proposed by Lagomarsino
et al. 1997. Common mechanisms of damage found in the 1997 Umbria-Marche,
2009 L’Aquila and 2010 Maule earthquakes include shear cracks in walls, separa-
tion of walls at corners, overturning of facades, collapse of masonry arches and
vaults, and separation of roof trusses from supporting walls. Strengthening inter-
ventions intended to improve performance seem in some cases to have contributed
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to the failure, as for example in the case of the Basilica of S Francesco at Assisi in
1997 (Spence 1998), or more recent evidence of failure of several churches in
L’Aquila (Cimellaro et al. 2011) and Maule Chile (D’Ayala and Benzoni 2012).

It is worth considering what have been the benefits of such field investigations
for earthquake engineering, given that these are structure types which are not
designed by engineers. One benefit is in loss modelling: the accumulation of data
on damage enables us to model the performance of these building types, some of
which continue to be built in large numbers, and to estimate, for future events, what
damage and attendant casualties will occur given any particular ground motion
scenario. A second, more positive benefit is that the observation of relative damage
enables good practice to be identified. Many “building for safety” programmes have
been set up, in recent years (ASAG 1996; Schilderman 2004), which have had the
aim of bringing good earthquake resistant design practice to the construction of
small buildings in rural areas through builder training, for example in the applica-
tion of timber or reinforced concrete ring-beams to masonry structures, improving
masonry bonding, promoting improved guincha construction etc., and nowadays
using grouting or reinforced masonry (NSET 2005). There have been to date still
relatively few such programmes and most have been confined to areas which are in
the process of reconstruction following an earthquake; but they will be important as
long as housing in earthquake risk areas continues to be owner-built rather than
engineered. And this will continue to be an important role, currently rather
overlooked, for the engineering profession.

A further benefit is in the application to the protection of historical monuments.
In countries such as Italy and Greece, protection of the national heritage of
historical monuments has a high priority, and a huge number of valuable monu-
ments are at risk from earthquakes and other hazards. The observation of damage
from past earthquakes has enabled a number of common mechanisms of damage to
be classified (Lagomarsino et al. 1997; D’Ayala 2013); and this enabled not only
modelling of expected damage from future earthquakes, but also has led to devel-
opment of techniques for improving the earthquake-resistance of such structures
with minimal impact on the integrity of the ancient fabric of the monument. Such
work has been the core of two recently completed EU-funded research programmes
PERPETUATE (www.perpetuate.eu) and NIKER (www.niker.eu) (D’Ayala and
Paganoni 2014). Thus earthquake field reconnaissance missions have fed directly
and indirectly into important earthquake engineering work in the protection of
Europe’s historic monuments.

1.8.2 Understanding Human Casualties

Understanding of the direct and indirect causes of casualties (deaths and injuries) in
earthquakes is of importance to help formulate appropriate mitigation strategies, to
develop public advice for self-protection, for the planning of search and rescue, and
also to enable loss modelling to include estimates of potential numbers of people
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killed and injured in future earthquake scenarios. Most of what is currently under-
stood about human casualties is derived from post-earthquake field investigations:
although immediate post-earthquake reconnaissance missions have contributed
important data on the most vulnerable locations and building types, much of the
detailed understanding has come from a relatively small number of detailed surveys
of earthquake survivors which have taken place in the months following earth-
quakes. The factors influencing the likely numbers of casualties in any future event
are numerous. An epidemiological summary of the available studies by Petal (2011)
has identified 5 classes of variables affecting casualty rates:

 Individual (demographics, location, individual behavior)

¢ Hazard (nature of the ground motion)

¢ Building (construction type, level and type of damage)

e Mitigation (household preparedness and first response skills)
* Response (speed and effectiveness of search and rescue)

Alexander examined the casualty data following the 2009 L’ Aquila earthquake,
in which 308 people were killed, and related this to demographic factors and also to
the nature of the damage and collapse of the local building stock (Alexander 2011),
with a view to proposing better self-protective behavior.

Koyama et al. (2011) carried out an extensive questionnaire survey in Ojiya City
following the 2004 Niigata earthquake in Japan to understand the relationship
between location, types and severity of injuries and the arrangement of the building
and its furniture, and the activity of the occupants at the time of the earthquake. The
aim was to help in loss modelling and to develop strategies for a life-loss reduction
strategy. So et al. (2008), with the help of local co-workers, carried out investiga-
tions using a survivor questionnaire following the 2005 Pakistan, 2006 Yogjakarta
and 2007 Pisco earthquakes to identify the most important causal pathways of
injuries and deaths, including examination of types level and causes of injuries, the
form of construction and level of damage of the building occupied, and the extent of
rescue and post-event treatment available. Figure 1.17 shows the interconnected set
of factors found to affect the occurrence of deaths and injuries.

From such investigations it is clear that it is the level and type of building
damage that is the predominant variable affecting death and injury rates, the bulk of
casualties occurring when the building not only suffers catastrophic damage, but
collapses with significant volume loss. However, many other variables such as time
of day, the nature of the ground motion, and the behavior of the occupants can have
an important modifying influence on these casualty rates. Working with the USGS
PAGER, So (2014) has developed estimates for the likely range of fatality rates
which will be associated with building collapse for different classes of building
taking account of their likely collapse patterns, to improve casualty estimates
provided in the PAGER early post-earthquake alerts, which are now widely used
by humanitarian agencies in the planning of emergency response (Jaiswal
et al. 2011).
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Fig. 1.17 Causes of human casualties in earthquakes: derived from post-earthquake reconnais-
sance studies by So et al. (2008)

1.8.3 Assembly of Data on Earthquake Consequences

A number of the post-earthquake field missions considered have acquired damage
data in a statistical form, either from field surveys or compiled from local reports.
This has indeed been a main aim of several EEFIT missions. In the past, the data
were made available through the mission-specific publication reports and through
the research articles that discuss the observed vulnerability of selected building
classes or cross-event summaries (Coburn and Spence 2002). However with the
advent of new tools that allow the creation and design of web-accessible data
architecture, a much wider accessibility of the data is now possible. Moreover,
the publication in 2009 of the USGS ShakeMap archive (http://earthquake.usgs.
gov/shakemap), provides an estimate of the ground shaking at any location in any
past event. This enables cross-event analyses against a consistent set of estimated
ground motions and their variable impacts for the first time. The Cambridge
Earthquake Impacts Database (CEQID) (Spence et al. 2011) has been designed
and assembled to take advantage of these new tools.

CEQID (www.ceqid.org) is based on earthquake damage data assembled since
the 1960s, complemented by other more recently published and some unpublished
data. The database assembles the data into a single, organised, expandable and
web-accessible format, with a direct access to event-specific shaking hazard maps.
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Analytical tools are available which enable cross-event relationships between
casualty rates, building classes and ground motion parameters to be determined.
The Database is freely accessible to all users, and uses a simple xml format suitable
for data mining. Location maps and images of damage are provided for each
earthquake event. The Database links to the USGS ShakeMap archive to add data
on local intensities and on measured ground shaking.

Currently the database contains data on the performance of more than 1.3
million individual buildings, in over 600 surveys following 51 separate earth-
quakes, and the total is continuously increasing. The database also has a casualty
element, which gives total recorded casualties (deaths, seriously and moderately
injured), and casualty rates as a proportion of population with definitions of injury
levels used, and information on dominant types of injury, age groups affected etc.
Of the 51 events currently in the database, 23 were in Asia and the Pacific (12 of
which were in Japan), 17 in Europe, Turkey and North Africa, and 11 in North or
South America. Most of the surveys have been done in events since 1990; among
these 51 events, 18 were prior to 1990, 21 between 1990 and 2000, and 14 since
2000. Of the 1.3 million buildings in the database, 0.45 million do not have a well-
defined building or structural typology given; of the remainder, 78 % are of timber
frame, 14 % masonry, 5 % reinforced concrete, and 3 % are of other structural
types. Thus, in spite of its size, CEQID in its current state is patchy in global
coverage, and in terms of building typologies.

The cross event analysis tools of CEQID allow the construction of charts of
empirical damage data related to consistent measures of ground motion derived
from the USGS Shakemap archive to be used to show the relationship between
damage and any chosen measure of ground motion. Thus post-earthquake damage
data can be used directly to enable empirical vulnerability relationships to be
developed for any given building type, making an important contribution to loss
modelling capability.

1.8.4 GEM Earthquake Consequences Database

A more substantial assembly of earthquake consequence data has, over the last
3 years, been taking place within the framework of GEM (the Global Earthquake
Model), to complement a series of other hazard and risk components of the model
(www.globalquakemodel.org). Like CEQID, GEMECD is also open-access,
GIS-based and related to ground motion parameters derived from the USGS
shakemap archive, but its scope and the number of events for which data are
assembled is wider (So et al. 2012).
GEMECD assembles consequence data of five different categories as follows:

(a) Ground shaking damage to standard buildings (67 events)
(b) Human casualty studies and statistics (26 events)
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Fig. 1.18 Types of earthquake consequences considered in the GEM Earthquake Consequences
database (So et al. 2012)

(c) Ground shaking consequences on non-standard buildings, critical facilities,
important infrastructure and lifelines (22 events),

(d) Consequences due to secondary, induced hazards (landslides, liquefaction,
tsunami and fire following) to all types of inventory classes (24 events, 13 of
which are related to landslides)

(e) Socio-economic consequence and recovery data (18 events)

GEMECD has been designed in such a way as to be able to capture the full
spectrum of earthquake consequences which can be visualised as a matrix of the
interaction between the various inventory assets and the earthquake-related damage
agents, as shown in Fig. 1.18. Like CEQID, GEMECD also has cross-event analysis
tools which can be used to enable cross-event analyses to be derived for given
inventory classes, and levels of ground motion, leading to more robust empirical
vulnerability ~relationships. GEMECD can be accessed at http://www.
globalquakemodel.org/what/physical-integrated-risk/consequences-database/

1.8.5 Post-Earthquake Image Archives

Photographic images of geological impacts, damaged buildings and facilities have
formed an important element of the record of field investigations from the earliest
days, from Mallet’s field investigation onwards. Photographs of damage accom-
pany all UNESCO Mission reports though they were not separately archived. Both
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EERI and EEFIT have compiled photographic datasets from all recent missions,
including many images which were not included in mission reports, and these are
now available in digital form. Since 2008, ImageCat, MCEER and UCL and several
other collaborators have developed the Virtual Disaster Viewer (VDV) (www.
virtualdisasterviewer.com) which links geolocated photos and other images with
MS Virtual earth maps to provide an online tool for viewing damage and other
earthquake effects from a particular event. Data from six earthquakes as well as
several windstorm and tsunami events can be viewed.

EEPImap is a new tool, currently under development at Cambridge Architectural
Research which forms the first searchable photographic archive of earthquake
damage photographs (http://www.eepimap.com). It is based on a georeferenced
photographic database containing attributes of individual buildings and other struc-
tures and the level of damage sustained. It can be searched online to provide cross-
event datasets corresponding to a range of possible facility types and damage
attributes. Currently it contains over 15,000 photographs from 40 events including
most of those visited by EEFIT, and has facilities for easy uploading of additional
data, so it is continually being expanded (Foulser-Piggott 2013). EEPImap is
designed to be compatible with risk components of the Global Earthquake Model
(GEM).

1.8.6 Use and Limitations of Remote Sensing

Aerial imagery for the identification of areas of serious damage in earthquakes has
been used for some years (Saito et al. 2004), and an international consortium of
research teams to promote this use has existed since 1994 (Eguchi and Massouri
2005). Since their first availability around 2000, high-resolution optical satellite
images as well as aerial images have been increasingly employed for early post-
earthquake damage assessments at a building-by-building and local level. The
potential benefits of such deployments are considerable: large damaged areas can
be surveyed rapidly without being hampered by the emergency operation on the
ground; rescue services can be directed to areas or buildings of greatest need; and
the extent of damage can be assessed, leading to a valuable early estimate of
reconstruction costs or insurance payouts, of value to international aid organiza-
tions, bi-lateral/multi-lateral donors and to the insurance industry. Early work
established that the human eye is better able to distinguish features of damage
than computerised image analysis (Saito et al. 2004), and this has been the basis of
much application since then. The Bam earthquake gave a strong spur to such work:
13 separate papers on aspects of remote sensing were submitted to the Earthquake
Spectra special issue on that event (Eguchi and Massouri 2005).

The development of web-based crowd-sourcing techniques in recent years has
created a further boost to the potential of such methods, enabling a large team of
experienced people to share the task of building-by-building assessment over a
large damaged area, so that an overall assessment can be produced very rapidly.


http://www.virtualdisasterviewer.com/
http://www.virtualdisasterviewer.com/
http://www.eepimap.com/

44 R. Spence

Fig. 1.19 Pictometry images of damage in the 2010 Haiti earthquake (Booth et al. 2011a)

After the 2010 Haiti earthquake, a team of more than 600 people, the GEOCAN
network, was assembled by EERI within a few days of the earthquake, and
produced a first damage map of the urban area of Port-au-Prince within a week of
the occurrence of the event; and within 3 weeks a second more extensive and
detailed study was prepared by the same team, involving damage assessments of
107,000 buildings. The result of this was used for the validation of rapid sample
ground-based assessment results carried out for the World Bank/UN/EU Post-
Disaster Needs Assessment (Corbane et al. 2011). There are thus considerable
financial implications for the accuracy of such estimates.

Following the 2010 Haiti earthquake GEOCAN deployment, an independent on
the ground validation exercise took place. The EEFIT reconnaissance mission
looked closely on the ground at a very small sample of 142 buildings in the
GEOCAN dataset. A new aerial imagery technique, Pictometry, which involves
multi-angle images of each location with a horizontal resolution of better than
25 cm, was also used to obtain a further damage dataset of 1241 buildings
(Fig. 1.19) (Booth et al. 2011b). After the 2011 Christchurch earthquake, a further
GEOCAN deployment took place, identifying damage levels for some 5000 build-
ings in affected area, and this was able to be assessed against Building Safety
Evaluations for these same buildings conducted by the Christchurch City Council
(Foulser-Piggott et al. 2014).

These two studies, though complicated by many methodological difficulties,
were able to establish that, although most of the buildings identified by interpreta-
tion of the remotely sensed image as being seriously damaged were in reality
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seriously damaged, much of the heavy damage on the ground, including building
collapses, were missed in the remote assessments. Heavy damage and collapse was
obscured by vegetation, by proximity to other buildings, because the lower floor of
a building collapsed, leaving upper stories and roofs intact, or because major
damage ultimately leading to demolition was simply invisible from outside the
building. Typically no more than around 40 % of the buildings which ground
surveys identified as heavily damaged or collapsed were identified as such in the
aerial imagery. The extent of underestimate depended on the resolution of the
image, the level of experience of the image analyst, the construction typology of
the building, and the type of damage. Damage to masonry buildings was easier to
identify than that to either timber frame or reinforced concrete buildings; damage
caused by foundation failure or subsoil liquefaction (a very important class of
damage in the Christchurch earthquake) proved particularly difficult to identify
(Foulser-Piggott et al. 2014).

Many recommendations were made as a result of these studies to improve the
results of future remotely-sensed damage assessments; and improvements in the
quality of the available imagery will certainly continue to be made. Indeed it is
probable that photography from low-level pilotless aircraft will in the near future be
able to augment substantially the remotely sensed data available. But remote
sensing cannot in the near future be expected to become a substitute for post-
earthquake field reconnaissance. Assessments from remote sensing can be very
useful to identify areas where damage is concentrated; to identify blocked roads and
collapsed bridges; to identify areas of liquefaction (especially where these are
associated with sand boils), and major landslides. They can also be used to make
an approximate assessment of overall damage if enough is known about the likely
omission errors in such assessments. But the detail of damage, the performance of
different construction typologies, and the relationship of damage to quality of
construction will continue to need investigations by experienced observers on the
ground, at close quarters to, and where possible inside, the damaged buildings.
Future remote sensing assessments should be planned to be coupled with field
deployments to validate the results and to provide more of the detail which remote
sensing cannot supply.

1.9 The Future of Earthquake Field Missions

Over the last 30 years there has been a huge change in the technology available to
support earthquake field missions. Digital photography, GPS positioning, the inter-
net, mobile phone networks, high resolution satellite reconnaissance, social media
have all arrived and made their mark on the way earthquake reconnaissance mis-
sions are conducted. This is in contrast to the construction technologies whose
performance is being investigated, which have changed comparatively little in that
time. Technology will continue to evolve at a rapid pace in both predictable and
unpredicted ways, allowing improvements in speed of operation, in communication
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between team members and base, and in the capturing of detail: through photo-
graphic communication, some people will be able to contribute to the work of field
missions without travelling to the affected area. For example, developments such as
EEPI Map will allow for the crowdsourcing of photographs from general members
of the public which can be assessed remotely and can help produce a rapid damage
assessment of an area.

As discussed above, the development of higher-resolution and other forms of
remote sensing is not likely to eliminate the need for investigators in the field to
view damage from close range. But it will enable teams to organise their field
operations with support from continuously updated and pre-analysed remote sens-
ing images. The development of databases of the building stock inventory (already
in development through the GEM project) will enable teams to have access to pre-
event data and images of each damaged object. As a response to such changes field
teams may in future be smaller, more focussed on special aspects and deployed at
different times.

The collection of building-by-building data on damage has been an important
feature of the work of some reconnaissance missions, and it is largely through such
damage surveys that empirical fragility relationships for loss estimation have been
developed. It is often assumed by reconnaissance teams that detailed building
damage surveying will be done, over time, by national authorities and made
available. But such official damage data often turns out to be inadequate for use
in loss estimation, with damage levels and construction typologies poorly defined,
and undamaged buildings often omitted. Assembling damage data through well-
chosen local building-by-building sample datasets will continue to be of vital
importance, and field surveys can now be supported through remote sensing to
locate appropriate samples across a range of areas, not just those most heavily
damaged.

There is still a need to improve the level of international collaboration between
field mission teams. Table 1.1 shows that the sites of a number of the most
important earthquakes in recent years have been visited by multiple teams, which
usually work independently of each other. In many of the affected countries
significant expertise in earthquake engineering now exists, and it is vital for visiting
reconnaissance teams to work with local experts, to learn from them, and share their
own knowledge. This already happens, but should be extended in future.

Recent events have shown that in many parts of the world, especially in poorer
countries, there is an urgent need to improve the earthquake resistance of much of
the existing building stock, as well as improve the standards of new buildings for
the future. Thus future post-earthquake field missions are likely to be as much
concerned with helping with developing resilience as recording damage: this will
give rise to a need for a series of missions at different stages of the recovery cycle,
and the involvement of more expertise from complementary disciplines such as
sociology and urban planning. EEFIT and EERI already have funding in place
permitting such operations. Given the probability of large urban disasters in the
future it is important that field mission organisations make plans to be able to mount
field missions in potentially challenging situations (such as that in Haiti in 2010). It
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may also be that established field mission teams, now already familiar with study-
ing tsunami impacts, should consider mounting, or supporting, field investigations
following non-earthquake disasters such as volcanic eruptions or major typhoons
where there is a similar need for rapid deployment to assemble perishable data.

1.10 Conclusions

» This paper set out to review the nature and practice of earthquake reconnaissance
missions since the earliest examples to today’s practice, and to point out some of
the ways in which the practice of earthquake engineering today has benefitted
from field observations.

e After a brief historical background the paper has concentrated on the missions of
5 separate groups, active in the last 50 years, those of UNESCO, EERI, EEFIT
and more briefly the Japanese Society for Earthquake Engineering, AFPS in
France and the German Task force, all of whom have been involved in multiple
international missions in that time.

¢ Between these teams, 258 post-earthquake reconnaissance missions have been
mounted , and they have investigated, and have reported on, 178 separate events.
Of these 37 were in the European area, 64 in Asia, 64 in the Americas, 7 in
Africa, and 6 in Australasia and the Pacific. The style of mission has varied
considerably, from the small expert interdisciplinary scientist/engineer teams of
UNESCO spending several weeks in the field to today’s larger, more multidis-
ciplinary teams with many specialists, but often on shorter initial missions
sometimes backed by follow-up studies.

* Reports on each mission have been prepared and those of current teams are
available on their websites which have been referenced; often these have been
accompanied by published papers.

¢ The cumulative contribution of these field teams to earthquake engineering ,
seismology and to understanding the social and economic consequences of
earthquakes has been considerable, leading to improved design codes and design
practices, to better understanding of human behaviour and guidance to inhabi-
tants of earthquake zones, and the accumulation of data on earthquake conse-
quences enabling estimation of possible losses in future events to be made.

* Animportant benefit to recent field studies has been the increasing availability of
strong motion records of earthquakes, making it possible to link damage obser-
vations to the level and characteristics of the causative ground motion.

» For engineered buildings, repeated observations of the same types of damage in
many earthquakes has driven the development of the current generation of
design codes; buildings designed and built to these codes have largely performed
well in subsequent earthquakes.

« Field investigations of the distribution of damage coupled with the increasing
availability of strong ground motion recordings of the main shock and after-
shocks, has led to a better understanding of the role played by site conditions on



48 R. Spence

the amplification of ground motion and the types and distribution of damage to
structures.

» The data on performance of lifelines assembled by field missions has identified
both systems that have performed well and those that failed; and has resulted in
numerous changes to design practices.

¢ Studies of the behaviour of people and communities has made numerous con-
tributions to preparedness planning, to organisation of search and rescue and to
the improved planning of longer-term recovery.

¢ The differences in the performance of domestic scale non-engineered structures
of different forms of construction has become better understood, enabling
guidelines to be developed for safer reconstruction in especially rural areas,
and leading to effective building for safety programmes in reconstruction.

» The likely mechanisms of collapse of historical masonry buildings have been
identified, and some inappropriate earlier attempts at strengthening measures
identified, leading to the development of appropriate techniques for strengthen-
ing and protecting historical monuments.

» The causes of human casualties resulting from building damage in earthquakes
have become better understood, enabling better early estimation of likely losses,
better design of effective measures for self-protection of the population, and
better planning for early search and rescue activity.

e The data acquired from past field missions has in recent years become more
systematically documented and archived using web-based database technology,
so that data can easily be accessed and retrieved, and so that cross-event analysis
of damage and other impacts to particular components of the built environment ,
social and economic activities can be conducted.

« Remote sensing technology has begun to make a contribution to the recording of
earthquake damage, making possible early assessments of likely impacts. Much
remains to be done to realise the full potential of these technologies, but their
application will enhance rather than replace field investigations.

e Future field missions will make use of rapidly developing technology for
viewing, recording and communicating mission activities. They will be more
interdisciplinary, carry out repeat missions, and concerned increasingly with
developing resilience. They should not abandon collection of building-by-build-
ing damage data through local surveys.
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Chapter 2
Rapid Earthquake Loss Assessment After
Damaging Earthquakes

Mustafa Erdik, K. Sesetyan, M.B. Demircioglu, C. Ziilfikar, U. Hancilar,
C. Tiiziin, and E. Harmandar

Abstract This article summarizes the work done over last decades regarding the
development of new approaches and setting up of new applications for earthquake
rapid response systems that function to estimate earthquake losses in quasi real time
after an earthquake. After a critical discussion of relevant earthquake loss estima-
tion methodologies, the essential features and the characteristics of the available
loss estimation software are summarized. Currently operating near real time loss
estimation tools can be classified under two main categories depending on the size
of area they cover: Global and Local Systems. For the global or regional near real
time loss estimation systems: GDACS, WAPMERR, PAGER, ELER and SELENA
methodologies are. Examples are provided for the local rapid earthquake loss
estimation systems including: Taiwan Earthquake Rapid Reporting System, Real-
time Earthquake Assessment Disaster System in Yokohama, Real Time Earthquake
Disaster Mitigation System of the Tokyo Gas Co., IGDAS Earthquake Protection
System and Istanbul Earthquake Rapid Response System.

2.1 Introduction

As illustrated in Fig. 2.1 (after Bose 2006), management of earthquake risks is a
process that involves pre-, co- and post-seismic phases. Earthquake Early Warning
(EEW) systems are involved in the co-seismic phase. These involve the generation
of real time ground motion estimation maps as products of real-time seismology
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Fig. 2.1 Pre- co- and post-earthquake risk management activities (After Bose 2006)

and/or generation of alarm signals directly from on-line instrumental data. The
Rapid Response Systems take part immediately after the earthquake and provide
assessment of the distribution of ground shaking intensity (so-called ShakeMaps)
and information on the physical (buildings) damage, casualties (fatalities) and
economic losses. This rapid information on the consequences of the earthquake
can serve to direct the search and rescue teams to the areas most needed and assist
civil protection authorities in the emergency action. As such, the need for a rapid
loss estimate after an earthquake has been recognized and requested by govern-
ments and international agencies.

This study will critically review the existing earthquake rapid response systems
and methodologies that serve to produce earthquake loss information (building
damages, casualties and economic losses) immediately after an earthquake.

Potential impact of large earthquakes on urban societies can be reduced by
timely and correct action after a disastrous earthquake. Modern technology permits
measurements of strong ground shaking in near real-time for urban areas exposed to
earthquake risk. The assessments of the distribution of strong ground motion,
building damage and casualties can be made within few minutes after an earth-
quake. The ground motion measurement and data processing systems designed to
provide this information are called Earthquake Rapid Response Systems.

The reduction of casualties in urban areas immediately following an earthquake
can be improved if the location and severity of damages can be rapidly assessed by
the information from Rapid Response Systems. Emergency management centers of
both public and private sector with functions in the immediate post-earthquake
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period (i.e. SAR, fire and emergency medical deployments) can allocate and
prioritize resources to minimize the loss of life. The emergency response capabil-
ities can be significantly improved to reduce casualties and facilitate evacuations by
permitting rapid and effective deployment of emergency operations. To increase its
effectiveness, the Rapid Response data should possibly be linked with the incident
command and emergency management systems.

Ground motion data related with power transmission facilities, gas and oil lines
and transportation systems (especially fast trains) allow for rapid assessment of
possible damages to avoid secondary risks. Water, wastewater and gas utilities can
locate the sites of possible leakage of hazardous materials and broken pipes. The
prevention of gas-related damage in the event of an earthquake requires under-
standing of damage to pipeline networks and prompt shut-off of gas supply in
regions of serious damage.

Available near real time loss estimation tools can be classified under two main
categories depending on the size of area they cover: (1) Global/Regional Systems
and (2) Local Systems.

For the global or regional near real time loss estimation efforts, Global Disaster
Alert and Coordination System (GDACS, http://www.gdacs.org), World Agency of
Planetary Monitoring Earthquake Risk Reduction (QLARM, http://qlarm.ethz.ch),
Prompt Assessment of Global Earthquakes for Response (PAGER, http://earth
quake.usgs.gov/earthquakes/pager) and NERIES-ELER (http://www.koeri.boun.
edu.tr/Haberler/NERIES %20ELER %20V3.1_6_176.depmuh) can be listed.

Several local systems capable of computing damage and casualties in near real
time already exist in several cities of the world such as Yokohama, Tokyo, Istanbul,
Taiwan, Bucharest and Naples (Erdik et al. 2011).

2.2 Earthquake Loss Estimation Methodology

An extensive body of research, tools and applications exists that deals with all
aspects of loss estimation methodologies. The components of rapid earthquake loss
estimation will be addressed following the structures of the HAZUS-MH (2003)
and the OpenQuake (Silva et al. 2013) earthquake loss assessment model. Both of
these developments use comprehensive and rigorous loss assessment methodolo-
gies that can only be adapted to rapid earthquake loss assessment after intelligent
simplifications.

The HAZUS-MH Earthquake Model (HAZUS-MH 2003) is developed to pro-
vide a nationally applicable methodology for loss estimates of damage and loss to
buildings, essential facilities, transportation and utility lifelines, and population
based on scenario or probabilistic earthquakes. HAZUS first discusses the inventory
data including the Collection and Classification schemes of different systems,
attributes required to perform damage and loss estimation, and the data supplied
with the methodology. The loss assessment methodology that HAZUS uses consists
of the main components of: Potential Earth Science Hazard, Direct Physical
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Fig. 2.2 Flowchart of the HAZUS earthquake loss estimation methodology

Damage, Induced Physical Damage and Direct Economic/Social Loss, as illustrated
in the flowchart provided in Fig. 2.2. As indicated by arrows on the flowchart,
modules are interdependent with output of some modules acting as input to others.

The main ingredients of the HAZUS loss assessment methodology are as
follows.

¢ Potential Earth Science Hazards: Potential earth science hazards include ground
motion, ground failure (i.e., liquefaction, landslide and surface fault rupture) and
tsunami/seiche.

« Direct Physical Damage: Encompasses the modules for General Building Stock,
Essential and High Potential Loss Facilities, Lifelines — Transportation and
Utility Systems. The General Building Stock module determines the probability
of Slight, Moderate, Extensive and Complete damage to general building stock
through the use of fragility curves, that describe the probability of reaching or
exceeding different states of damage given peak building response, and the
building capacity (push-over) curves, that are used (with damping-modified
demand spectra) to determine peak building response
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¢ Induced Physical Damage: This module models the damage caused by Inunda-
tion, Fires Following Earthquakes, Hazardous Materials Release and Debris.

« Direct Economic/Social Losses: Casualties, Shelter Needs and Economic Loss
models are encompassed under this component. The Casualty module describes
and develops the methodology for the estimation of casualties, describes the
form of output, and defines the required input. The methodology is based on the
assumption that there is a strong correlation between building damage (both
structural and nonstructural) and the number and severity of casualties. The
module for Direct Economic Losses describes the conversion of damage state
information into estimates of economic loss. The methodology provides esti-
mates of the structural and nonstructural repair costs caused by building damage
and the associated loss of building contents and business inventory. The Indirect
Economic Losses are also treated as an extension of this module.

A recent development on earthquake loss estimation based on comprehensive
methodologies is the OpenQuake project (http://www.globalquakemodel.org/
openquake/) which has been initiated as part of the global collaborative effort
entitled Global Earthquake Model (GEM) (http://www.globalquakemodel.org).
OpenQuake is a web-based risk assessment platform, which offers an integrated
environment for modeling, viewing, exploring and managing earthquake risk (Silva
et al. 2013). The engine behind the platform currently has five main calculators
(Scenario Risk, Scenario Damage Assessment, Probabilistic Event Based Risk,
Classical PSHA-based Risk and Benefit-Cost Ratio). The Scenario Damage Assess-
ment calculator uses a rigorous methodology in estimating damage distribution due
to a single, scenario earthquake, for a spatially distributed building portfolio, which
can be used for post-earthquake loss assessment. Workflow of the Scenario Damage
Assessment is provided in Fig. 2.3, after Silva et al. (2013).

In this methodology, a finite rupture definition of the earthquake needs to be
provided, along with the selected GMPE. A set of ground-motion fields is com-
puted, with the possibility of considering the spatial correlation of the ground-
motion residuals. Then, the percentage of buildings in each damage state is calcu-
lated for each asset the fraction of buildings in each damage state using the fragility
models. By repeating this process for each ground-motion field, a list of fractions
(one per damage state) for each asset is obtained to yield the mean and standard
deviation of this list of fractions for each asset. The absolute building damage
distribution is obtained by multiplying the number or area of buildings by the
respective fractions with confidence intervals (Crowley and Silva 2013).

The key ingredients of the OpenQuake scenario risk assessment methodology
are as follows.

¢ Rupture model (Finite Rupture Definition): The definition of the finite rupture
model, specified by a magnitude and a rupture surface geometry, is a key input
for scenario risk and damage analysis. The rupture surface geometry can be as
simple as the hypocenter point or complex, described by the rake angle and other
fault geometrical surface attributes, depending on the level of knowledge.

» Fragility model: Fragility is defined as the probability of exceeding a set of limit
states, given a range of intensity measure levels. A fragility model can either be
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defined as: discrete fragility models, where a list of probabilities of exceedance
per limit state are provided for a set of intensity measure levels, or as continuous
fragility models, where each limit state curve is modeled as a cumulative
lognormal function, represented by a mean and standard deviation.

« Exposure Model: The exposure model contains the information regarding on the
assets (physical elements of value) exposed to the earthquake hazard within the
region of interest. A number of attributes (such as: construction type/material,
height, age and value) are required to define the characteristics of each asset.
Building taxonomy (classification scheme) and the geographic location respec-
tively allows for the association of the asset with the appropriate fragility
function and the site-specific seismic hazard.

The important ingredients of both of these earthquake loss estimation method-
ologies, in consideration of the “rapid” assessment of earthquake losses, are Ground
Motion, Direct Physical Damage to General Building Stock and as Direct Eco-
nomic/Social (Casualties) Losses.

2.2.1 Ground Motion

Bird and Bommer (2004) has shown that 88 % of damage in recent earthquakes has
been caused by ground shaking, rather than secondary effects (e.g. ground failures,
tsunamis). As such the quantification of the vibratory effects of the earthquakes is of
prime importance in rapid loss assessments.
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Almost all deterministic earthquake loss assessment schemes rely on the quan-
tification of the earthquake shaking as intensity measure parameters in geographic
gridded formats. The earthquake shaking can be determined theoretically for
assumed (scenario) earthquake source parameters through ground motion predic-
tion relationships GMPE’s (i.e. attenuation relationships) or using a hybrid meth-
odology that corrects the analytical data with empirical observations, after an
earthquake. Either procedure yields the so-called, maps that display the spatial
variation of the peak ground motion parameters or intensity measures. We owe this
“ShakeMap” term to the USGS program that provides near-real-time maps of
ground motion and shaking intensity following significant earthquakes in the
United States as well as around the Globe (http://earthquake.usgs.gov/eqcenter/
shakemap/). ShakeMap uses instrumental recordings of ground motions, kriging
techniques and empirical ground motion functions to generate an approximately
continuous representation of the shaking intensity shortly after the occurrence of an
earthquake (Wald et al. 2005). In this connection Harmandar et al. (2012) has
developed a novel method for spatial estimation of peak ground acceleration in
dense arrays. The presented methodology estimates PGA at an arbitrary set of
closely spaced points, in a way that is statistically compatible with known or
prescribed PGA at other locations. The observed data recorded by strong motion
stations of Istanbul Earthquake Rapid Response System are used for the develop-
ment and validation of the new numerical method.

The data that are generated via ShakeMap can be used as inputs for the casualty
and damage assessment routines for rapid earthquake loss estimation. In USA, and
increasingly in other countries, these maps are used for post-earthquake response
and recovery, public and scientific information, as well as for loss assessment and
disaster planning.

Needless to say, for rapid loss assessment after an earthquake the fast and
reliable information on the source location and magnitude is essential. Most rapid
loss basements (e.g. PAGER and QLARM) rely on teleseismic determinations of
epicenters. This reliance can create error in loss estimations, especially in populated
areas, since the mean errors in real-time teleseismic epicenter solutions, provided
by U.S. Geological Survey (USGS, the PDE) and/or the European Mediterranean
Seismological Center (EMSC), can be as large as 25-35 km (Wyss et al. 2011).

Real-time seismology has made significant improvements in recent years, with
source parameters now available within short time after an earthquake. In this
context, together with the development of new ground motion predictive equations
(GMPE's) that are able to account for source complexity, the generation of strong
ground motion shaking maps in quasi-real time has become ever more feasible after
the occurrence of a damaging earthquake (Spagnuolo et al. 2013).

The increased availability of seismic intensity data (such as those from “Did You
Feel It-DYFI” type programs) immediately following significant earthquakes offers
the opportunity to supplement instrumental data for the rapid generation of
ShakeMaps. With minor filtering and with sufficient numbers, the intensity data
reported through DYFI were found to be a remarkably consistent and reliable
measure of earthquake effects (e.g., Atkinson and Wald 2007).
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2.2.2 Direct Physical Damage to Building Stock

For the assessment of direct physical damages, general building stock inventory
data and the associated fragility relationships are needed.

2.2.2.1 Inventory

To perform a seismic loss assessment, an inventory of the elements at risk should be
defined. The classification systems used to define the inventories, the necessary
inputs for each level of analysis and the default databases should be compatible
with the fragility relationships. The definition of a classification system for the
characterization of the exposed building stock and the description of its damage is
an essential step in a risk analysis in order to ensure a uniform interpretation of data
and results. For a general building stock the following parameters affect the damage
and loss characteristics: structural (system, height, and building practices),
nonstructural elements and occupancy (such as residential, commercial, and gov-
ernmental). Building taxonomies define structure categories by various combina-
tions of use, time of construction, construction material, lateral force-resisting
system, height, applicable building code, and quality (HAZUS-MH 2003;
EMS-98-Griinthal 1998; RISK-UE 2001-2004). The inter-regional difference in
building architecture and construction practices should be reflected in building
classifications for the development of inventories and fragility information. Only
limited number of countries and cities has well developed building inventories.
Several efforts are underway, such as PAGER and Global Earthquake Model-GEM
(www.globalquakemodel.org) projects, to develop global building inventory
databases.

Publicly available data includes: UN-Housing database, UN-HABITAT, UN
Statistical database on Global Housing (1993) housing censuses, Population and
Housing Censuses of individual countries (United Nations 2005), the World Hous-
ing Encyclopedia (WHE) database developed by EERI (2007).

In order to quantify earthquake risk of any selected region or a country of the
world within the Global Earthquake Model (GEM) framework (www.
globalquakemodel.org/), a systematic compilation of building inventory and pop-
ulation exposure is indispensable. Through the consortium of leading institutions
and by engaging the domain-experts from multiple countries, the GED4GEM
project has been working towards the development of a first comprehensive pub-
licly available Global Exposure Database (Gamba et al. 2012).

ELER software (Sect. 2.4.4 of this chapter) uses a proxy procedure that relies on
land use cover and population distributions to develop regional scale building
inventories (Demircioglu et al. 2009).


http://www.globalquakemodel.org/
http://www.globalquakemodel.org/
http://www.globalquakemodel.org/
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2.2.2.2 Fragility Functions

A seismic fragility function defines loss (here, probability of buildings in various
damage states as a result of direct physical damage) as a function of shaking
intensity measure. The fragility functions can be classified under three main groups:
Empirical (damage probability matrices or vulnerability functions based on field
surveys, typology or expert judgement), Analytical (using capacity spectrum or
other non-linear static procedures, collapse mechanism-based or displacement-
based methods) or Hybrid.

The statistical method for the development of structural fragility functions is
empirical that is, it employs loss data from historical earthquakes. The observed
damage at various locations can be correlated to instrumental ground motion,
intensity or some measure of intensity (Spence et al. 1992). Statistically derived
building damage probability matrices (DPM) where first proposed by Whitman
et al. (1973). The DPMs developed in the ATC-13 (1985) use expert opinion. He
essentially partitioned the observed damage data from the 1971 San Fernando
earthquake using various structural classes (taxonomy) and damage state categories
as a function of the ground motion intensity (MMI). The statistical (or observed)
methods are of greater relevance with non-engineered buildings where substantial
damage data is available. The statistical approach offers conceptual simplicity and
confidence since it is based on empirical loss data. However, the averaging effect of
the definition of the intensity between different building types and damage states
sets a limit to their applications. Using the EMS’98 (Griinthal 1998) intensity
definitions, Giovinazzi and Lagomarsino (2004) developed a method on the basis
of beta damage distribution and fuzzy set theory to produce DPM’s. This method
has been incorporated into the ESCENARIS and ELER earthquake loss assessment
tools (Sect. 2.3). Empirical vulnerability curves (Rossetto and Elnashai 2003) and
PSI-via-MSK (Spence et al. 1991) and are developed to give a continuous function
of intensity versus damage.

Analytical (or predicted) fragility refers to the assessment of expected perfor-
mance of buildings based on calculation and building characteristics, or on judg-
ment based on the “expert’s” experience. The fragility relationships refer to the
structural damage states defined (essentially on the basis of displacement drifts) as
Slight, Moderate, Extensive and Complete. Each fragility curve is associated with a
standard deviation that encompasses the uncertainties stemming from damage
threshold, capacity spectrum and the seismic demand.

An analytical method for estimating seismic fragility that uses nonlinear pseudo-
static structural analysis is described by Kircher et al. (1997), where the lateral force
versus the lateral displacement curve of the building structure, idealized as an
equivalent nonlinear, single degree of freedom (SDOF) system, is obtained. This
curve is transformed to the spectral displacement-spectral acceleration space to
obtain the so-called capacity spectrum. Building capacity spectra vary between
different buildings reflecting structural types, local construction practices and
building code regulations.
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The analytical fragility procedure, commonly called the Capacity Spectrum
Method, essentially involves the comparison of the capacity of a structure,
represented by the capacity spectrum, with the seismic demand represented by an
acceleration displacement response spectrum (ADRS — Mahaney et al. 1993). The
“performance point” of a model building type is obtained from the intersection of
the capacity spectrum and the demand spectrum and this is then input into fragility
curves which allow the probability of exceeding a number of damage states, given
this performance point.

The capacity spectrum method, originally derived by Freeman (1998), is first
implemented within the HAZUS procedure (FEMA 1999, 2003) as well as in many
other earthquake loss estimation analyses: HAZ-Taiwan (Yeh et al. 2000, 2006),
Risk-UE (Mouroux et al. 2004; Mouroux and Le Brun 2006), EQRM (Robinson
et al. 2005), SELENA (Molina and Lindholm 2005 and ELER (Erdik et al. 2008,
2010; Hancilar et al. 2010).

DBELA (Displacement-Based Earthquake Loss Assessment) method (Crowley
et al. 2004; Bal et al. 2008a) relies on the principles of direct displacement-based
design method of Priestley (1997, 2003). DBELA method compares the displace-
ment capacities of the substitute SDOF models of the buildings are compared with
the seismic demand at their effective periods of vibration at different levels of
damage. Buildings are classified on the basis of their response mechanisms: beam-
sway or column-sway and the displacement capacities and periods of vibration for
each damage state computed. Structural displacements are used to define the limit
states of damage.

2.2.3 Casualties as Direct Social Losses

One of main reasons for rapid earthquake loss estimation is to estimate the spatial
distribution of casualties, such that the search and rescue (SAR) and other emer-
gency response activities can be prioritized and rationally coordinated. Casualty
estimations encompass significant uncertainties since the casualty numbers vary
greatly from one earthquake to another and they are poorly documented.

Apart from simple correlations with intensity or magnitude and population
density, the casualty numbers are generally estimated via a correlation with the
damage state experienced by a structure, the time of day, the structural use, and
other factors. ATC-13 (1985) casualty estimation model consists of tabulated injury
and death rates related to a building’s level of damage, or damage state, providing a
4:1 ratio of serious injuries to deaths, and 30:1 ratio of minor injuries to deaths. The
model does not provide any differentiation of structural types, suggesting only
taking 10 % of the rates for light steel and wood-frame structures.

The casualty estimation model of Coburn and Spence (2002) is based on the
distribution of buildings in the complete damage state (D5) as defined in EMS’98.
The number of deaths is obtained by multiplication of D5, average people in each
collapsed building, percentage of occupants at time of shaking, expected trapped
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occupants, mortality at collapse and mortality post-collapse. However, it is not in
event tree format and does not account for non collapse (damage) related casualties,
nor does it account for the population not indoors at the time of earthquake. Coburn
and Spence (2002) notes that especially for cases of moderate levels of damage,
i.e. those where fewer than 5000 buildings were damaged, the casualty estimations
could be highly inaccurate. Irrespective of the methodology chosen, casualty
numbers are computed for three different day time scenarios (night time, day
time, and commuting time). This methodology was then improved through the
LessLoss methodology of Spence (2007a) with other damage states also taken into
account in terms of fatalities. In addition, updated casualty and injury ratios were
produced based on a greater set of earthquakes. So and Spence (2009) explored
further the relationship of building.

HAZUS-MH (2003) model estimates casualties directly caused by structural or
nonstructural damage under four severity levels to categorize injuries, ranging from
light injuries (Severity Level 1) to death (Severity Level 4). The model provides
casualty rates for different structural types and damage states. Relevant issues in
casualty estimation such as occupancy potential, collapse and non-collapse vulner-
ability of the building stock, time of the earthquake occurrence, and spatial distri-
bution of the damage, are included in the methodology. Casualties caused by a
postulated earthquake can be modeled by developing a tree of events leading to
their occurrence.

Recent empirical methods of Porter et al. (2008a, b), Jaiswal et al. (2009) and
Jaiswal and Wald (2010c) have concentrated on the key parameters of intensity as
the hazard metric versus fatality to population ratios or the death rate in collapsed
buildings, using expert opinion related collapse ratios and historical data. The
earthquake fatality rate is defined as total killed divided by total population exposed
at specific shaking intensity level. The total fatalities for a given earthquake are
estimated by multiplying the number of people exposed at each shaking intensity
level by the fatality rates for that level and then summing them at all relevant
shaking intensities. The fatality rate is expressed in terms of a two-parameter
lognormal cumulative distribution function of shaking intensity. The parameters
are obtained for each country or a region by minimizing the residual error in
hindcasting the total shaking-related deaths from earthquakes recorded between
1973 and 2007. A new global regionalization scheme is used to combine the fatality
data across different countries with similar vulnerability traits.

The study of the socio-economic losses associated with past earthquakes has
gained a new dimension with the development of the worldwide catalogue of
damaging earthquakes and secondary effects database (CATDAT) (Daniell
et al. 2011c, 2012b). CATDAT has been created using over 20,000 information
sources to present loss data from 12000+ historical damaging earthquakes since
1900, with 7000+ examined and validated before insertion into the database. In
addition to seismological information, each earthquake includes parameters on
building damage data and socio-economic losses. CATDAT have facilitated the
study of socio-economic earthquake losses and the derivation of associated fragil-
ity/vulnerability relationships. Daniell (2014) has developed an approach to rapidly
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calculate fatalities and economic losses from earthquakes using the input of inten-
sity based map and historical earthquakes as a proxy over multiple temporal and
spatial scales. The population and its social and economic status for each earth-
quake were compared to the detailed socio-economic data in CATDAT to produce
the functions. Temporal relationships of socio-economic losses were explored in
order to calibrate loss functions.

2.2.4 Estimation of Economic Losses

Financial loss is, essentially, the translation of physical damage into total monetary
loss using local estimates of repair and reconstruction costs. Studies on economic
impacts of earthquakes have been usually examined in two categories: (a) loss
caused by damage to built environment (direct loss), and (b) loss caused by
interruption of economic activities (indirect loss). Simple economic loss models
are based on direct calculation of property values multiplied by some form of
damage metric.

HAZUS-MH (2003) estimates losses at three levels of accuracy: Levels 1, 2, and 3.

Level 1: A rough estimate based solely on data from national databases (demo-
graphic data, building stock estimates, national transportation and infrastructure
data) included in the HAZUS-MH software distribution.

Level 2: A more accurate estimate based on professional judgment and detailed
information on demographic data, buildings and other infrastructure at the local
level.

Level 3: The most accurate estimate based on detailed engineering input that
develops into a customized methodology designed to the specific conditions of
a community.

The level of accuracy encompassed in “Level 1” can be suitable for post-
earthquake rapid economic loss assessment.

Through use of statistical regression techniques, data from past earthquakes can
be used to develop relationships (Loss Functions) for predicting economic losses.
However the existing economic loss data are scarce, biased for heavy damage and
could also be proprietary. Loss functions can be estimated by using analytical
procedures in connection with a Monte Carlo simulation technique. However,
such procedures are not intended for rapid loss estimation type applications.

Losses are generally calibrated to damage states in order to determine direct
losses. The definition of the slight, moderate and heavy damage classes in terms of
losses has a large variation in terms of potential loss estimates. Let alone the rapid
assessment, even the formal quantification of economic losses is a very challenging
issue. The technical manual of HAZUS-MH states that the total uncertainty
(including that of the ground shaking) is “possibly at best a factor of two or more”.

Chan et al. (1998) have proposed a quick and approximate estimation of
earthquake loss using with detailed local GDP and population data, instead of the
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detailed building inventory required in traditional loss estimation methodologies.
This method has been used for numerous case studies. Their method combines
seismic hazard, GDP, population data, published earthquake loss data, and the
relationship between GDP and known seismic loss, to estimate earthquake loss
from the following relationship:

L = £ P(I) x F(I,GDP) x GDP (2.1)

where L is the economic loss, P(I) is the probability of an earthquake of intensity I,
and F(I,GDP) is a measure of the area’s fragility to earthquake damage for the given
GDP value and the earthquake of intensity I. The GDP is used as a macroeconomic
indicator to represent the total exposure of an area in the earthquake loss estimation.
In this study FI,GDP) is determined from the relationship between reported losses
from earthquakes to the computed GDP of the affected area. Since GDP is usually
provided for a country, it must be apportioned over the nation to the affected area.
For this purpose Chan et al. (1998) relies on the correlation between GDP and
population density.

The estimates of the direct economic losses due to building damage, which
consist of capital stock loss, are relatively easier to be included in rapid loss
assessments. These losses are generally quantified as Loss Ratios (LR) — the loss
as a percentage of the building replacement value. The economic losses to other
elements of the built environment and indirect economic losses, representing the
losses due to various forms of post-earthquake socioeconomic disruptions (such as
employment and income, insurance and financial aids, construction, production and
import-export of goods and services) cannot be rationally included in rapid earth-
quake loss assessment estimations.

Jaiswal and Wald (2011, 2013) have developed a model of economic losses
based on economic exposure versus intensity correlations to rapidly estimate
economic losses after significant earthquakes worldwide. The requisite model
inputs are shaking intensity estimates made by the ShakeMap system, the spatial
distribution of population available from the LandScan database, modern and
historic country or sub-country population and Gross Domestic Product (GDP)
data, and economic loss data from Munich Re’s historical earthquakes catalog.
Earthquakes from 1980 to 2007 were examined using economic loss estimates from
past events from the MunichRe NatCat Service database. The methodology uses a
wealth index as a proxy for exposure, multiplying this in much the same way as a
multiplier-output ratio has been applied in Chen et al. (1997a). The process consists
of using a country specific multiplicative factor to accommodate the disparity
between economic exposure and the annual per capita GDP, and it has proven
successful in hindcasting past losses. Although loss, population, shaking estimates,
and economic data used in the calibration process are uncertain, approximate
ranges of losses can be estimated for the primary purpose of gauging the overall
scope of the disaster and coordinating response. The proposed methodology is both
indirect and approximate and is thus best suited as a rapid loss estimation model for
applications.
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Daniell et al. (2012a) has analysed the trends in economic losses (direct, indirect
and insured) in earthquakes since 1900 using CATDAT Damaging Earthquakes
Database and developed methodologies for the rapid assessment of economic losses
(Daniell 2014). In order to compare the economic losses of the historic earthquakes,
the losses were converted into today’s dollars.

2.2.5 Uncertainties in Loss Estimation

Uncertainties are inherent in any loss estimation methodology. They arise in part
from incomplete scientific knowledge concerning earthquakes, earthquake ground
motion and their effects upon buildings and facilities. They also result from the
approximations and simplifications that are necessary for comprehensive analyses.
Incomplete or inaccurate inventories of the built environment, demographics and
economic parameters add to the uncertainty. These factors can result in a range of
uncertainty in loss estimates produced by the HAZUS-MH Earthquake Model,
possibly, at best, a factor of two or more. HAZUS-MH (2003).

The earthquake loss estimations should consider the uncertainties in seismic
hazard analyses, and in the fragility relationship. There exits considerable amount
of epistemic uncertainty and aleatory variability in ShakeMaps. Accuracy of the
ShakeMap is mainly related to two factors: (1) the proximity of a ground motion
observation location, i.e. the density of the strong ground motion network in the
affected area, and (2) the uncertainty of estimating ground motions from the GMPE,
most notably, elevated uncertainty due to initial, and unconstrained source rupture
geometry. The epistemic uncertainties become highest for larger magnitude events
when rupture parameters are not yet well constrained (Wald et al. 2008). Aleatory
uncertainties may be reduced if the bias correction with recorded amplitudes is
performed directly on the ground surface rather than at bedrock level which the case
in the current ShakeMap application (USGS, ShakeMap).

The reliability of the fragility relationships is related to the conformity of the
ground motion intensity measure with the earthquake performance (damage) of the
building inventory. Estimates of human casualties are derived by uncertain relation-
ships from already uncertain building loss estimates, so the uncertainties in these
estimates are compounded (Coburn and Spence 2002).

It is possible to examine the effect of cumulative uncertainties in loss estimates
using discrete event simulation (or Monte-Carlo) techniques if the hazard and that
the probability distribution of each of the constituent relationships is known. The
general finding of the studies on the uncertainties in earthquake loss estimation is
that the uncertainties are large and at least as equal to uncertainties in hazard
analyses (Stafford et al. 2007).
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2.3 Earthquake Loss Estimation Software Tools

For known inventories of buildings and under conditions where the earthquake
hazard in terms of ground shaking distribution can be assessed rapidly after an
earthquake, these tools can be adapted for rapid loss estimation. Daniell (2009,
2011b) has provided a comprehensive comparison between different earthquake
loss estimation software packages, in terms of their applicability regions, exposure
resolution (district, city, regional, country), hazard (deterministic predicted, deter-
ministic observed, probabilistic), vulnerability type (analytical, empirical, socio-
economic). Strasser et al. (2008) has provided a comparison of five selected
European earthquake loss estimation software packages (KOERILOSS-ELER,
SELENA, ESCENARIS, SIGE-DPC and DBELA), using Istanbul as a test bed.
The packages considered common inputs in terms of ground motions, building
inventory and population; however the fragility functions and modelling assump-
tions differed in each package. The overall estimates of building damage were close
to each other. However, the results often substantially differed at grid cell level. In
terms of social losses, the predictions from the various approaches show a large
degree of scatter, mostly driven by differences in the casualty rates assumed.

A brief description and references for the selected earthquake loss assessment
software can be given as follows:

23.1 HAZUS

HAZUS-MH (FEMA and NIBS 2003) is developed by the United States Federal
Emergency Management Agency (FEMA) for the prediction and mitigation of
losses due to earthquakes (HAZUS), hurricanes and floods (Whitman et al. 1997;
Kircher et al. 2006). The package is intended for U.S. applications only and
includes federally collected data as default. The inventory is classed based on
36 different types of building based on construction standards and material as
well as size and building use. HAZUS-MH MR?2 version, released in 2006, includes
the capability for rapid post-event loss assessment.

2.3.2 EPEDAT

The EPEDAT (Early Post-Earthquake Damage Assessment Tool) is designed by
EQE International, Inc. for post-earthquake loss estimation (Eguchi et al. 1997).
The output encompasses damage (building and lifelines) and casualty for California
based on county specific housing and demographic data. It is Windows-based and
uses Modified Mercalli Intensity to quantify the hazard.
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2.3.3 SIGE

SIGE, developed by Italian National Seismic Service of the Civil Protection
Department, is used for rapid approximate estimate of the damage (Di Pasquale
et al. 2004). The first update of the program (FACES) considers linear sources,
directivity effects, and the influence of focal depth. The most recent modification of
the codes has been implemented in a new model called ESPAS (Earthquake
Scenario Probabilistic Assessment).

2.34 KOERILOSS

A scenario-based building loss and casualty estimation model developed by
Bogazici University (Erdik and Aydinoglu 2002; Erdik et al. 2003a, b; Erdik and
Fahjan 2006) for estimating earthquake losses in Istanbul, Izmir, Bishkek and
Tashkent. Derivatives of the model were used in the EU FP5 LessLoss project as
well as for the assessment of scenario earthquake losses in Amman. The method-
ology considers both deterministic (scenario) and probabilistic forecasting
approaches. The fragility calculations can be based on empirical results (EMS
intensity-based) or on a response-spectrum-based method similar to HAZUS. It is
used for rapid loss assessment in connection with the Istanbul Earthquake Rapid
Response System, described in Sect. 2.5.3 of this chapter.

2.3.5 ESCENARIS

ESCENARIS (Roca et al. 2006) is the software tool developed for Catalonia. The
methodology relies on the use of scenario-based earthquake hazards and intensity-
based empirical fragility functions of Giovinazzi (2005). The losses are based on
the building stock and classes of social impact.

2.3.6 CAPRA

CAPRA (Central American Probabilistic Risk Assessment — www.ecapra.org)
Project has developed a region-specific Earthquake Loss Estimation model using
a Web 2.0 format. It is currently under construction (Anderson 2008).


http://www.ecapra.org/
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2.3.7 LNECLOSS

LNECLOSS is a software package developed by the Laboratorio Nacional de
Engenharia Civil (LNEC) in Lisbon, Portugal (Sousa et al. 2004). LNECloss is an
earthquake loss assessment tool, integrated on a Geographic Information System
(GIS), which comprises modules to compute seismic scenario bedrock input, local
soil effects, fragility and fragility analysis, human and economic losses. LNECloss
was applied to Metropolitan Area of Lisbon (Zonno et al. 2009).

2.3.8 SELENA

SELENA (Seismic Loss Estimation Using a Logic Tree Approach) is a software
package developed at NORSAR for earthquake building damage assessment
(Molina and Lindholm 2005). SELENA uses the capacity-spectrum method
(HAZUS methodology, ATC-55-ATC 2005) with a logic tree-based weighting of
input parameters that reportedly allows for the computation of confidence intervals.
GIS software can be utilized at multiple levels of resolution to display predicted
losses graphically. Detailed information on SELENA is provided in Sect. 2.4 of this
chapter.

239 DBEILA

DBELA (Displacement-Based Earthquake Loss Assessment) is an earthquake loss
estimation tool currently being developed at the ROSE School/EU-Centre in Pavia
(Crowley et al. 2004; Calvi et al. 2006; Bal et al. 2008a). The methodology is
essentially based on comparison of the displacement capacity of the building stock
(grouped by structural type and failure mechanism) and the imposed displacement
demand from a given earthquake scenario. The methodology aims to allow a good
correlation with damage, ease of calibration to varying building stock characteris-
tics and systematic treatment of all sources of uncertainty. It takes into account the
uncertainties associated through the process for demand and capacity. Applications
of the methodology were carried out for loss assessment in the Marmara Region
(Bommer et al. 2006).

2.3.10 EQSIM

EQSIM (EarthQuake damage SIMulation) is the rapid earthquake damage estima-
tion component of the Disaster Management Tool (DMT) currently being
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developed at the University of Karlsruhe (Baur et al. 2001; Markus et al. 2004). The
loss estimation methodology is based on the adaptation capacity spectrum method
used in HAZUS to reflect the European building practice. EQSIM has been used to
assess earthquake losses in Bucharest on the basis of scenario earthquakes (Wenzel
and Marmuraenu 2007).

2.3.11 QUAKELOSS

QUAKELOSS is a computer tool for estimating human loss and building damage
due to Earthquakes developed by the staff of the Extreme Situations Research
Center in Moscow. An earlier version of this program and data set is called
EXTREMUM (Larionov et al. 2000). QUAKELOSS software is used by the
World Agency of Planetary Monitoring and Earthquake Risk Reduction
(WAPMERR) to provide near-real-time estimates of deaths and injuries caused
by earthquakes anywhere in the world. The building inventory reportedly incorpo-
rates data from about two million settlements throughout the world.

2.3.12 NHEMATIS

NHEMATIS (Natural Hazards Electronic Map and Assessment Tools Information
System) has been developed Emergency Preparedness Canada (Couture
et al. 2002). It is a national-scale automated facility for the collection and analysis
of natural hazard information combined with characterizations of population and
infrastructure to allow analyses of risks. Similar to HAZUS, NHEMATIS integrates
an expert system rule base, geographic information system (GIS), relational data-
bases, and quantitative models to permit assessment of the hazard impact.

2.3.13 EQORM

EarthQuake Risk Management (EQRM), developed by Geoscience Australia, is an
event-based tool for earthquake scenario ground motion and scenario loss modeling
as well as probabilistic seismic hazard and risk modeling (Robinson et al. 2005,
2006). The risk assessment methodology is based on the HAZUS methodology with
some modifications to adapt it to Australian conditions. It has the potential to be
used with earthquake monitoring programs to provide automatic loss estimates.
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2.3.14 OSRE

The Open Source Risk Engine (OSRE), developed in Kyoto University — Graduate
School of Engineering — Department of Urban Management, is multi-hazards open-
source software that can estimate the risk (damage) of a particular site (object)
given a hazard and the fragility with their associate probability distributions
(AGORA-Alliance for Open Risk Analysis, http://www.risk-agora.org). The cata-
logue fragility data for different facility classes was obtained from ATC-13.

2.3.15 ELER

The Joint Research Activity 3 (JRA3) of the EU Project NERIES has developed a
methodology and software “Earthquake Loss Estimation Routine — ELER” (ELER
V3.12010; Erdik et al. 2008, 2010) for rapid estimation of earthquake damages and
casualties throughout the Euro-Med Region. ELER is designed as open source
software to allow for community based maintenance and further development of
the database and earthquake loss estimating procedures. The software provides for
the estimation of losses in three levels of analysis. These levels of analysis are
designed to commensurate with the quality of the available building inventory and
demographic data. Detailed information on ELER is provided in Sect. 2.4 of this
chapter.

23.16 MAEVIZ

MAEviz, developed in the Mid-America Earthquake Center in University of Illi-
nois, integrates spatial information, data, and visual information to perform seismic
risk assessment and analysis (http://mae.ce.uiuc.edu/software_and_tools/maeviz.
html). It can perform earthquake risk assessment for buildings (structural and
non-structural damage), bridges and gas networks with a built-in library of fragility
relationships. In addition to applications in USA and important application of the
software has been conducted for the Zeytinburnu District of Istanbul (Elnashai
et al. 2007).

2.4 Earthquake Rapid Loss Assessment Systems

Available near real time loss estimation tools can be classified under two main
categories depending on the size of area they cover: (1) Global or Regional Systems
and (2) Local Systems. For the global or regional near real time loss estimation
efforts the following developments will be considered:
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* Global Disaster Alert and Coordination System — GDACS (http://www.gdacs.
org),

e World Agency of Planetary Monitoring Earthquake Risk Reduction —
WAPMERR (http://www.wapmerr.org),

e Prompt Assessment of Global Earthquakes for Response — PAGER (http://
earthquake.usgs.gov/eqcenter/pager/),

» Earthquake Loss Estimation Routine — ELER (http://www koeri.boun.edu.tr/
Haberler/NERIES %20ELER%20V3.1_6_176.depmuh)

» Seismic Loss Estimation using a Logic Tree Approach — SELENA (http://selena.
sourceforge.net/selena.shtml)

A description of the important rapid earthquake loss assessment systems with
global or regional coverage will be provided in the following sub-sections.

2.4.1 PAGER (Prompt Assessment of Global Earthquakes
Jor Response)

PAGER (Prompt Assessment of Global Earthquakes for Response) is an automated
system that produces content concerning the impact of significant earthquakes
around the world, informing emergency responders, government and aid agencies,
and the media of the scope of the potential disaster. PAGER has three separate
methodologies for earthquake loss estimation as part of their package (empirical,
semi-empirical and analytical). PAGER rapidly assesses earthquake impacts by
comparing the population exposed to each level of shaking intensity with models of
economic and fatality losses based on past earthquakes in each country or region of
the world (Earle et al. 2009a, b). PAGER products are generated for all earthquakes
of magnitude 5.5 and greater globally and for lower magnitudes of about 3.5-4.0
within the US. PAGER’s results are posted on the USGS Earthquake Program Web
site (http://earthquake.usgs.gov/) and sent in near real-time to emergency
responders, government agencies, and the media. In the hours following significant
earthquakes, as more information becomes available, PAGER’s content is
modified.

2.4.1.1 Process

The following steps are used in the PAGER methodology:

1. After the magnitude and hypocenter of an earthquake are determined. The
PAGER process begins for each new event with the determination of the
earthquake source parameters, macroseismic data and the resulting ShakeMap.
For large earthquakes ShakeMaps are further constrained (if available, within
several hours) by finite-fault waveform inversions (Wald et al. 2008). The
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ShakeMaps are constrained, if available, by measurements from strong-motion
seismometers in the region surrounding the ruptured fault. In case ground motion
recordings are insufficient, ShakeMaps are constrained using empirical ground
motion prediction equations based on magnitude, site amplification, and distance
to the fault. Observations reported by people in the shaken region using the
USGS “Did You Feel It” system (Wald et al. 1999) are converted to estimates of
shaking intensity and also used to constrain the ground motion distribution.
ShakeMap generates a soil/rock site-specific ground-motion amplification map
based on topographic slope and then converts the estimated ground motions to a
map of seismic intensities.

2. Following the determination of the shaking distribution, PAGER takes the grid
shaking parameter values produced by ShakeMap and determines the settle-
ments (Geonames, http://www.geonames.org) and the population (LandScan)
database in each grid cell (accounting for time of day, Jaiswal and Wald 2008a)
exposed to each level of Intensity (MMI).

3. Based on the population exposed to each shaking intensity level, the PAGER
system estimates total shaking-related losses based on country-specific models
developed from economic and casualty data collected from past earthquakes.

4. PAGER’s output is distributed by e-mail and is available on the USGS Earth-
quake Program webpage (http://earthquake.usgs.gov/pager/). The maps and
tables in this output provide a quick assessment of the estimated impact of the
earthquake. The maps provide an indication of the geographic extent of the
shaking and distribution of the affected population. The Earthquake Impact
Scale provides alert levels for fatalities and economic losses. These alert levels
are based on the range of most likely losses due to earthquake shaking and the
uncertainty in the alert level can be gauged by the histogram, depicting the
percent likelihood that adjacent alert levels (or fatality/loss ranges) occur. The
table included provides information on the impact of an earthquake by providing
the total number of people within the map boundary estimated to have experi-
enced each MMI level from I (not felt) to X (extreme) and information on
possible building damage at different MMI levels for resistant and vulnerable
structures.

2.4.1.2 Building and Population Inventories and Fragilities

EXPO-CAT (http://earthquake.usgs.gov/research/data/pager/expocat) provides
first-order estimates of the number of people exposed to significant global earth-
quakes since 1973 using current PAGER methodology (Allen et al. 2009a, b). It
combines earthquakes in the Atlas of ShakeMaps (Allen et al. 2008) with a gridded
global population database to estimate population exposure at discrete levels of
macroseismic intensity. Present-day population exposure is estimated using the
Landscan global population database. Combining this population exposure dataset
with historical earthquake loss data provided for the calibration loss methodologies
against the set of ShakeMap hazard outputs.
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Currently a first-order building inventory database compiled from: the housing
data of the United Nations (UN 1993) and UN Habitat (2007); data compiled by
Population and Housing Censuses of individual countries (UN 2005) and; the
World Housing Encyclopedia (WHE) database developed by the Earthquake
Engineering Research Institute (EERI 2007) is available (Jaiswal and Wald
2008a, b; Wald et al. 2009a, b). At the country level, the inventory database
contains estimates of building types categorized by material, lateral force-resisting
system, use, and occupancy characteristics.

In a collaborative effort between the US Geological Survey, the Earthquake
Engineering Research Institute, and the World Housing Encyclopedia (http://www.
world-housing.net/), experts from around the world have estimated the distribution
of predominant buildings types in each of 26 countries, and provided by judgment
or statistical survey collapse fragility functions for the predominant structure types
in each country (Jaiswal and Wald 2008b; Porter et al. 2008a, b). Operationally, the
current PAGER system relies on the empirically-based loss approach (Wald
et al. 2008).

The collapse fragility functions developed for global building types using the
procedure described in Jaiswal et al. (2011) is expected to form a starting building
damage estimation model within the PAGER semi-empirical vulnerability model.

PAGER’s fatality loss models (Wald et al. 2008; Jaiswal and Wald 2010) stems
from the wide, global variability in the built environment and uncertainty associ-
ated with inventory and structural vulnerability data, as well as the knowledge
about past casualties in different countries. The empirical model relies on country-
specific earthquake loss data from past earthquakes and makes use of calibrated
casualty rates for future prediction. For this purpose, a three tiered approach is
adopted for fatality estimation. In the empirical approach, a fatality rate is proposed
as a proportion of the population exposed at each intensity level, and depends on the
shaking intensity according to a lognormal function, with values of the two separate
parameters defining the function, and an uncertainty factor, each for different
countries or regions of the world. This empirical approach is mostly adaptable for
the developing regions of the world, where the available data does not permit for an
analytical analysis to be conducted. The PAGER semi-empirical approach aims to
develop a better casualty estimate by using, for the area affected at each intensity
level, the number of buildings and their vulnerability to collapse at the estimated
ground shaking, combined with an estimate of the fatality (or lethality) rate as a
proportion of total occupants, given collapse.

2.4.1.3 Economic Loss Estimation

In order to estimate economic losses an assessment of the economic exposure at
various levels of shaking intensity is used. Since the economic value of all the
physical assets exposed at different locations in a given area is generally not known
and extremely difficult to compile at a global scale, In the absence of such a dataset,
the total Gross Domestic Product (GDP) exposed at each shaking intensity is
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estimated by multiplying the per-capita GDP of the country by the total population
exposed at that shaking intensity level. The total GDP thus estimated at each
intensity is then scaled by an exposure correction factor, which represents a
multiplying factor to account for the disparity between wealth and/or economic
assets to the annual GDP (Jaiswal and Wald 2011).

For this development at least four damaging earthquakes that occurred within a
country or region during the observation period between 1973 and 1980. Since only
a few countries experienced large, damaging earthquakes for which loss values are
available during the observation period, it was necessary to aggregate some coun-
tries into regions using the “Human Development Index” (HDI) to estimate the
parameters of the economic loss ratio function. The economic exposure obtained
using this procedure is a proxy estimate for the economic value of the actual
inventory that is exposed to the earthquake.

2.4.2 GDACS: The Global Disaster Alert and Coordination
System

The Global Disaster Alert and Coordination System — GDACS (http://www.gdacs.
org/) provides near real-time alerts about natural disasters around the world and
tools to facilitate response. GDACS is a joint initiative of the United Nations Office
for the Coordination of Humanitarian Affairs (OCHA) and the European Commis-
sion that serves to consolidate and improve the dissemination of disaster-related
information, in order to improve the coordination of international relief efforts. It
started as GDAS, but was later coupled with the coordination information system of
the UN Office of Coordination of Humanitarian Affairs-Virtual On-site Operations
Coordination Center (the OCHA Virtual OSOCC, http://vosocc.unocha.org, http://
vosocc.gdacs.org). GDACS collects near real-time hazard information and com-
bines this with demographic and socio-economic data to perform a mathematical
analysis of the expected impact. This is based on the magnitude of the event and
possible risk for the population. The result of this risk analysis is distributed by the
GDACS website and alerts are sent via email, fax, and SMS to subscribers in the
disaster relief community, and all other persons that are interested in this
information.

GDACS collects earthquake information from: United States Geological Survey
National Earthquake Information Center (NEIC), European-Mediterranean Seis-
mological Centre (EMSC), GEOFON Program of the GFZ Potsdam and Japan
Meteorological Agency (JMA).

Using the reported earthquake parameters, a three level alert based on the
LandScan population dataset and the population fragility (European Commission
Humanitarian Aid Department Global Needs Assessment Indicator) in the region of
interest. Currently, the evaluation of the potential humanitarian impact of earth-
quakes considers (1) earthquake magnitude, (2) earthquake depth, (3) population
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within 100 km of epicenter, and (4) national population fragility. The last two
elements are automatically calculated by GIS based on the earthquake epicenter,
the LandScan population dataset and ECHO’s Global Needs Assessment indicator.
The alerts are considered on the basis of the so-called alert score which combines
the earthquake magnitude and depth, size of the exposed population and the
country-specific fragility index. The alert score is transformed into three alert
levels: red, orange and green.

2.4.3 WAPMERR-QLARM World Agency of Planetary
Monitoring and Earthquake Risk Reduction

QLARM (http://qlarm.ethz.ch) provides loss estimates for earthquakes in global
scale after the event. The post-earthquake alerts issued include number of fatalities
and injured, as well as average damage to buildings in the affected settlements. This
service is being carried out in partnership between WAPMERR (World Agency of
Planetary Monitoring and Earthquake Risk Reduction) and the Swiss Seismological
Service (SED-ETH, Zurich). The estimates in the current version include: (1) The
expected percentage of buildings in each of five damage states in each settlement,
(2) the mean damage state in each settlement, (3) the numbers of fatalities and
injured, with error estimates, in each settlement (Trendafiloski et al. 2009b). The
loss estimates are reportedly provided in about 30 min after the earthquake.

QLARM is an outgrowth of the former QUAKELOSS software, the computer
tool used to estimate the building damage and casualties (Trendafiloski
et al. 2009a). Loss estimations are done for the QLARM worldwide database
constructed of: (1) point city models for the cases where only summary data for
the entire city are available; and, (2) discrete city models where data regarding city
sub-divisions (districts) are available (Trendafiloski et al. 2009b). The ground
shaking for the settlements is computed based on the magnitude, epicenter and
depth of the event using global and regional ground motion prediction models. Soil
amplification is estimated using either local data to derive an amplification factor
for each discrete city model or global data based on Vs30 values derived from
topographic slopes from Allen and Wald (2007).

QLARM calculates the expected building damage using intensity based fragility
models, calibrated using about 1,000 earthquakes for which losses are known.
Distribution of building stock and population are attributed to these city models.
In the data base of QLARM, the population of about two million settlements is
known and each settlement has a profile of building fragility. Fragility classes are
assigned to different building types considering the fragility table given by the
European Macroseismic Scale EMS-98 (Griinthal 1998). Building and population
distributions are constructed using the percentage of the number of buildings and
population belonging to a particular fragility class. QLARM population database is
constructed using national census data and the online sources World Gazetteer and
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Geonames. Opinion of local experts, World Housing Encyclopedia and PAGER
database are additional sources used to improve the population database. Popula-
tion distribution by time of the event is taken into account using the model proposed
by Coburn and Spence (2002).

The European Macroseismic Method of Giovinazzi (2005) is used to calculate
building damages. The fragility models are pertinent to EMS-98 fragility classes
and correlate the mean damage grade pD (0 < pD <5) with the seismic intensity
and the fragility index.

Human losses are estimated using the casualty event-tree model proposed by
Stojanovski and Dong (1994). The probability of occurrence of casualty state for a
given seismic intensity is calculated as a product of the damage probabilities for
seismic intensity and the casualty probabilities for damage grades of EMS-98. It is
claimed that the human losses are estimated within a factor of 2 for past
earthquakes.

2.4.4 ELER: Earthquake Loss Estimation

The Joint Research Activity JRA-3 of the EU Project NERIES aims at establishing
rapid estimation of earthquake damages, casualties, shelters and food requirements
throughout the Euro-Med Region. Within the scope of this activity, a rapid loss
estimation tool (ELER, http://www.koeri.boun.edu.tr/Haberler/NERIES%20ELER
%20V3.1_6_176.depmuh) is developed by researchers from KOERI, Imperial
College, NORSAR and ETH-Zurich. The loss estimation is conducted under
three levels of sophistication as elaborated in Fig. 2.4.

The ground motion estimation methodology is common in all levels of analysis.
The shake mapping methodology is similar to the USGS Shake Map (Wald
et al. 2005). Based on the event parameters the distribution of PGA, PGV, SA
(T=0.2 s) and SA (T=1 s) are estimated based on a choice of ground motion
prediction models. Local site effects are incorporated either with the Borcherdt
(1994) methodology or, if available, with the use of Vs30 based amplification
functions within the ground motion prediction equations (GMPE). If strong ground
motion recordings are also available, the prediction distributions are bias corrected
using the peak values obtained from these recordings. Geo-spatial analysis can be
also employed in this step, through the Modified Kriging Method. EMS-98 Inten-
sity distributions are obtained based on computed PGA and PGV values using the
procedure proposed by Wald et al. (1999). For site-specific analysis, Vs30 values
(average shear wave propagation velocity in upper 30 m of the soil medium) are
obtained from regional geology (Quaternary, Tertiary, Mesozoic (QTM) maps) or
slope-based Vs30 maps (Allen and Wald 2007).

After the estimation of the spatial distribution of selected ground motion param-
eters, earthquake losses (damage and casualty) can be estimated at different levels
of sophistication, namely Level 0, 1 and 2. The differentiation of these levels of
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Fig. 2.4 The levels of analysis incorporated in the ELER software

analysis is essentially controlled by the availability of building inventory and
demographic data (Demircioglu et al. 2009; ELER v3.1 2010; Erdik et al. 2010).

Both Level 0 (quite similar to PAGER system of USGS) and Level 1 analyses of
ELER software are based on obtaining intensity distributions analytically and
estimating total number of casualties either using regionally adjusted intensity-
casualty or magnitude-casualty correlations (Level 0) or using regional building
inventory databases (Level 1). Level 1 type analysis uses EMS98 (Griinthal 1998)
based building fragility relationships of Lagomarsino and Giovinazzi (2006) to
estimate building damage and casualty distributions.

Level 2 type analysis corresponds to the highest sophistication level in the loss
estimation methodology developed. The building damage and casualty distribu-
tions are obtained using analytical fragility relationships and building damage
related casualty fragility models, respectively. The Level 2 module of ELER aims
at assessing the building damage and the consequential casualties using methodol-
ogies similar to HAZUS-MH (2003).
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2.4.4.1 Demographic and Building Inventory

For all levels of analysis the 30 arc sec (about 1 km) grid based LandScan (Oak
Ridge National Laboratory 2011) population data are used. For both the Level 1 and
Level 2 analyses options exist for the use of local demographic data for casualty
estimation.

ELER is structured in such a way that a building inventory can be classified in
terms of any classification system as long as the empirical and/or mechanical
fragility relationships associated with each building type is defined by the user.
The HAZUS (FEMA 2003), EMS-98 (Griinthal 1998), and RISK-UE (2001-2004)
building taxonomies are used as the default main classification systems in the
development of ELER. The user has the capability of defining custom fragility
curves by “Building Database Creator” tool.

The regional scale building inventory used in Level 1 analysis corresponds to an
approximated (proxy) European database consisting of the number of buildings and
their geographic distribution. This approximated building database is obtained from
CORINE Land Cover (European Environment Agency 1999), LandScan popula-
tion database and Google Earth (http://earth.google.com) and is provided within
ELER as the default data for Level 1 analysis. Following the determination
governing land cover classes for each country, the basic methodology used in
obtaining the country basis proxy distribution of the number of buildings (per
unit area in each building class) is as follows (Demircioglu et al. 2009; ELER
v3.1 2010; Erdik et al. 2010):

1. Select suitable sample areas from Google Earth for each Corine Land Cover
class in all countries

2. Obtain the actual number of buildings in each sample area, automatically using
image processing techniques.

3. Approximate the total number of buildings in each country by spreading the
sample area building counts to the country

4. Verify (and adjust) the number of buildings thus obtained by computing the
population per building for each Corine Land Cover class, and by also checking
with the actual number of buildings in a country if such information has been
obtained from the corresponding country’s statistical office.

The corresponding RISK-UE building taxonomy classes were identified and the
associated percentages have been used to convert the grid based number of build-
ings to an inventory of differentiated structural types in each country. The grid
based distribution of the number of buildings and population thus obtained is
aggregated to 30 and 150 s arc grids to form the default data for Level 1 analysis.

2.4.4.2 Building Damage Estimation

Different fragility relationships and building damage assessment methodologies are
used under the different levels of analysis.
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The Level 0 analysis does not include any building damage assessment. The
physical damage in cities and other populated areas can be inferred through the
intensities given by the Shakemaps.

For Level 1 damage assessment analysis, the intensity based empirical fragility
relationships developed by Lagomarsino and Giovinazzi (2006) are used. ELER
software allows for the incorporation of a regional variability factor in these
relationships.

Level 2 analysis is essentially intended for earthquake risk assessment (building
damage and consequential human casualties) in urban areas (Hancilar et al 2010).
As such, the building inventory data for the Level 2 analysis will consist of grid
(geo-cell) based urban building (HAZUS or user-defined similar typology) and
demographic inventories. The building damage assessment is based on the analyt-
ical fragility relationships based on the Capacity Spectrum Method (so-called
HAZUS methodology).

For the representation of seismic demand the 5 %-damped elastic response
spectrum provided EC8 Spectrum (Eurocode 8, CEN 2003) or IBC 2006 Spectrum
(International Building Council 2006) is used. For the estimation of the so-called
“Performance Point”, the intersection pint of the capacity and the demand curves,
ELER uses the procedures based on: the Capacity Spectrum Method specified in
ATC-40 (1996), its recently modified and improved version Modified Acceleration-
Displacement Response Spectrum Method (FEMA-440) and the Coefficient
Method originally incorporated in FEMA-356 (2000). ELER also incorporates
another nonlinear static procedure, the so-called “N2 — Reduction Factor Method”
method (Fajfar 2000) where the inelastic demand spectra is modified using ductility
factor based reduction factors.

2.4.4.3 Casualty Estimation

The casualty estimation is done by using regionally adjusted intensity casualty or
magnitude-casualty correlations based on the Landscan population distribution
inventory. The module can use previously calculated intensity grid (with the Hazard
Module) or a custom intensity grid. There are three possible algorithms for com-
puting the casualty estimation: (a) Samardjieva and Badal (2002), (b) RGELFE
(1992), and (c) Vacareanu et al. (2005). The uncertainty regarding the results of this
module is substantial, however, it can be a very fast way of providing casualty
estimates, based on minimum data that can be easily available.

Casualties in Level 1 analysis is assessed on the basis of the simple correlations
with fatalities and the number of buildings damaged beyond repair. The rates of
severe injuries were obtained by revising those suggested in ATC-13 (1985) using
regional post-earthquake casualty data. The casualty estimation methodology of
Coburn and Spence (2002) based on the number of buildings in D5 damage state of
EMS9S is also coded in ELER.

The estimation of casualties in Level 2 analysis is the one used in HAZUS based
on the number of buildings of a given type at different damaged states and the
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associated casualty rates. The casualty rates corresponding to reinforced concrete
and masonry structures given in HAZUS-MH (FEMA 2003) are adopted in ELER.
The module computes, after obtaining probabilities for buildings in different
damage states (five damage states: slight, moderate, extensive, complete and total
collapse), estimates for human casualties, based on HAZUS-MH rates. The output
from the module consists of a casualty breakdown by injury severity level, defined
by a four level injury severity scale.

24.5 SELENA: Seismic Loss Computation Engine

SELENA (Seismic Loss Estimation using a Logic Tree Approach) is a software tool
for seismic risk and loss assessment (http://selena.sourceforge.net/selena.shtml). It
relies on the principles of capacity spectrum methods (CSM) and follows the same
approach as the loss estimation tool for the United States HAZUS-MH (2003). A
logic tree-computation scheme has been implemented in SELENA to account for
epistemic uncertainties in the input data. The user has to supply a number of input
files that contain the necessary input data (e.g., building inventory data, demo-
graphic data, definition of seismic scenario etc.) in a simple pre-defined ASCII
format. SELENA computes ground shaking maps for various spectral periods
(PGA, Sa(0.3 s) and Sa(1.0 s), damage probabilities, absolute damage estimates
(including Mean Damage Ratios MDR) as well as economic losses and numbers of
casualties. Flowchart of a deterministic analysis using SELENA is provided in
Fig. 2.5.

In SELENA the provision of seismic demand can be done by assigning PGA or
spectral accelerations at 0.3 and 1 s, obtained from seismic hazard assessment, to
the geographical units. SELENA can compute the ground motion parameters by
built-in GMPRs for deterministic scenario earthquakes. For real time analysis, data
from strong motion stations (at least PGA values) can also be used with certain
limitations. Based on these ground motion parameters SELENA generates site-
specific response spectra based on IBC-2006 (International Code Council 2006),
Eurocode 8 (CEN 2003) and Indian seismic building code IS 1893.

SELENA uses analytical approach for obtaining building damage with different
user-selectable methodologies: (1) the traditional capacity spectrum method (CSM)
as proposed by ATC-40 (ATC 1996), (2) the Modified Acceleration Displacement
Response Spectra (MADRS) method according to FEMA 440 (FEMA 2005) and
(3) the Improved Displacement Coefficient Method (I-DCM) as given by FEMA
440 (FEMA 2005). Damage probabilities and absolute estimates of structural
building damage are computed for the five damage states no, slight, moderate,
extensive and complete. The associated economic losses and casualties are esti-
mated on the basis of available building stock inventory, replacement values and
demographic information, by adopting the methodology described by HAZUS-
MH (2003).
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Fig. 2.5 Principle flowchart of a deterministic analysis using SELENA

The methodology applied in order to estimate the number of human casualties
follows basically the HAZUS-MH (2003) approach or the basic approach following
Coburn and Spence (2002). For the estimation of economic losses HAZUS-MH
(2003) approach is adopted with the possibility to modify the replacement cost
percentage.

2.5 Local Earthquake Rapid Loss Assessment Systems

Several local systems (country-, city- or, facility-specific) capable of computing
damage and casualties in near real time already exist in several regions of the world.
For example the Taiwan Earthquake Rapid Reporting System, the Real-time Earth-
quake Assessment Disaster System in Yokohama (READY), The Real Time Earth-
quake Disaster Mitigation System of the Tokyo Gas Co. (SUPREME) and the
Istanbul Earthquake Rapid Response System (IERRS) provide near-real time dam-
age estimation after major earthquakes (Erdik and Fahjan 2006). Almost all of these
systems are based on the assessment of demand in real time from dense strong
motion instrument arrays and the estimation of damage on the basis of known
inventory of elements exposed to hazard and the related fragility relationships.
After an earthquake the shaking and damage distribution maps are automatically
generated on the basis of the ground motion intensity measure data received from
the field stations, building inventory and the fragility relationships.

2.5.1 Earthquake Rapid Reporting System in Taiwan

Earthquake Rapid Reporting and Early Warning Systems in Taiwan, operated by
Taiwan Central Weather Bureau, uses a real-time strong-motion accelerograph
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network that currently consists of 82 telemetered strong-motion stations distributed
across Taiwan, an area of 100 km x 300 km. The rapid reporting system can offer
information about 1 min after an earthquake occurrence, that includes earthquake
location, magnitude and shaking maps (Tsai and Wu 1997; Teng et al. 1997; Wu
et al. 1998, 1999, 2004; Shin and Teng 2001; Wu and Teng 2002).

Central Weather Bureau of Taiwan operates two dense digital strong-motion
networks: (1) The Taiwan Rapid Earthquake Information Release System
(TREIRS), and (2) The Taiwan Strong Motion Instrumentation Program (TSMIP).

TREIRS can obtain earthquake magnitude, epicenter location and focal depth
within 90 s after occurrence of earthquakes. The TSMIP system consist of more
than 650 stations spaced approximately every 5 km in populated areas in Taiwan.
The Early Seismic Loss Estimation (ESLE) module has been developed and
integrated with the application software “Taiwan Earthquake Loss Estimation
System (TELES) provides decision support soon after occurrence of strong earth-
quakes for emergency providers (Yeh et al. 2003). TELES software, essentially
modeled after HAZUS, acts as a decision support tool in emergency responses. The
ESLE module is automatically triggered after receiving earthquake alerts. The
estimated damages and casualties are then provided in the form of maps and tables
automatically. Currently, the time span to complete the hazard analysis and damage
assessment needs 3—5 min depending on the earthquake magnitude, epicenter
location and focal depth.

2.5.2 Istanbul Earthquake Rapid Response System

To assist in the reduction of losses in a disastrous earthquake in Istanbul a dense
strong motion network has been implemented. All together this network and its
functions is called Istanbul Earthquake Rapid Response and Early Warning System
(IERREWS). The system is designed and operated by Bogazici University with the
logistical support of the Governorate of Istanbul, First Army Headquarters and
Istanbul Metropolitan Municipality (Erdik et al. 2003a, b; Erdik and Fahjan 2006;
Sesetyan et al. 2011). Currently 230 strong motion recorders (including those from
the IGDAS network) are stationed in dense settlements in the Metropolitan area of
Istanbul in on-line mode for Rapid Response information generation. Post-
earthquake rapid response information is achieved through fast acquisition, analysis
and elaboration of data obtained from these stations.

The Rapid Response part of the [IERREWS System satisfies the COSMOS (The
Consortium of Organizations for Strong-Motion Observation Systems) Urban
Strong-Motion Reference Station Guidelines (www.cosmos-eq.org) for the location
of instruments, instrument specifications and housing specifications. The relative
instrument spacing is about 2—3 km which corresponds to about 3 wavelengths in
firm ground conditions and more than 10 wavelengths for soft soils for horizontally
propagating 1 s shear waves. For communication of data from the rapid response
stations to the data processing center and for instrument monitoring a reliable and
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redundant GSM 3G communication system (backed up by dedicated landlines and a
microwave system) is used.

After an earthquake, the ground motion parameters, spectral displacements at
selected periods, are calculated at each station location, are interpolated to deter-
mine the spectral displacement values at the center the geo-cells. The earthquake
demand at the center of each geo-cell (0.005° units) is computed through interpo-
lation of these spectral displacements using two-dimensional splines. For the
generation of Rapid Response information (Loss Maps) the ELER software is
used (Sesetyan et al. 2011).

The loss estimation relies on the building inventory database, fragility curves
and the direct physical damage and casualty assessment techniques. The building
inventories (in 24 groups) for each geo-cell together with their spectral displace-
ment curves are incorporated in the software. The casualties are estimated on the
basis of the number of occupancies and degree of damage suffered by buildings.
The resulting rapid response (i.e. LossMap) information is communicated to the
concerned emergency response centers (currently Istanbul Governorate, Istanbul
Municipality and First Army Headquarters).

Another application called “SOSEWIN-Self Organizing Seismic Early Warning
Information Network”, based on the innovative technology of self-organizing
networks, has been set up in the Atakoy region of Istanbul as a prototype (Picozzi
et al. 2008). In contrast to centralized conventional Early Warning approach, the
SOSEWIN system uses new, low-cost wireless sensing units, specifically designed
to form a dense decentralized wireless mesh network (Fleming et al. 2009). The
sensors allow the performance of onsite, independent analysis of the ground motion
and the real-time communication of estimated parameters. The dedicated algo-
rithms in the system provide the decision to issue warning within the wireless mesh
network itself and reduces the lead-time for early warning activities. As a long-term
aim of the SOSEWIN system, the use of low-cost sensing nodes by a range of end
users including the general public will provide valuable input for higher resolution
ShakeMaps with neighborhood-scale loss assessments. In this regard, the increase
of SOSEWIN sensing units will complement existing earthquake early warning and
rapid response systems.

2.5.3 IGDAS: Istanbul Natural Gas Earthquake Response
System

Istanbul Gas Distribution (IGDAS) is the primary natural gas provider in Istanbul to
5 Million subscribers, and operates an extensive system of 9,867 km of gas lines,
with 704 district regulators and 474,000 service boxes.

A real time risk mitigation system, currently encompassing 110 strong motion
accelerometers located at critical district regulators, became operational in 2013
(Biyikoglu et al. 2012 The real-time ground motion data is transmitted to the
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IGDAS server at SCADA center and KOERI through 3G. The system works
integrated with IERREWS with the total of 230 strong motion stations. The real-
time ground shaking maps and grid based pipeline damage maps including pipeline
components such as bends, tees, district regulators, isolation joints, valve rooms and
service boxes are obtained.

The IGDAS Earthquake Response System follows four stages as below:

1. Real-time ground motion data is transmitted from IGDAS and KOERI stations
to the IGDAS Scada Center and KOERIL.

2. During an event EW information is sent from IGDAS Scada Center to the
IGDAS stations at district regulators.

3. Automatic Shut-Off depending on the treshold level of certain parameters at
each IGDAS district regulator is applied, and calculated parameters are sent
from stations to the IGDAS Scada Center and KOERI.

4. Integrated ground shaking and damage maps are prepared immediately after the
earthquake event.

2.5.4 REaltime Assessment of Earthquake Disaster
in Yokohama (READY)

In 1997 the city of Yokohama installed a dense strong-motion array for earthquake
disaster management. The array (called, REal-time Assessment of earthquake
Disaster in Yokohama -READY System) consists of 150 strong motion
accelerographs at a spacing of about 2 km. In addition borehole strong motion
systems at installed at nine different locations for liquefaction monitoring. It is
currently used for strong motion monitoring, real-time seismic hazard and risk
assessment and damage gathering systems (Midorikawa 2005). These stations are
connected to three observation centers, the disaster preparedness office of the city
hall, the fire department office of the city and Yokohama City University, by the
high-speed and higher-priority telephone lines.

When the accelerograph is triggered by an earthquake, the station computes
ground-motion parameters such as the instrumental seismic intensity, peak ampli-
tudes, predominant frequency, total power, duration and response spectral ampli-
tudes. The seismic intensity data is conveyed to the city officials by the pager, and
the intensity map of the city is drawn within a few minutes after the earthquake. The
map is immediately open to the public through the Internet and local cable TV.

Rapid assessment of the damage to the timber houses is computed and mapped
on the basis of their dynamic characteristics and the response spectrum of ground
motion. The damage map is displayed with other information such as locations of
hospitals, refuges and major roads for emergency transportation (Midorikawa 2004;
Ariki et al. 2004).
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2.5.5 Tokyo Gas: Supreme System

To cope with earthquake related secondary disasters, the new real-time disaster
mitigation system for a city gas network has been developed by Tokyo Gas
Company. since 1998 for the purpose of realization of dense real-time seismic
motion monitoring, quick gas supply shut-off, prompt emergency response and
efficient restoration work. In 2001, Tokyo Gas successfully started the operation of
SUPREME, which employs 3,800 SI sensors and remote control devices at all the
district regulator stations in its service area (3,100 kmz). In order to avoid earth-
quake risks due to leakage of gas from breakage of buried pipes, Tokyo Gas
Co. Ltd. has developed and put into use a real-time safety control system, called
SUPREME (http://www.tokyo-gas.co.jp/techno/stp3/97c1_e.html). The system
monitors the earthquake motion at 3,800 district regulators using spectrum intensity
sensors, interprets the data, and assesses gas pipe damage in order to decide whether
or not the gas supply should be interrupted (Yamazaki et al. 1995; Shimizu
et al. 2004 and 2006; Inomata and Norito 2012). Spectrum intensity sensors
computes the Housner Intensity (Housner 1961) based on the integral of the 5 %
damped response spectra between the periods of 0.1 and 2.5 s.

SUPREME interpolates SI values for 50 m meshes to calculate the number of
damaged locations in each mesh in real time, based on SI values observed after
disasters and data of geotechnical investigations (local site effects on ground
motion) obtained in advance. SUPREME is also equipped with logic to simulta-
neously estimate the risk of liquefaction and to calculate damaged locations
(Inomata and Norito 2012).

2.6 Comments and Conclusions

Impact of large earthquakes in urban and critical facilities and infrastructure can be
reduced by timely and correct action after a disastrous earthquake. Today’s tech-
nology permits for the assessments of the distribution of strong ground motion and
estimation of building damage and casualties within few minutes after an
earthquake.

The reduction of casualties in urban areas immediately following an earthquake
can be improved if the location and severity of damages can be rapidly assessed by
the information from Rapid Response Systems. The emergency response capabil-
ities can be significantly improved to reduce casualties and facilitate evacuations by
permitting rapid, selective and effective deployment of emergency operations.

The ground motion measurement hardware, data transmission systems and the
loss assessment methodologies and software needed for the implementation of such
Earthquake Rapid Response Systems have reached to a degree of development that
can ensure the feasible application of such systems and services throughout the
world.


http://www.tokyo-gas.co.jp/techno/stp3/97c1_e.html

2 Rapid Earthquake Loss Assessment After Damaging Earthquakes 87

Recent earthquakes provided opportunities for evaluation of the operational
rapid loss assessment systems. The Center for Disaster Management and Risk
Reduction Technology (CEDIM, www.cedim.de) has critically evaluated rapid
loss assessments done after the M7.2 Van Earthquake (Eastern Turkey) of
23 October 2011 in connection with their comprehensive forensic investigations
(Wenzel et al. 2012). In Van earthquake event, alerts of major earthquake activity
came first from from KOERI, SARBIS, EMSC and USGS. There was much
difference in initial hypocenter information from different agencies and the esti-
mates from ELER, PAGER, WAPMERR, CATDAT-EQLIPSE showed a large
range of losses. The ELER based rapid loss assessment provided by KOERI proved
to be very close to the final losses doe to correct location of the earthquake source
used (Wenzel et al. 2012; Erdik et al. 2012; CEDIM 2011).

The 2011 Tohoku earthquake is an example that illustrates the importance of
post-event analysis. Fifteen alerts were issued by PAGER/ShakeMap in time
periods ranging from within 23 min to 6 months after the earthquake. Rapid loss
estimations loss estimation for the Tohoku earthquake of 11 March 2011 is com-
pared in Daniell et al. (2011a). It is shown that a number of rapid earthquake loss
estimation software packages (PAGER, QLARM, EXTREMUM) have created
reasonable estimates of loss in quick time after a disaster. However, the earthquake
data alone was not sufficient to produce reliable loss estimates because of the
associated tsunami.

Uncertainties in real-time estimates of human losses are a factor of two, at best.
And the size of the most serious errors can be an order of magnitude. They can be
generated by hypocenter errors, incorrect data on building stock, and magnitude
errors, especially for large earthquakes. Several studies have shown that casualty
models currently used for rapid post-event casualty estimation involve a high
degree of uncertainty. This is essentially due to uncertainty in the earthquake’s
source parameters and also our lack of knowledge on built environment, its fragility
characteristics, and of the survival rates in an earthquake. For example, Spence and
So (2011) have compared the performance of WAPMEER and PAGER in the
estimation of casualties in several recent earthquakes. They found significant
underestimations and overestimations depending on the earthquake. The reduction
of the uncertainties inherent in the basic ingredients of earthquake loss assessment
is an important issue that needs to be tackled in the future for viability and
reliability of rapid loss assessments. Improvement in the speed and quality of
moment tensor information, including estimates of rupture direction and fault
finiteness, will be needed for refining loss estimates especially in regions without
dense local seismograph networks.

Much remains to be done to produce more reliable rapid loss estimates after
earthquakes. It is believed that the increasing number of scientific studies, outcomes
of the relevant EU projects (such as NERIES, SAFER, NERA and REAKT),
ongoing refinements in PAGER methodologies, as well as the expected achieve-
ments of the Global Earthquake Model (www.globalquakemodel.org) project will
provide the correct directions and developments in this regard.


http://www.cedim.de/
http://www.globalquakemodel.org/
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Chapter 3

Existing Buildings: The New Italian
Provisions for Probabilistic Seismic
Assessment

Paolo Emilio Pinto and Paolo Franchin

Abstract In Europe, the reference document for the seismic assessment of buildings
is the Eurocode 8-Part3, whose first draft goes back to 1996 and, for what concerns its
safety format, has strong similarities with FEMA 276. Extended use of this document,
especially in Italy after the 2009 L’Aquila earthquake has shown its inadequacy to
provide consistent and univocal results. This situation has motivated the National
Research Council of Italy to produce a document of a level higher than the one in
force, characterized by a fully probabilistic structure allowing to account for all types
of uncertainties and providing measures of performance in terms of mean rates of
exceedance for a selected number of Limit States (LS). The document, which covers
both reinforced concrete and masonry buildings, offers three alternative approaches
to risk assessment, all of them belonging to the present consolidated state of knowl-
edge in the area. These approaches include, in decreasing order of accuracy:
(a) Incremental dynamic analysis on the complete structural model, (b) Incremental
dynamic analysis on equivalent SDOF oscillator(s), (c) Non-linear static analysis. In
all three approaches relevant uncertainties are distinguished in two classes: those
amenable of description as continuous random variables and those requiring the set-
up of different structural models. The first ones are taken into account by sampling a
number of realizations from their respective distributions and by associating each
realization with one of the records used for evaluating the structural response, the
latter by having recourse to a logic tree. Exceedance of each of the three considered
Limit States: Light or Severe damage and Collapse, is signaled by a scalar
indicator Y, expressing the global state of the structure as a function of that of its
members, taking a value of one when the Limit State is reached. For the first two
LS’s, which relate to functionality and to economic considerations, the formulation of
Y is such as to leave to the owner the choice of the acceptable level of damage, while
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for the Collapse LS the formulation is obviously unique. An application to a real
school building completes the paper.

3.1 Preamble

In spite of the availability (officially since 2005, but with preliminary versions since
1996) of Eurocode 8 Part3 (EC8/3) dealing with seismic assessment and retrofitting
of buildings, the relevance for Italy of a document of this type had escaped the
attention of both the authorities and the profession until a small earthquake
occurred in 2002 caused the complete collapse of a school and the death of all
the young students inside. This fact produced a national scandal and the awakening
in the general public of the consciousness of the seismic risk potentially affecting
all types of constructions, the old as well as the recent ones.

The situation prompted the Department of Civil Protection to take action in two
directions: preparing a technical document dealing with the analytical seismic
assessment of buildings, and emanating an ordnance requiring that all important
public facilities be subjected to assessment within 5 years time. The technical
document can be regarded essentially as the translation of the EC8/3: it has been
made official in 2008 by the competent Ministry (NTC2008) Ministero
Infrastrutture (2008) and its use mandatory in July 2009, right after the April 6th
2009 L’ Aquila earthquake.

3.1.1 The Present Normative State and the Purpose
of the New Document Issued by the National Research
Council

It will be understood that due to the ordnance of 2003 a very large number of
buildings has been by now subjected to seismic assessment using basically EC8/3,
so that experience on its merits and limitations rests on solid statistical bases.
Critical aspects have emerged from the use of EC8/3, not only in Italy, but in a
number of other European Countries as well, and plans for an improved version are
under way. The consensus existing on major critical aspects allows for just a brief
mention to be made here.

(a) Performance must be checked with reference to three Limit States. These are
formulated in terms of system performance, but then the verifications, for
reinforced concrete (RC) buildings, must be carried out in terms of member
behavior, independently of the number and the importance of non-complying
members. This inconsistency is a major cause of dispersion of the results
obtained by different analysts.
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(b) The uncertainties regarding the structure are grouped into three types, namely:
those related to geometry, to the properties of the materials and to the details of
reinforcement (for RC structures.) Three levels of knowledge are considered,
each one characterized by a combination of the knowledge acquired on the
three types of uncertainty, and a so-called “confidence factor (CF)” is associ-
ated to each level. In many cases in practice, however, the achievable state of
knowledge does not fit in any of the levels above, due to non-uniform quality/
quantity of information on the three aspects, with the consequent uncertainty on
the value of CF to be adopted.

(c) The CF factors are to be applied to the material properties, which are only one
of the many sources of uncertainties, and in the majority of cases are of
comparatively much lesser relevance on the outcome of the assessment.

(d) Little if any guidance is given on the modeling of the structure, e.g. on the use
of classical fiber elements or of stiffness/strength degrading models. Yet
different choices on these aspects are rather consequential on the definition of
the attainment of the LS’s, especially for that of collapse.

In consideration of the above mentioned limits, the National Research Council
(CNR) decided to prepare a document of a level higher than the one in force, in
which the performance-based concept, which is claimed to be at the base of most of
the modern design codes, is implemented in explicit probabilistic terms, allowing
thus uncertainties of all nature to be taken into consideration and introduced into the
assessment process, with their relevance on the final outcome properly reflected.

For what concerns the probabilistic procedures adopted the choice has been to
adhere to the now well consolidated state-of—the-art, avoiding refinements deemed
as inessential, in order to make the document accessible to a larger audience.

The CNR documents, denominated “Instructions”, do not have the status of
“state laws”, as it is the case for the Ministerial norms, so they cannot replace or
contrast with the latter, but they enjoy a high scientific reputation, and recourse to
them is frequent in case of dubious or absent indications in the norms. It is
auspicable and plausible that the future revision of the norms will take profit of
both the format as well of the content of the new document.

3.1.2 The Content of the CNR Instructions

The main content of the document is subdivided into the following chapters.

1. Introduction
2. Methodological aspects common to all typologies:

— Limit States

Target performances
Seismic action

— Knowledge acquisition



100 P.E. Pinto and P. Franchin

AN

Uncertainty modeling

— Structural analysis
Identification of LS exceedance
— Assessment methods.

. Specific provisions for masonry buildings

— Response modeling
— Probabilistic capacity models

. Specific provisions for reinforced concrete buildings

— Response modeling
— Probabilistic capacity modeling

. Commentary to the text
. Example application to a masonry building
. Example application to a reinforced concrete building

The present paper illustrates all material devoted to reinforced concrete

buildings.

3.2 Methodological Aspects Common to All Typologies

3.2.1 Limit States

The Limit States are defined with reference to the performance of the building in its
entirety including, in addition to the structural part, also non-structural ones like
partitions, electrical and hydraulic systems, etc.

The following three Limit States are considered:

Damage Limit State (SLD): negligible damages (no repair necessary) to the
structural parts, and light, economically repairable damages to the
non-structural ones.

Severe Damage (also called life safeguard) Limit State (SLS): loss of use of
non-structural systems and a residual capacity to resist horizontal actions. State
of damage uneconomic to repair.

Collapse prevention Limit State (SLC): the building is still standing but would
not survive an aftershock.

Check against the attainment of the SLC is mandatory, in consideration of the

general lack of reserve ductility of non-seismically designed buildings (contrary to
the proven large reserve possessed by buildings designed according to present
seismic codes).
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Table 3.1 Minimum levels of protection in terms of maximum tolerated A; g (values in the table
are multiplied by 10%) as a function of building class

Limit state Class I Class IT Class III Class IV
SLD 64.0 45.0 30.0 22.0
SLS 6.8 4.7 32 24
SLC 33 2.3 1.5 1.2

3.2.2 Target Performances

A distinction is made among buildings depending on the socio-economic conse-
quences of their LS exceedance, and four Classes of importance are identified.

The required level of protection for each Class and each Limit State is formu-
lated in terms of the mean annual frequency of exceedance (MAF): A s.

The proposed maximum values of A g are such as to ensure approximately the
same level of protection as currently required by the national seismic code for the
different Classes and LS’s for new buildings. They are reported in Table 3.1.

The values in the table have been calculated using the approximate expression
due to Cornell et al. (2002):

&

s = As(Sp_¢ )exp 252 (85 +52) (3.1)

expressing the MAF of the LS as the MAF of the seismic intensity inducing a
median demand equal to the median capacity, times an amplification factor
accounting for the uncertainty in demand S and capacity fp, as well as the slopes
of the hazard curve k; and of the intensity — demand relation b. If the common
values k; =3, b=1, fp = pp = 0.3 are introduced, the exponential factor takes the
value ~2.25. Taking for Ag (S 5 :é) the inverse of the mean return period Ty of the
seismic action to be considered for each Class and LS in the current deterministic
code, leads to 4, =2.25/Tg, which corresponds e.g. for Class II buildings (ordi-
nary) and the severe damage LS to: 2.25/475 =0.0047.

3.2.3 Seismic Action

In line with the adopted IM-based approach, the seismic action is characterized in
terms of:

* the mean hazard curve for the site
* a set of time histories of the seismic motion, used for the calculation of the

fragility p; s(s)
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A discrete hazard curve (Fig. 3.1) for any site in Italy can be obtained from the
median uniform hazard spectra (UHS) provided in the national code for nine values
of the mean return periods, ranging from 30 to 2,475 years. The UHS are provided
at the nodes of a square grid with sides of about 5 km. The hazard in a point inside a
grid is obtained by interpolation of the values at its four corners.

For any given value T of the structural period the nine values of S,(T) provide a
point-wise median hazard curve to which, for the purpose of the evaluation of 1,5, a
quadratic interpolation function is applied.

As suggested in the SAC-FEMA procedure (Cornell et al. 2002), the epistemic
uncertainty on the hazard curve is accounted for by using its mean value, instead of
the median, which is obtained by multiplying the latter by an amplification factor:

A(s) = 2s.50%(S)exp G ﬂ,i) (3.2)

where the uncertainty on the hazard is:

InSg49, — InSyg9
P = ows = 51 (3.3)

The above expression is obtained assuming a lognormal distribution for the
intensity S at any given Ag, and the uncertainty should be evaluated at the intensity
with MAF close to A; s (an iteration is therefore required).

The time histories to be used for response analysis can be either natural records or
artificially generated motions, provided these latter are able to reproduce the same
mean, variance and correlation of the spectral ordinates of the natural motions.
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The selection of the natural records can be made, according to the state of the
practice, using the technique of disaggregation of the hazard in terms of
magnitude M, distance R and epsilon: it is suggested that the above data are
obtained for values of the IM characterized by a MAF in the interval from 1/500
to 1/2,000. The use of more refined techniques for record selection is also allowed
(Bradley 2013; Lin et al. 2013).

The minimum number of motions is 30.

The selection of the records should be made among those recorded on rock or stiff
soil. If the site is characterized by soft soil (e.g. V30 in the interval 180-360 m/s, or
less) a site response analysis is mandatory. Equivalent linear methods can be used for
this purpose if significant inelastic response at the higher intensities is not expected,
otherwise fully non-linear methods must be employed.

Uncertainties regarding soil profile and geotechnical parameters should be
treated in the same way as those related to the structure above soil, see 3.2.5).

For sites in proximity of known active faults the probability of occurrence of
pulse-like motions must be evaluated and the selection of records should propor-
tionately reflect it.

3.2.4 Knowledge Acquisition

Given that a fully exhaustive (i.e. deterministic) knowledge of an existing building
in terms of geometry, detailing and properties of the materials is realistically
impossible to achieve, it is required that every type of incomplete information be
explicitly recognized and quantified, for introduction in the assessment process in
the form of additional random variables or of alternative assumptions. Since the
number and the relevance of the considered uncertainties has an obvious bearing on
the final evaluation of the risk, and consequently on the cost of the upgrading
intervention, the search for a balance between the cost for additional information
and the potential saving in the intervention should be a guiding criterion in the
knowledge acquisition process.

Based on the above consideration the provisions do not prescribe quantitative
minima for the number of elements to be inspected, the number of samples to be
taken, etc. They ask instead for a sensitivity analysis to be carried out on one or
more preliminary models of the building (variations on a first approximation of the
final model). For RC structures this analysis is of the linear dynamic type (modal
with full elastic response spectrum), which is adequate to expose global modes of
response (regular or less regular) and to provide an estimate of the member chord
rotations demands to be compared with yield chord rotation capacities. The latter,
being quite insensitive to the amount of reinforcement, can be obtained based on
gross concrete dimensions and nominal steel properties. The results of these
analyses would then provide guidance on where to concentrate tests and
inspections.
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The extension of these tests depends on the initial amount of information. If
original construction drawings are available, only limited verification of the actual
reinforcement details is required, through concrete removal over an area sufficient
to expose longitudinal and transverse reinforcement (and estimate spacing). When
drawings are incomplete or missing, the extension of test/inspections must increase
to understand the “designer’s modus operandi” in view of replicating it (this is
regarded as more effective than blindly applying the ruling provisions at the time in
a simulated design).

3.2.5 Uncertainty Modeling

All types of uncertainties are assumed to belong to either one of the following two
classes:

» those describing variations of parameters within a single model, amenable to a
description in terms of random variables, with their associated distribution
function

» those whose description requires consideration of multiple models, to each of
which a subjective mass probability function is associated.

The uncertainties belonging to the first class include: the seismic intensity at the
site, governed by the hazard function, the record-to record variability, described by
a set of records, all material properties, related both to the soil and to the structure,
normally described as lognormal variables, and the model error terms of the
capacity models, also usually described as lognormal variables.

The uncertainties belonging to the second class include, among others, the
geometry of the structure (e.g. presence and dimension of certain elements whose
precise identification would be too invasive), the reinforcement details in important
places, alternative models for the capacity of the elements, alternative models for
the behavior of the components (e.g. degrading or non degrading).

Uncertainties of this class are treated with the logic tree technique, where mass
probabilities are assigned to the alternative assumptions for each of uncertain
factor. The concept is illustrated in Fig. 3.2 in which the alternative assumptions
are made at each node, and the result obtained with any particular sequence of
assumptions (the branches of the tree) is weighted by the product of the mass
probabilities assigned to the each of them, due to the assumed independence of the
factors (X, Y and Z in the figure).

3.2.6 Structural Analysis and Modeling

Exclusive recourse to non-linear methods of analysis, accounting for material and
geometric non-linear phenomena, is considered in the provisions. The analysis can
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Fig. 3.2 Logic tree

be either static or dynamic, and guidance is given for the application, as it will be
illustrated in the following (recall that for reason of space this paper covers only the
part relative to RC buildings, the part devoted to masonry buildings is at least
equivalent in terms of extension and detail).

The structural model must be tri-dimensional, with simultaneous excitation
applied along two orthogonal directions.

Regarding the behavior of the structural members (beams and columns) under
cyclic loading of increasing amplitude two modeling approaches are considered, as
shown in Fig. 3.3.

* Non-degrading, i.e. stable hysteretic behavior without degradation of strength
but overall degradation of stiffness (Takeda-type models)

* Degrading, where both stiffness and strength degrade with increasing cyclic
amplitude down to negligible values.

The document provides in Chap. 4 an overview of the state of the art on this
latter type of models for RC structures.

It is important to note from now that the use of the two different types of models
has important reflexes in the identification of the collapse limit state of the structure.
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Fig. 3.3 Non-degrading (a) vs degrading (b) nonlinear modeling

3.2.7 Identification of LS Exceedance

Exceedance of each LS is signaled by a scalar indicator Y, expressing the global
state of the structure as a function of that of its members, taking a value equal or
larger than unity. Its definition depends on the considered LS. For the first two LS’s,
of light and severe damage, which pertain functionality and economic feasibility of
repair actions, the choice of an appropriate threshold is left to the analyst in
accordance to the owner/stakeholder requirements. The formulation of Y for the
collapse limit state, related to safety, is stricter and does not leave space for
subjective choices on the analyst side.

3.2.7.1 Light Damage

For the purpose of the identification of the light damage LS, the building is
considered as composed by N, structural members and N, non-structural
components:

| N, D, N D;
Ygp = —max [Z{l wil( )’Z/l wil (Cj,SLD):| (3.4)

TSLD Cisip ‘

In the above expression, D and C indicate the appropriate demand and capacity
values, / is an indicator function taking the value of one when D > C and zero
otherwise, and the w’s are weights summing up to one, accounting for the impor-
tance of different members/components. The indicator Y attains unity when the max
function equals 7g;p, a user-defined tolerable maximum cumulative damage.
(e.g. something in the range 3—5 %).

3.2.7.2 Severe Damage

For the purpose of the identification of the severe damage LS, the indicator Y is
formulated in terms of a conventional total cost of damage to structural and
non-structural elements as:
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1 Ny Di Nost Di .
— lag Yy . wic +(l—ay)y " wc ifYgco<1
Yors =24 oLs | Z’:' "\ Cises ’ Zf:l T\ Cisis

1ifYgc>1
(3.5)

where aj, is the economic “weight” of the structural part (i.e. about 20 % in a low- to
mid-rise residential building); ¢(D/C) is a conventional cost function which starts
from zero for D =0 and reaches unity, i.e. the replacement cost for the element, for
D =Cgs (with Cg ¢ usually a fraction of the ultimate capacity of the element); as
for the light damage LS, the indicator function attains unity when the quantity
within square brackets equals zg; 5, a user-defined fraction of the total building value
over which repair is considered economically not competitive with demolition and
replacement. Obviously if collapse occurs Yg; 5 is set to 1.

3.2.7.3 Collapse

As anticipated, the identification of this LS depends on the modeling choices (see
§2.6).

If non-degrading elements are adopted, the system is described as a serial
arrangement of a number of elements in parallel, so that the Y variable takes the
expression (Jalayer et al. 2007):

D:

Ygic = max min —2 (3.6)
i=1,N; jE1; C/,SLC

where Ny is the number of parallel sub-systems (cut-sets) in series, and /; is the sets
of indices identifying the members in the i-th sub-system. This formulation requires
the a priori identification of the cut-sets. Carrying out this task is in general not
immediate, since the critical cut-set depends on the dynamic response and changes
from record to record.

If all elements are of the “degrading” type, i.e. they are able to simulate all types
of failure, accounting for the interaction of bending and shear, the collapse state
Y =1 is identified with the occurrence of the so-called “dynamic instability”, that
is, when the curve intensity-response becomes almost flat. In order to identify the
point on the curve corresponding to Y =1 one can use the expression:

’

s o
Yo = (144) = with 0 < §' <5, (3.7)
0

with values for A in the interval 0.05-0.10, corresponding to a small residual
positive stiffness, in order to avoid numerical problems.



108 P.E. Pinto and P. Franchin

Fig. 3.4 Intensity vs S ]
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max

Finally, if the elements are of the degrading type but the adopted formulation
cannot account for all possible collapse modes, the indicator variable can be
expressed as:

Ygc = max (3.8)

s D
1+A) -2, =
( ) 5 max(c>

nsm

which simply indicates that the collapse condition is attained for the most unfavor-
able between dynamic instability and the series of the “non simulated (collapse)
modes”. Typically, this set includes the axial failure of columns. Care should be
taken in selecting the columns to be included in the evaluation of (3.8), limiting it
only to those that can really be associated with a partial/global collapse.

The Fig. 3.4 shows an idealized intensity-response relation S vs 6,,,, (maximum
interstorey drift ratio), with marks on the points corresponding to LS’s according to
the above definitions.

3.2.8 Assessment Methods

As already indicated in 3.2.2, the outcome of the assessment is expressed in terms
of the mean annual frequency of exceeding any of the proposed three Limit States:
Aps. Differently formulated or additional Limit States could be considered without
any modification of the procedure.

The mean annual frequency is obtained using the Total Probability Theorem, as
the integral of the product of the probability of exceedance of the LS conditional to
the value S=s of the seismic intensity (denominated as “fragility”), times the
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probability of the intensity being in the neighborhood of s. This latter is given by the
absolute value of the differential of the hazard function at § =s:

s = jx pus(S)[dis(S)| (3.9)

The integral can be evaluated numerically. However, if the hazard is approxi-
mated with a quadratic fit in the log-log plane (InAg = Inky + k;Ins + kzlnzs), and the
fragility function is assumed to have a lognormal shape, closed forms for the
evaluation of the integral are available.

The lognormal assumption is indeed adopted in the provisions based on the
international general consensus. The fragility thus takes the form:

Ins — pyq,
Prs(S) = p(Yis = 1S = 5) = p(Syiyr < 5) = <1>(7) (3.10)

OlnSy_,

requiring evaluation of two parameters only: the mean and the standard deviation of
the logarithm of the seismic intensity inducing the unit value of the Limit State
indicator: Y =1.

The document provides three alternative methods, indicated in the following
as A, B and C, for the evaluation of the fragility. All methods require a 3D model of
the structure.

3.2.8.1 Method A: Incremental Dynamic Analysis on the Complete
Model

Recourse is made to the well known technique usually referred to as Incremental
Dynamic Analysis (IDA) (Vamvatsikos and Cornell 2002): it consists in subjecting
the complete 3D model of the structure to a suite of n time-histories (each with two
orthogonal horizontal components, the vertical component being normally omitted
in case of ordinary buildings), each time-history being scaled at increasing intensity
levels. At each level of S the value of Y is calculated, and the set of (S,Y) points are
plotted to obtain a curve in the intensity-response plane, denoted as “IDA” curve.

A sample of values of S leading to Y =1 is obtained from the set of n IDA
curves, as shown in Fig. 3.5, left: this sample is used to evaluate the parameters
Hinsy_, and OlnSy_, -

The effect of the uncertainties that can be modeled as continuous can be
approximately determined by associating to each ground motion a sample of the
uncertainties taken from their distributions (the approach is acceptable if the
number of time-histories is adequate to describe at least approximately the distri-
bution of the r.v.’s). The effect of the introduction of the uncertainties is visible on
the IDA curves by their larger spread (Fig. 3.5, right).
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Fig. 3.5 IDA curves and samples of the SY =1 intensity values: (a) including record-to-record
variability only, (b) with structural uncertainty

3.2.8.2 Method B: Incremental Dynamic Analysis on an Equivalent
Single Degree-of-Freedom Oscillator

This method differs from the previous one for the fact that the incremental dynamic
analyses are carried out on a (number of) “equivalent” single degree—of—freedom
(SDOF) oscillators, obtained through nonlinear static (NLS) analysis on the 3D
model. Any of the available types of NLS analysis can be adopted, as appropriate
for the case at hand.

The global curve relating base shear to the top displacement obtained from the
pushover becomes the force-displacement relationship of a simple oscillator, which
for the purpose of the response analysis is approximated with a multi-linear
relationship.

The number of the needed SDOF oscillators equals the number of modes
contributing significantly to the total 3D response. On each SDOF an IDA analysis
is performed for all of selected time-histories: for any time-history, modal
responses, obtained translating the maximum dynamic response of each SDOF in
the response of the 3D structure, at the same intensity level are combined by an
appropriate rule (SRSS or CQC) to yield the total response. The latter is used to
compute the indicator variable for each LS. Then collection of Sy_; values and
evaluation of the fragility parameters s, and oy,s5,_, proceeds as per method A.

The effect of the uncertainties that can be modeled as continuous can be treated
in the same approximate way as in Method A. In this case the pushover analyses
must be repeated on different structures each one characterized by a different
realization of the uncertainties, and associated one-to-one with the selected
motions.
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3.2.8.3 Method C: Non-linear Static Analysis and Response Surface

This method is again based on nonlinear static analysis. The main differences with
respect to method B are two: demand on the SDOF oscillators is determined using
the response spectra of the selected time-histories (the actual response can be
obtained using any of the available methods for obtaining the inelastic displacement
response from an elastic spectrum), and the effect of the system-related uncer-
tainties that can be modeled as continuous is determined through the use of the
Response Surface technique (Pinto et al. 2004).

The two parameters of the fragility function are determined as follows.

The log-mean is obtained from the median response spectrum of the selected
time-histories (scaled to the same S=s), whose intensity is scaled upwards until
Y =1 is obtained:

Fins,_, = InSy_, [Sa,50% (T) (3.11)

The logarithmic standard deviation is assumed as independently contributed by
two factors: the variability of the response due to the variability of the ground
motions (given S =s), and the variability due to the randomness of the material
properties:

_ 2 2
OlnSy—1 = \/JlnSyzl,S + Ons,_1,c (3.12)

The first of the two terms is evaluated from the response spectra fractiles at
16 and 84 % from the selected time-histories (scaled to the same S=s) according to:

InSy_j16% — InSy—1j84%
2

U[nsy:l’s = (313)

The influence on Sy—; of the continuous random variables, denoted by X, is
studied by expressing InSy_; as a linear response surface, in the space of the
normalized variables X = (Xy — txx)/Oxk:

InSy—1 = ao + »_ ayxe + & (3.14)
k

The normalized variables are assigned the values £1 in correspondence of their
fractile values of 16 % and 84 %. The N parameters @, are obtained through a
complete factorial combination of the variables at two levels (+1,—1). For each of
the M = 2" combinations the median spectrum is increased up to the value produc-
ing Y= 1. The values attributed to the normalized variables (+1or —1) for each of
the combinations are the rows of a so-called “matrix of experiments” Z, and the
corresponding values of InSy_; form a vector of “response” denoted as y.

The parameters a; are then obtained from the expression:
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a=(z" )_1zTy (3.15)

from which the component of oy, , related to the uncertainty in the structure
(“capacity”) follows as:

OusrrC = ¢zz wap,, + 0 (3.16)
ko

where ag is the variance of the residuals, and the facts that € and x are independent,
and the latter are correlated standard variables with correlation coefficient p has
been used.

3.3 RC Specific Provisions

This chapter complements the general Chap. 2, by providing detailed indications on
modeling of response and capacity for RC structures. As mentioned before the
document is based exclusively on nonlinear analysis and prescribes a mandatory
verification of the collapse LS. Inelastic models that describe response up to
collapse, however, are still not in the average technical background of engineers,
and, also, they are still evolving toward a more mature and consolidated state. In
recognition of this, the document introduces formulations for the identification of
the collapse LS that allow a correct use of the mainstream non-degrading models
(3.6), but leaves the door open to the use of more advanced degrading models (3.7).
Further, in order to guide the user in the selection of the latter, it provides a brief
reasoned classification of inelastic response models.

3.3.1 Response Models

Models for beam-columns, joints and masonry infills are presented, though the
former are obviously given the major attention. In particular, collapse modes of RC
columns are described, as schematically shown in Fig. 3.6. The figure illustrates the
possible modes of collapse in a monotonic loading condition, in terms of shear
force-chord rotation of the member. In all three cases the plot shows with dashed
grey lines the monotonic response in a pure flexural mode, with the usual I, II and
III stages up to ultimate/peak strength, followed by a fourth descending branch to
actual collapse, and the shear strength envelope. The latter starts with Vg o and
decreases as a function of deformation, measured in terms of ductility p. Depending
on whether the two curves cross before flexural yield, after, or do not cross at all, the
member fails in brittle shear, ductile shear or flexure. In all cases, collapse occurs


http://dx.doi.org/10.1007/978-3-319-07118-3_2

3 Existing Buildings: The New Italian Provisions for Probabilistic Seismic. . . 113

Fig. 3.6 Collapse modes of
RC columns (chord
rotations at peak strength,
usually denoted as ultimate
values 0, are here
differentiated as either shear
Oy or flexural 6;)
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due to loss of vertical load-bearing capacity (Vg =Nr=0) at the end of the

degrading branch.

In cyclic loading at large amplitude the response presents a second contribution
to degradation, which is cyclic degradation, as shown in Fig. 3.7.

Available models can be classified in mechanical and phenomenological. The
state of the art of purely mechanical models is not yet capable of describing the full
range of behaviour of RC members illustrated in Figs. 3.6 and 3.7 (especially for
brittle and ductile shear collapse). Currently, if the analyst wishes to incorporate
degrading models, the only viable option is to use phenomenological (e.g. Ibarra
et al. 2005) or hybrid models (Elwood 2004). These models, however, also have
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Fig. 3.7 Cyclic and in-cycle components of degradation (Response shown is from Ibarra
et al. model)

their limitations and, for instance, rely heavily on the experimental base used to
develop them, which is often not large enough (e.g. for the Ibarra et al. model, the
proportion of ductile shear and flexural failures dominate the experimental base,
resulting in limited confidence on the model capability to describe brittle failures).
Further, computational robustness is an issue with all these models.

Figure 3.7 shows the monotonic backbone (e.g. for the ductile shear collapse
mode) and the cyclic response. It is important to note that the deformation thresh-
olds corresponding to state transitions and ultimately to collapse are different for
monotonic and cyclic loading. This fact is highlighted in Fig. 3.8, where the peak/
ultimate and axial failure rotations are clearly identified as different in the mono-
tonic and cyclic loading.

The user is advised that consistency is essential in the choices of response,
capacity and LS identification formulas.

If non-degrading models are chosen, one should use (3.6) for collapse identifi-
cation, with peak deformation thresholds 0, cy.iic that account on the capacity side
for the degradation disregarded on the response side.

If degrading models are used, (3.7) or (3.8) are employed, and the monotonic
deformation thresholds, 6, mono> 8a.mono> €tc are used as input parameters for the
response model (together with degradation parameters).

3.3.2 Capacity Models

A survey of probabilistic models for the deformation thresholds shown before,
grouped by LS, is presented in the document. Requirements for an ideal set of
models are stated explicitly: consistency of derivation of thresholds of increasing
amplitude (i.e. yield, peak and axial deformation models derived based on the same
experimental tests, accounting also for correlations), and an experimental base
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Fig. 3.8 Deformation
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covering the full range of behaviours (different types of collapse, different rein-
forcement layouts, etc) in a balanced manner. Such a set of models is currently not
available.

One set of models that comes closer to the above requirements, and is used in the
application illustrated in the next section, is that by Haselton et al. (2008), which
consists of predictive equations for the parameters of the Ibarra et al. (2005)
degrading hysteretic model. Haselton et al, however, provide only mean and
standard deviation of the logarithm of each parameter, disregarding pair-wise
correlation, in spite of the fact that the equations were established on the same
experimental basis. Also, as already anticipated, brittle shear failures are not
represented.

Figure 3.9 shows the tri-linear moment-rotation monotonic envelope according
to the Ibarra model, with qualitative (marginal) probability density functions
(PDFs) for its parameters, as supplied by Haselton et al. (2008). Not all the
parameters can be independently predicted at the same time, to maintain physical
consistency of the moment-rotation law. In the application the stiffness at 40 % and
100 % of yield, and the rotation increment AO; and A0, have been used (darker
PDFs in the figure). Use of the latter two in place of 0; and 0, ensures that situations
with 6 > 0, cannot occur. The equation for 0, is redundant since 0, is obtained from
M, and K. As described in the application, care has been taken in ensuring that K,
is always larger than K4o¢,. The latter is used as an intermediate value between I and
II stage stiffness, since the model is tri-linear. Finally, Haselton et al. (2008)
provide also a marginal model for the parameter regulating cyclic degradation in
the Ibarra model, i.e. the normalized total hysteretic energy E,/(M,0,).

The document provides also equations by Biskinis and Fardis (2010a, b),
adopted since 2005 in earlier form in Eurocode 8 Part 3 (CEN 2005) and in latest
fib Model Code (fib 2010), as well as by Zhu et al. (2007). These equations,
however, are calibrated to provide cyclic values of the deformation thresholds,
and their use is thus appropriate for LS identification when non-degrading models
are used.
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3.3.2.1 Biaxial Verification

Most response and all available capacity models are applicable for deformation in a
single plane of flexure, while the document requires mandatory use of
tri-dimensional models. While this does not represent a limitation for beams and
for joints, with the exception of corner ones, columns are always subjected to
biaxial deformation.

If degrading models are employed, currently the only option is to use the same
model independently in the two orthogonal planes of flexure, disregarding
interaction.

When non-degrading models are employed, interaction can be accounted for on
the response side e.g. by use of fibre-discretized sections, and on the capacity side
through the use of an “elliptical” rule for the evaluation of the local, member-level
capacity-to-demand ratio (Biskinis and Fardis 2010a, b):

=) (o)
= + 3.17
Y \/<92,Ls 03,15 (3.17)

where 6, and 6; are the rotation demands in the two orthogonal planes, and 8, ;s and
65 1.5 are the corresponding (cyclic) capacities for the LS under consideration.

3.4 Example Application to an RC Building

3.4.1 Premise

The document contains example applications to two real buildings, one in
unreinforced masonry and the other in reinforced concrete. Together, the two
examples illustrate the application of the three assessment methods presented in
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the provisions: methods A and C with reference to the masonry building and
method B with reference to the RC building.

The seismic risk assessment of the RC building has been carried out twice, using
both non-degrading and degrading models, denoted as A and B, respectively. This
has been done to provide users with an order of magnitude of the expected
differences between the two approaches. Actually, the document provides results
also for a third analysis with masonry infills, not reported here.

3.4.2 Description of the Structure

The building, shown in Fig. 3.10, is one of three blocks making up a school complex
in southern Italy, built in the early 1960s. The structure consists of an RC space
frame with extradosed beams and one-way hollow-core slabs, developing for three
storeys over a sloping site. The lower storey is constrained since it is under-ground
on three sides.

3.4.3 Seismic Action

For the purpose of the evaluation the building has been located at a site in the
Basilicata region. Seismic hazard from the current design code, in terms of uniform
hazard spectra at nine return periods, has been used to reconstruct median and
fractile hazard curves at the first mode period of the structure (see later). The
median curve has been interpolated with a quadratic polynomial in log-log space
(ko=8.134 x 107>, k; =3.254, k,=0.303). Fractile curves have been used to
compute a value of the hazard dispersion f;=0.3 (at a frequency between 1/500
and 1/1,000 years, close to the value of collapse MAF).

Thirty ground motion records have been selected from an aggregated database
obtained merging the European Strong Motion database, and the Italian ITACA and
SIMBAD databases. Records have been selected in the M,, =[5.6;6.5] and
depi = [10 km;30 km] ranges (Fig. 3.11), centred around the values obtained from
PSHA deaggregation in the same 1/500 and 1/1,000 years frequency range.

3.4.4 Preliminary Analysis and Test Results

No construction or design drawings were available. Based on an existing architec-
tural survey, a structural survey was conducted to reconstruct the gross concrete
frame dimensions. Based on these and on values for material properties, loads and
reinforcement assumed based on the ruling design code at the time of construction a
preliminary model was set—up (Fig. 3.12, where loads are shown in red, with height
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depl, km

Fig. 3.11 Magnitude and distance bin used in the selection of recorded motions. Red dots indicate
selected records

proportional to intensity). Modal analysis with full elastic response spectrum has
provided the location where the largest inelastic deformation demand is expected.
The most stressed columns are framed in red in Fig. 3.13, where actual members
chosen for inspection and material sampling (at ground floor) are circled in blue.
The results are reported in Table 3.2.

3.4.5 Structural Modeling

Structural analysis has been carried out using the general-purpose FE package
OpenSees (McKenna et al. 2010). The behaviour of RC beam-column joints has
not been modelled. Beams and columns have been modelled by means of elastic
frame elements with zero length at the two ends, with independent uniaxial
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Fig. 3.12 View of
preliminary analysis model
with loads distributed to
beams (one-way slabs)

constitutive laws on each degree of freedom.' The adopted moment-rotation law is
the tri-linear one by Ibarra et al. (2005), in the implementation by (Lignos and
Krawinkler 2012), and shown in Fig. 3.14 for the two orthogonal planes of flexure
of one of the columns. Axial force-bending moment interaction is not included in the
model, therefore a constant axial force needs to be assigned at the beginning of the
analysis for determination of the model parameters. A single gravity load analysis on
the median model has been used to determined axial forces in all columns, and these
have been used for all random realizations of the structure (see next section).

Parameters for the Ibarra model have been predicted with the set of equations
calibrated by Haselton et al. (2008). These equations include one that provides the
degradation parameter:

(3.18)

Actually, the Opensees implementation of the Ibarra model requires in input the
degradation parameter in the form:

E
A=20, = My:9,, 0, = 0, (3.19)

Since method B has been used for the assessment (see later), a unique value of
the degradation parameter needs to be assigned to the equivalent oscillator of each
mode. The average value of A over the columns has been used.

! This option is easy to implement with a simple script in Tcl/Tk and is more robust than using a
lumped plasticity element formulation, since it leaves complete control to the analyst through the
global solution algorithm.
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Fig. 3.13 Plan of inspections

As anticipated, the risk analysis has been performed twice, for both degrading
and non-degrading models. In the latter case, for the sake of simplicity, the same
Ibarra model has been used, but with zero, rather than negative, post-peak stiffness
(e.g. M-0 curves in Fig. 3.14 go flat after 3.1 % and 3.2 %, respectively). Equation
(3.6) has been used to check the collapse LS, and cyclic thresholds by Zhu
et al. (2007) have been used for the ductile shear (By) or flexural (6) peak
deformation. Each member has been attributed a ductile shear or flexural threshold
based on the classification criterion proposed in Zhu et al., i.e. shear if geometric
transverse reinforcement percentage lower or equal to 0.002, or shear span ratio
lower than 2 (squat member), or plastic shear V, =2M,/L larger than 1.05 the shear
strength (according to Sezen and Mohele 2002). Zhu et al. model for cyclic axial
failure threshold 6, has also been used for the non-degrading model.
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Table 3.2 Results of tests on columns at ground floor
Member B (mm) H (mm) Long. Reinf. Transv. Reinf. f. MPa) fy (MPa)
P3 300 500 6420 2¢$6/200 16.7 -
P15 300 600 6420 2¢6/200 154 -
P26 300 300 4912 2¢$6/200 17.8 -
P34 300 1,000 8¢$20 2¢$6/200 11.9 337
P39 300 500 6¢d12 2¢6/200 11.6 370
Fig. 3.14 Moment-rotation M T
in two orthogonal planes 30x60
210 kNm 6020
166 kNm
0

0.4 %
0.7 %

3.4.6 Uncertainty Modeling

3.1 %
32%
52%
6.1%

In this application uncertainties that require analysis of alternative models, to be
treated with the logic tree technique, have not been considered.
The uncertainties included in the assessment are:

* Material strengths: f. and f,, and ultimate concrete deformation &, which
determine the constitutive law of the materials and enter into: (a) the stiffness
of the elastic members, (b) section analysis leading to My, ¢) predictive formulas
for deformation thresholds;

* Monotonic incremental deformation AQ¢= 00, and A0, = 0,-0¢, and the cyclic
degradation parameter vy, the latter two only for the degrading model;

¢ Cyclic deformation thresholds 6, 8y and 0,, for the non-degrading model;

All variables have been modelled as lognormal. As anticipated, statistical
dependence of parameters within the same member or between same-parameter
across different members has been modelled through assumed correlation

coefficients.

In particular, in order to ensure that within each member K,y > K, perfect
correlation has been assumed, a single standard normal random variable g ~N
(0,1) has been sampled in each member, and then amplified by the corresponding
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Table 3.3 Distribution RV Median Log-std Correlation

parameters for the random

variables f. (MPa) 14.0 0.20 0.7
€cu 0.006 0.20 0.7
fy (MPa) 338.0 0.10 0.8
Ko Haselton et al. 0.38 0.8
K, Haselton et al. 0.36 0.8
Abf Haselton et al. 0.61 0.8
Af, Haselton et al. 0.72 0.8
0y Zhu et al. 0.35 0.8
Oy Zhu et al. 0.27 0.8
0, Zhu et al. 0.35 0.8
y Haselton et al. 0.50 0.8

logarithmic standard deviation to yield the factors exp(g; Gink4o) and exp(€ ; Ginky)
that multiply the corresponding medians.

Similarly, in order to avoid situations where a very ductile element loses axial
bearing capacity prematurely, the variables AB; and A8, have been considered
perfectly correlated and a single normal variable has been sampled as done for
the stiffnesses.

Finally, in a way of simplicity, same-variables across different members (stiff-
nesses, deformation thresholds and material properties) have been considered
equicorrelated, independently of distance (one could have used a distance-
dependent correlation coefficient, with an exponential or squared exponential
model, differentiating correlation lengths in the vertical and horizontal directions),
with values reported in Table 3.3.

Figure 3.15 shows the moment-rotation law of a member for median values and
one of the 30 samples of the random variables. The figure reports also in dashed line
the non-degrading branch of the M-6 law, and the corresponding cyclic thresholds
used for LS checking.

3.4.7 Method B and Response Analysis via Modal Pushover

The assessment has been carried out with method B, which uses IDA on equivalent
oscillators obtained through nonlinear static analysis to characterize response.
Several proposals are available in the literature for the determination of an approx-
imate IDA curve starting from nonlinear static analysis, e.g. (Vamvatsikos and
Cornell 2005; Dolsek and Fajfar 2005; Han and Chopra 2006). The latter, based on
the modal pushover analysis (MPA) technique (Chopra and Goel 2002), has been
chosen here due to its easy implementation with commercial analysis packages,
since it uses invariant force patterns, and its applicability to general spatial geom-
etries (Reyes and Chopra 2011). Differently from (Reyes and Chopra 2011),
however, herein a single excitation that accounts for both orthogonal components
of ground motion has been used. This excitation is derived as follows.
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The equations of motion for a discrete nonlinear MDOF system subjected to two
components of ground motion along the X and Y axes are:

Miu + Cu + F(ll) = *M(txax + tyay) (320)

with usual meaning of symbols and omitting the time dependence of input accel-
eration and response quantities. Adopting, according to the MPA method, the
modal decomposition also in presence of nonlinear resisting forces, one gets:

M,’é,""qui‘f'F,':—(Lian +L,'yay) i= 1, Lo, (321)

where M; = (I)iTM(I)i, C;= (I)iTCd)i, F;= (biTF is the projection of F on the i-th mode,
and Ly y = ¢iTMtix,Y. Upon dividing (3.16) by the modal mass one gets:

. . F; .
qi+2§iwiqi+ﬁ7: —(Fixax +Fiyay) i=1,...,n (322)
i

Finally, by further dividing (3.17) by the largest (dominant) of the two load
participation factors L, e.g. that associated with the X component, one arrives at the
equation of motion of a nonlinear oscillator having F/L-D force-displacement law,
excited by an excitation which combines the two orthogonal input motions:

- - F; I; .
D,-+2£_,’,-a),-D,-—|——:—<aX +—Yay) i=1,...,n (3.23)
L; I'ix

The assessment starts with modal analysis. For each significant vibration mode
two nonlinear static analyses are carried out, one for each sign of the forces. The
result of each nonlinear static analysis will consist of a database of local responses,
i.e. matrices of nodal displacements, of size (Ngeps X Nnodes X Ndofs)> OF Of member
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deformations, of size (Ngeps X Nmembers X Ndeformations)> PIUs a curve, usually called
capacity curve, linking the base shear V,, to the displacement of a control degree of
freedom u,, usually taken to be that with the largest modal coordinate. The capacity
curves are approximated by trilinear laws and transformed into F/L-D format. Each
trilinear equivalent oscillator is then subjected to IDA with the 30 selected motions
and local responses are obtained by interpolation of the corresponding database at
the maximum displacement of the oscillator (for each motion and intensity level).
Total responses are obtained from modal ones, at the same intensity S=s, by a
suitable combination rule (SRSS or CQC). Based on total response, LS indicator
functions Y are evaluated.

3.4.8 Results

Modal analysis of the median model (i.e. a model with median values assigned to
all random variables) shows that the first three modes cumulatively account for
more than 80 % of the total mass in both plan directions (Fig. 3.16). These mode
shapes are the same for models A and B, since they have the same elastic properties.

These three modes are chosen for nonlinear static analysis. Figure 3.17, left,
shows the corresponding results in terms of capacity curves with reference to model
A. The figure shows also the tri-linear approximations of the curves used as
monotonic backbone for the equivalent oscillators. The post-peak negative stiffness
for this non-degrading model is entirely due to geometric effects (P-9). Figure 3.17,
right, compares the capacity curves for the three considered modes obtained with
model A (red) and B (black), respectively. The curves depart from each other only
after some excursion in the inelastic range, when the first local failure (exceedance
of the ultimate/capping deformation) occurs. The total number of pushover analysis
amounts to 2 signs X 3 modes x 30 models =270, as shown in Fig. 3.18.

Figure 3.19 shows further details of the nonlinear static analysis, with the
capacity curve of one of the 30 random realizations of Model B, subjected to
modal forces according to its 3™ mode, in the positive sign, and the deformed
shapes (same scale) at three steps corresponding to increasing levels of inelastic
demand. The first and second step (S1 and S2 in the figure) correspond to the yield
and peak displacement in the tri-linear approximation of the capacity curve, the last
step S3 is midway between the peak and the last point. The deformed shapes report
also the level of inelastic demand in plastic hinges, according to the convention
already used in (Haselton and Deierlein 2007): hollow circles denote potential
plastic hinge zones, blue and red circles denote inelastic demands lower and higher
of the peak rotation, respectively. The diameter, for blue and red circles, is
proportional to the D/C ratio. The blue circle fills completely the hollow black
circle when y =1 (Eq. 3.12), with 8, g = 6; or By. It can be observed that along the
descending branch increases at some locations to more than three times the diam-
eter of the black circle. This situation is numerically possible since the loss of axial
load-bearing capacity is not modelled, and the analysis proceeds with redistribution
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Fig. 3.16 Plan view of the first three mode shapes, with participating mass ratios in the dominant
direction of each mode (“median” model)
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Fig. 3.17 Pushover curves for model A and B
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Fig. 3.18 Pushover curves of 30 random samples of model A
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Fig. 3.19 Model B, Mode 3, pushover curve and deformed shapes at three different displacement
levels, with indication of plastic hinge deformations (hollow circles, blue circles and red circles
denote potential plastic hinges, active hinges before peak/ultimate deformation and hinges in the
degrading post-peak branch, respectively)

of shear demand on the adjacent members. This fact, however, does not compro-
mise the analysis since the axial collapse mode is actually checked a posteriori,
using the 6, model from Zhu et al. (2007) in conjunction with (3.8).

Figure 3.20 shows the response time-series for the equivalent oscillator
(Model B, Mode 3, first random sample and associated motion) at three increasing
intensity levels, shown below in terms of force-displacement loops. Depending on
whether the largest response displacement has a positive or negative sign, the local
responses at node/member level are interpolated from the database relative to the
positive or negative pushover.

Finally, Figs. 3.21 and 3.22 show the IDA and the fragility curves for model A
(left) and B (right), respectively. Green, blue and red dots on the IDA curves mark
the attainment (Y = 1) of the damage, severe damage and collapse LS. Each cloud
of points is used to determine the log-mean and log-standard deviation of the
intensity leading to the corresponding LS: Sy_;, parameters of the fragility curves
reported below.
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Fig. 3.20 Model B, Mode 3, response of the equivalent oscillator to the same motion at three
increasing intensity levels (fop) and corresponding force-deformation loops (bottom)

Convolution of the fragility curves in Fig. 3.22 with the hazard curve for the
corresponding intensity measure, S = S,(T,), yields the values of the mean annual
rate of exceedance of the three LS’s reported in Table 3.4. The table reports also the
MAF thresholds for this school building (Class III structure, Table 3.1). As it can be
seen, for the considered example the MAFs from the two modelling approaches are
practically coincident for all LSs.

In conclusion, the example shows that the method is of relatively lengthy but
rather straightforward application to real buildings, requiring in sequence a modal
analysis, random sampling of model realizations, pushover analyses with invariant
modal patterns, tri-linear approximation of capacity curves, expeditious IDA on
equivalent SDOF oscillators, interpolation in the local response databases and
CQC/SRSS combination, fragility parameters evaluation by simple statistical oper-
ations on the Sy_; intensity values. As long as MPA can provide a reasonable
approximation of the dynamic response, Method B is a computationally effective
alternative to Method A (IDA on complete model), since it requires determination
and handling of much smaller response databases: where Method A requires
determination of Nyesponses X Nsieps X NiM-levels quUantities per each record/model
pair (with e.g. nyeps = 2,000 steps and nyyp.ievels = 10), Method B requires determi-
nation of Nyesponses X Nsteps X Nmodes quantities only (with e.g. ngeps = 100 steps and
Nmodes = 3+3), since the IDA is carried out on a SDOF oscillator.
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Table 3.4.1 Mean annual Model A B Threshold
frequencies of LS exceedance
for the two models and AsLD 0.03150 0.03040 0.0300
corresponding thresholds AsLs 0.01270 0.01310 0.0032
AsLc 0.00119 0.00117 0.0015

3.5 Conclusions

The paper illustrates the latest Italian provisions issued by the National Research
Council as Technical document 212/2013, for the probabilistic seismic assessment
of existing RC and masonry buildings. These provisions are thought to overcome
the limitations of the current normative, though they are not intended to replace
them but, rather, to provide higher-level methods and tools for special applications
and to inform possible revisions of the code in the future. The main merits of the
document are:
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(a) The systematic treatment of the problem of identification of global LS exceed-
ance, in a manner consistent with their verbal description, with the introduction
of LS indicator variables differentiated as a function of LS and modelling
option.

(b) The explicit probabilistic treatment of all uncertainties, related to ground
motion, material properties, modelling, geometry, detailing. In particular, the
distinction of uncertainties that can be described within a single structural
model via random variables and uncertainties that require the use of multiple
models (logic tree) is introduced.

(c) The mandatory use of nonlinear analysis methods for response determination,
and of ground motion time-series (preferably natural recorded) for the descrip-
tion of the seismic motion variability, irrespectively of the analysis method
(dynamic or static).
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Chapter 4
Seismic Response of Precast Industrial
Buildings

Matej Fischinger, Blaz Zoubek, and Tatjana Isakovic

Abstract The most common structural system of the precast industrial buildings in
Europe consists of an assemblage of cantilever columns tied together with beams.
Typical beam-to-column connection in these structures is constructed with steel
dowels. Although this system has been used for decades, its seismic response was
poorly understood, which reflected in ambiguous code requirements and conserva-
tive approach. Therefore, along with innovative precast structural solutions (not
discussed in this paper), this system was the main focus of the continuous European
research in the past two decades. The key results of this vast research effort
(including unprecedented cyclic, PSD and shake table experiments on large-scale
structures) led by the associations of the precast producers in Europe and the
Politecnico di Milano are presented and discussed in this paper. The details are
provided for the work done at the University of Ljubljana. The results of these
research projects led to some major modifications and improvements of the relevant
chapter in Eurocode 8, when this was evolving from the initial informative annex to
the final code provision. Refined FEM models for the complex behaviour of the
dowel beam-to-column connections as well as macro models for the post-critical
analysis of the complete structures were proposed. Single-storey and multi-storey
structures were investigated and the design formulas to estimate high shear and
storey-force amplification due to higher-modes effect in multi-storey structures
were derived. The design guidelines for connections of precast structures under
seismic actions were prepared. Systematic risk studies were done indicating that
this structural system can be safe in seismic regions if all Eurocode 8 provisions as
well as the recommendations based on the presented research are considered. These
include the capacity design of the connections. Behaviour factor for such precast
systems was studied and the values initially proposed in preEC8 were modified
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(increased). However, it was shown that drift limitations typically govern the
design and that the nominal value of the behaviour factor is not so decisive. The
key factors contributing to the good seismic behaviour of this system (assuming that
the connections are properly designed) is the low value of the compressive axial
force in the columns confined with adequate hoops and the overstrength caused by
drift limitation requirements. Cladding-to-structure interaction has been one of the
most poorly understood components of the system, which is now the topic of the
on-going research.

4.1 Introduction

Seismic behaviour and seismic safety of precast structures has been frequently
discussed. However, when such discussion refers to precast structures in general, it
is pretty much displaced and meaningless. Precast buildings are defined as struc-
tures made of pre-fabricated elements assembled into the structural system on the
construction site. Obviously the behaviour of such systems depends predominantly
on the details of the connections, which may differ essentially from one to the other
precast system. So, empirical evidence from the past earthquakes shows everything
from good structural response (Fig. 4.1) to complete disasters (Fig. 4.2).

While the tragedy of the Spitak 1988 earthquake in Armenia (EERI 1989)
imposed large distrust onto precast structures in general, it should be noticed that
at the same time large panel precast structures behaved quite well in spite of the
poor construction practice. Therefore any generalized and superficial conclusions
that precast structures are bad or good are non-professional and unacceptable. We
should be fully and constantly aware that even a single life, which might be lost in
the structures designed by ourselves or by the codes developed by us imposes a
huge moral obligation onto us.

For these reasons the specific precast system, discussed in this paper, was
extensively studied for two decades. Based on these results the relevant sections
of Eurocode 8 were substantially modified and hopefully improved. The overview
of the main research results is given in the following sections. Although, in general
the observations are positive, one should be aware of the strict design requirements
that are needed to ensure good performance. It is hoped that this presentation will
give better insight into the seismic response and behaviour of this frequently used
precast system, which is required for the objective evaluation of its performance.

Simply speaking, the analysed system consists of an assemblage of cantilever
columns tied together with beams (Figs. 4.3 and 4.4).

The key element in this system is the beam-to-column connection. Among many
different solutions the dowel beam-to-column connection is most frequently used
(Fig. 4.5). This connection is practically hinged and the system indeed behaves as
an assemblage of cantilever columns tied by beams.
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Fig. 4.1 Undamaged
structural system of the
precast industrial building
after the L’ Aquila 2009
earthquake

Fig. 4.2 Large panel
precast structure standing
among the rouble of the
precast frames, which
caused a terrible tragedy
during the Spitak 1988
earthquake

This precast system has been used in Europe to construct about 50 millions of
square meters of buildings per year. Such buildings house a predominant share of
industrial facilities in many European countries. Recently they are also used for
multi-storey office buildings and shopping centres housing thousands of people
(Fig. 4.6). Therefore the potential seismic risk is high. However, due to the complex
and complicated seismic behaviour of these buildings our knowledge is still limited
and the design practice and codes need further improvements.

The paper is built predominantly on the research results gained within several
large EU projects organized during the past two decades. The authors have been
actively participating in these projects and cooperating with large consortia
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Fig. 4.3 Schematic
representation of the
structural system of an
industrial building

Fig. 4.4 Structural system
consists of an assemblage of
cantilever columns tied
together with beams and
floor structures

Fig. 4.5 Beam-to-column
dowel connection is clearly
seen in the upper floor. In
the lower floor the beam has
been already installed and
the steel sockets will be
grouted

M. Fischinger et al.
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Fig. 4.6 The analysed
precast system is frequently
used for large multi-storey
buildings. The picture
shows a huge shopping
centre in Ljubljana to be
visited by several 10,000
visitors a day

(Fischinger et al. 2011b) of European Associations of precast producers, enterprises
and research institutions. While the results were always discussed within the
consortia and the conclusions were typically agreed by all participants, the opinions
and conclusions presented in this paper are those of the authors and do not always
reflect the views of all the partners.

Most important general results of these projects are only briefly summarized and
they are used as the framework of the paper. The details are then provided for the
work done at the University of Ljubljana with the particular emphasis on the
response of beam-to-column dowel connections and cladding-to-structure connec-
tions, inelastic response analysis of precast industrial buildings, behaviour factors
and higher modes effects in multi-storey buildings. The most important result of
this research has been the improvement of the design practice governed by the
modified provisions in the relevant chapter of Eurocode 8 (CEN 2004), which has
been immediately applied by sponsoring associations and companies.

4.2 Post-Earthquake Inspections

In spite of the frequent use of the analysed precast system, the information about its
behaviour during the earthquakes has been sparse and sometimes controversial (see
also the Introduction). Although good structural behaviour prevails (Fig. 4.7), it
sometimes goes hand in hand with collapses. Again one should pay attention on
seemingly small but important details. During Friuli earthquake, good behaviour
was observed (Fajfar et al. 1978; EERI 1979). However, in Friuli quite long period
structures were exposed to short, high-frequency ground motion with relatively
weak energy content and low displacements in the range of predominant structural
periods. During the recent Emilia earthquakes, which occurred near-by, a lot of
damage was reported (i.e. Bournas et al. 2013a). But here, most of this damage
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Fig. 4.7 Structural system
of most precast industrial
buildings designed for
seismic action remained
undamaged during recent
Italian earthquakes

Fig. 4.8 Many cladding
panels fell off the structures
during recent Italian
earthquakes (Toniolo and
Colombo 2012)

should be attributed to the fact that the majority of the buildings were not designed
for the earthquake action (this region has been considered as seismic only from the
year 2003 on). However, there were also some collapses in new buildings. A strong
low frequency content of the N-S component of the May 29th earthquake might
contribute to the increased damage. Similar reason might increase damage in the
case of Vrancea earthquake (Tzenov et al. 1978) and during some Turkish
earthquakes.

After the other recent Italian earthquake — L’Aquila, good structural behaviour
of the precast industrial buildings was reported (Figs. 4.1 and 4.7; Toniolo and
Colombo 2012). But in both, Emilia and L’Aquila earthquakes heavy damage to
claddings was observed (Fig. 4.8; Toniolo and Colombo 2012). The problem of
claddings will be discussed in a separate chapter.

During the Montenegro earthquake (Fajfar et al. 1981) damage to precast
structures was small and it was predominantly due to the soil effects and the rotation
of foundations (Fig. 4.9). After the recent earthquakes in Turkey (Saatcioglu
et al. 2001; EERI 2000; Arslan et al. 2006) statistics show small, but nevertheless
considerable number (3 % of the total inventory) of collapses and heavy damage
(Fig. 4.10).
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Fig. 4.9 Collapse of the roof structure in Montenegro earthquake due to soil effects and poor
connections

Fig. 4.10 This collapsed precast structure illustrates the importance of ties in precast buildings



138

M. Fischinger et al.

Fig. 4.11 Collapse of the beam during Emilia earthquake due to the loss of the seating; general
view — left and the detail of the support — right (Bournas et al. 2013a)

Fig. 4.12 Collapse of the roof system during Montenegro earthquake due to soil effects and poor
connections

Regardless all the differences in observations, the main causes of the damage to

the investigated precast system were similar in all cases and all countries:

Failure of the connections, as the main cause of damage and collapse (Figs. 4.2,
4.9,4.11 and 4.12);

Lack of mechanical connections between the columns and roof girders in old
buildings and in supposedly aseismic regions (Bournas et al. 2013a);

Lack of ties (Fig. 4.10);

Insufficient in-plain stiffness of the roof/floor structures;
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Fig. 4.13 Displacements
are typically very large

— Torsional response due to asymmetric stiffness distribution;

— Poor detailing of hoop reinforcement in columns (Figs. 4.14 and 4.15);

— Unpredicted large displacements (Fig. 4.13) associated with too-short seating
and poor connections;

— Poor foundation in soft soil (Fig. 4.12);

— Detachment of claddings (Fig. 4.8).

4.3 Past Research — General Overview

Compared to cast-in-place structures, all types of precast structures have received
relatively little attention which has reflected in slow development of codes. In
particular, precast industrial buildings, which are discussed in this paper, are not
used in some countries (USA, Japan, New Zealand) that lead in earthquake engi-
neering. Research there has predominantly addressed systems with flexural-
resistant and prestressed connections (i.e. PRESS — PREcast Seismic Structural
System; Priestley 1996; Shiohara and Watanabe 2000). Consequently, there has
been very little information about the precast industrial buildings in the state-of
the-art (at the time of publication) reports as it was the ATC-8 action — Design of
prefabricated buildings for earthquake loads (ATC-08 1981). More recent report
(FIB 2003) of the fib-Task group 7.3 (the first author of this paper was a member of



140 M. Fischinger et al.

Fig. 4.14 Collapse of a
precast column due to poor
confinement

Fig. 4.15 The mistake in
the construction of the
hoops (and the resulting
impaired confinement) led
to heavy damage of the
precast column in the
PRECAST full-scale test

the group) contains some, but still very limited information. Surprisingly so, in the
past even the major Balkan research project (UNDP/UNIDO 1985) addressed
predominantly the large panel precast systems with very little attention to precast
industrial buildings.

Due to the poor knowledge the only possible and right solution in the early
developments of Eurocode 8 was to adopt quite conservative approach for seismic
design of precast (industrial) buildings. Simply speaking, practically elastic
response was required for the analysed system (see also the discussion of the
behaviour factors in Sect. 4.10). This was a great shock for the industry, used to
the same or at least similar seismic forces and structural details in precast and cast-
in-situ structures. The authors of this paper fully support the idea that energy
dissipation capacity of any precast system to be used in mass production should
be first experimentally and analytically verified. For the precast system addressed in
this document, systematic verification has been done within five large research
projects (Toniolo 2012):

— Cyclic and PSD tests of precast columns in socket foundations (ASSOBETON;
1994/96)

— Comparison of the seismic response of the precast and cast-in-situ portal frame
(ECOLEADER project; 2002/03)
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— PRECAST - Precast Structures EC8; 2003/06

— SAFECAST - Performance of Innovative mechanical Connections in Precast
Building Structures under Seismic Conditions; 2009/12

— SAFECLADDING - Improved Fastening systems of Cladding Wall Panels of
Precast Buildings in Seismic Zones; on-going project; 2013/15

All these projects were sponsored by the associations of precast producers and
SMEs in Italy, Greece, Turkey, Portugal, and Spain, which demonstrates the
interest of the industry in this topic. The research providers (European Laboratory
for Structural Assessment, JRC-ELSA; Istanbul Technical University — ITU;
LABOR; National Laboratory of Civil Engineering in Lisbon, LNRC; National
Technical University of Athens, NTUA; Politecnico di Milano., POLIMI and
University of Ljubljana; UL) were coordinated by The Politecnico di Milano
under the scientific leadership of Professor Giandomenico Toniolo. The key activ-
ities and results of these projects are very briefly introduced in the next section,
followed by more detailed description of the selected results contributed by the
research group in Ljubljana.

4.4 European Research in Support of the Eurocode-8
Developments

4.4.1 Cyclic and PSD Tests of Precast Columns in Socket
Foundations (ASSOBETON)

The aim of the research (Saisi and Toniolo 1998) was to investigate the ductility
and energy dissipation capacity of precast columns at realistic foundation condi-
tions (Fig. 4.16). Substantial ductility (3.5-4.5) was demonstrated. This is to be
expected for an element with relatively low compressive axial force (typical for the
columns in one-storey industrial buildings), symmetric reinforcement and consid-
erable confinement. Good behaviour was further enhanced due to the absence of the
splice in the critical region and construction in controlled environment. It should be
noted that the larger ductility displacement value was achieved only if the spacing
of the hoops in the critical region was 3.5 times of the longitudinal bar diameter
(about 7.5-10 cm). It is interesting to note that this complies with the practice in
Slovenia (former Yugoslavia) after the Montenegro earthquake. On the other hand
the valid Eurocode requirements can be less stringent.
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Fig. 4.16 ASSOBETON tests on precast columns with pocket foundation performed at ELSA

4.4.2 Comparison of the Seismic Response of the Precast
and Cast-In-Situ Portal Frame (ECOLEADER)

The project (Ferrara et al. 2004; Biondini and Toniolo 2002; Biondini and Toniolo
2004), approved for ECOLEADER (European Consortium of Laboratories for
earthquake and Dynamic Experimental research) funding, was aimed at demon-
strating the practical equivalence between the behaviour factor of precast and cast-
in-situ single-storey industrial buildings (Fig. 4.17).

Both structures were designed to have the same fundamental period. Quite
similar behaviour of both structures was observed — Fig. 4.18

This supports the supposition that the same behaviour factor can be used for the
precast and cast-in-situ structure of this type (Biondini and Toniolo 2002, 2004).
But this result by itself does not mean, in any case, that either of the structures had
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Fig. 4.18 The PSD response of the precast (/eff) and cast-in-situ (right) ECOLEADER prototypes

the same energy dissipation capacity as the multi-storey, multi-bay frame designed
with the weak-beam-strong-column concept (see discussion in Sect. 4.10). There-
fore further research of this important issue was needed.

4.4.3 PRECAST - Seismic Behaviour of Precast Concrete
Structure with Respect to EC8

The goal of the PRECAST project (Toniolo 2007) was to assess (experimentally
and numerically) and to calibrate the design rules for (industrial) precast concrete
structures in Eurocode 8. It was a logical continuation of the ECOLEADER project.
Similar to ECOLEADER a full scale one-storey precast structure (Figs. 4.19a, b)
was tested with PSD and cyclic experiments. However, this structure, supported by
six 5 m high columns, had two bays and realistic floor/roof structure (the one in
ECOLEADER was rigid slab) composed with slab panels, once oriented in the
direction of the loading (Fig. 4.19b), and the other time perpendicular to this
direction (Fig. 4.19a). In initial — elastic tests, cladding panels were added
(Fig. 4.19a), which were then removed at higher levels of loading. Tolmezzo record
modified to fit EC8 (soil B) spectrum with peak ground acceleration 0.05, 0.14,
0.35 g (design acceleration) and 0.525 g was used in tests. PRECAST project
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Fig. 4.19 (a) PRECAST ECS building with cladding panel; load perpendicular to the slab panels.
(b) PRECAST ECS building; claddings removed; load in the direction of panels

provided valuable information about the seismic response, which was subsequently
used in numerical analyses (see Sect. 4.5) and systematic risk studies (see Sect. 4.9).
Most important results of the project were:

— The structure had large overstrength. Yielding in the columns was not observed
until the last PSD test with maximum ground acceleration 0.525 g. Only much
stronger cyclic loading, applied at the end of testing, imposed near collapse
mechanism. It should be noted, however, that even this very large structure had
still smaller spans (mass) compared to those in real structures.

— Therefore a systematic numerical study was done showing good response and
acceptable risk for a whole set of realistic one-storey structures used in practice
(Kramar et al. 2010a).

— Extremely large top displacements (8 % drift or 40 cm) were recorded at the
ultimate stage. As a surprise yield drift was over 2 %. See more details in the
following Sect. 4.5, discussing the inelastic model for the columns.

— Seemingly quite flexible floor structure worked pretty much as a rigid dia-
phragm, regardless of the orientation of the floor panels

— Cladding panels changed the response significantly

4.44 SAFECAST - Performance of Innovative Mechanical
Connections in Precast Building Structures Under
Seismic Conditions

As discussed in the previous section, PRECAST project demonstrated good seismic
performance of one storey precast industrial buildings. However, this result was
still far for being conclusive. First of all, it has been obvious that realistic behaviour
of connections determines the response of any precast structure. And even the
capacity of most commonly used connections was not known. Furthermore, the
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Fig. 420 The SAFECAST structure tested at ELSA

(a: prototype 1) (b: prototype 2) (c: prototype 3) (d: prototype 4)

Fig. 4.21 Structural layouts of the four prototypes (Bournas et al. 2013b)

inelastic response and the behaviour of multi-storey structures were far from being
understood. To fill these gaps in the knowledge project SAFECAST was initiated
(Toniolo 2012). Together with many parallel tests on individual existing and
innovative connections, the main experimental research consisted of PSD tests on
a full-scale 3-storey precast concrete building, performed at ELSA (Fig. 4.20; for
the details of the structure see Negro et al. 2013 and Bournas et al. 2013b).

To use the expensive specimen as efficiently as possible, for different structural
solutions were tested one after another (Fig. 4.21). The level of damage in the
columns was limited to enable to carry out this sequence of tests.

Structural system of the prototype 2 complied with the definition given in the
introduction of this paper (an assemblage of multi-storey columns with all hinged
beam-to-column joints). In prototype 1 two symmetrically placed precast structural
walls were added to stiffen the system. These walls were disconnected after the test
of the prototype 1. In prototype 3 it was attempted to reduce the flexibility of the
system by making the joints in the top story moment-resistant. Innovative dry
connections were installed and activated for this purpose. In prototype 4 all joints
were subsequently made moment-resistant. Different floor diaphragms were used in
each floor. Box type elements were used in the first floor. Pre-topped double tee
diaphragm was used in the second floor. Separated slab elements were installed in
the third floor to simulate openings in the roofs used for architectural reasons. The
same ground motion as in the case of PRECAST was used. Prototypes 1 and 2 were
exposed to maximum ground accelerations 0.15 and 0.30 g, prototype 3 to
agmax = 0.3 g and prototype 4 t0 agmax = 0.3 g and 0.45 g.
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Only brief overview of the key observations and conclusions is given below:

— Opverall, the response of the structure was good up to the ultimate limit state
design levels.

— However, extremely high influence of higher mode effects was observed in
prototype 2 (see Sect. 4.8 for more detailed analysis). This imposes very high
seismic storey forces and the demand on joints. This demand would not be
identified by traditional design. The structure was very flexible with inter-story
drifts up to 2.4 %. It is believed that such multi-storey precast structures are
difficult to be designed without some kind of stiffening measures.

— The use of precast structural walls in prototype 1 reduced the maximum inter-
story drift to 0.7 %. At the same time the rigid diaphragm action was not
impaired (with a certain exception of the top story with separated floor panels).
But it should be noted that the walls (with the same stiffness) were placed
symmetrically in the floor plan. Asymmetry in real design may impose signif-
icant torsional effects and large forces to transfer through the floor structures into
the walls.

— Making moment-resistant connections only at the top floor in the prototype
3 (which could be a practical solution in real life) reduced the fundamental
period for only 23 % in comparison with the structure with hinge joints.

— The solution in prototype 4 was more efficient. However, the innovative dry
joints were only semi-rigid (large slips were observed due to the problems in
technology of construction)

— The tests provide valuable data for numerical modelling

SAFECAST project provided important knowledge about the strength and
deformation capacity of the most common types of connections used in the design
practice (in particular beam-to-column connection, which will be discussed in more
detail in Sect. 4.6). Additionally many innovative connections were proposed and
tested (these results cannot be published here).

The most important outcome of the SAFECAST project, based on the mutual
effort of all the partners in the consortium, is a set of design guidelines for
connections of precast structures under seismic actions (Negro and Toniolo
2012). It is hoped that this document (or at least parts of it) will be subsequently
incorporated into Eurocode 8 provisions.

These guidelines are based on the experience obtained by testing a large number
of different typical connections. However, it is obvious that there are many different
variations and even completely different types of connections used in the construc-
tion practice. Therefore, one should be extremely careful when extrapolating the
design guidelines to other types of connections (more detailed discussion is given in
Sect. 4.10) (Fig. 4.22).
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Fig. 4.22 Most important
result of the SAFECAST
project
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4.4.5 SAFECLADDING - Improved Fastening Systems
of Cladding Wall Panels of Precast Buildings
in Seismic Zones

SAFECAST project indicated that the most poorly (in fact wrongly) understood
connection in the precast industrial buildings is the cladding-to-structure connec-
tion. It was traditionally supposed that the existing connections separate the clad-
ding panel from the structure. Panels were usually considered only as added mass in
the structural model. Therefore these connections were designed for the inertia
forces contributed by the mass of the panel only as well as only in the direction
perpendicular to the panel. However, in many cases traditional connections cannot
accommodate the very large relative displacements between the structure and the
panels. In such a case the panel and the columns begin to act together as a single
structure. The connections are then loaded by inertia forces contributed by the total
mass of the structure, which act in the plane of the panel. This observation was
drastically confirmed during the recent L’ Aquila and Emilia earthquakes (Figs. 4.8
and 4.23).
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Fig. 4.23 Failure of the
traditional hammer-head
connection during the
Emilia earthquake

In SAFECLADDING project four different solutions to this problem are being

proposed and analysed:

Additional research is under way to understand better the capacity and the
demand in the case of the existing connections. This will improve the design
practice. However, it is expected that in cases of strong earthquakes the collapse
of existing types of connections cannot be always prevented. In such cases
second line of defence measures will be proposed. This research will be
presented in more detail in Sect. 4.7.

New connections allowing for larger relative displacements will be proposed.
Integrated (dual) systems are studied. In these studies panels are designed as a
part of the lateral resisting (dual) system

Dissipative connections seemed to be very promising solution.

In addition to a large number of tests on the individual types of connections the

key experiment will be again performed at ELSA. A sequence of 22 tests are
planned to be performed on a single-storey two-bay full-scale structure. In each
test the arrangement of panels and the type of the connections will be varied.

4.5 Modelling of the Inelastic Seismic Response of Slender

Cantilever Columns

A slender cantilever column may represent a class of one-storey industrial buildings
with strong connections. Therefore, we start more detailed discussions of the research
done with the presentation of the inelastic model for slender columns. Whatever, this
problem might appear trivial and several extensive data bases (PEER 2007,
Panagiotakos and Fardis 2001) related to the cyclic behaviour of RC columns exist,
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Fig. 4.24 Plan of the analyzed PRECAST structure, showing the typical column cross-section

practically no information was available about the behaviour of very slender canti-
lever columns having shear span ratios of more than ten. This is especially true for the
post-peak behaviour at large drift ratios, which should be understood and clearly
defined when using up-to-date performance-based procedures and seismic risk stud-
ies. Therefore, a numerical model based on the full-scale PSD and cyclic tests done at
ELSA (see Sect. 4.4.3) within the PRECAST project (Toniolo 2007) was proposed
and verified by the research team at UL (Kramar 2008; Fischinger et al. 2008).

The plan of the tested structure (Fig. 4.19; walls were disconnected) is given in
Fig. 4.24. The shear-to-span ratio of the columns was 12.5. They were designed
according to the ECS8 standard. The study was later extended to the lightly
reinforced columns, not observing the minimum requirements of ECS.

Very specific behaviour of the columns with high shear-span ratio was observed
(Fischinger et al. 2008). The deformability and the deformation capacity of the
columns were large (Fig. 4.25). The yield drift was 2.8 % (much more than the
values reported for columns with smaller shear-spans). In the final cyclic test, the
columns exhibited quite stable response up to a large drift close to 7 %. Buckling of
the longitudinal reinforcement bars then led to subsequent tension failure of the bars
in the first column. The strength of the structure dropped considerably, but it was
stabilized by the other five columns. A 20 % drop in maximum strength was
observed at about 8 % drift, following considerable in-cycle strength degradation
and the flexural failure of several columns. Very short height of the plastic hinge
(only half of the cross-section dimension of the column) was observed.

The beam-column model with lumped plasticity was chosen. However, most
existing hysteretic models had problems to describe the observed behaviour. The
best results were obtained using Ibarra hysteretic model (Ibarra et al. 2005) that
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Fig. 4.25 The ultimate drift of 8 % (top displacement equal to 40 cm) was observed in PRECAST
full-scale test
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Fig. 4.26 Strength deterioration in the Ibarra’s model

accounts for history-dependent strength and stiffness deterioration. The behaviour
is first described by a monotonic backbone curve. Pre-capping and post-capping
cyclic strength deterioration, based on the energy dissipation criterion, is then
considered (Fig. 4.26). Haselton (2006) has calibrated Ibarra hysteretic model for
a large number of column tests. If Haselton expressions, except for the yield drift
(which was determined analytically taking into account empirical corrections for
pull-out and shear-slip), were used, the match of the analytical and experimental
results was very good (Figs. 4.4 and 4.27).
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Fig. 4.27 Numerical 200
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4.6 Cyclic Response of Beam-to-Column Dowel
Connections

Beam-to-column connections are extremely important for the integrity and safety of
the precast industrial structure. The majority of collapses during earthquakes are
due to the fall of the beam. Nowadays it is obvious that the connection should not
rely only on the friction and that some kind of mechanical connection should be
provided. The most common solution is the use of steel dowels (Fig. 4.28). This
option has been used for decades. Nevertheless, the design (if done at all) was
predominantly based on engineering feeling and the requirements of non-seismic
loading. However, the correct approach would be the use of the capacity design,
which is in fact required by Eurocode 8. For this we obviously need to know
capacity of the dowel connection and the demand imposed during seismic action
(the latter will be discussed in Sect. 4.8). Neither of them was understood enough.
Therefore a good deal of the experimental and numerical research effort within
SAFECAST was devoted to this connection. Static and cyclic tests at large relative
rotations between the beam and column were done at UL in Ljubljana (Kramar et al.
2010b; Fischinger et al. 2012a, 2013) (Figs. 4.29 and 4.28), static, cyclic and shake
table test were performed at NTUA in Athens (Fig. 4.30) and shake table tests were
done AT LNEC in Lisbon (Fig. 4.31).

In this paper we present mainly the research performed in Ljubljana. Three types
of connections were tested (Fig. 4.32): (1) single centric dowel (typical for roof
beam to column connection), (2) single eccentric dowel (for comparison) and
(3) two eccentric dowels (typical for floor beam to column connection).

While several experiments were done in the past to estimate the dowel strength
(i.e. Vintzeleou and Tassios 1987) they were restricted to pure shear and specimen
without hoop reinforcement. Special purpose of the tests at UL was to study the
behaviour of the connections at very large relative rotation between the beam and
the column (Fig. 4.25) observed in the previous PRECAST project. It should be
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Fig. 4.28 Typical eccentric
beam-to-column dowel
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Fig. 4.29 Test of the dowel
connection at large relative
rotation between the beam
and column
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Fig. 4.30 Shake table test
of the beam-to-column
dowel connection at NTUA

Fig. 4.31 Shake table test
of the beam-to-column
dowel connection at LNEC
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Fig. 4.33 Rupture of the dowel in the case of large concrete cover

noted that this large drifts are needed to justify the energy dissipation capacity
(behaviour factor) assumed in the design.

Two types of failure of the investigated connections were identified: (a) the
rupture of the dowel and crushing of the surrounding concrete (Fig. 4.33) and
(b) the failure of the beam to column joint due to the insufficient tension strength
of concrete and stirrups surrounding the dowel (Fig. 4.34).
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Fig. 4.34 Failure in the
case of small concrete cover Small concrete cover
and in the case of the
insufficient tension strength
of concrete and stirrups
surrounding the dowel

The type of the failure and strength of the connections strongly depended on:
(a) the distance of the dowel from the edge of the column and beam, (b) the amount
of the provided stirrups in beam and column, and (c) the amount of relative
rotations between the column and the beam. Due to the large relative rotations,
the 20 % reduction of the strength of the connections was identified. In asymmetric
connections the strength was also influenced by the direction of the loading, since
the distance of the dowel from the edges of column and beam was different. It has
been confirmed that the cyclic strength of the connections was 50-60 % of the
strength measured during the monotonic tests (as it was noticed in the previous
research). In the majority of cases, the formulas existing at the time of the exper-
iment, which can be used to estimate the strength of the dowel itself,
underestimated the actual strength. The difference between the predicted and actual
strength was even larger in the case of other types of failure.

To understand the mechanism of the response better and to propose the design
formulas and procedures, extensive numerical studies were done. FEM models
were developed and used (Zoubek et al. 2013b) The models and the results are
presented in the following subsections for (a) dowels embedded deep into the
column’s concrete core — large concrete cover (c > 6dg; ¢ is the dimension of the
concrete cover and dg is the diameter of the dowel) and (b) dowels placed close to
the edge of the column — small concrete cover (c < 6dy).

4.6.1 Capacity of the Beam-Column Connection with Dowels
Embedded Deep in the Concrete Core

Behaviour of dowels embedded deep in the concrete core is mainly characterized
by the dowel action mechanism for which numerical models have already been
developed and experimentally tested in some previous studies (Dulascska 1972;
Hgjlund-Rasmussen 1963; Engstrom 1990; Vintzeleou and Tassios 1986; Zoubek
et al. 2013a, b). The simple models assume that the strength of the dowel is reached
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Fig. 4.35 Failure mode of the dowel mechanism

at simultaneous yielding of the dowel and crushing of the surrounding concrete (see
Fig. 4.35).

Assuming the failure mechanism presented in Fig. 4.35, the following formula
can be used to analytically evaluate the ultimate resistance of the dowel connection

at monotonic loading:
2./
Ru,m = Fu,m =ap - db . fcm 'fym

fom IMPa]...meanuniaxial compressive strength of concrete
fym [MPa] ... mean yield strength of steel

dplmm] . . . diameter of the dowel

Coefficient o varies among different authors from 1.0 to 1.3 and mainly
depends on the increase of the concrete compressive strength due to tri-axial state
of stresses in front of the dowel (f7, in Fig. 4.35).

In the case of cyclic loading the strength should be reduced because of the cyclic
degradation of concrete and steel. Vintzeleou and Tassios (1986) suggested a
reduction factor of 0.7 (0.5 for design purposes):

Ruc=0.7Rym=095-dy \/fem fom

Based on the results of the experiments performed in the frame of the
SAFECAST project (Psycharis and Mouzakis 2012) proposed a modified formula,
which accounts for cyclic behaviour of the realistic beam-to-column dowel

connections:
Ru,c = CO/}/R 'dh2 ) \/fck 'fyk’

where C, is a factor ranging between 0.9 and 1.1 and takes into account the
influence of relative rotations between the beam and the column . Based on the
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tests performed at the University of Ljubljana (see Sect. 4.6) value of 0.9 should be
used to account for the strength reduction due to the large relative rotations. yx is a
general safety factor to account for the uncertainties in the experimental procedure
and the limited number of experimental data used in the derivation of this formula.
Value of 1.3 for y; was suggested in Psycharis and Mouzakis (2012). This formula
was adopted in the Design recommendations (Negro and Toniolo 2012), but yg was
not included.

This expression is predominantly empirical and no detailed analysis of the
failure mechanism leading to this result was done within the SAFECAST project.
Therefore the understanding of the behaviour was incomplete and consequently the
generalization of the formula to the cases not tested within the project was difficult.
To get a generally applicable tool to estimate the capacity of the dowel connections
some sophisticated finite element analyses were performed to understand the
behaviour in detail and to support the formula (Zoubek et al. 2013a, b). Good
correlation between the numerical results and the values given by the formula has
demonstrated the ability of the proposed numerical tool.

4.6.2 Capacity of the Beam-Column Connections
with Dowels Placed Close to the Edge of the Column

In the case of dowel connections with dowels placed close to the edge, premature
splitting of concrete can occur before the dowel mechanism, described above, can
develop (Fig. 4.36).

This brittle failure was thoroughly investigated in Fuchs et al. (1995; Fig. 4.36a).
Based on the extended experimental study, the following formula was proposed to
predict the capacity of the eccentric anchor:

Ruo = 1.0(daf o) "> (1/dg) S,

where 1 < 8 d, is the effective embedment depth and ¢, is the distance from the
centre of the dowel to the free edge of the concrete element in the direction of
loading. To take into account the dimensions of the concrete element and the
eccentricity of loading in the case of a group of anchors (coefficients w4 and ys),
the following correction of the resistance R, is needed:

Ry = (Av/Avo)waysR o,

where A, is the actual projected area at side of concrete member, idealizing the
shape of the fracture area of individual anchor as a half-pyramid with side lengths
1.5 ¢ and 3¢, (Fig. 4.1), while A, is the projected area of one fastener unlimited by
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Fig. 4.36 (a) Simplified design model of the concrete failure zone for fasteners in a thick concrete
member as proposed in CEN/TS (1992-4-2 2005) and Fuchs et al. (1995) and (b) failure of the
eccentric beam-column dowel connection at the end of the cyclic test performed at the University
of Ljubljana

corner influences, spacing or member thickness, idealizing the shape of the fracture
area as a half-pyramid with side length 1.5 ¢; and 3c¢;. Similar formulas are also
included in CEN/TS 1992-4-2 and Design Guidelines for Connections of Precast
Structures under Seismic Actions (Negro and Toniolo 2012).

The presented closed expressions usually underestimate the capacity of the
actual eccentric beam-to-column dowel connections due to the inadequate evalua-
tion of the contribution of the confining reinforcement, which definitely helps to
improve the integrity of the connection and prevent the brittle failure. In CEN/TS
1992-4-2 the resistance of the eccentric anchor is allowed to be increased by factor
1.4 if closely spaced stirrups are provided in the region around the connection. Even
though the standard recognizes the importance of the confinement, the approach
seems to be too simplified. The authors therefore suggest an alternative method.
The capacity of the eccentric dowel connection should be estimated by appropriate
usage of the Strut and tie model (Fig. 4.3). The compressive stresses in concrete are
equilibrated with the tension stresses in the confining reinforcement. The assumed
directions of the compression diagonals for the connection with one or two dowels
were supported with the finite element model presented in Zoubek et al. (2013a, b,
last column in Fig. 4.37).

The procedure was tested against the experimental results obtained within the
SAFECAST procedure (Zoubek et al. 2014a, b). Very good match with the exper-
imental results was demonstrated. It was also shown that the formulas proposed in
CEN/TS (2005) greatly underestimate the capacity of the connections in the case of
spalling of concrete edge.
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Fig. 4.37 Proposal for the calculation of the resistance of the eccentric dowel connection with one
or two dowels using truss and tie model

4.7 Cyclic Response of Typical Cladding-to-Structure
Connections

Cladding-to-structure connections have been among the less understood connec-
tions in industrial buildings. Actually the problem was typically avoided by assum-
ing that claddings are separated from the structure. During stronger earthquakes the
relative displacements are so large that this is definitely not true and very complex
interaction is imposed. To analyse this interaction one must know the imposed
demand as well as the capacity of the connection. Up to now the extensive study of
the capacity of the most typical connections used in Europe was already completed
within the SAFECLADDING project.

Typical mechanical connections, which are used to attach the cladding panels to
the structural system of precast buildings depend on the orientation of the panels.
Vertical as well as horizontal panels are widely used. Therefore, some typical
representatives of both groups of connections were included in the plan of the
experiments. Three types of mechanical connections, presented in Fig. 4.38 were
tested.

In order to optimize the experiments as much as possible, the same setup (see
Fig. 4.39) was used for all investigated connections (Fig. 4.39).

Altogether 30 tests were performed. In general three types of tests were
accomplished:
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Fig. 4.38 Tested cladding-to-structure connections (a) Typical connection of the vertical panel
and the beam. (b) Typical angle connection. (¢) The connection, which is used to attach the
horizontal panels to the columns
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Fig. 4.40 Schemes of the tests. (a) Uniaxial shear test. (b) Biaxial shear test. (¢) Uniaxial
sliding test

— Uniaxial shear tests (see Fig. 4.40a): The load was applied in the horizontal
direction in parallel to the longitudinal axis of the panel. The direction of the
load was perpendicular to the channel mounted in the panel and perpendicular to
the hammer-head strap.
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Fig. 4.41 The main steps of the response of connections presented in Fig. 4.38a

— Biaxial shear tests (see Fig. 4.40b): The specimens were loaded in two horizontal
directions perpendicularly and in parallel with the longitudinal axis of the panel.
The hammer-head strap was loaded in shear and tension simultaneously. The
hammer head strap was loaded in its strong direction.

— Uniaxial sliding tests (see Fig. 4.40c): The load was applied in the horizontal
direction in parallel to the longitudinal axis of the panel. The channel mounted in
the panel was loaded in parallel to its longitudinal axis. The hammer-head strap
was loaded perpendicularly to its weak direction. These tests gave information
of the response of the sliding connections in the vertical direction.

The hammer-head connection presented in Fig. 4.38a is very common in the
construction practice, yet hits behaviour at cyclic loading in the plane of the panel
was never tested before. The main phases of the response are summarized in
Fig. 4.41. In order to make this presentation clearer, the main steps are explained
on the example of the connection loaded only in one direction. This mechanism is
activated when the connections are loaded perpendicularly to the strong axis of the
strap.

In the beginning the strap can rotate without restrictions (a). The displacements
of the panel and the rotations of the strap increase simultaneously. When the
displacements of the panel are large enough the head of the strap is stacked into
the channel. Consequently, the force in the connection is increased (b). Plastic
deformations of the head of the strap increase (c). When the displacements are large
enough, the gap between the panel and the beam is closed (d). The force almost
instantly considerably increases due to the activated friction between the panel and
the beam. All these phases are visible in the force-displacements diagram,
presented in Fig. 4.4. They are marked by red spots. The strength of connections
subjected to cycling loading was considerably smaller than that observed in the
monotonic tests.

In connections presented in Fig. 4.38b the failure of the channel mounted in the
panel was typically observed. The screw was pulled out from the channel. The same
type of the failure was observed in the special connections of the horizontal panels
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and columns (Fig. 4.38c). In both cases the response was considerably different
compared to the connections presented in Fig. 4.38a. The strength was larger,
particularly in the connections of the horizontal panels and columns. More details
about the response of the tested connections can be found in Isakovic et al. (2013).

4.8 Higher Modes Effects in Multi-Storey Precast
Industrial Buildings

Initial research was mostly devoted to single-storey buildings, which are indeed
most frequently used. But nowadays, there has been more and more demand for
complex multi-storey buildings (Fig. 4.6). The question arises, to what extend the
research findings for single-storey buildings can be extended to multi-storey struc-
tures? It was found that there are several issues specific to multi-storey buildings.
Obviously the columns are higher and loaded with higher compressive axial force.
Consequently the margin of overstrength may be lower. The assumption of per-
fectly hinged connections between the beams and columns leads to models with
very slender cantilevers, which might be unrealistic. However, the most specific
and important problem is related to the higher modes effect. This can increase the
shear forces in columns and first of all the demand on the connections for several
times, compared to the values indicated by classical design procedures. If we did
not consider this effect properly, the capacity design cannot be done. This problem
was identified already in the PRECAST project (Fischinger et al. 2007). Later it was
experimentally demonstrated and analytically studied in detail within the
SAFECAST project.

Blind predictions of the response of the SAFECAST full-scale structure indicated
very important higher mode effect. This was particularly obvious in the case of the
prototype 2 (Fig. 4.21b) with hinged beam-to-column connections. The actual test
proved that the prediction was correct. The good match of the predicted and exper-
imental results (Fig. 4.42) also proved that the analytical models were efficient.

Shear magnification factors were systematically studied by inelastic response
analyses on five realistic three—storey cantilevered structures, typical for the con-
struction practice in Europe (Fischinger et al. 2011a). The same height of the stories
(3.3,3.2 and 3.2 m) as in the case of the full-scale SAFECAST structure (Fig. 4.20)
were assumed. Buildings were modelled as single multi-storey columns. To each of
the five buildings/columns different value of the normalized axial force v,; (0.05<
vy <0.20) was assigned to reflect actual spans and loads used in practice. The
buildings were designed according to Eurocode 8, using standard design procedures
based on the results of the equivalent elastic spectrum modal analysis
(g max=0.25 g and Soil Type B) considering one half of the inertia characteristics
of the un-cracked sections. The same reduction as for DCH cast-in-situ frames
q=4.5 was assumed. The response history analyses were performed using
OpenSees with a set of accelerograms, matching the EC8 spectrum.
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Fig.4.42 PSD response of the SAFECAST prototype 2 (Fig. 4.21b) confirmed very large effect of
higher modes, which was numerically predicted
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Fig. 4.43 Shear magnification ratios evaluation for the five analysed structures using different
stiffness/overstrength models

Figure 4.43 shows the shear magnification factor (the ratio between the shear
forces obtained by the inelastic analyses and those obtained by the equivalent
elastic spectrum modal analysis) for the five investigated structures, identified by
their normalized axial force value. For each structure, three different assumptions
regarding stiffness of the columns and overstrength were considered in the inelastic
response analyses. In the Fig. 4.43 the circles denote results of the model based on
the actual stiffness during response (model 1). Squares indicate the results obtained
with the inelastic analysis using the bilinear model having the same initial stiffness
as it had been used in design (one half of the inertia characteristics based on the
un-cracked section were used) — model 2. Model 3 (triangles) is basically the same
as the model 2, except for the overstrength, which is not considered.

The results show that, as expected, shear forces are strongly influenced by the
overstrength originating from different sources (including the usual assumptions
about initial stiffness). In any case, the actual shear forces in multi storey
cantilevered structures are considerably higher than the forces foreseen by the
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equivalent linear-elastic lateral force analysis, or by the modal response spectrum
analysis specified in the codes. Simply said, this magnification occurs due to
flexural overstrength and the amplified effect of the higher modes in the inelastic
range.

It has been demonstrated that the similar shear magnification factor as proposed
in Eurocode 8 for ductile (DCH) RC structural walls can be used also in the case of
multi-storey cantilever columns in precast buildings (see Rejec et al. 2012 for
definitions and derivation of the formula):

2 2
YRd MRd Se(Tc) < q
=gq- =£. — 0.1- 9.
o \/(Q MEd) * (Se(Tl) {2 b

It is important to note that the shear magnification factors for shear forces as
large as the behaviour factor q are possible. Shear forces are directly further related
to the seismic (storey) forces, which are the inertial forces acting on the floors of a
structure and can be calculated as the difference between the total shear force above
and below each floor. In precast structures these forces are particularly important as
they determine the design of the floor system as well as beam-to-column connec-
tions. Therefore the study of the amplifications of the shear forces was extended to
seismic storey forces and similar (modified) amplification factors € were proposed.

4.9 Seismic Collapse Risk of Precast Industrial Buildings

The research, which is described in the previous sections, has provided the models
and tools needed for a robust and reliable assessment of seismic risk of the precast
industrial buildings. The result of these risk studies have been then of great impor-
tance for the calibration of the design requirements proposed for Eurocode 8. The
study was done in two phases. First a systematic study of single-storey buildings with
strong connections (assuming that the proper capacity design procedure was applied)
was done (Kramar et al. 2010a). Then the study was extended to multi-storey
structures with strong and weak connections (Fischinger et al. 2012b).

The limit state of the structure was defined as the inability of a system (column)
to support gravity loads because of excessive lateral displacement. The collapse
capacity of the structure (column) was predicted with the deteriorating numerical
model (see Sect. 4.5) considering P-delta effects. The Intensity Measure (/M )-based
variation of the recently popular PEER methodology (Fajfar and Krawinkler 2004)
was used to estimate the probability of exceeding a structural limit state. The
methodology is illustrated in Fig. 4.44.

It is based on the Incremental Dynamic Analysis (IDA). IDA involves a series of
dynamic analyses performed under several values of the intensity. The result is an
IDA curve which is a plot of response values (i.e. damage measure — DM) versus the
intensity levels (i.e. intensity measure — IM). The collapse of the structure occurs
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when the DMs increase in an unlimited manner for exceedingly small increments in
the IM (collapse is indicated as the black dot on the IDA curve in Fig. 4.44).
Considering the record-to-record variability and the uncertainty in the numerical
modeling, large number of IDA curves corresponds to the same structure, thus
resulting in large number of limit state intensities (S.). Separate analysis is involved
in order to determine the seismic hazard function (H,). The hazard function is
defined as the probability that the intensity of the future earthquake will be greater
than or equal to the specific value. Finally, limit state probability is calculated as the
hazard function multiplied by the probability density function (PDF) of the limit
state intensity and integrated over all values of the intensity. Presuming the
lognormal distribution of the limit state intensity and exponential form of the
seismic hazard function, limit state probability of the structure can be derived
analytically.

The appropriate limit value for the probability of collapse has been proposed based
on the recommendations suggested by the Joint Committee on Structural Safety
(JCSS 2001). It is important to note that only regular buildings were analysed.

Whereas the uncertainties in the parameters used in the PEER methodology have
often been only roughly estimated, a rigorous analysis of the effect of uncertainty in
the model parameters on the dispersion of the collapse capacity of the analyzed
precast system (columns) was made. The dispersion due to uncertainty in the model
parameters was large (conservative estimates vary from 0.18 to 0.33 depending on
the column) and of similar size as the usual value of record-to-record variability
(0.4 according to ATC). Both methods, the more rigorous Monte Carlo method and
the simpler first order method, yielded comparable results.

4.9.1 Seismic Collapse Risk of Single-Storey Precast
Industrial Buildings with Strong Connections

The mass of the structure tested within the PRECAST project (the total mass of the
prototypes was 57.9 t, which resulted in the average mass of 9.6 t per individual
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Fig. 4.45 Seismic risk (ECS8 detailing requirements are considered)

column) was low compared to the mass in the real structures. Therefore a system-
atic parametric study was done (Kramar et al. 2008) for a whole range of possible
average masses in the practical applications (10—150 t, which corresponded to the
tributary roof area of 230 m?). The results for the column with the cross-section
dimensions 60/60 cm are presented here. Record-to-record variability was consid-
ered by means of 50 accelerograms generated to simulate the seismic action
according to EC8. The hazard function was derived from the design acceleration
values for return periods of 475 (0.25 g), 1,000 (0.3 g) and 10,000 years (0.55 g) for
the area of Ljubljana (Kramar 2008; Kramar et al. 2010a).

Two different cases were analysed. In one case EC8 detailing requirements
(in particular 1 % minimum longitudinal reinforcement and the minimum code
required confinement) for DCH structures were considered. In the other case only
the calculated (statically required) reinforcement was taken into account without
considering detailing requirements. In this case the resulting amount of the rein-
forcement was much lower and similar to the reinforcement observed in some
existing structures (although seismic force reduction factor 4.5 was used in both
cases).

Seismic risk was estimated based on the following criteria. Capacity of the
structure was expressed in terms of PGA (PGA(). Reference value (5 % percentile
of PGA¢) was compared to the design acceleration of 0.25 g. Probability of collapse
in 50 years for the area of Ljubljana (Hyss0) was considered. While details are
given in Kramar et al. (2010a), the results are summarised in Figs. 4.45 and 4.46.

Minimum ECS8 detailing requirements provide the analysed structures with
sufficient overstrength so that the seismic risk is acceptably low (the probability
of collapse is 0.1-1.2 % in 50 years). However, if only the calculated reinforcement
is considered (disregarding the minimum detailing requirements), the conservative
estimate of seismic risk is very high (the probability of collapse is 1.0-8.5 % in
50 years). The results have been used to obtain a quantitative evaluation of the force
reduction factor used in the Eurocode 8 standard.
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Fig. 4.46 Seismic risk (EC8 detailing requirements are not considered)

4.9.2 Seismic Collapse Risk of Multi-Storey Precast
Industrial buildings with Strong and Weak
Connections

The analysis described in the previous sub-section was extended to a set of realistic
regular multi-storey precast buildings, which are commonly used in the Slovenia-
n/European practice (Fischinger et al. 2012b). The investigated structural system
(Fig. 4.47) consisted of 3 multi-storey cantilevers connected with the hinged beams.
In accordance with the common practice, the structure had either 2 or 3 floors. The
height of the first storey was assumed equal to 7 m, while the height of the
subsequent stories was taken equal to 5 m. The amount of mass (i.e. vertical
loading) and thus the size of the column cross-sections were varied within the
range determined by the Eurocode standards. The structures vary depending on the
column cross-section (bxh), and maximum normalized axial force measured at the
base of a middle column (v,).

Realising that major seismic risk associated with many existing prefabricated
systems is related to the inferior behaviour of connections, realistic strength of the
beam-to-column connections as measured during experiments (weak connections)
was considered and compared with the results obtained with the assumption of the
strong connections.

Some typical results are shown in Figs. 4.48 and 4.49 discussed in the following
text.

The design of multi-storey cantilever columns in precast structures is governed
by drift and slenderness limitations. This study re-confirmed that the resulting
cross-sections of the columns are large — in most realistic cases between 60 x 60
and 80 x 80. Taking into account the minimum longitudinal reinforcement require-
ment (1 %), this results in a considerable overstrength. So the peak ground accel-
eration capacity for structures with strong connections was frequently (for vq4
between 0.1 and 0.15) several times higher than the design ground acceleration.
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Fig. 4.47 Numerical model of multi-storey precast structures
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Fig. 4.49 Frequency of exceeding the limit state in 50 years

Accordingly, the probability of collapse in 50 years was sufficiently low in com-
parison with the recommended values. In the analysed structures value vq=0.15
corresponds approximately to the vertical load of 10 kN/m?” acting on a tributary
area of 100 m”. Larger loads than this could be considered as rather exceptional.
However, for structures carrying such large masses, overstrength is not so pro-
nounced. In these cases, the stiffening of the system by concrete walls/cores or the
use of dissipative elements is needed. The same applies, if the designer wants to
reduce the large cross-sections of the columns.
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Note that the cross-section of the columns in 3-storey structures were larger than
in the case of the 2-storey structures (this was mainly due to the drift limitations).
Therefore the peak normalized axial force of the 3-storey structures was smaller
compared to the 2-storey structures. When comparing the 2-storey and 3-storey
structures, columns with the same normalized axial force should be considered. If
such comparison is made, it can be concluded that the results are similar for both
structures.

It was particularly important to evaluate the influence of the realistic (weak)
connections on the seismic risk. For structures with lower masses (vq from 0.1 to
0.15) the risk did not increase compared to the risk assessed in the case of structures
with strong connections (indicated that the strength of standard connections was
sufficient). However, in structures with larger masses the connections were dam-
aged and the risk drastically increased. This confirms the conclusion that the
capacity design of connections is strictly needed. According to these results,
beam-column connection with median capacity of 165 kN (this have been exper-
imentally determined value for the connections typically used in the design prac-
tice) should only be used for the structures where v4 does not exceed approximately
0.15. In other cases stronger connections should be used or structural walls should
be used to strengthen the system. In general, this results demonstrate that beam-
column connections cannot dissipate a large amount of the energy introduced by the
seismic loading. Soon after the yielding occurs, the failure of the connections
follows, resulting in high seismic risk.

4.10 Eurocode 8 Implications

The key result of the presented projects has been a set of proposed improvements
(either proposed or already incorporated) of the relevant requirements in Eurocode
8. Among many contributions, the most important are:

— The calibration of the behaviour factor;

— The proposed designed methodology for the design of the typical connections in
precast industrial buildings (Negro and Toniolo 2012) based on the experimen-
tally verified capacity of the connections (see Sect. 4.5)

— The proposed methodology for the realistic evaluation of the demand in the
multi-storey columns in precast industrial buildings (see Sect. 4.8)

— The proposal of many innovative solutions in precast construction (not discussed
in this contribution)

— Systematic risk evaluation supporting the design recommendations (see
Sect. 4.9)

— The evaluation of the capacity of the cladding-to-structure connections and the
on-going research on the methodology of the design, which would explicitly
account for the cladding contribution (see Sect. 4.7)
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While most of these results were already discussed in the previous sections,
additional and more detailed comments on the choice of the behaviour factor are
given in this section.

Behaviour factor is a semi-empirical parameter, which reflects many partial
factors. Some of them can be experimentally or analytically calibrated, yet another,
like those reflecting local construction practices, are almost impossible to consider
with rigorous approach and require a good deal of engineering feeling. In particular
in a complex structural system composed of many details and components of
extremely different ductility, it is an illusion to give a precise value for the
behaviour factor valid for all different systems. Nevertheless, the results of the
presented research projects have contributed a lot towards better understanding of
the energy dissipation capacity the precast industrial buildings and the definition of
the behaviour factor.

Considering the above mentioned ambiguities and the lack of relevant knowl-
edge as well as mixed field observations, one can understand that the value of the
behaviour factor was changing dramatically during the evolution of the Eurocode 8.

Before Eurocode standards were introduced, most designers used the same value
of seismic forces for cast-in-situ frames and precast structures. Therefore a specific
note in the paragraph B1.2(2) of (CEN 1995) “Single storey industrial buildings
with doubly hinged beams should be distinguished from the normal frame system”
came as a shock. Strictly applying the standard one-storey precast industrial
structures should be designed as inverted pendulum structures (the structural
system is a set of cantilevers and more than 50 % of the mass is concentrated at
the top of the cantilevers). This requirement practically meant that precast industrial
structures should be designed for elastic response. However, (CEN 1995) explicitly
allowed in paragraph B3.2(3) that qo = 3 can be used for precast columns in single-
storey industrial buildings, which are not integrated into frames under the following
conditions: (a) the top of the columns are connected with ties along both principal
directions of the building and (b) the number of columns is at least six. This value
was predominantly based on the engineering judgment and compromise. The
ambiguity of the topic was further stressed by the fact that Annex B, which covered
seismic design of precast structures, was only informative. In any case, there was
not explicit reference to multi-storey structures.

The authors believe that considering the limited level of the information avail-
able at that time and the risk of the catastrophes with most damaging consequences,
the proposals in CEN (1995) were fully justified. However, it was also clear that in
many cases they were very conservative and they were jeopardizing (without
proper research evidence) the competitiveness of a large sector of construction
industry. In addition field evidence showed quite good behaviour of precast indus-
trial buildings in spite of the fact that they were typically designed with the same
behaviour factor as the cast-in-situ structure would be. Moreover, making the
columns unnecessary strong would increase the demand on the most vulnerable
components of the structural system — connections, and it might have a contra-
productive effect.
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Therefore the extensive research, presented in this paper, was initiated
(Sect. 4.4). Based on the results of the ECOLEADER project a very important
change was incorporated into the final pre-standard (CEN 2003 — prEN 1998-1-
2003) and subsequently into the standard valid today (CEN 2004). A note was
added to the definition of the “inverted pendulum structure”, saying that “One-
storey frames with column tops connected along both main directions of the
building and with the value of the column normalized axial load v4 nowhere
exceeding 0.3, do not belong to this category”. This note was included
(as explained by the author — Professor Toniolo) with the purpose to define precast
industrial buildings as “frames” and consequently allowing to use the same behav-
iour factor for precast industrial buildings and cast-in-situ frame systems. This
change might not be identified and understood at the first sight, since it is not a part
of the chapter 5.11 (Precast concrete structures), but appears only as a note within
the definitions of the structural systems and there is no explicit statement that such
systems are frame systems.

In fact, in spite of the experimental results of the ECOLEADER project and the
extensive supporting analytical studies, the proof for this very important change
was not conclusive. First (as discussed in Sect. 4.4.2) ECOLEADER proved only
that one-storey precast industrial building behaved similar (even better) than the
one-storey cast-in-situ frame with strong beam. This is not to say that such cast-in-
situ frame has the same energy dissipation as the multi-storey, multi-bay frame
designed by a weak beam — strong column concept. Moreover, this is certainly not
the case. Additionally, it should be considered that some important simplifications
were used in the experiment and analyses (strong beam-to-column connections,
rigid diaphragm, regular building, and construction in the controlled environment).
Therefore it was obvious that further research effort is urgently needed to verify this
important decision better.

PRECAST structure demonstrated (see Sect. 4.9 on risk analyses) that it is
feasible to use such high behaviour factors, but with the condition that the drift
limitations and minimum reinforcement requirements are fully respected. There
were several factors contributing to the demonstrated good behaviour: (a) typical
low compressive axial force in the columns of the single-storey buildings;
(b) inherent overstrength due to the drift and slenderness limitations as well as
minimum reinforcement; (c) confinement at the base of the columns (however,
ASSOBETON tests indicated that the maximum spacing of the transverse should be
even shorter than those required at the present by EC8). And first of all, the beam-
to-column connections used in the existing practice should be designed by using
capacity design rules.

Finally, after the careful study and analyses the authors are now convinced that
all the debate about the behaviour factor has not been that important. What typically
determines the response of the structure, is the inherent overstrength imposed by
drift and slenderness limitations and not the strength determined by the behaviour
factor. Of course practically elastic design (as required in the earliest stages of the
pre-standard) was demonstrated as overly conservative and in some cases even
contra productive. But on the other hand, there is practically no need to insist on the
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use of the same behaviour factor for industrial buildings and cast-in-situ frames
(based on weak beam — strong column concept). One might argue that the columns
themselves exhibit the ductility of more than four. But it should be considered that
the drifts (up to 10 %) and top displacements (up to 1 m) needed to exploit this
energy dissipation capacity of the column are impractical to achieve.

SAFECAST project brought additional research evidence for the multi-storey
buildings (they were never studied before and there has been no explicit require-
ments for these structures in EC8) and for structures with realistic connections. The
experiment at ELSA showed good behaviour of the 3-storey structure designed by
q=4.5. However, the mass was, in spite of the large specimen, still small compared
to realistic structures. The systematic risk study (Sect. 4.9.2) showed that the use of
the behaviour factor 4.5 for the DCH structure was fine. But again, the stiffness and
strength were dictated by the drift and slenderness limitations rather than by the
behaviour factor.

4.11 Conclusions

Not to repeat again all the specific and detailed conclusions given in the individual
sections of this report, only the overall understanding of the seismic response of the
precast industrial buildings, which the authors obtained during many years of the
study, is presented and summarized in the conclusions.

1. When we refer to a precast system, we shall clearly and carefully determine all
the details (in particular the connections and ties) of the system. Generalization
can be incorrect and dangerous since even seemingly minor differences can
change the behaviour considerably. Therefore since 1981 the Slovenian (for-
mer Yugoslav) code (...) required (Article 39 and 44) that the prototypes of
prefabricated buildings or structures which are produced industrially in large
series (except for wooden structures) and which are designed in zones of
seismic activity VIII or IX, shall be checked experimentally and by inelastic
dynamic analyses. While at the present, there is no such explicit requirement in
the Eurocode 8, it was sensibly considered in the Design guidelines for con-
nections of precast structures under seismic actions (Negro and Toniolo 2012).

2. Such verification was fully accomplished for the structural system of the
precast industrial buildings with dowel beam-to-column connections, which
is discussed in this paper and which is very frequently used in Europe. Unprec-
edented experimental, numerical and risk studies were done.

3. The authors are convinced that such structural system can be designed as safe in
the seismic regions if all Eurocode requirements and research recommenda-
tions described in this paper are considered. This in particular includes drift
limitations and capacity design of the key connections in the system.
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4.

10.

11.

The document Design guidelines for connections of precast structures under
seismic actions (Negro and Toniolo 2012), produced within the SAFECAST
project, provides a valuable tool for this purpose.

. Among many different connections in the system, the beam-to-column dowel

connection was particularly well studied. The capacity of the connections at
large relative rotations between the column and beam were investigated. The
behaviour of this connection is now fully understood and the design formulas
and the design methodology are provided. Note that the design procedure for
the connection with the dowels close to the edge of the column was recently
improved (Zoubek et al. 2014a, b) and considerably modified in comparison
with the formulas given in the Design guidelines.

. Innovative (i.e. dissipative) connections and new structural solutions were

studied within the presented research projects. However, this paper is restricted
to the traditional existing systems (due to the rights and patents of the industrial
partners as well as due to the limitation of the length of the paper).

. Multi-storey structures were extensively studied in addition to the single-storey

structure. Several additional problems were identified. Most important is the
problem of higher modes effect, which highly increases the demand for the
connections and for the shear resistance of columns. Magnification factors for
shear and seismic storey forces were proposed.

. Drift limitations require very large dimensions of the columns in the multi-

storey system using dowel (hinged) beam-to-column connection. While also
multi-storey building can be safely designed in seismic regions, it is a general
impression that multi-storey structures need some kind of stiffening, either in
the form of additional cores (the connections of the core to the precast system
should be carefully designed!) or (semi) rigid beam-to-column connections.
Other promising solution is the use of energy-dissipating devices.

. Effective numerical models were proposed, including the refined FEM models

to describe the complex response of the dowel connection and macro models of
the post-critical behaviour of the slender columns with very high shear-span
ratio.

Cladding-to-structure connections were very poorly understood in the past. The
authors realized that for decades we have been using in design the model,
which is not correct. Using existing connections, cladding cannot be fully
separated from the structure during strong earthquakes. The interaction
between the cladding panels and the columns should preclude large displace-
ment, which are needed to justify the energy dissipation capacity (behaviour
factors) assumed in the design. Complex realistic interaction is still under
investigation within the SAFECLADDING project.

Finally, it should be noted that all presented research was restricted to regular
structures.
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Chapter 5

The Role of Site Effects at the Boundary
Between Seismology and Engineering:
Lessons from Recent Earthquakes

Marco Mucciarelli

Abstract This paper summarises the experience gathered on the field following
four recent earthquakes: in 2009 at L’ Aquila, Italy; in 2010 at Lorca, Spain; in 2011
at Christchurch, New Zealand; in 2012 at Emilia, Italy. These quakes provided
useful lessons at the boundary between seismology and engineering, about the
difference between what we expected to happen, thanks to more or less simplified
models, and what happened in reality. The topics dealt with are: (1) the reliability of
“free-field” strong motion recordings, discussing the role of accelerometer housing,
spurious transient, city-soil effect, and the possible over-correction of displace-
ments; (2) the mismatch between code provision and observed spectral acceleration
due to the role of velocity inversions, the influence of topography, the softening
and hardening non-linearity, (3) the importance of vertical component considering
the time distribution of phases arrivals and the presence of amplification due to
P-velocity contrasts.

5.1 Introduction

In the past 5 years, four moderate magnitude earthquakes caused substantial
economic damage and a death toll from dozens to hundreds of casualties each.
Namely, they are the 2009 L’ Aquila earthquake, Italy; the 2010 Lorca earthquake,
Spain; the 2011 Christchurch earthquake, New Zealand; the 2012 Emilia
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earthquake, Italy. All of them happened in densely populated, industrialised area
previously subjected to seismic classification.

There were debates following each of those events about the reliability of
seismic hazard studies, the implementation of site effects in seismic codes and
about the limit of damage that is acceptable by designers but unacceptable
(or misunderstood) by population. I had the opportunity, with colleagues of differ-
ent research groups, to perform field studies in all these areas, noting similarity and
differences. This paper tries to summarise the role of the difference between what
we expected to happen, thanks to more or less simplified models, and what
happened in reality. We all accept that models are a need to simplify theories and
make them useful to practitioners, but there is a threshold of disagreement between
models and reality that must not be trespassed.

5.2 How Reliable Are “Free-Field” Strong Motion
Recordings?

In recent years, it was acknowledged the importance of ground-truthing
microzonation maps or Vs30 studies by summarising some lessons learned from
large earthquakes and recent earthquake site response studies that utilise earthquake
recordings from dense seismic networks or ambient noise measurements (Cassidy
and Mucciarelli 2010).

But if we want to considered the instrumental recordings as the truth against
which our model should be tested, we must be sure of the reliability of such data.
Recent earthquakes have shown that in some cases particular care should be taken
before using recorded data. In some cases the owners of an accelerometric network
provided to pre-check the strong motion recordings and decided not to disseminate
corrupted data. This was the case of the 2009, L’ Aquila earthquake when the Italian
department of Civil Protection did not distribute the recording of main shock at
AQM station. The accelerometer, set to 1 g full-scale, saturated due to a partial
detachment of the instrument from the pillar (Zambonelli et al. 2011); In other
cases, problems with the recordings were encountered as listed in the following.

5.2.1 Housing and City-Soil Effects

The influence of buildings on free-field ground motion recordings has been postu-
lated for the first time more than 30 years ago (Jennings 1970), and confirmed both
by experiments and numerical simulations. Ditommaso et al. (2009a, b) showed
that the peak and spectral parameters are the most affected, while the integral ones
are not so disturbed. This is due to the fact that the presence of the structure has both
the effect of a damper (thus reducing the total energy) and of a filter, focusing
energy in the band of building eigenfrequencies.
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Fig. 5.1 Comparison of ground response spectra inside and outside a building for the 29.05.12,
M = 5.8 shock in Mirandola, Emilia

During the Emilia sequence, an accelerometer (MIRE) was installed in free-field
at 5 m from the existing RAN station, located inside a small electrical substation
(MRN). The response spectra of the second strongest shock of the sequence
M1=5.8, 29.05.12) showed a noticeable agreement at the two locations (see
Fig. 5.1), except that for the short period range, where the recording inside the
substation showed peaks much higher than in the free-field station. It is possible that
several strong motion recorded in urban areas depend on housing or on the vicinity
to oscillating buildings.

5.2.2 Over-Correction of Displacements

The Emilia second strongest shock provided a lot of strong motion data very close
to the epicentre. This posed the problem of correction of accelerometric recordings.
Figure 5.2 shows the comparison between the uncorrected and corrected time
histories from the vertical component of station MIRE (see Fig. 5.1). The
uncorrected data shows a permanent displacement of about 30 cm. INSAR data
and modelling from different authors shows that this location suffered a 15 cm
static coseismic displacement.

The standard de-trending and filtering procedure could introduce spurious fre-
quencies due to the presence of a real permanent displacement that does not allow
for having zero-mean corrected recordings. In the future the availability of high-
frequency GPS data co-located with seismic and accelerometric station will provide
an unbiased estimate of real ground motion.
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Fig. 5.2 Corrected (blue) and uncorrected (grey) strong motion recording at MIRE. From fop to
bottom: acceleration, velocity and displacements

Fig. 5.3 The accelerometric station in the basement of the old jailhouse, Lorca

5.2.3 Spurious Transient in Strong Motion Recordings

During the 2010 Lorca earthquake, a valuable strong motion recording was avail-
able thanks to a station of Red Sismica Nacional located in the historical city centre,
very close to the epicentre. The station was installed in the basement of the old

jailhouse (see Fig. 5.3).
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Fig. 5.4 Application of a
band-variable filter
(Ditommaso et al. 2012) to
the recording of the
mainshock in Lorca

Fig. 5.5 Enlargement of
the accelerometric
recording of the mainshok
in Lorca
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During the mainshock, some heavy objects close to the accelerometer fell on the
reinforced concrete pillar of the station. This caused a strong, high-frequency
acceleration transient in the recording. Using a band variable filter based on
Stockwell transform (Ditommaso et al. 2012) it was possible to carefully remove

this spurious peak.

Figure 5.4 shows the area selected for filtering in the time frequency domain,
while Fig. 5.5 compares the time histories before and after the filtering, showing the
accuracy of the band variable filter in preserving the signal outside the area selected

for removal.
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Fig. 5.6 From Masi et al. (2011) Exceedance probability in 50 years at L’Aquila provided by the
NTC2008 code for soil classB in terms of PGA (on the /eff) and Housner Intensity (on the right);
the maximum values of the horizontal components recorded at four stations are also displayed
(blue dashed lines) together with their mean (red dashed lines)

5.3 Comparison Between Code Spectra and Observed
Strong Motion

A careful evaluation of site effects is crucial for the activity of validation of PSHA
estimates. Procedures like the one proposed by Albarello and D’Amico (2008)
requires to know if the set of recordings to be compared with estimates are obtained
on rock or if they have to be deconvolved to a rock-equivalent condition.

The L’Aquila and Emilia earthquakes provided contrasting evidences. For
I’ Aquila event, the difference between the observed recordings and code provision
was mainly due to the choice of parameters used rather than in a bias in base hazard
estimates or insufficient description of site effects . After correcting for soil class
according with Vs30, Masi et al. (2011) showed that Housner Intensity provided
much better results than PGA (Fig. 5.6), and was well correlated with site seismic
hazard obtained from the long series of macroseismic data available.

On the other hand, in Emilia it was observed (Gallipoli et al. 2014) that while
code provision largely underestimated the recorded values, the convolution of
expected motion at a rock site with a 1-d velocity profile down to 120 m instead
of Vs30 soil class greatly improved the agreement. This difference it is probably
due to the fact that the sediment in the Aterno valley (L’ Aquila) are coarse and less
than 40 m thick, while in the Po valley (Emilia) the soil is very soft and bedrock is
hundreds of meters deep, the condition where Vs30 gives its poorest performances
as a proxy of site amplification (Gallipoli and Mucciarelli 2009).
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5.4 When Reality Is Far from Models

5.4.1 Need for Nanozonation?

During L’ Aquila earthquake the variation of damage due to site effects was shown
to vary abruptly over a very short distance. The most striking example was observed
in the village of San Gregorio. After the microzonation performed following the
ICMSO08 (Indirizzi e Criteri per la Microzonazione Sismica, Guidelines For Seismic
Microzonation) for the basic level, including a new, detailed geological mapping at
1:5000 scale, it was no possible to explain a peculiar damage observed: a three-
story, reinforced concrete (RC) building had the first floor collapsed. The remaining
two stories fell with a displacement in the horizontal projection of about 70 cm.
Buildings located at a short distance had little or no damage reported.

Mucciarelli et al. (2011a) performed a geophysical and geologic survey at the
site. The acceleration and ambient noise recordings showed a high amplification in
the slope direction. Geo-electrical tomography showed a strong discontinuity just
below the building. A very soft material (possibly fault cataclasites) was found in a
borehole down to 17 m from ground level, showing a shear wave velocity that starts
at 250 m/s, increases with depth and has an abrupt transition in calcarenites at
1,150 m/s. The surface geophysical measurements in the vicinity of the site have
not shown similar situations, with flat HVSR curves as expected for a rock outcrop,
except for a lateral extension of the soft zone (these results are summarised in
Fig. 5.7). The analysis on the quality of the building materials has yielded values
higher than average for the age and type of construction, and no special design or
construction deficiencies have been observed. A strong, peculiar site effect thus
appears to be the most likely cause of the damage observed, extending at a very
limited scale, in an area slightly wider than building foundations. This sound like a
warning for anyone that may think to use microzonation studies as input data for
design of a specific structure and not for the urban planning aim they are designed
for.

5.4.2 Velocity Inversions

The EuroCode 8 soil classification in Vs30 classes, adopted following the scheme
of NEHRP recommendations, considers a soil-over-bedrock scheme, with mechan-
ical properties improving with depth. The possibility of velocity inversions is not
taken into account. The L’ Aquila earthquake showed that this kind of geo-lithogical
situation was more common than previously thought. In some instances, a stratum
of well-cemented breccia (conglomerates), even 30 m thick, was overlying softer
soil deposits, giving amplification in a situation that could be easily mistaken for a
bedrock site. An example of this kind of velocity inversion is given in Gallipoli
et al. (2011) for the Poggio Picenze village (see Fig. 5.8).
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In other instances, a further soft stratum was present at the top of the sequence,
giving rise to a more complex amplification pattern, that is visible since HVSR
measurements have a double peak. This results in amplification of seismic motion
over a wider range of frequencies, and was related to damage enhancement as
clearly shown for the L’Aquila historical centre (Fig. 5.9) by Del Monaco
et al. (2013).

5.4.3 The Role of Topographic Amplification

During the L’Aquila, 2009 seismic sequence, the temporary installation of
accelerometric networks provided a test of the Italian anti-seismic provisions
about topographic amplifications. Two morphological situations were particularly
suitable for the test: Castelnuovo, where two accelerometers located on the same
lithology at the hill top and halfway along the slope provided the ideal case to test
the proposed rule of linear increment of amplification along the slope, and Navelli,
where the combination of code topographic and stratigraphic amplification factors
was similar, given a station on a rocky slope and one on a flat alluvial valley.
Gallipoli et al. (2013). showed that “in neither case the observation matches code
provisions. For Castelnuovo, there is a frequency dependence that shows as the
code is over-conservative for short periods but fails to predict amplification in the
intermediate range. For Navelli, the code provision is verified for long periods, but
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in the range around the site resonance frequency the stratigraphic amplification
proves to be three times more important than the topographic one.”
Figure 5.10 reports the Navelli case.

5.4.4 The Role of Non-linearity

The L’Aquila and the Christchurch earthquake provided interesting evidence about
the role of non linearity in seismic response.

The analysis of two arrays in the Upper (L’Aquila) and Lower Aterno valley
(Navelli) showed that softening soil non-linearity played a role only of soft, fine and
well graded basins like in Navelli. Mucciarelli et al. (2011b) found a few percent
decrease in fundamental frequency and amplification between the largest (M > 4)
aftershocks and lesser aftershocks and noise. On the contrary, Puglia et al. (2011)
did not find any evidence on non-linearity in the response of the coarser, inter-
digited soils of the Upper Aterno valley.
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In Christchurch it was possible to observe hardening non-linearity in action.
Mucciarelli (2011) analysed jointly noise and accelerometric recordings, using the
S-transform. The result (Fig. 5.11) shows that the energy of the largest horizontal
component for coda waves is at frequencies lower than the fundamental one
determined by HVSR, but in an earlier phase, the time-domain trace and the
S-transform show high-frequency acceleration peaks, the evidence of the hardening
non-linearity first described by Bonilla et al. (2005), due to hysteretic dilatant
behaviour of non-cohesive, partially saturated soils.
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5.4.5 Vertical Component and P-Wave Amplification

The Emilia sequence had two similar magnitude main events separated by 9 days.
While there was only an accelerometric station active during the first shock, several
organisation (INGV; CNR-IMAA, OGS, RAN) installed temporary network in the
epicentral area. When the second shock occurred it was thus possible to have a large
number of near field recordings. Figure 5.12 summarises the relationship between
horizontal and vertical component of the three peak parameters of ground motion
(PGA, PGV, PGD). It is possible to see that while for velocity and displacement the
horizontal peak is always larger, for acceleration the majority of near-field peaks is
larger in the vertical component. These large vertical accelerations are overlooked
by present day Italian seismic code.

5.4.6 Time Distribution of Seismic Actions

Some important lessons from these recent earthquakes came from the time-domain
representation of data.

Analysing the previously described data from the Christchurch earthquake using
the cumulative Housner intensity, calculated from T=0 for incrementing time
intervals, it possible to evaluate the importance of the transition from linear
behaviour in the beginning to hardening non linearity in the middle and softening
non-linearity at the end (Fig. 5.13).

It is possible to see that during the hardening non-linearity phase the Housner
intensity recorded is enough to cause damages corresponding to the VIII EMS
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degree. When finally there is the onset of softening non-linearity, the Cumulative
Housner intensity is already more than 90 % of the total. This should induce care
when using simplified 1-d linear-equivalent models for site seismic response that do
not take into account hardening non linearity and are not able to reproduce correctly
in time-domain the onset of softening non-linearity.

Another lesson learned from frequency-time domain during the Emilia earth-
quake is the role of the combination of vertical and horizontal strongest phases. A
peculiar kind of damage of this earthquake was the failure of several pre-fab
industrial facility. Most of damage was caused by the fact that the beam were not
connected to pillars, but the contact was pure friction. A loss of vertical load could
have caused the reduction of friction and subsequently the collapse of the beams.

A look to the frequency domain representation of the recordings at MIRE
stations (Fig. 5.14) shows that there is, as expected, a strong phase of vertical
motion connected to the arrival of the P waves, when the horizontal motion is
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minimal. Unexpectedly there is also a strong pulse in the vertical component
practically synchronous with the arrival of S-waves. This could have been the
cause of many observed collapse of industrial facilities.

5.5 A Look to the Future

Three main field of activity are envisaged for the future.

1. A federation of accelerometric borehole arrays in Italy. The motivation of this
project arises from the need of improving existing installations, provide uniform
site characterisation of sites (Fo, velocity profiles, etc.), bring together the
owners in order to share good practices and finally to provide a web portal for
the public dissemination of results. The availability of well characterised sites
where the absolute site amplification is known, beside improving GMPEs could
also be a resource for hands-on training of practitioners that could test their skills
and their equipment against the available knowledge.

2. The consideration of building soil-resonance. The importance of resonance was
highlighted for the Emilia quake by the striking case of two twin buildings
whose different damage was caused by the different fundamental frequency of
foundation soil even at close distance (Castellaro et al. 2014). During the
L’Aquila earthquake it was possible to determine the frequency decay due to
different level of damage on a large set of buildings (Ditommaso et al. 2013).
The availability of these data made possible the study of the relationship
between height, damage and fundamental frequency. Since the microzonation
studies will provide in few years iso-frequency maps of the most hazardous
municipality, it will then be possible to map the resonance-prone buildings, both
for elastic and post-yield frequency.

3. A move toward a two-parameters soil classification. As in other parts of Europe
(see, e.g. Pitilakis et al. 2013) also in Italy similar studies are carried on (Luzi
et al. 2011). It is now time to implement these study into seismic code
abandoning the Vs30 classification scheme.
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Chapter 6
Seismic Analysis and Design of Bridges
with an Emphasis to Eurocode Standards

Tatjana Isakovic and Matej Fischinger

Abstract Bridges are quite different from buildings regarding their dimensions,
structural systems and in general regarding their seismic response. Thus the spe-
cialized standards for their seismic design are needed. One of them is Eurocode 8/2
standard (EC8/2), which considerably improved the design practice. It is well
organized, practically oriented and designer friendly.

In Slovenia it has been used for years. Some experiences, obtained during its
application in practice are presented. Four issues are addressed: (1) the correlation
between pre-yielding stiffness and strength of structures as well as the reduction of
the seismic forces and equal displacement rule, (2) the application of the nonlinear
static (pushover) methods of analysis, (3) the estimation of the shear strength of RC
columns, and (4) the protection of the longitudinal reinforcement in RC columns
against buckling.

It was concluded that pre-yielding stiffness and strength of structures are
strongly correlated. The pre-yielding stiffness is different for different levels of
selected strength. This does not negate the equal displacement rule. The EC8/2 is
one of the rare standards that explicitly recognized the quite important correlation
between chosen strength of structures and corresponding pre-yielding effective
stiffness. Accordingly, the equal displacement rule is presented in a modified
way. Different interpretations of this rule are discussed in the paper.

The EC8/2 introduced the nonlinear static pushover methods into the design
practice. The way of their use is examined in the paper. Specifics in the application
of the single mode pushover methods and the scope of their applicability are
discussed. Some of the alternative methods are briefly overviewed.

It was found that EC8/2 provisions related to the estimation of the shear strength
of some typical bridge columns can be quite conservative. Some of the alternative
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methods are presented and discussed on the example of the experimentally inves-
tigated columns. It is concluded that the estimation of the shear strength, in general,
is far from being solved and it demands further investigations.

It was also found that some requirements of EC8/2 related to the prevention of
buckling of the longitudinal reinforcement in RC columns are not interpreted in an
appropriate way; thus their corrections are needed.

6.1 Introduction

Bridges are specific structures whose structural concept is mostly related to func-
tionality. They give the impression of being rather simple structures whose seismic
response could be easily predicted. Therefore, in the past, a little attention was paid
to their seismic design. Usually, the design methodologies, developed primarily for
the analysis and design of buildings were also uncritically applied to bridges. In
many cases this approach was/is inappropriate, since the structural system of
bridges, dimensions, and their seismic response, in general, is considerably differ-
ent from buildings.

The need for special consideration, which is adjusted to specific properties of
bridges, has been recognized and the practice has been changed. An example of this
good practice is the Eurocode standard, which comprises a part Eurocode 8/2 (CEN
2005a) — EC8/2 that regulates the seismic design of bridges.

This standard includes many modern design principles of the seismic engineer-
ing, which were usually not taken into account in the design practice in the past, and
very often they are not taken into account even in the nowadays practice. In some
countries, e.g. in Slovenia, it has been used for many years. In the beginning, the
pre-standard version of EC8/2 (CEN 1994) was applied. Although the early appli-
cations were unofficial, most of the bridges built on the main highways in Slovenia
were designed taking into account its requirements. For the last 6 years it has been
used as an official standard in Slovenia.

Based on the experiences obtained during its application, it can be concluded
that EC8/2 definitely considerably improved the seismic design of bridges. It is well
organized, practically oriented and designer friendly.

In this paper some of the experiences, obtained when applying the standard in
the practice and a critical overview of some of its requirements are presented. They
are listed in the next paragraphs.

1. The reduction of the seismic forces and equal displacement rule are well known
and they are regularly used in the design practice. Nevertheless, sometimes they
are applied, neglecting the correlation between the strength of the structure and
corresponding pre-yielding effective stiffness (initial effective stiffness). As a
consequence some researchers and designers expressed their doubts about this
basic principle of the seismic engineering. Following the previous discussion
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about these issues, and solutions that are proposed in EC8/2, the problem of the
correlated strength (reduction of forces) and equivalent initial stiffness is exam-
ined in Sect. 6.2.

2. Seismic load is the strongest load that threatened the bridge in the seismically
prone areas. Accordingly, many structures can be exposed to significant plastic
deformations and its response can be significantly nonlinear. Nevertheless, the
elastic linear methods are usually used for their analysis.

In bridges, which are supported by piers having very different stiffness and
strength, a considerable redistribution of the effects of the seismic load in the
transverse direction of the bridge is usually observed comparing to the results of
the linear analysis. Consequently, the nonlinear methods are needed in such
cases, since the linear methods cannot estimate the response realistically. This
was recognized by the EC8/2 standard as well. In bridges, where the significant
redistribution of the seismic effects is expected, the nonlinear analysis is
suggested as an option to estimate their seismic response more realistically.

As an alternative to the nonlinear dynamic analysis, which is still too demand-
ing for the everyday design, a simplified nonlinear pushover method, N2 method
(Fajfar and Fischinger 1987) is included to the EC8/2. This method was primar-
ily developed for the analysis of buildings. Therefore some important modifica-
tions are needed when it is applied to bridges. They are discussed in Sect. 6.3.
Moreover, the limitations of the method are analyzed and possible alternatives
are briefly presented.

3. It has been observed that EC8/2 requirements related to the estimation of the
shear strength can be quite conservative for some typical types of bridge
columns (e.g. hollow box columns). Namely, the contribution of the concrete
to the shear strength should be quite often neglected even if the displacement
demand is relatively low. Since this contribution can be as large as the half of the
total shear strength of a column, quite a large shear reinforcement could be
required if this contribution is not taken into account.

It should be noted that according to the organization of the Eurocode stan-
dards, this subject is primarily related to Eurocode 2 standard, EC2 (CEN
2004a), where the procedure for estimation of the shear strength is defined.
However, these already conservative requirements of EC2 are in some cases
additionally tightened by ECS8/2, which sometimes additionally reduces the
already low level of the shear strength defined in EC2. This issue is discussed
in Sect. 6.4.

4. The ductility capacity of the column (bridge) strongly depends on the ability of
its lateral reinforcement to sustain the buckling of the longitudinal flexural
reinforcement and to ensure the adequate confinement of the concrete core.
These two functions of lateral reinforcement were in the past designs in many
cases neglected, and are not considered even in some new designs. This can lead
to undesirable brittle types of failure and irreparable types of damage. In EC8/2 a
special attention is devoted to these problems. However, some provisions require
certain modifications, which are discussed in Sect. 6.5.
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6.2 The Strength and the Effective Stiffness — The Equal
Displacement Rule

According to EC8/2 bridges can be designed so that their behaviour under the
design seismic action is either ductile or limited ductile/essentially elastic. The type
of the response depends on the chosen global behaviour factor. It defines the global
level of the reduction of forces that would be obtained in the structure, which
responds to the seismic load elastically and have the same effective pre-yielding
stiffness as the analysed structure. In EC8/2 the limited ductile and ductile response
corresponds to the behaviour factor of 1.5 and 3, respectively.

When the larger reduction of forces (larger behaviour factor) is chosen, the
larger global ductility capacity of the analysed structure is required, since the
displacement demand in a structure, which respond to the seismic load elastically
and the corresponding structure with the reduced strength and the same pre-yielding
stiffness and mass are in general approximately the same. This is so called equal
displacement rule, which is more strictly speaking, applicable to structures with
medium and long periods of vibrations.

This basic principle of the seismic engineering is usually illustrated with the
idealized force-displacement diagram presented in Fig. 6.1a. The larger reduction
of the force means that the smaller strength and the larger ductility capacity of the
structure should be provided. In this presentation the pre-yielding stiffness is
independent of the level of the force reduction (strength). For the reasons explained
in the next paragraphs, this presentation is applicable only to different structures
with the same effective pre-yielding stiffness and different strengths.

In general it cannot be applied to one structure with the same geometry of
structural components and different levels of the provided strength. For this case,
the equal displacement rule can be presented in a different ways, as it is illustrated in
Fig. 6.1b for medium and long period structures. It is assumed that the yield
displacements are approximately the same; regardless of the strength (explanation
is provided later in this section). For the sake of simplicity the rule is presented for
the case of a simple cantilever. For more complex structure it is discussed later in
this section.

In Fig. 6.1b three types of response (three levels of force reduction) are exam-
ined: (1) The essentially elastic response (presented with black line), (2) limited
ductile (presented with red line) and (3) ductile response (presented with blue line).
The F.;, F., and F.3 represent the elastic forces, which correspond to certain
effective pre-yielding stiffness that is correlated with the chosen strength (reduction
of forces or chosen behaviour factor). Forces F,, and Fy are reduced forces. They
are defined as it is proposed in EC8/2 reducing the force F.; by factors 1.5 and
3. Thus, Fy, is 1.5 and Fy3 is 3 times smaller than F.,, respectively. Seismic
displacements corresponding to three examined types of response are denoted as
D,, D, and Dj; respectively. Corresponding yielding displacements are denoted as
Dy17 Dy2 and Dy3.
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Fig. 6.1 Different
interpretations of the equal
displacement rule. (a)
Traditional interpretation of
the equal displacement rule.
(b) The equal displacement
rule, where the correlation
between the strength and the
stiffness is taken into
account. (c) Interpretation
of the equal displacement
rule in EC8/2
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Contrary to the interpretation in Fig. 6.1a, where the effective pre-yielding
stiffness is independent of the level of the force reduction, in the interpretation,
presented in Fig. 6.1b, this stiffness varies based on the chosen level of strength or
the chosen level of the force reduction. Moreover, the seismic displacements D;—D;
as well as the elastic forces F.,—F.; are not the same (as in Fig. 6.1a) and are, in
general, also dependent on the chosen reduction of forces.

A superficial analysis of the diagrams, presented in Fig. 6.1b, can lead to a
conclusion that equal displacement rule is invalid. This opinion is recently often
expressed by different researchers. However, the precise examination of the
presented diagrams confirms that equal displacement rule is not doubtful. The
seismic displacements D;—D; are still the same as those that characterize the
corresponding elastic response, calculated taking into account the adequate
(corresponding) effective pre-yielding stiffness. The ratio of the seismic displace-
ments and yield displacements are still approximately the same as the
corresponding level of the force reduction. Note that actual global reduction of
forces is somewhat smaller than 1.5 and 3, since the corresponding elastic forces Fe,
and F; are also smaller than F,,, which was used to select the reduced strength F,,
and Fy3.

In other words, the equal displacements rule is valid, but it should be adequately
interpreted, taking into account the correlation between the strength of the structure
and the corresponding pre-yielding stiffness as well as the corresponding reduced
demand. It is applicable for each level of the chosen strength individually. This is
illustrated in Fig. 6.1b.

The strong correlation between the strength and effective pre-yielding stiffness
is crucial for the proper interpretation of Fig. 6.1b. Therefore it is analysed in more
details in the next paragraphs. For the sake of clarity, this relationship is analysed on
the example of simple cantilever column (presented in Fig. 6.2a). It is assumed that
the strength of the column is chosen and that it is expressed in term of the force F,.

The selected level of force can be resisted providing an appropriate bending
moment resistance at the bottom of the cantilever My =F, x h. In this expression
M, is the bending moment corresponding to yielding of the cantilever, h represents
its height and F, the force that should be resisted (chosen strength).

For the sake of simplicity, let’s assume that the response of the analysed
structure is perfectly elasto-plastic (there is no strain hardening after yielding).
This means that the moment M, represents also the bending moment capacity that
corresponds to the chosen level of force reduction.

Moment My can be further correlated with the yield curvature @, using the
simple expression:

M,
@, =
El 5

(6.1)

where E is the modulus of elasticity and L.¢ the effective moment of inertia of the
bottom most critical cross-section. The yield curvature depends first of all on the
yield strain of the reinforcement and the effective depth of the cross-section. The
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variations of the axial force and the corresponding variation of the yield moment
have only slight influence to the value of the yield curvature. This is documented on
the example, presented in Fig. 6.3. More examples can be found elsewhere
(e.g. Priestley et al. 2007).

Considering a small variation of the yield curvature, it is evident from Eq. (6.1)
that the variations of the yield moment (bending moment capacity) has considerable
influence only to the effective moment of the inertia I.¢r. Consequently it has also
considerable influence to the effective pre-yielding stiffness. Since the curvature @,
is almost independent of the level of the yield moment, the effective pre-yielding
stiffness and yield moment are explicitly correlated. In other words, the effective
stiffness cannot be randomly chosen, when the yield moment (strength) is selected
and vice versa. In general, the effective stiffness varies proportionally to the
strength. This is illustrated in Fig. 6.1b.

As it was mentioned before, the seismic displacements corresponding to differ-
ent strength levels are not equal (displacements D;—D5 in Fig. 6.1b). Instead, the
yield displacements (displacements Dy;—Dy3 in Fig. 6.1b) are quite similar and
almost independent of the strength (taking into account that the yield curvature is
not strongly correlated with the strength).
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Fig. 6.4 Equal displacement rule in the case of bridge, supported by two columns

In more complex structures the relationship between global -effective
pre-yielding stiffness and the strength is not so straightforward. In general, itera-
tions are needed, particularly when the bridge is analysed in the transverse direction
and when the analysed structure is irregular, supported by columns of different
heights and strengths. However, the conclusions, presented above are in general
essentially the same. The effective stiffness and strength are correlated, and the
effective stiffness varies proportionally to the variations of the strength.

This is illustrated in Fig. 6.4, where the response of a bridge, supported by two
columns of different strength and stiffness is analysed in its longitudinal direction.
For each column a force-displacement relationship is defined (red dashed lines in
Fig. 6.4a). The total stiffness of the structure can be obtained summing the stiffness
of both columns. Thus, the total force-displacement diagram can be determined
summing the forces in both structural components (bold solid red line in Fig. 6.4a).
The effective pre-yielding stiffness of the whole structure can be defined taking into
account equal energy rule (bold dashed red line in Fig. 6.4a). This stiffness defines
the equivalent period of the structure, which further influences the seismic dis-
placements (see red lines in Fig. 6.4d).
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When the strength of both components is decreased, the effective stiffness is also
decreased. This is illustrated in Fig. 6.4b, where the equivalent stiffness (bold blue
dashed line) is defined in the same way as it was explained on the example,
presented in Fig. 6.4a. Both cases are compared in Fig. 6.4c, where it is evident
that reduction of strength also means the reduction of the effective stiffness. It can
be concluded that the strength and the stiffness are strongly correlated also in more
complex structures. In other words, if the strength of the structure is chosen, the
stiffness of single components and the global stiffness cannot be randomly selected
and vice versa.

The seismic displacements of the analysed bridge can be estimated using the
equal displacement rule presented in Fig. 6.4d. The presentation of this rule is
essentially the same as in the simple cantilever structure. The yield displacements
are almost independent of the strength. Contrary, the seismic displacements signif-
icantly vary depending on the pre-yielding stiffness and the chosen strength.

As it was mentioned earlier, the correlation between stiffness, strength, and
seismic displacement demand is more complex than in the simple cantilever
beam. The equivalent pre-yielding stiffness is not a simple sum of the
pre-yielding stiffness of single components (as it is illustrated in Fig. 6.4a, b). In
general iterations are needed.

The correlation between the effective per-yielding stiffness and the strength is
recognized in the standard EC8/2 (see Fig. 6.1c). The interpretation of the equal
displacement rule is similar to that presented in Fig. 6.1b, with an important
difference. The strength of all structures exhibiting the elastic response is presented
to be the same (forces F.i, F., and F.3).

Taking into account the EC8 acceleration spectrum, it can be concluded that in
many medium and long period structures, the elastic forces determined in this way
are overestimated. Consequently the seismic displacements are also overestimated.
This means that an additional safety is introduced to the design. Taking into account
the complexity of the response (e.g. the redistribution of the seismic effects in the
nonlinear range) and considering that standard EC8/2 does not require explicit
examination of the available displacement ductility capacity (it is ensured by
special detailing rules) this additional safety is feasible. It should be noted that in
the case of highly irregular structures, where in the nonlinear range the considerable
redistribution of seismic effects between the single components can occur, the
examination of the seismic response using the nonlinear methods (see next Section)
is highly recommended.

The elastic forces F., F., and F.; could be the same for certain short period
structure with periods suited to the resonant region of spectrum. However, in this
region the seismic displacement defined using the equal displacement rule should
be modified (increased).
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6.3 The Nonlinear Static Pushover Analysis

The EC8/2 standard recognized the need for more reliable estimation of the highly
nonlinear seismic response of bridges. It introduced the nonlinear methods into the
design practice: (a) the most refined nonlinear response-history analysis (NRHA),
as well as (b) simplified nonlinear pushover based method — N2 method.

In most of the cases, the most refined NRHA is still quite complex to be used in
the everyday design. It requires a lot of experiences regarding the modelling of the
dynamic response of structures and an appropriate modelling of the seismic loading
as well. The specialized software is needed. Thus, to simplify the nonlinear analysis
and to make it more regulated, different simplified nonlinear methods can be used.
There are many variations of different simplified nonlinear methods proposed,
mostly for the analysis of buildings. They can be divided regarding the influence
of the higher modes and variability of the important mode shapes based on the
different levels of the seismic load.

The simplest methods assume that the response is governed by one predominant
mode, which does not essentially change when the seismic load is changed. These
methods can be characterized as the single-mode non-adaptive methods.

The next more complex group of methods takes into account the influence of the
higher modes, but still suppose that these modes are essentially independent of the
seismic intensity. These are so called multimode non-adaptive pushover methods.

The more complex methods take into account the influence of the higher modes
as well as their changes based on the seismic intensity. These are so called
multimode adaptive methods.

The accuracy of these methods depends on many parameters. A comprehensive
analysis of these parameters as well as the list of different pushover methods can be
found in FEMA-440 (2005). This document is related mostly to buildings. More
specialized information about the application of different pushover methods for the
analysis of bridges can be found in Kappos et al. (2012).

In this paper the single-mode non-adaptive method, which is included into
ECS8/2 (and to Eurocode 8/1 — CEN 2004b) the N2 method (Fajfar 1999) is analysed
first. As it was mentioned before, it was developed primarily for the analysis of
buildings. When it is applied to bridges it can be used in the unmodified way only
when the analysis is performed in the longitudinal direction. In the transverse
direction, the structural system of bridges and consequently their response is
considerably different from buildings. Therefore some modifications of the method
are needed. They are described in Sect. 6.3.1.

Since the N2 method is simplified, it has certain limitations. They are presented
in Sect. 6.3.2 and illustrated with the appropriate numerical examples. Section 6.3.3
includes a brief overview of two alternative methods: multimode non-adaptive
MPA method (Chopra and Goel 2002), and multimode adaptive IRSA (Aydinoglu
2003) method, which can be used when the N2 method is not suitable for the
analysis. Others can be found e.g. in Kappos et al. (2012) or FEMA-440 (2005).
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6.3.1 Specifics of the N2 Method When Applied
to the Analysis of Bridges

The N2 method was initially proposed and developed for the design of buildings
(Fajfar and Fischinger 1987; Fajfar 1999). Later it has been subsequently improved
and generalized. It has been applied for special types of buildings like infilled
frames (Dolsek and Fajfar 2005) and for 3D analysis (Fajfar et al. 2005). First
applications for bridges were published in mid-90s (Fajfar et al. 1997).

The name N2 method describes its basic features. N stands for the nonlinear
analysis, and 2 for the two models and two types of analysis: (1) nonlinear static
analysis of the actual multi-degree-of-freedom model (MDOF model) of the struc-
ture and (2) nonlinear dynamic analysis of corresponding simplified single-degree-
of-freedom model (SDOF model). The nonlinear static analysis is used to define the
basic effective properties of the structure, such as e.g. effective stiffness, which are
further needed to define an equivalent SDOF model, used for the nonlinear dynamic
analysis.

It has been realized (i.e. Isakovic and Fischinger 2006), that in the application of
the N2 method as well as all other similar procedures, which were originally
developed for buildings, one should take into account special properties of the
bridge structural system. Before these specifics are described, let us overview the
basic steps of the method, first (see Fig. 6.5):

1. First, the multi-degree-of-freedom (MDOF) model of structure is defined.

2. The MDOF model is subjected to the lateral static (inertial) load, which is
gradually increased and the displacement of the superstructure is monitored
(pushover analysis is performed),

3. Based on the analysis performed in the second step, the force-displacement
relationship is defined (the relationship total base shear versus displacement at
the chosen position is defined; pushover curve is constructed),

4. The relationship determined in the third step is used to define an equivalent
SDOF model of the structure, which is further used for the nonlinear dynamic
analysis,

5. The nonlinear dynamic analysis is performed using the nonlinear response
spectra that can be defined based on the standard elastic acceleration spectra.

6. The result of the nonlinear dynamic analysis is the maximum displacement of
the bridge at the chosen position, corresponding to the certain seismic intensity.

7. Considering the maximum displacement, defined by the nonlinear dynamic
analysis, the MDOF model is pushed again with forces defined in the 2nd step
and different aspects of the bridge response is analysed

The modifications of the N2 method, which are needed when it is applied to
bridges, are related to:

1. The distribution of the lateral forces along the superstructure (see 2nd step
above)
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1. MDOF model (nonlinear properties of columns are taken into account)

2. Static nonlinear analysis of MDOF model — pushover analysis
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3. Construction of the pushover curve (base shear — displacement relationship)
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5. Nonlinear dynamic analysis of SDOF model using the nonlinear response spectra,
which can be defined based on the elastic response spectra from EC8/2

u= 1 (elastic)

Sa=Sq Sd

6. Transformation of the maximum displacement of the SDOF model, obtained in the 5th
step, to the maximum displacement of the MDOF model using the transformation
presented in the 4th step.

7. MDOF model is pushed again (nonlinear static analysis) with forces, defined in the 1st
step, considering the maximum displacement obtained in the 6th step in order to analyze
different aspects of the bridge seismic response.

Fig. 6.5 The scheme of the N2 method
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2. The choice of the reference point on the structure where the displacements are
monitored in order to obtain the force-displacement relationship (see 3rd step),

3. Idealization of the force-displacement curve, and calculation of yielding force
F,* and yielding displacement D,* (see 4th step).

6.3.1.1 Distribution of the Lateral Load

In the 2nd step of the N2 method (see Sect. 6.3.1) the MDOF model of the structure
is subjected to the static lateral load (inertial forces). The distribution of the inertial
forces (lateral load) should be assumed before the nonlinear static analysis is
performed. In the Annex H (informative annex) of Standard EC8/2 two possible
distributions are proposed: (a) distribution proportional to the 1st mode of the
bridge in the elastic range, and (b) uniform distribution (see Figs. 6.6a, b and
6.7a, b). The first distribution can be defined based on the simple modal analysis
with some of the standard programs for elastic modal analysis.

In the previous research (Isakovic and Fischinger 2006), it was found that the
parabolic distribution (Fig. 6.6¢) was appropriate for bridges that were pinned at the
abutments. This distribution is simpler to define than that proportional to the first
mode. Using the parabolic distribution, in many bridges the response can be
estimated better than in the case of the uniform distribution. For more details see
Isakovic et al. (2008a) and Kappos et al. (2012).
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6.3.1.2 The Choice of the Reference Point

One of the crucial steps in the application of the N2 method is the static nonlinear
analysis of the MDOF system. Based on this analysis the force-displacement
relationship is determined, which is further used to define the properties of the
equivalent SDOF system.

The force-displacement relationship is determined observing changes of dis-
placement at the certain position in the structure (reference point) due to the gradual
increase of the lateral load. The top of buildings is typically selected as the
reference point, since at this position the maximum displacement is typically
observed in the majority of cases. In bridges this choice is not so straightforward.

In ECS8/2 the centre of the mass of the deformed deck is proposed as the
reference point. An alternative solution could be the top of a certain column.
However, in irregular bridges both of these solutions could be inadequate.

In highly irregular bridges the influence of higher modes is typically large and
variation of mode shapes is substantial (especially if the structure is torsionally
sensitive). Consequently, the station of maximum displacement varies and it
depends on the intensity of the load. This can quite complicate the construction
of the pushover curve. The question arises, which point is the reference point. The
authors of the paper believe that the pushover curve should be constructed using the
maximum displacement of the superstructure regardless its position, since the
maximum displacement is a measure of stiffness of the superstructure. In other
words the station of the reference point is not always constant throughout the
analysis.

Let’s analyse the response of the viaduct V213P, presented in Fig. 6.8. Consid-
ering displacements at the top of three different columns, three very different
pushover curves were obtained (curves 1-3 in Fig. 6.9a). Consequently, very
different stiffness of the equivalent SDOF model was obtained, resulting in very
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Fig. 6.9 Pushover curves, and displacement envelopes, obtained based on different reference
points

different estimation of dynamic properties of equivalent SDOF system and signif-
icantly different displacements of the structure (see curves 1-3 in Fig. 6.9c). One
can conclude that the pushover curve corresponding to the column with maximum
displacement at the top should be evidently used. This is true so far this is the station
of the maximum displacement of the superstructure, too. The station of maximum
displacement of the superstructure in viaduct V213P does not coincide with the
position of any column. Moreover it changes depending on the level of the load.
Therefore, the corresponding pushover curve (see curve 4 in Fig. 6.9b) does not
coincide with any of the pushover curves constructed based on the displacements
monitored at the top of some column. Consequently, the corresponding displace-
ments of the viaduct also differ from those, calculated using the top of the columns
as the reference points (see Fig. 6.9c).
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The analysed viaduct is highly irregular structure, where the mode shapes, their
importance and ratios are changing depending on the seismic intensity. When the
seismic load is low and the structure respond elastically the maximum displacement
is above the right column. When the load is increased the position of the maximum
displacement gradually moves toward the centre of the bridge. Station of the
maximum displacement gradually shifts for about 40 m (20 % of the bridge length).
Thus, the maximum displacement occurs at the centre of mass only at stronger
seismic intensities.

The reason for such behaviour is a significant variation of shape, order and
importance of modes. The authors believe that the proper pushover curve is the
lowest possible one (bold line in Fig. 6.9d), corresponding to the current maximum
displacement of the superstructure.

6.3.1.3 Idealization of the Pushover Curve, Target Displacement

Idealization of the base shear-displacement relationship is one of the basic steps of
the N2 method, since it significantly influences the stiffness of the equivalent SDOF
model and the value of the maximum displacement. When this stiffness is not
adequately estimated, the actual and estimated maximum displacement can be
significantly different (Isakovic and Fischinger 2006; Isakovic et al. 2008a).

Elasto-plastic idealisation is typically used. This solution is also proposed in
EC8/2. However, in viaducts, which are pinned at the abutments, this idealization
can be inappropriate, since an underestimated equivalent stiffness of the SDOF
system, and overestimated maximum displacement (see Fig. 6.10) can be obtained.
Namely, in bridges with pinned abutments where the elastic response of the
superstructure is expected, the pushover curve exhibits considerable strain harden-
ing slope, which should be properly taken into account. This is illustrated in
Fig. 6.10.

The force-displacement relationship is usually idealized using the equal energy
principle of idealized and actual curve. Since the energy depends on the reached
maximum displacement, which is not known at the moment of the idealization, the
authors’ opinion is that iterations are necessary. In the majority of cases, only one
iteration is needed.

In the annex H of the EC8/2 it is proposed that the maximum displacement is
estimated using the results of the elastic analysis. This solution is very convenient at
the first glance. However, to estimate these displacements properly, the
pre-yielding effective stiffness of the whole structure corresponding to a certain
level of the seismic load should be also defined. That means that (more) iterations
are also needed (see Sect. 6.2).
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Fig. 6.10 Idealization of the pushover curve. (a) Bridges pinned at the abutments. (b) Bridges
with roller supports at the abutments

6.3.2 Applicability of the N2 Method

The N2 method is a typical single mode non-adaptive pushover method. Although it
is appropriate for the analysis of many bridges, it has certain limitations. Since it is
single-mode method, it can take into account the predominant influence of only one
vibration mode. Therefore, it is appropriate for the analysis of bridges, where the
influence of the higher modes is not very important. This is the case where the
effective mass of the predominant mode exceeds 80 % of the total mass.

The method is non-adaptive, which means that it cannot take into account
significant variations of the predominant mode of vibration. Therefore, it is suitable
for the analysis of bridges where the predominant mode does not significantly
change.

The N2 method can be efficiently used for the estimation of the seismic response
of the majority of the short and medium length bridges. An example of the good
estimation of the bridge seismic response is presented in Fig. 6.11, where the
displacements calculated by the N2 method and NRHA are compared. The response
of the presented bridge is influenced by one predominant mode, which does not
considerably change with the seismic intensity.

In short bridges and bridges of medium length, the accuracy of the N2 method
can depend on the seismic intensity. Usually the higher intensity means better
accuracy.

The example of such bridge is presented in Fig. 6.8. In the elastic range the
response is influenced by two modes (Fig. 6.8). Consequently, the results of the N2
method (see dashed line in Fig. 6.12a) does not agree very well with the results of
the nonlinear response-history analysis — NRHA (see solid line in Fig. 6.12a).
However, when the seismic intensity is increased, the response is influenced by
only one predominant mode. Consequently, the results of the N2 method agree
better with the results of the nonlinear response-history analysis (see Fig. 6.12b).
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However, this is not a rule. There are certain types of bridges, reported in
Isakovic and Fischinger (2011) where the accuracy of the method decreases with
the intensity of the seismic load.

The N2 method is, in general, less accurate in the case of long bridges. It was
found (Isakovic et al. 2008a) that in long bridges (e.g. the length is over 500 m), due
to the large flexibility of the superstructure (due to the large length), the response is
very often significantly influenced by higher modes even if they are supported by
relatively flexible columns. For the analysis of such bridges multimode pushover
methods can be used (see next subsection) or they can be analysed by the nonlinear
response-history analysis.

Let us summarize the previous findings. The N2 method can be used in bridges
where:
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(a) The stiffness of the superstructure is large comparing to that of the columns. In
such bridges the superstructure governs the response. This is typical for via-
ducts which are not too long and which are not supported by very short
columns.

(b) The stiffness of the columns does not change abruptly. Namely, if a bridge is
supported by columns of very different heights, each column tends to move in
its natural mode. Therefore, when the superstructure is not stiff enough to
control the overall response, the response is considerably influenced by higher
modes.

More details about the applicability of the N2 method can be found elsewhere
(Isakovic and Fischinger 2006; Isakovic et al 2008a).

6.3.3 Alternative Pushover Methods of Analysis

When the higher modes have an important role in the response of a bridge, two
solutions are available: (a) the multimode pushover methods can be employed, or
(b) the NRHA is performed. The choice depends again on the complexity of the
bridge, experiences, available software, etc. It is worthy to note that the more
refined methods demand also the more refined analysis tools. As it has been
mentioned before different multimode pushover methods are available. Here, two
of them: (a) non-adaptive MPA and (b) adaptive IRSA are briefly summarized.

6.3.3.1 The MPA Method

The MPA method has been developed by Chopra and Goel (2002). Later it has been
modified by the authors (Goel and Chopra 2005) and other researchers,
e.g. (Paraskeva et al. 2006; Paraskeva and Kappos 2009), who have been focused
on the seismic response of bridges. It is simplified nonlinear pushover method,
which can take into account the influence of the higher modes to the seismic
response of structures.

In the MPA method the number of pushover analyses depends on the number of
the important modes of vibration. Each analysis is preformed taking into account
the lateral load proportional to corresponding elastic mode shape. The calculation
procedure is similar to that described in Sect. 6.3.1. It is repeated taking into
account each important mode, separately. Then the contributions of individual
modes are combined using the SRSS or CQC combination rule.

One of the differences between the N2 method and the MPA method is related to
the choice of the reference point. In the MPA, the displacements can be monitored
anywhere along the superstructure, so far the mode shapes do not considerably
change, because in the MPA method the shape factor is taken into account.
However, when the mode shapes considerably depends on the load intensity, the
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Fig. 6.13 In long bridges with common pier configuration, the accuracy of the MPA (dotted line)
is very well (results of the NRHA are presented with the solid line)

appropriate choice of the monitoring point is as important as in the N2 method
(Isakovic and Fischinger 2006). In such cases the ratio of displacements along the
superstructure is variable and the constant shape factor used in the method cannot
take into account these changes. Therefore, in such bridges it is recommended to
consider the maximum displacement of the superstructure at its current (variable)
position (as it is proposed for the N2 method — see the comment in Sect. 6.3.1). The
results of the MPA can be considerably improved taking into account modifications
proposed by Paraskeva et al. (2006) and Paraskeva and Kappos (2009).

The analysis with the MPA method is reasonable when the higher modes have
considerable influence to the response of the bridge (when N2 method is less
accurate), e.g. in very long bridges (e.g. when the length of the bridge is 500 m
or more). In such bridges the influence of the higher modes is usually important,
particularly when they are supported by short (very stiff) columns. The accuracy is
good when the mode shapes do not considerably depend on the seismic intensity.

An example is presented in Fig. 6.13. The displacements of the bridge calculated
by the MPA and the NRHA method are compared for two seismic intensity levels.
The match between the MPA and NRHA is quite good, particularly for the weak
seismic intensity, since the mode shapes are close to the initial mode shapes
corresponding to the elastic range. For the strong earthquake, the results of the
MPA and NRHA method still agree well, since the mode shapes do not consider-
ably change comparing to the elastic range.

If the modes of vibrations are variable, then the MPA method is not feasible
enough, like in the bridge presented in Fig. 6.14. In such cases adaptive methods
can be employed, or the NRHA preformed.
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Fig. 6.14 Response of the experimentally tested bridge, where the modes of vibration changes
depending on the seismic intensity

6.3.3.2 The IRSA Method

The IRSA method, proposed by Aydinoglu (2003) is multimode adaptive pushover
method. This means that it takes into account changes of the dynamic properties of
the structure each time when the new plastic hinge is formed. Changes of both,
modal shapes and the corresponding participation factors are considered each time
the dynamic properties of the structure are changed. Contrary to the MPA method,
all changes in the structure are coupled. Since it can take into account the changes
of the mode shapes it can describe the response of the bridge, presented in Fig. 6.14,
more accurately then both previously presented methods.
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Fig. 6.15 The response of the highly irregular viaduct obtained by MPA (dotted line), IRSA
(dashed) and NRHA (solid lines)

Since the method is more complex than the other two, the details will be skipped.
They can be found in Aydinoglu (2003), Kappos et al. (2012), and Isakovic
et al. (2008a), as well as the appropriate numerical examples. It is worthy to note,
that in spite of the complexity this method is not universal and cannot always
replace the NRHA, particularly in the most complex bridges, similar to the one,
presented in Fig. 6.15.

6.4 The Shear Strength of RC Columns

According to the EC8/2 the shear demand in RC columns is defined using the
capacity design procedure. It should be less or equal to the shear capacity. In EC8/2
the shear capacity of RC columns is estimated based on the requirements of the
standard EC2. According to this standard the contribution of the concrete without
shear reinforcement (including the beneficial contribution of the compression
stresses) should be neglected in all cases where the demand exceeds this value.

In EC8/2 the value of the shear strength, estimated in this way, is additionally
reduced. In bridges, designed as limited ductile structures, it is recommended to
reduce the shear strength by factor of 1.25. In ductile structures this reduction
depends on the expected value of the shear demand corresponding to the elastic
response and the shear demand defined based on the capacity design. The reduction
factor is in a range between 1 and 1.25. When the shear resistance of the plastic
hinges in ductile structures is estimated, the angle between the concrete compres-
sion strut and the main tension chord shall be assumed to be equal to 45°.
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In general, the requirements of EC2 are adjusted to structural components of
buildings, which have quite different dimensions of bridge columns. Consequently,
different mechanisms that contribute to the shear strength, can have different
importance than those in bridge columns. Due to the larger dimensions of bridge
columns, the contribution of the concrete to the total shear strength can be quite
important. Thus the approach, defined in EC2, can result in a quite conservative
design. It is worthy to note that certain level of the conservatism is certainly needed
for the shear design (since the type of the failure is brittle and the damage is difficult
to repair), however the excessive conservatism can result in a very large required
amount of the shear reinforcement, which is difficult to construct. Some balance
between safety and feasibility is reasonable to achieve.

The classical truss analogy, where the angle between the compression strut and
the tension reinforcement is assumed to be 45° seems to be reasonable, particularly
for the case of the seismic (reversible) load and relatively low values of the shear
span ratios of columns, where the shear response is particularly critical. This
actually ensures the maximum amount of the shear reinforcement corresponding
to certain truss configuration.

In addition to this requirement the contribution of the concrete without shear
reinforcement and beneficial contribution of the compression stresses to the shear
strength are neglected usually at quite low levels of the displacement demand. This
can result in a quite conservative design, increasing the required shear reinforce-
ment in some types of bridge columns to a quite large amount.

An example of such column is presented in Fig. 6.16. This is a hollow box
column, which was experimentally tested in a scale 1:4. The basic properties of the
column are presented in Fig. 6.16. More details can be found in Isakovic
et al. (2008b) and Elnashai et al. (2011). The column was tested cyclically until
the combined shear-flexural failure was achieved. The appearance of the specimen
after the experiment is presented in Fig. 6.17b. The shear strength of the investi-
gated column was 390 kN. In this particular case the EC8/2 requirement related to
the angle between the compression strut and tension reinforcement was confirmed.
It was 45°.

Taking into account the requirements of the EC2, considerably smaller value of
171 kN of the shear strength was obtained (see line 1 in Fig. 6.18). Note that all
safety factors, defined in EC2, were excluded (e.g. the material safety factors for
steel and concrete) since the actual shear strength was investigated. According to
the requirements of the standard only the contribution of the shear reinforcement
was taken into account, since the demand exceeded the sum of the contributions of
the concrete without shear reinforcement and the contribution of the compression
stresses. In the investigated column, however, these mechanisms contributed
almost half of the total shear strength, 147 kN.

When all important mechanisms were taken into account, the estimated value of
the total shear strength was increased to 318 kN. This value was still smaller than
the experimentally observed strength (see line 2 in Fig. 6.18).

Since the actual and estimated strength were quite different, other procedures
available in the literature and other standards were also employed. The UCBS
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Fig. 6.16 The 1:4 scale model of the experimentally investigated column (Reinforcement type A:
longitudinal reinforcement 906 mm (fy =324 MPa), transverse reinforcement ¢4 mm/5 cm
(fy =240 MPa). Reinforcement type C: longitudinal reinforcement 90¢3.4 mm (f, =240 MPa),
transverse reinforcement $2.5 mm/5 cm (fy = 265 MPa))

Fig. 6.17 (a) Casting of the tested column. (b) Combined shear-flexural failure of the tested
column
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procedure (Priestley et al. 1994) as well as the procedure included in the Eurocode
8/3 standard (CEN 2005b; Biskinis et al. 2004) was considered. Both of them
predicted the shear strength of the investigated column quite well (see Fig. 6.18).
Contrary to the EC2 standard, these methods define the shear strength based on the
displacement ductility demand. Larger values of the shear strength correspond to
smaller value of displacement demand. This approach reflects the actual response
more realistically, since the reduction of the contribution of the concrete to the
shear strength is gradual. In EC2 it is neglected at very small displacement demand.
Thus the reduction of the shear strength is abrupt.

Consequently, the difference in the design of the column where the demand
exceeds the contribution of the concrete by say 10 % and that where this contribu-
tion can be taken into account, can be unacceptably large. For example in the
investigated case the difference in the amount of the shear reinforcement would be
about 50 %. Therefore, it is feasible to make this transition more gradual like in the
other two methods.

Further analysis of the estimated values of the shear strength, presented in
Fig. 6.18, showed that EC2 approaches the other two methods in the region of
large displacement demands. This is another indication that shear design in EC2 can
be quite conservative.

Since the low value of shear strength was defined also for the lower displacement
demand, completely misleading conclusions about the type of the failure and the
corresponding displacement was obtained in the investigated case. According to the
EC2 the failure of the investigated column would be pure shear corresponding to
the unrealistically small displacement demand of about 3 mm (the measured
displacement at the moment of the failure was about four times larger — 12 mm).

The previous discussion clearly shows that some modifications of the shear
design, required in EC2, are needed. However, before any modifications are
accepted, additional specialized studies, adjusted to bridge columns are needed.
The alternative methods, presented in the previous paragraphs might be a suitable
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solution; however note that the differences between these two methods can be also
quite large (at the region of the small displacement demand — see Fig. 6.18)
indicating that the problem of shear is still not adequately investigated and solved.
Similar conclusions can be found elsewhere in the literature (e.g. Calvi et al. 2005).

6.5 The Buckling of the Longitudinal Bars
and Confinement of the Core of Cross-Sections

The lateral reinforcement has an important role in the protection of columns
(bridge) against different types of brittle failure. Beside the prevention of brittle
shear failure (discussed in the previous section), it should be designed to prevent
also other possible types of brittle failure; to prevent buckling of the longitudinal
reinforcement and also to ensure the adequate confinement of the concrete core
preventing its deterioration due to the excessive lateral tensile stresses. Both
functions considerably influence the ductility capacity of columns (structure).
Although they are correlated, they still have to be addressed separately, since it is
not always the case that these types of failure occur at the same moment.

The requirements of EC8/2, related to the confinement of the concrete core,
seem to be reasonable. The minimum requirements are stringent than those
included into the standard ECS8/1, where the seismic design of buildings is
addressed. This is, however, reasonable, since the columns have the crucial role
in the seismic response of bridges, and they are typically loaded by considerable
compression stresses, which reduce their ductility capacity. In general the structural
system of bridges is less redundant and robust than that of buildings. Taking into
account the mentioned characteristics it can be concluded that requirements related
to the confinement of the concrete core are reasonable.

Several requirements of EC8/2, related to the protection of the flexural rein-
forcement against buckling, define the necessary amount of the lateral reinforce-
ment, maximum distance of the lateral bars along the column as well as the
maximum distance between the tie legs. These requirements prevent the two
types of failure: (a) the limited maximum distance of lateral bars prevents the
buckling of the longitudinal bars between two consecutive ties, and (b) the mini-
mum amount of the lateral reinforcement prevents the buckling of the longitudinal
bars between several ties.

All the requirements included into EC8/2 are known from the literature
(e.g. Priestley et al. 1997). However, the one, which defines the minimum amount
of transverse ties (Eq. 6.10 in the EC8/2) is misinterpreted. This requirement was
defined based on the experimental investigations. An explanation can be found
e.g. in Priestley et al. (1997). In the original formula the spacing of the ties in the
vertical direction of column is employed. Instead of this spacing, in EC8/2 the
transverse (horizontal) spacing of the tie legs in the plane of the cross-section is
addressed. Thus, the use of the formula in EC8/2 should be corrected.
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Fig. 6.19 (a) Cross-section of the tested column, (b) The shape of the outer ties, (¢) The
reinforcement of the specimen

Detailing of the transverse reinforcement is extremely important when the
buckling of the longitudinal bars is addressed. The ties should be properly shaped
with 135° hooks. Ties with 90° degree hooks usually cannot prevent buckling of the
longitudinal bars, even if the proper amount of lateral reinforcement is provided.
Standard EC8/2 allows cross-ties that have 90° degree hook on one side and 135° at
the other side of the tie, as long as the axial force does not exceed 30 % of the
characteristic compression strength of the concrete. It is the authors’ opinion that
90° degree hooks should not be allowed at all, regardless of the level of the axial
force.

This is illustrated on the example of the typical I shape column, presented in
Fig. 6.19. This is the 1:4 scale model of the column, where the lateral reinforcement
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Fig. 6.20 A brittle failure was obtained due to the buckling of the longitudinal bars

fulfilled the EC8/2 requirements related to the shear strength, but the amount was
insufficient considering the confinement and the buckling of the longitudinal bars.
Additionally the ties were shaped according to some solutions applied in the
practice, using the 90° overlapped hooks. The compression stresses due to the
permanent load were relatively small (11 % of the characteristic compression
strength). The column was tested cyclically until the failure occurred.

A brittle failure was obtained (see Fig. 6.20). After the spalling of the cover
concrete, some of the improperly shaped ties with 90° degree hooks were opened,
and could not support the longitudinal bars properly. Consequently the buckling of
these bars between two consecutive ties as well as between more ties was observed.
This was also the consequence of the insufficient amount of the lateral reinforce-
ment. The failure was sudden, without any additional ductility capacity.

6.6 Conclusions and Final Remarks

During many years of use of the Eurocode 8/2 standard it was found that this
standard considerably improved the seismic design of bridges, since it introduced
many modern principles of the seismic engineering into design practice. This is
modern standard, which is well organized, practically oriented and designer
friendly.

In this paper some of the experiences, obtained when applying the standard in
the practice and a critical overview of some of its requirements are presented. First
the two topics related to the analysis of bridges were addressed: (a) the relationship
between the pre-yielding stiffness and strength of structures as well as the applica-
tion of the equal displacement rule, and (b) the nonlinear static analysis.

It was concluded that pre-yielding stiffness and strength of structures are
strongly correlated. The pre-yielding stiffness is different for different levels of
the selected strength. This does not negate the equal displacement rule.
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The interpretation of the equal displacement rule included to the EC8/2 was
compared with some different options. It has been found that certain conservatism
in estimation of the seismic displacements is introduced. This conservatism has
been found reasonable since the standard does not require explicit control of the
displacement ductility capacity of structures. This can be particularly important in
highly irregular structures, where in the nonlinear range considerable redistribu-
tions of the seismic effects can occur, and the results of the elastic analyses can be
only a rough approximation of the actual response.

In general, for highly irregular structures it is strongly recommended to examine
the seismic response using the nonlinear procedures. This is recognized by EC8/2 as
well. It introduced the most refined nonlinear response history analysis as well as
the simplified nonlinear procedures into the design practice. In the paper some
issues related to the application of the single mode pushover method are discussed.
The important differences between bridges and buildings related to the application
of this method are analysed: (a) distribution of the lateral load, (b) the choice of the
reference point and (c) the idealization of the pushover curve. Some alternatives to
the procedures, defined in the standard, are proposed. The applicability of the single
mode pushover methods is also briefly addressed. It was concluded that this type of
methods is applicable mainly to short and medium length bridges, where the
response is predominantly influenced by one invariant mode of vibration. In other
cases the multimode pushover methods or the nonlinear response history analysis is
recommended.

The second part of the paper is devoted to the shear and ductility capacity of RC
columns. In EC8/2 the displacement ductility capacity of structures is ensured with
proper structural detailing, which prevents the undesirable brittle types of failure.
The brittle shear failure is prevented by a requirement that the shear strength of
structural components should be at least equal to the shear demand determined
based on the capacity design procedure. The shear capacity of RC columns is
determined based on the requirements of the EC2. This capacity is in some cases
reduced.

The procedure that is used to define the shear strength of columns can be quite
conservative, since the contribution of the concrete to the shear strength is very
often neglected at quite small displacement demand. In some bridge columns
almost half of the total shear strength is neglected in this way. The comparison
with some other procedures, available in the literature, also confirmed that the
provisions of the EC2 can be quite conservative. The result can be a large required
amount of transverse reinforcement, which is difficult to construct.

It has been concluded that the contribution of the concrete to the shear strength
should be reduced gradually. It has been also found that the problem of the shear
capacity in general is not adequately solved and that it requires further investiga-
tions. This is particularly applicable to bridge columns, since the available data are
limited comparing to the structural elements in buildings.

The brittle failure due to the insufficient confinement of the concrete core is in
ECS8/2 prevented by proper detailing of the transverse reinforcement in columns.
The required minimum amount of the transverse confinement reinforcement is
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larger than that in e.g. EC8/1. This was found feasible, since columns have the
crucial role in the seismic response of bridges, and they are typically loaded by
considerable compression stresses, which reduce their ductility capacity. It should
be also noted that the bridge structures are in general less redundant than buildings.

The transverse reinforcement that protects the longitudinal reinforcement of
columns against buckling is also addressed in EC8/2. The requirement related to
the minimum amount of this reinforcement is, however, misinterpreted and should
be corrected according to the results presented in the literature.
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Chapter 7

From Performance- and Displacement-Based
Assessment of Existing Buildings per
EN1998-3 to Design of New Concrete
Structures in fib MC2010

Michael N. Fardis

Abstract The paper traces the road to the first fully performance- and displacement-
based European seismic standard, namely Part 3 of Eurocode 8 on assessment and
retrofitting of existing buildings and from there to the part of the fib Model Code 2010
(MC2010) on performance- and displacement-based seismic design and assessment
of all types of concrete structure. Performance-based seismic design is set in the
broader context of performance-based engineering and European Limit State design.
The major features of Part 3 of Eurocode 8 are presented, focusing on seismic
demands and — mainly — on cyclic deformation capacities. Emphasis is placed on
the need to use in the analysis an effective elastic stiffness which realistically
represents the member secant-to-yield-point stiffness, in order to predict well the
seismic deformation demands. The background of the effective stiffness and the
deformation and shear capacity sides in Part 3 of Eurocode 8 is presented, with a view
on developments of the State-of-Art after these aspects were finalized in Eurocode
8. The focus turns then on the seismic part of MC2010, showing the differences with
Part 3 of Eurocode 8 due to recent advances in the State-of-the-Art, the difference
between design of new structures and assessment of existing ones (including the need
to estimate the secant-to-yield-point stiffness without knowing the reinforcement),
the wider scope of MC2010 beyond buildings, etc. It is emphasised that member
detailing per MC2010 is not based anymore on opaque prescriptions, but on trans-
parent, explicit verification of inelastic deformation demands against capacities.
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7.1 The European Seismic Codes Before EN-Eurocode 8

Since the early 1990s the activity of the European Earthquake Engineering com-
munity has been centred around and motivated by the drive towards a European
Standard for seismic design: Eurocode 8. From early on this standard was perme-
ated by performance-based concepts with a strong European flavour. In fact, in
Europe, Performance Levels in seismic design, assessment or retrofitting have
always been associated to, or identified with Limit States. The Limit State concept
was introduced in the 1960s in Europe to define states of unfitness of the structure
for its intended purpose (CEB 1970; Rowe 1970): Ultimate Limit States (ULS)
concern safety, whilst Serviceability Limit States (SLS) the normal function and
use of the structure, comfort of occupants, or damage to property; intermediate
Limit States were also considered. These fundamental CEB documents and the two
CEB/FIP Model Codes (CEB 1978, 1991) were the basis of Limit State design for
all structural materials in the pre-Norm (CEN 1994a) and European Norm (CEN
2002) versions of the Eurocodes, and for concrete structures in particular (CEN
1991, 2004b). According to the Eurocode concerning the basis of structural design
(CEN 1994a, 2002), the Limit States approach is the backbone of structural design
for any type of action, including the seismic one.

Neither of the two CEB/FIP Model Codes covered seismic design. However, the
CEB Model Code for seismic design of new concrete structures (CEB 1985) was
meant to be a “Seismic Annex” to the CEB/FIP Model Code 1978, mainly for
concrete buildings. It introduced two Limit States: (a) Structural Safety and
(b) Serviceability, but design for both was for a single hazard level. The structure
was to be proportioned for force resistance against elastic lateral forces derived
from the 5 %-damped elastic response spectrum reduced by the “behaviour factor”
¢, assuming uncracked gross section stiffness. Interstorey drifts computed via the
“equal displacement rule” under the same seismic action were limited to 2.5 % if
only the protection of the structure is of concern, or to 1 % for Serviceability of
brittle building partitions (1.5 % for non-brittle ones). Three “Ductility Levels”
were included for buildings: the higher the ductility level, the larger was the g-
factor and the more stringent the member detailing (albeit prescriptive). The two
upper ductility levels employed “capacity design” to prevent brittle shear failure of
members and soft storey plastic mechanisms in weak column-strong beam frames;
the ultimate objective was global ductility.

The European Prestandard (ENV) on the seismic design of buildings of any type
of material (CEN 1994b, c, d) was based on the CEB “Seismic Annex” (CEB 1985).
It differed from it in that its scope covered the major structural materials, and in that
distinct hazard levels were introduced for the two Limit States. The ULS against
Life-threatening Collapse is checked in the same way as in the 1985 CEB seismic
Model Code (except for the interstorey drift limitation) under the 475-year earth-
quake (10 % exceedance probability in 50 years), at least for structures of ordinary
importance. For the SLS against damage and loss of use, the interstorey drift limit is
0.4 % (0.6 % for non-brittle partitions) and is checked under 50 % of the 475-year
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earthquake, again using uncracked gross section properties and the “equal displace-
ment rule”. The alternative options for ductility — termed now “Ductility Classes” —
remained three; capacity design against shear failure of beams was limited to the
higher Class.

The European Pre-standard (ENV) on repair and seismic strengthening of
existing buildings (CEN 1996) did not present any conceptual advancement over
its counterpart for new buildings (CEN 1994b, c, d). Except that the interstorey drift
limits were not meant to be checked under the Serviceability earthquake, and that
the evaluation criteria for existing buildings were limited to full conformity to the
requirements of one of the three “Ductility Classes” of the ENV for new buildings
(CEN 1994b, c, d) under a reduced seismic action which depends on the remaining
lifetime. Retrofitting was also meant to ensure full conformity with the rules of the
ENV for new buildings for one of its three “Ductility Classes”.

As there was no seismic follow-up to the 1990 CEB-FIP Model Code (CEB
1991), the European Standard for seismic design of new buildings of any material
(CEN 2004b) evolved from the ENV version (CEN 1994b, c, d), incorporating
important developments in the State-of-the-Art which had matured in the mean-
time. Most of the completely new points were not specific to concrete: design with
seismic isolation, capacity design of the foundation, composite (steel-concrete)
buildings, design with nonlinear analysis and direct verification of deformation
demands, etc. This last feature is of special importance, as it presaged the recent
codification of displacement-based seismic design of new buildings in the Model
Code 2010 of fib (2012). A very important parallel development was the European
Standard for “Assessment and retrofitting of buildings” (CEN 2005a), which was
the first fully and explicitly performance- and displacement-based seismic code in
Europe and has formed the basis for the seismic design and assessment part of the
fib Model Code 2010. As these two important documents will be a natural basis for
the upcoming revision of the most important parts of Eurocode 8 (CEN 2004a,
20054, b), they are the subject of the present paper, which attempts to provide some
insight into their rationale, shed light onto their background and look for indications
about where they may lead in the near future.

7.2 Performance-Based Earthquake Engineering

Traditionally, structural design codes have been the responsibility of Public
Authorities, with public safety as the compelling consideration. Accordingly,
traditional seismic design codes aim at protecting human life by preventing local
or global collapse under a single level of earthquake. The no-(local-)collapse
requirement normally refers to a rare seismic action, termed “design seismic
action”. In most present-day codes the “design seismic action” for ordinary struc-
tures has a 10 % probability to be exceeded in a conventional working life of
50 years (i.e., a mean return period of 475 years).
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As early as the 1960s the international earthquake engineering community was
aware of the property loss and other economic consequences due to frequent
seismic events. Recognizing that it is not feasible to avoid damage under very
strong earthquakes, the Structural Engineers Association of California (SEAOC)
adopted in its 1968 recommendations for seismic design the requirements below:

“Structures should, in general, be able to:

1. Resist a minor level of earthquake ground motion without damage.

2. Resist a moderate level of earthquake ground motion without structural damage,
but possibly experience some nonstructural damage.

3. Resist a major level of earthquake ground motion having an intensity equal to
the strongest either experienced or forecast for the building site, without col-
lapse, but possibly with some structural as well as nonstructural damage.”

Major earthquakes that hit developed countries in the second half of the 1980s
and the first half of the 1990s caused relatively few casualties but very large damage
to property and economic loss. “Performance-based earthquake engineering”
emerged, in response, in the SEAOC Vision 2000 document and developed into
the single most important idea of late for seismic design or retrofitting of buildings
(SEAOC 1995).

“Performance-based engineering” in general focuses on the ends; notably on the
ability of the engineered facility to fulfill its intended purpose, taking into account
the consequences of failure to meet it. Present-day design codes, by contrast, are
process-oriented, emphasizing the means, namely prescriptive, handy, but opaque
design rules, that disguise the pursuit of satisfactory performance. Such rules have
developed over time into a convenient means to provide safe-sided, yet economical
solutions for common combinations of structural layout, dimensions and materials.
They leave limited room to judgment and creativity in conceptual design and do not
lend themselves for innovation that benefits from new advances in technology or
materials.

“Performance-based earthquake engineering” in particular aims to optimize the
utility from the use of a facility by minimizing its expected total cost, including the
short-term cost of the work and the expected value of the loss in future earthquakes
(in terms of casualties, cost of repair or replacement, loss of use, etc.). In general, it
should account for all possible future seismic events and their annual probability,
carry out a convolution with the corresponding consequences during the working
life of the facility and minimize the expected total cost. However, this is not a
practical design approach. So, present-day “performance-based seismic design”
just replaces the traditional single-tier design against life-threatening collapse and
its prescriptive rules with transparent multi-tier seismic design or assessment,
meeting more than one discrete “performance levels”, each one under a different
seismic event, identified through its annual probability of being exceeded (the
“seismic hazard level”). Each “performance level” is identified with a physical
condition of the facility and its possible consequences (likely casualties, injuries
and property loss, continued functionality, cost and feasibility of repair, expected
length of disruption of use, cost of relocation, etc., see Table 7.1 for the example of
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Table 7.1 Seismic performance Limit States and associated seismic hazard levels for ordinary
facilities and member compliance criteria: the case of fib MC2010 ( fib 2012)

Deformation
limits in Seismic action
Limit State Facility operation  Structural condition MC2010 per MC2010
Operational Continued use; any  No structural Mean value of  Frequent: ~70 %
(OP) SLS nonstructural damage yield probability
damage is deformation of been

Immediate Use
(IU) SLS

Life Safety

(LS) ULS

Near-Collapse
(NC) ULS

repaired later

Safe; temporary
interruption of
normal use

Only emergency or
temporary use
but unsafe for
normal; no
threat to life
during the earth-
quake; repair
feasible, possi-
bly uneconomic

Unsafe for emer-
gency use; life
safety during the
earthquake
mostly ensured,
but not
guaranteed (fall-
ing debris
hazard)

Light structural
damage
(localised bar
yielding, con-
crete cracking or
spalling)

Serious structural
damage, but far
from collapse;
sufficient capac-
ity for gravity
loads; adequate
seismic strength
and stiffness for
life safety till
repair

Heavy structural
damage, at the
verge of col-
lapse; strength
barely sufficient
for gravity loads,
but not for
aftershocks

Mean value of
yield defor-
mation may
be exceeded

by a factor of

2

Safety factor,
y*gr, of 1.35
against the
lower 5 %-
fractile of
plastic rota-
tion capacity

Lower 5 %-
fractile of
plastic rota-
tion capacity
may be
reached
r*r=1

exceeded in
service life
Occasional:
~40 % prob-
ability of
been
exceeded in
service life
Rare: 10 %
probability
of been
exceeded in
service life

Very rare: 2—
5 % proba-
bility of been
exceeded in
service life

Jfib Model Code 2010). The “performance objective” is then a requirement to meet a
set of “performance levels” under the associated “seismic hazard level”. A four-tier
“performance objective” similar to the one reflected in the first three and the last
column of Table 7.1 was introduced for ordinary buildings by the Vision 2000
document (SEAOC 1995); it has served ever since as the basis for “Performance-
based earthquake engineering”.

7.3 Displacement-Based Seismic Design or Assessment

The earthquake is a dynamic action, introducing to the structure a certain energy
input and imposing certain displacement and deformation demands, but not specific
forces. The forces are generated by the structure in response to the seismic
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displacements and depend on its resistance. It is the deformations that make a
structural member lose its lateral load resistance and it is the lateral displacements
(not the lateral forces) that cause a structure to collapse in an earthquake under its
own weight due to second-order (P-A) effects. So, deformations and displacements
represent a much more rational basis than forces for the seismic design, assessment
or retrofitting of structures. For this reason, displacement-based seismic design has
been proposed by Moehle (1992) and Priestley (1993) as a more rational alternative
to the traditional forced-based design approach.

For new structures, procedures for direct dimensioning of RC members on the
basis of given deformation demands were not available early on; hence in
displacement-based design, dimensioning of new members has often been reduced
to familiar force-based dimensioning (Priestley et al. 2007). In seismic assessment,
though, which is an analysis rather than a synthesis problem, the deformation
capacities of members can be easily computed for given dimensions, material
properties and reinforcement. So, seismic assessment of existing structures pro-
vides better grounds than the design of new ones for deformation- and
displacement-based verification. Retrofitting interventions may also be conceived
as a means to reduce the seismic deformation demands on the existing members
below their current deformation capacities. For these reasons, a holistic displace-
ment- and performance-based approach was first introduced in seismic assessment,
not in design, through the pioneering “NEHRP guidelines for the seismic rehabil-
itation of buildings” (ATC 1997), which soon became the reference for
displacement-based seismic assessment and developed fairly recently into an
ASCE Standard (ASCE 2007).

7.4 Performance- and Displacement-Based Seismic
Assessment of Existing Buildings in Part 3
of EN-Eurocode 8

7.4.1 The Context

Part 3 of EN-Eurocode 8 (CEN 2005a, 2009) broke completely with its force-based
predecessor for existing buildings (CEN 1996) and its companion for new ones
(CEN 2004a) and developed in the footsteps of (ATC 1997) into a full-fledged
performance- and displacement-based seismic standard for existing buildings — the
first one in Europe and the only one in the suite of 58 EN-Eurocodes of the first
generation which deals with existing structures.

Unlike all other EN-Eurocodes, which apply to all structures within their scope,
namely to all new ones, Part 3 of EN-Eurocode 8 does not apply to all existing
buildings, but only to the ones which their owner or competent Authorities decide to
seismically assess and retrofit. Part 3 of EN-Eurocode 8 addresses only the struc-
tural aspects of seismic assessment and retrofitting and will apply once the
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requirement to assess a particular building has been established. The conditions
under which seismic assessment of individual buildings — possibly leading to
retrofitting — may be required are beyond its scope. The initiative for seismic
assessment and retrofitting lies with the owner, unless a national or local program
is undertaken for seismic risk mitigation through seismic assessment and
retrofitting. The differentiation between “active” and “passive” seismic assessment
and retrofitting programs should be noted in this respect. “Active” programs may
require owners of certain categories of buildings to meet specific deadlines for the
completion of the seismic assessment and — depending on its outcome — of the
retrofitting. The categories of buildings to be targeted may depend on the seismicity
and ground conditions, the importance class and occupancy and the perceived
vulnerability of the building (as influenced by the type of material and construction,
the number of storeys, the date of construction relative to those of older code
enforcement, etc.). “Passive” programs associate seismic assessment — possibly
leading to retrofitting — with other events or activities related to the use of the
building and its continuity, such as a change in use that increases occupancy or
importance class, remodelling above certain limits (as a percentage of the building
area or of the total building value), repair of damage after an earthquake, etc. The
choice of Performance levels — “Limit States” in (CEN 2004a) — to be checked, as
well as the return periods of the seismic action ascribed to them, may depend on the
adopted program for assessment and retrofitting, which is more stringent in “pas-
sive” programs than in “active” ones. For example, in “passive” programs triggered
by remodelling, the requirements may escalate as the extent and cost of the
remodelling increases.

7.4.2 Performance Objectives

Part 3 of Eurocode 8 introduces three “performance levels”, called “Limit States™:

¢ “Damage Limitation” (DL), similar to “Immediate Occupancy” in (SEAOC
1995; ATC 1997; ASCE 2007) and the first Limit State in Table 7.1.

» “Significant Damage” (SD), which corresponds to “Life Safety” in (SEAOC
1995; ATC 1997; ASCE 2007), to the third Limit State in Table 7.1 and to the
(local-)collapse prevention requirement which applies to new buildings per Part
1 of EN-Eurocode 8 (CEN 2004a).

e “Near Collapse” (NC), similar to “Collapse Prevention” in (SEAOC 1995),
(ATC 1997) or (ASCE 2007) and the third Limit State in Table 7.1.

In line with the policy of EN-Eurocodes to allow decision at national level
regarding all safety-related issues, the “Seismic Hazard” levels for which the
three “Limit States” above are to be met are Nationally-Determined-Parameters
(NDPs) specified by National Authorities. National Authorities may also specify
whether all three “Limit States” shall be met under the corresponding “Seismic
Hazard” level, or whether verification of just one or two of them at the
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corresponding “Seismic Hazard” levels suffices. National Authorities may choose
these levels so that the number of buildings that need retrofitting is acceptable to
society and the national economy and/or retrofitting is not economically prohibi-
tive, increasing the chances that owners will retrofit deficient property at their own
initiative.

7.4.3 Compliance Criteria

A distinction is made in Part 3 of Eurocode 8 between “primary” and “secondary”
structural elements, depending on their role and importance in the lateral-force-
resisting system. There is no restriction on the number of “secondary” elements or
their collective contribution to the total lateral resistance or stiffness. More relaxed
compliance criteria apply for them. So the engineer may designate elements of the
existing or the retrofitted building as “secondary”, depending on the outcome of the
verifications and his/her judgment on the importance of these elements. What
he/she may not do is to deliberately choose the plan- or heightwise distribution of
“secondary” elements to change the classification of the structural system from
irregular to regular (which in turn determines the method of analysis allowed).

A distinction is also made between “ductile” and “brittle” mechanisms: for RC
members and joints, flexure (with or without axial load) or shear, respectively.
Verifications and compliance criteria of “ductile” mechanisms are expressed in
terms of deformations; “brittle” ones are checked in terms of forces.

Local material failure (even a bar rupture) does not constitute by itself member
failure under seismic loading: the member is considered to have failed if it has lost a
good part of its force resistance owing to gradual accumulation of local material
failures during cyclic loading. Loss of resistance takes place in flexural plastic
hinges forming under seismic loading at member ends. Following proposals by
Fardis (1998, 2001) and Fardis et al. (2003), compliance of RC members in flexure
is checked using the chord-rotation, 6, at the two ends of the member as the relevant
deformation measure (or, its plastic part, which is equivalent to the plastic hinge
rotation, @,). Recall that the chord rotation at a member end is the angle between
the normal to the member section there and the chord connecting the two member
ends in the deformed configuration; in the elastic regime the chord rotations at
member ends A and B, 6, and 6g, determine alone the two bending moments M 5
and My through the member stiffness matrix.

For the three Limit States mentioned above, Annex A of Eurocode 8-Part
3 specifies for RC members the performance requirements in Table 7.2.

o At the “Damage Limitation” (DL) Limit State, ductile mechanisms are required
to remain elastic (below yielding).

* At the other extreme, the “Near Collapse” (NC) Limit State, ductile elements are
allowed to reach their ultimate deformation capacity (its expected value for
“secondary” elements, mean-minus-standard deviation for “primary” ones).
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Table 7.2 Compliance criteria for assessment/retrofitting of RC members in Eurocode 8-Part 3

Significant damage Near collapse

Mechanism Member  Damage limitation (DL) (SD) (NO)
Flexure Primary MgV < My(z) or 0V < 0.759u,m_5(3) oV < Hu,m_na)
(ductile)  Secondary 6" <6, 0" <0750, 0V <0, ?

Shear (brittle) Primary Vg or Vep © < Vrgpeo®, Vi or Vep © < Vrgpes/1.157; joints:
Vep < VRdj,ECS(s)
Secondary Vg or VCD(S) < VRm’ECz(g}, Vg or VCD(S) < VRmEcs ©, joints:
Vep < Vimjecs'
(1) Mg, Og: moment or chord-rotation demand from the analysis
(2) My, 0: chord-rotation at yielding per Sect. 7.4.4.2
(3) 64 m.o: mean-minus-standard deviation chord-rotation supply:

* OQum-c = Oy m/1.7 for , 1, from Option 1 in Sect. 7.4.5.1, 0 m-c = Bum/2 for Option 2;

* Oum-o = Oym/1.5 with 0, ,, from Eq. (7.52) and 0, 1. = 0y + leu,m/l .8 with 6, per Sect. 7.4.4.2
(points 1-3) and 6‘Plu,m from Eq. (7.5b) (for poor detailing and/or lap-splicing, 8, m, leu,m are
modified per Sect. 7.4.5.2 — points 1, 2 or 3, 4, respectively; 6y is amended for lap splices per
Sect. 7.4.4.2 points a, b)

(4) 0, m: mean chord-rotation supply per (3) above, or 6, , = 6y + Gplu,m with 6, (Jplu,m according to
(3) above

(5) Vg, Vep: shear force demand from analysis per Sect. 7.4.4.3 or from capacity design per
Sect. 7.4.4.4, respectively

(6) Vragc2: shear resistance before flexural yielding for monotonic loading per Eurocode 2 (CEN
2004b), using design material strengths (mean divided by partial factor of material)

(7) Vragcs: cyclic shear resistance in plastic hinge after flexural yielding per EN1998-3, from
Egs. (7.8, 7.9, 7.10a, 7.10b and 7.11), with design material strengths (mean divided by partial
factor)

(8) VRajecs: shear resistance of joints per EN1998-1 (CEN 2004a)

(9) As in (6)—(8) above, but using mean material strengths

* Atthe “Significant Damage” (SD) Limit State, the deformations (chord rotations
at member ends) of “ductile” elements are limited to 75 % of the deformation
limit above in the “Near Collapse” (NC) level.

Force demands on “brittle” mechanisms are required to remain below their force
resistance at all Limit States. The value of force resistance of “primary” elements
used in this verification is computed applying appropriate partial safety factors on
the characteristic material strengths; the values of these factors depend also on the
level of available knowledge for the existing structure. For “secondary” elements,
the force resistance is computed without partial safety factors on the characteristic
material strengths.

The ultimate chord rotation, @,, or plastic hinge rotation, 6", under cyclic
loading is conventionally identified with a 20 %-drop in moment resistance; in
other words, increasing the imposed deformation beyond 6, or 6’ cannot increase
the moment resistance above 80 % of its maximum ever value.

Annex A to Part 3 of Eurocode 8 (CEN 2005a, 2009) gives expressions and rules
for the calculation of the mean value of the chord rotation at yielding, 6y, or at



236 M.N. Fardis

ultimate, 6, ,,, highlighted in Sects. 7.4.4.2 and 7.4.5, respectively. The cyclic shear
resistance after flexural yielding, Vr gcs, is also given in Annex A to Part 3 of
Eurocode 8, to supplement the relevant rules in Eurocode 2 that address only the
shear resistance in monotonic loading, Vg gc2, and do not reflect the reduction of
shear resistance with increasing cyclic ductility demands. Outside flexural plastic
hinges the shear force resistance, Vg, is determined per Eurocode 2 (CEN 2004b),
as for monotonic loading. The special rules for Vi in flexural plastic hinges under
cyclic loading are highlighted in Sect. 7.4.6.

Deformation action effects, 6 or GPIE, are determined via nonlinear analysis for
the applicable seismic action combined with the quasi-permanent gravity loads, or
— under certain conditions — via linear analysis (see Sect. 7.4.4.4). Shear force
action effects, Vg, are computed by nonlinear analysis for the combination of the
applicable seismic action and the quasi-permanent gravity loads, or, if linear
analysis is used, by capacity design calculations (see Sect. 7.4.4.4).

7.4.4 Analysis for the Determination of Seismic Action
Effects

7.4.4.1 General Principles

The prime objective of a seismic analysis carried out for the purposes of
displacement-based assessment or retrofitting is to estimate the inelastic seismic
deformation demands, which are compared to the corresponding deformation
capacities. To meet this goal, the structural analysis model should use realistic
values of member elastic stiffness. This aspect is more important than the sophis-
tication and refinement of the structural model. If anything, possible miss-
estimations of the elastic stiffness should be on the safe-side: it is better from this
point of view to underestimate the stiffness than to overestimate it.

Another important point is that, if calculated with member stiffness values
representative of elastic response up to yielding, the fundamental period of a
concrete structure normally comes out longer than the corner period between the
acceleration- and the velocity-controlled ranges of the spectrum, 7. Therefore, the
“equal displacement” rule applies well on average, at least to a Single-Degree-of-
Freedom (SDoF) approximation of concrete structures: their global inelastic dis-
placement demand may be estimated by linear elastic analysis for 5 % damping.

Any analysis, linear or nonlinear, should be based on mean values of material
properties, as inferred from the documentation of the as-built structure, combined
with in-situ measurements. For new materials, added for retrofitting, the mean
strength is higher than the nominal values: according to Eurocode 2, for concrete
fem exceeds f. by 8 MPa; concerning steel, fyr, is in the order of 1.15f.

Sections 7.4.4.2 and 7.4.4.4 elaborate further the points raised in the first two
paragraphs, in the context of Part 3 of Eurocode 8.
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7.4.4.2 Effective Elastic Stiffness for the Analysis

In force- and strength-based seismic design of new structures according to present
day codes, it is safe-sided to overestimate the effective stiffness, as the computed
natural periods are reduced and the resulting spectral accelerations and design
forces increase. Eurocode 8 recommends in Part 1 (CEN 2004a) to use for RC
members 50 % of the uncracked gross section stiffness, (EI).. On average, this still
is about double the experimental secant stiffness at yielding. An overestimated
effective stiffness and the ensuing reduction of natural periods underestimate the
spectral displacements and seismic deformation demands and is unsafe in the
context of displacement-based seismic design or assessment with direct verification
of member deformation capacities against deformation demands. So, the model for
the analysis should use realistic values of the effective cracked stiffness of concrete
members at yielding, accounting for all sources of flexibility:

« fully cracked sections should be used for members expected to yield at the Limit
State considered, without tension stiffening (which is diminished by load
cycling), and

« the fixed-end-rotation of the member’s end section due to slippage of longitudi-
nal bars from their anchorage zone outside the member (in a joint or the
foundation) should be taken into account, as per Fig. 7.1 and Eq. (7.2):

§0dbL Oy
87 b

Osiip = (7.1)

where:

— ¢ is the curvature at the end section and o, the stress in the tension bars there,
— dy is the tension bars’ mean diameter and 7, the mean bond stress along their
straight anchorage length outside the member length.

At yielding of the end section, ¢ and o, may be taken in Eq. (7.2) equal to their
yield values, @, and f,; along ribbed bars 7, (in MPa) may be taken equal to
\/fC(MPa) (Biskinis and Fardis 2004, 2010a). The value of 0, at yielding at the
end section is denoted by Og;p, .

For members which yield at the limit state of interest, the analysis should use as
effective elastic stiffness, El.g, the secant stiffness to the yield-point. According to
Part 3 of Eurocode 8, in prismatic RC members (including slender walls) which
may yield at one or both ends where the member frames into another component or
in the foundation, the secant stiffness to yield-point of the full member between its
two ends may be estimated as proposed by Fardis (1998, 2001) and Fardis
et al. (2003):
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Fig. 7.1 Fixed-end- | s
rotation due to bar slippage 15
from a joint |

bar tensile stresg—T los

bond stress, \

M, L,

Elgr = 30,

(7.2)

where M, is the yield moment from section analysis with linear o-¢ laws until the
tension bars yield (over one-third of the tension zone in circular columns), or a
certain strain limit is exceeded by concrete (Biskinis and Fardis 2010a, 2013a, b);
0, is the chord rotation at yielding, calculated as highlighted below; Ly = M/V is the
shear span at the yielding end section under seismic loading. In a beam, L; may be
taken as one-half of the clear length between columns; in a column, as one-half the
clear height between beams in the plane of bending; the same for a bridge pier
column fixed at the top against rotation in the plane of bending. In the strong
direction of a building wall, the value of L, in a storey is about one-half the height
from the wall base in the storey to the top of the wall. In members cantilevering in
the plane of bending, L, is the member clear length. For asymmetric section and/or
reinforcement, the mean value of El.¢ for positive and negative bending should be
used. For walls or cantilevering members, the El.;-value at the base section should
be used; in all other cases the average El.¢-value at the two member ends applies.

According to Biskinis and Fardis (2010a, 2013a), the value of 6, to be used in
Eq. (7.2) as well as in the verification of the DL Limit State, is the sum of:

1. a flexural component, equal to ¢, (Ls+z)/3 if ribbed bars are used and
45°-cracking of the member precedes flexural yielding of its end section (see
Fig. 7.2), or to ¢ L¢/3 otherwise; 45°-cracking near the member end precedes
flexural yielding if the shear force at flexural yielding, M, /L, exceeds the shear
resistance without shear reinforcement per Eurocode 2;

2. a shear deformation, about equal to 0.0014(1 + 1.5 h/L;) in beams or rectangular
columns, 0.0027max[0; 1 — Ly/(7.5D)] in circular piers or columns, or 0.0013 in
rectangular, T-, H- or U-walls and hollow rectangular members — where 4 or D is
the full section depth; and

3. the fixed-end-rotation due to the slippage of longitudinal bars from the anchor-
age past the member length, obtained as 6, , from Eq. (7.1) for ¢ = ¢y, 6, =f,.

The above have been adopted in Part 3 of Eurocode 8 for the calculation of 6, of
beams, rectangular columns or walls and non-rectangular walls. Note that, in the
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Fig. 7.2 Definition of 5= VLs 2

chord rotation, 6, at the base “3FELae

of a cantilever column; Vv 5
effect of “tension shift” due — ¥ ¢ 2/L, |t—p |
to diagonal cracking on Jr

distribution of flexural
deformations along the
column

light of more recent data, better overall agreement for rectangular or
non-rectangular walls and hollow rectangular members is obtained, if the constant
term 0.0013 in point 2 is replaced by 0.0007[1+ (4/3)h/Ls] (cf. (a) and (b) in
Fig. 7.4).

At the end sections of T- or L-beams, slab bars parallel to the beam and within an
effective slab width, b, count as longitudinal reinforcement of the beam end
section, provided they are well-anchored past it. Part 1 of Eurocode 8 (CEN 2004a)
specifies an unrealistically small size of b.g, intended for safe-sided design. A
realistic estimate is 25 % of the beam span or the mid-distance to the adjacent
parallel beam, whichever is smaller, on each side of the beam web.

Figures 7.3, 7.4 and 7.5 compare the predictions from this Section’s approach to
the dataset used for their calibration (Biskinis and Fardis 2010a, 2013a). Their
captions give also the Coefficient of Variation (CoV) of the test-to-prediction ratio
of El.;; to be compared in Fig. 7.9 with that for the empirical prediction per
Eq. (7.14). Not included in this database, nor in Fig. 7.3, are columns with smooth
bars (common in old buildings).

Lap splices at floor levels are common. Tests of 92 such columns with ribbed
(deformed) bars and another 36 with smooth bars show certain effects of
lap-splicing (Biskinis and Fardis 2010a), taken into account in Eurocode 8, Part 3:

(a) Both bars in a pair of lapped bars in compression count fully in the compression
reinforcement ratio. This positive effect refers to My, ¢y, 0y, as well to all
properties at ultimate deformation (see Sect. 7.4.5.2);

Yy
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Fig. 7.3 Rectangular beams/columns: (a) experimental chord rotation at flexural yielding, 6y, v
predictions per (Biskinis and Fardis 2010a; CEN 2005a, 2009; fib 2012) in 1,674 tests; (b)
experimental secant stiffness to yield point, Elz, v result of Eq. (7.2) in 1,637 tests — CoV 32 %

(b) In the calculation of the properties (My, ¢y, 0y, etc), the yield stress, fy, of
lap-spliced ribbed tension bars with mean diameter dy;, is multiplied by
lo/loy min» Where [, is the lapping and I,y min is given by Eq. (7.3), if [, is less
than /oy min:

0.3dpf, .
loymin = =72 (£, in MPa) (7.3)

v/

(c) The full yield stress may be used for hooked smooth tension bars lapped over at
least 15d,, (there are no data for shorter lapping). If the lapped ends of the bars
are straight without hooks, (b) above applies, with 50 % longer I,y min.

7.4.4.3 Nonlinear Analysis

Nonlinear analysis is the reference analysis method in Part 3 of Eurocode 8, appli-
cable to all cases. Although nonlinear dynamic (response-history) analysis, with
solution of the equations of motion in the time-domain, is included, the emphasis is
placed on nonlinear static (“pushover”) analysis.

Part 3 of Eurocode 8 requires two lateral load patterns in “pushover analysis’:
one produced by uniform lateral accelerations; the other from first-mode ones,
which is taken as heightwise linear as in linear static (lateral force) analysis, if
such analysis is applicable, or from eigenvalue analysis, if it is not. It adopts the N2
procedure (Fajfar 2000), summarised in an Informative Annex to Part 1 of
Eurocode 8 (CEN 2004a). For a fundamental period in the direction of pushover
analysis, T;, longer than the corner period T¢ (see Sect. 7.5.1), the target
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Fig. 7.4 Dataset of 520 rectangular, T-, H- or U-walls or hollow rectangular members: (a), (b)
experimental v predicted chord rotation at flexural yielding, y; (c), (d) experimental secant
stiffness to yield point, Elg v result of Eq. (7.2); (a), (c): prediction of 6, per Sect. 7.4.4.2
(Biskinis and Fardis 2010a; CEN 2005a, 2009; fib 2012); (b), (d): prediction of 6 per Sect. 7.4.4.2
with constant term 0.0013 replaced by 0.0007[1 +4 #/(3L,)]; CoV 43 % in (¢), 41 % in (d)

displacement is equal to the elastic spectral one for 5 % damping; for shorter
periods, the elastic displacement is multiplied by u=1+(q— 1)Tc/T; (Vidic
et al 1994), where the available value of the behaviour factor ¢ may be taken
equal to the ratio of the elastic base shear to the one corresponding to a plastic
mechanism, i.e., the lateral force resistance of the building. As we will see in
Sect. 7.5.3, apart from nonlinear dynamic analysis, this multiplication is the only
departure from the “equal displacement rule” in Part 3 of Eurocode 8.

Nonlinear analysis should use the El.g-value from Eq. (7.2) as member elastic
stiffness, except possibly in members confirmed to stay uncracked under the
seismic action considered. Viscous damping equal to 5 % of critical is used, to
model energy dissipation until member yielding.
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Fig. 7.5 Dataset of 291 circular columns: (a) experimental chord rotation at flexural yielding, 6y,
vs. predictions per (Biskinis and Fardis 2013a; fib 2012); (b) experimental secant stiffness to yield
point, El 4, vs. prediction from Eq. (7.2) — CoV: 31 %; (c) detail of (b)

Linear models may be used for those structural components expected — and
confirmed — to stay in the elastic domain for the seismic action of interest.
Nonlinear modeling may then be limited to the rest. Nonlinear models of 1D
members (including slender walls) should, as a minimum, employ a nonlinear
moment-rotation relation for any flexural plastic hinge that may form at an end
where the member frames into another component; if bending is mainly within a
single plane, a uniaxial moment-rotation relation in that plane is sufficient.

As a minimum, nonlinear member models should use a bilinear generalised
force-deformation (e.g. moment-rotation) law in primary (i.e. monotonic) loading:

e positive post-yield stiffness (due to strain-hardening) may be neglected; elastic-
perfectly plastic behaviour may be assumed instead.

« significant post-yield softening due to strong strength degradation with cycling
should be included via negative post-yield stiffness; however the normal reduc-
tion in resistance after ultimate strength may be neglected (after all, at the end of
a design or a successful assessment-cum-retrofitting, brittle mechanisms are
normally verified to remain elastic and ductile ones to have a margin against
ultimate deformation — after which the drop in resistance is significant).

The requirement on hysteresis rules to be used in nonlinear response-history
analysis is just to reflect realistically the post-yield energy dissipation in the range
of displacement amplitudes expected.

Unlike linear elastic analysis described next, which may be relied upon, under
certain conditions, to estimate seismic deformation but not internal force demands,
nonlinear analysis may be used to determine all types of seismic action effects.

7.4.4.4 Linear Analysis for the Calculation of Seismic Deformations

Member seismic inelastic deformations may be determined from linear analysis
with 5 % damping, provided that they are not concentrated at certain parts (e.g., at
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one side of the building in plan, in one or few storeys, etc.) but are spread fairly
uniformly throughout the structure. This potential of linear analysis under such
conditions is supported by several studies (e.g., Panagiotakos and Fardis 1999a, b,
Kosmopoulos and Fardis 2007 for concrete buildings; Bardakis and Fardis 2011b,
for concrete bridges with monolithic deck-pier connections). The nonlinear
moment-deformation relations at member ends may be used then to determine the
end moments from the inelastic flexural deformations estimated with linear analy-
sis; shear forces are calculated from these moments by equilibrium.

A convenient way to check whether inelastic deformation demands are indeed
uniformly distributed, without carrying out a nonlinear seismic analysis just for that
purpose, is by looking at the spatial distribution of the ratio of the moment from
linear analysis, Mg, at member end sections to the corresponding moment resis-
tance, My (the Mg/Mg-ratio is an approximation to the chord-rotation ductility
ratio). Part 3 of Eurocode 8 recommends a range of 2.5 between the maximum
and the minimum values of Mg/My over all end sections in a building where plastic
hinges may form (i.e., those sections where Mg > My and plastic hinging at column
or beam ends around a joint is not prevented by their higher aggregate moment
resistance, > Mgc, > Mgy, compared to the beam or column ends, respectively).

If linear seismic analysis is allowed and adopted for the estimation of inelastic
deformations, linear response-history analysis with 5 % damping — carried out
simultaneously for all seismic action components of interest, or separately for
each one and superposition of the results — is an option. However, as only the
maximum values of these deformations are of interest, the method of choice is
modal response spectrum analysis with the 5 %-damped elastic response spectrum,
according to the rules set out in Part 1 of Eurocode 8§ (CEN 2004a): total effective
modal mass of the included modes at least 90 % of the total mass along any seismic
action component considered; combination of peak modal deformations via the
Complete-Quadratic-Combination (CQC) rule (Wilson et al 1981); peak values of
seismic deformations due to separate application of the concurrent seismic action
components combined via the Square Root of Sum of Squares (SRSS) rule, or its
linear approximation in proportion 1: 0.3: 0.3 (Smebby and Der Kiureghian 1985).
The values and signs of other action effects (e.g. the column deformation in the
orthogonal direction), expected to take place concurrently with the peak value of
the action effect obtained via the SRSS rule, may be obtained from probability-
based models (Gupta and Singh 1977; Fardis 2009).

Under conditions set out in Part 1 of Eurocode 8 (CEN 2004a) and summarised
below, modal response spectrum analysis may be simplified into separate linear
static analyses under “equivalent” forces in the direction of each relevant seismic
action component, with the structure taken as a SDoF having the period of the
dominant mode, T, in that direction. This simplification may not be made in only
one of the two horizontal directions, but may be applied to the vertical alone. For
buildings with more than two storeys and period 7T, less than 2T, the resultant
“equivalent” force along the seismic action component of interest may be reduced
by 15 % over the product of the elastic response spectral acceleration at 7 and the
total mass, to account for the smaller effective modal mass of the first mode.
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“Equivalent static” analysis is allowed under the conditions set out for new
buildings in Part 1 of Eurocode 8:

(a) No significant heightwise irregularity in geometry, mass and lateral stiffness or
storey strength.
(b) Ty <2sec, Ty <4Tc,

Linear analysis carried out to estimate the seismic deformation demands over-
estimates the internal forces. Nonlinear moment-deformation relations may be used
in that case to compute the moments at member ends from the linearly estimated
chord rotations; the shear forces in a component are computed then from equilib-
rium with the moments delivered to it at its connections to the rest of the structure.
For simplification, these moments may be obtained from the moment capacities of
the critical plastic hinges (multiplied by a “confidence factor” greater than 1.0,
which depends on the amount and reliability of the information available or
collected about the as-built structure), but not to exceed the moments from the
linear analysis. Around beam-column joints, the plastic hinges are taken to form at
the faces of the joint where the aggregately weaker elements frame (e.g., in the
beams of a weak beam/strong column frame); the moments at the face of the
non-hinging elements are estimated from moment equilibrium, as in “capacity
design” of concrete beams or columns in shear per Part 1 of Eurocode 8 (CEN
2004a).

7.4.5 Cyclic Plastic (Chord) Rotation Capacity
Jor Verification of Flexural Deformations

7.4.5.1 “Physical Model” Using Curvatures and Plastic Hinge Length

Annex A to Part 3 of Eurocode 8 includes a “physical” model for the expected
(mean) value of the plastic part of the ultimate chord rotation at a member end, for
use in the verification of flexural deformations at the “Significant Damage” and
“Near Collapse” Limit States summarised in Table 7.1. It is a classical plastic hinge
model, which assumes that, after yielding, the plastic part of the curvature is
uniform within a finite “plastic hinge length”, L, from the end section:

Ly
O = (@u — @) Lpi (1 - 22) (7.4)
S

where L, =M/V is the shear span at the member end and ¢, ¢, are the ultimate and
the yield curvature, respectively, of the end section, from section analysis, using:

« for ¢,: linear o-¢ laws, until yielding of the tension or the compression chord;
» for ¢,: abilinear o-¢ diagram for the reinforcement with or without linear strain-
hardening; a parabolic-rectangular one for the concrete in compression.
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Fig. 7.6 Experimental ultimate chord rotation in cyclic flexure in 1,125 cyclic tests vs result of
Eq. (7.4a), using the expressions for “plastic hinge length”, Ly, in (CEN 2005a) for confinement:
(a) per (CEN 2004b; CEB 1991) — Option 1; (b) per (CEN 2005a) — Option 2

For the ultimate strain of reinforcing steel, €, the 10 %-fractile limits in Annex
C to Eurocode 2 are accepted in the calculation of ¢,: 2.5, 5, 6 % for steel class A,
B, C. For the concrete and its confined core after spalling there are two options:

1. the Eurocode 2 model, taken from the CEB/FIP Model Code 90 (CEB 1991);

2. the strength model by Newman and Newman (1971), supplemented with a
model for the ultimate strain, &,., specifically fitted for the purposes of Part
3 of Eurocode 8 to the then available measurements of ¢, in cyclic loading
(starting from a value of 0.004 for the unconfined concrete cover).

Option 1 underestimates the presently available test results by one-third in the
median, whereas option 2 is almost unbiased.

Empirical expressions (different for Options 1 or 2) for the “plastic hinge
length”, Ly, were fitted specifically for Part 3 of Eurocode 8 to the cyclic test
results available then. They indirectly reflect the additional fixed-end rotation due
to slippage of longitudinal bars from their anchorage in the joint or footing,
including “yield penetration” in it. However, as shown in Fig. 7.6, they give large
scatter (hence the large factors of 1.7 and 2 by which 0, ,, =0, + Gplu,m is divided, in
order to convert it to 6y, see footnote (3) in Table 7.2) and marked
overestimation of the presently available cyclic test results.
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7.4.5.2 Empirical Rotation Capacity: Sections with Rectangular Parts

For well-detailed beams, rectangular columns or walls and members of T-, H-, U-
or hollow rectangular section with continuous ribbed bars, (Biskinis and Fardis
2010b) proposed empirical expressions for the expected value of the ultimate
chord rotation at a member end under cyclic loading (total 8, ,,, or plastic part,
leu,m =0y m — 0y). This option, Egs. (7.5), is unbiased and has less scatter — hence
model uncertainty — than the approach in Sect. 7.4.5.1.

2 max (0.01;e,) , 1%
Oum = ay(1 —0.42a, )| 1 —=ayn |(0.3") | ———f,
m = as( a,)< 7% >( ){max (0.01; 1)

L, 0.35 o
[min(9; W)] 25 () 1 251007 (7.5a)

pl
eu,m -

0.3
Ay, nr v 0l
a’’ (1 —0.44a,,.)[1- 2 (025 fc(MPa)“(7:328'8};(;;)

apsfyw

0.35 < )
min 9;% 25\ "/ 1.275'00 (7.5b)

In Egs. (7.5):
— dagy, aplSt are coefficients for the type of steel, with values:

« For ductile steel: aq =0.0158, a”', = 0.0143;
« For brittle steel: ay, = 0.0098, aplst =0.007.

— ay, 1s a zero-one variable for rectangular walls:

* a,,,=1 for arectangular wall,
* ay,,=0 otherwise;

— Qwnr 1S @ zero-one variable for non-rectangular sections:

* ay =1 fora T-, H-, U- or hollow rectangular section,
* ay o =0 for a rectangular one;

— v=N/bhf., with b the width of the rectangular compression zone and N the axial
force (N > 0 for compression);

— w; = (p1fy1 +pufy)lfc 1s the mechanical ratio of reinforcement in the entire
tension zone (with 1 indexing the tension chord and v the web longitudinal bars);

— wy = p>fyslfc is the mechanical reinforcement ratio of the compression zone;

— Ly/h=M]/Vh is the shear-span-to-depth ratio at the section of maximum moment;

— paq is the steel ratio of any bars in each diagonal direction of the member;
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Fig. 7.7 Cyclic ultimate chord rotation of members with rectangular, T-, H-, U- or hollow
rectangular section vs. empirical predictions per Sect. 7.4.5.2: (a) 1125 tests of well detailed
members with continuous ribbed bars vs. Eq. (7.5b); (b) 48 tests of members with poor detailing
and continuous ribbed bars vs. Eq. (7.5a) modified per point 1; (¢) 82 tests of members with poor
detailing and lap-spliced ribbed bars vs. Eq. (7.5b) modified per point 3 and Eq. (7.7)

— ps=Agn/bsy, is the ratio of confinement steel in the compression zone parallel to
the plane of bending and the shear force;
— ais the confinement effectiveness factor:

1 PRGN 7.6
S (7.6a)

with:

* sy centreline spacing of stirrups,

e by, hy: confined core dimensions to the centreline of the hoop;

e b;: centreline spacing of longitudinal bars (index: i) engaged by a stirrup
corner or cross-tie along the perimeter of the section.

Part 3 of Eurocode 8 (CEN 2005a, 2009) has adopted an earlier version of
Egs. (7.5a) and (7.5b), with coefficients ag, aplst rounded up by about 1.3 % and
a common reduction factor a,, and a,, for walls, rectangular or not, equal to
0.375 in Eq. (7.5a) and 0.4 for Eq. (7.5b).

The two versions of Eq. (7.5) are equivalent, as far as bias and scatter are
concerned. The comparison of experimental to predicted values in Fig. 7.7a is
indicative. A further comparison with Fig. 7.6 shows that they are superior to the
more fundamental approach in Sect. 7.4.5.1. They also have a wider scope and
are easier to extend, in the ways suggested in (Biskinis and Fardis 2010b) and
adopted in Part 3 of Eurocode 8 (CEN 2005a, 2009):

1. In members with continuous bars but poor detailing, not conforming to modern
seismic design codes (e.g., with sparse, 90°-hooked ties), the confinement effect
is neglected (aps =0 in the second term from the end) and 6, ,, from Eq. (7.5a),
or Gplu,m from Eq. (7.5b) is divided by 1.2 (see Fig. 7.7b).
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2. If the bars are smooth but continuous, rule 1 above is modified to further reduce
6y.m from Eq. (7.5a) by 5 % (multiplication by 0.95/1.2~0.8) or leu,m from
Eq. (7.5b) by 10 % (multiplied by 0.90/1.2=0.75). With the increase of the
number of tests from 34 — on which the rule was based (Biskinis and Fardis
2010b) — to 46, no further reduction of 6,,, beyond rule 1 above seems
necessary, while the reduction of Gplu,m from Eq. (7.5b) should be limited to
5 % (i.e., it should be multiplied by 0.95/1.2 ~0.8).

3. Equation 7.5b can be extended to members with ribbed bars lap-spliced over a
length [, in the plastic hinge region (see Fig. 7.7¢):

+ by applying rules (a) and (b) of Sect. 7.4.4.2 (at the end) in calculating 6;

» by applying the same rule (a) to @, (doubling it, if all compression bars are
lapped);

e by multiplying the outcome of Eq. (7.5b) for 9p1u,m by lo/loumin, if I, is less
than /oy min given by:

dbfy (f
1.05 + 14.5a,,3”}fw) Je

yof s in MPa) (7.7)

lou,min = (

where:

— ps is the ratio of the transverse steel parallel to the plane of bending, and

ars = (1 —0.5s,/bo) (1 — 0.5/ o) reste / Prot s (7.8)

with:

— Sh, bo, ho, as defined for Eq. (7.6a),
— Ny total number of lapped bars along perimeter of the section and
— Npestes NUmMber of lapped bars engaged by a stirrup corner or cross-tie.

For smooth bars, with hooked ends lap-spliced over a length [/, > 154, (CEN
2009) reduces 8, ,, from rule 2 above by multiplying it with 0.019[10 + min(40; [,/
dy)] (which gives the reduction factor of 0.95 for continuous bars), or Qplu,m from
the same rule by multiplying it with 0.019[40; /,/d},)] — giving a reduction factor of
0.76 for continuous bars. The 17 tests now available — v 11 on which that rule was
based (Biskinis and Fardis 2010b) — show smaller reduction of 8, ,, and 6plu,m than
the modified rule 2 above, namely to multiply them by [60 + min(40; /,/d},)]/100.

Wrapping the plastic hinge region with Fibre Reinforced Polymers (FRP) to
improve deformation capacity may be considered by including confinement by the
FRP in the exponent of the second term from the end of Eqgs. (7.5). If the vertical
bars are lap-spliced in that region, Egs. (7.7) and (7.8) are modified to reflect the
beneficial effect of confinement by the FRP. However, in the light of newly
available test results, the relevant rules in Part 3 of Eurocode 8 need improvement
(see Biskinis and Fardis 2013a, b for proposals).
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7.4.6 Cyclic Shear Resistance

7.4.6.1 Diagonal Tension Strength After Flexural Yielding

Shear strength decays faster than flexural strength with load cycling. So, members
that first yield in flexure may, under cyclic loading, ultimately fail in shear in the
plastic hinge. The shear resistance in static loading per Eurocode 2 does not apply to
regions which have already yielded in flexure and have developed a certain amount
of inelastic deformation in the tensile chord. After all, if loading is static and
proportional, a flexural plastic hinge will not fail in shear, as its internal forces
(including the shear force) do not increase much after flexural yielding.

For seismic loading shear failure of flexural plastic hinges is normally described
through a shear resistance of the plastic hinge in diagonal tension, Vy, which
decreases with increasing plastic rotations under cyclic loading. Part 3 of Eurocode
8 has adopted a model in (Biskinis et al 2004) giving Vg as the sum of:

« the transverse component of the diagonal strut transferring the axial load N from
the compression zone of the section of maximum moment to the centre of the
zero-moment section, i.e., over a distance Ly = M/V, as in (CEB 1991);

e anon-zero concrete contribution term, V; and

« the contribution of transverse reinforcement, V,,, for a 45°-truss inclination.

V. and V,, are taken to decrease with increasing plastic rotation ductility ratio,
pPo =600, where 0"' =6 -0, is the plastic (chord) rotation demand and 6, is
determined according to Sect. 7.4.4.2, points 1 to 3:

h
Vi= 2Lxmin(N;O.55A(f(.)+ (l—0.0Smin (s;ﬂgl))
A

L
0.16max(0.5;100p,,,) (1 —0.16min (SE) > \/f_(.AC—s—VW} (7.9)

with:

h: depth of the cross-section (equal to the diameter D for circular sections);

x: compression zone depth;

N: compressive axial force (positive, taken as zero for tension);

Ly/h=M/Vh: shear span ratio at the yielding member end;

f.: concrete strength (MPa);

Pror: total longitudinal reinforcement ratio;

A.: cross-section area, equal to b,,d for cross-sections with rectangular web of width
b,, and effective depth d, or to 7D, /4 for circular sections (D,: diameter of the
concrete core to the centreline of the hoops);

V... contribution of transverse reinforcement to shear resistance:
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Fig. 7.8 Cyclic shear resistance v prediction: (a) 334 cyclic tests with diagonal tension failure
after flexural yielding vs. Eq. (7.9); (b) 63 cyclic tests of rectangular or non-rectangular walls or
hollow rectangular members with 1.0 < Ly/h <2.5 failing in diagonal compression vs. Eq. (7.11);
(c) 48 cyclic tests of columns with Ly/h < 2.0 failing in diagonal compression vs. Eq. (7.12).

For cross-sections with rectangular web width b,,, having transverse reinforce-
ment with ratio p,, and yield stress f,,,, internal lever arm z equal to 0.8/ in
rectangular walls or d-d; in columns and hollow, H-, U- or T-sections:

Vi = pubwify, (7.10a)

For circular sections with diameter of the concrete core D,, cross-sectional area
of circular stirrups As,, and centreline spacing of stirrups sy:

T Agy
w ==
2 Sh

FuuDo (7.10b)

The database of RC tests leading to failure of the type described here has
considerably increased since the development of Eq. (7.9) in (Biskinis
et al 2004). As depicted in Fig. 7.8a, the broader dataset agrees well with Eq. (7.9).

For assessment, the value of o= (6 — 0,)/0, at which Vr(uP'y) from Eq. (7.9)
becomes equal to the shear at flexural yielding, M/L,, is translated into a chord
rotation 6 = ("o + 1)8, for which this type of failure is expected to take place; if
this value of @ is less than the expected ultimate chord rotation in flexure from
Egs. (7.5), Oum, failure will most likely be in shear at 8 = (ﬂple + 1)8,, rather than by
flexure at 6.

7.4.6.2 Diagonal Compression Strength of Squat Walls and Columns

Walls with Ly/h < 2.5 may fail under cyclic loading by diagonal compression at a
shear force less than the predictions of Eq. (7.9) and a chord rotation much less than
the value at flexure-controlled failure per Egs. (7.5). It is now recognised that walls
with Lg/h < 1.0 follow a different pattern and model (Grammatikou et al. 2014), but,
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as demonstrated in Fig. 7.8b, those with 1.0 <Ly/h <2.5 do confirm a model
proposed by Biskinis et al. (2004) and adopted in Part 3 of Eurocode 8 for the
cyclic resistance of walls with Ly/h < 2.5 against web crushing:

N
Vimas = 0.85(1 = 0.06min (5 ) ) | 1+ 18min(0.15; =

L
- (1 +0.25max(1.75; 100p,,,)) 1—0.2min(2;f \/min(100MPa;f )b,z
(7.11)

where all symbols have been defined above for Eq. (7.9). If ' = 0 Eq. (7.11) gives
the cyclic resistance in diagonal compression before flexural yielding.

Columns with L¢/h <?2.0 under cyclic loading often fail in compression along the
diagonal in elevation after flexural yielding. Part 3 of Eurocode 8 adopted for them
the empirical model by Biskinis et al. (2004):

4

vR,maX=7(1—o.02min(5; Mgl))(1+1.35 N

Acfe
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where:

e §: angle of the column diagonal in elevation to the column axis: tané = h/2L;
 all other parameters have been defined above for Eq. (7.9).

Figure 7.8c shows that the current dataset, broader than the one to which
Eq. (7.12) was fitted in (Biskinis et al. 2004), still confirms this model.

The procedure in the last paragraph of Sect. 7.4.6.1 can be applied to Eq. (7.11)
for walls with 1.0 <Ly/h <2.0, or to Eq. (7.12) for columns with Ly/h <2.0, to
identify the failure mode most likely to occur among those in Sects. 7.4.5.2,7.4.6.1,
and 7.4.6.2.

7.5 Performance- and Displacement-Based Seismic Design
of New Concrete Structures in the 2010 Model Code
of fib

7.5.1 Introduction

Seismic design of new structures according to present day codes, including
Eurocode 8 (CEN 2004a, 2005b), is force-based; members are dimensioned at the
ULS against internal forces computed via elastic analysis for external (“seismic”)
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forces derived from a “design” response spectrum, which results from dividing the
ordinates of the 5 %-damped elastic response spectrum by an empirical behaviour
(or force reduction) factor. Prescriptive, opaque and, by and large, arbitrary detail-
ing rules for members are presumed to provide ductility commensurate with the
behaviour factor employed in the analysis. A single level of seismic action is
normally considered (the “design seismic action”, chosen in general to have a
10 % probability of being exceeded in 50 years). The damage induced to
non-structural elements (e.g., partitions) by a frequent (“serviceability”) seismic
action is sometimes checked (CEN 2004a), but this is a non-structural verification,
independent of the structural material. This design approach is opaque concerning
the achieved seismic performance and overall sub-optimal.

The Model Code 2010 of fib (2012) — in short MC2010 — is meant to serve as a
guidance document to future codes for design of concrete structures (Walraven
2013). Its predecessors (CEB 1978; CEB 1991) were the basis of the European
design standard for concrete structures, as pre-Norm (CEN 1991) or Norm (CEN
2004b), respectively. Those CEB Model Codes did not cover seismic design.
However (CEB 1978) was supplemented by the CEB seismic Model Code (CEB
1985) for (mainly) concrete buildings, which served as the basis for the pre-Norm
version (CEN 1994b, c, d) of the European seismic design standard, especially for
its parts on concrete buildings. As the 1990 Model Code (CEB 1991) did not have a
seismic part or follow-up, the first European standards for earthquake resistant
structures (CEN 2004a, 2005a, b) developed independently.

MC2010 includes full-fledged performance-based seismic design and assessment,
targeting specific and measurable performance under several levels of seismic action
(Fardis 2013). Moreover, it uses deformations as the basis for verifications, and not
internal forces. In these two fundamental features, as well as in many details, it
follows Part 3 of Eurocode 8 (CEN 2005a). Note that this European standard
concerns existing buildings, while MC2010 covers seamlessly assessment of seismic
performance of existing, as well as design of new buildings and other structures
(notably bridges). The introduction of performance- and displacement-based seismic
design of new structures in the footsteps of a standard for seismic assessment of
existing ones is a reversal of the past tradition, where procedures and codification for
existing structures followed and emulated those for new.

The rest of Sect. 7.5 has the same structure as Sect. 7.4, but only points out the
differences of MC2010 from Part 3 of Eurocode 8. Wherever no difference is
mentioned, whatever has been said in Sect. 7.4 applies to MC2010 too.

7.5.2 Performance Objectives

MC2010 identifies four “performance levels”, termed Limit States. They are listed
in Table 7.1 alongside the corresponding structural condition and functionality of
the facility, the compliance criteria and the appropriate “seismic hazard level” for
ordinary facilities. The first two are Serviceability Limit States (SLS), the last two
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are Ultimate Limit States (ULS). According to MC2010, the “Performance Objec-
tive” should at least include one SLS and one ULS; the owner or competent
authorities are meant to choose which ones and the level of the corresponding
seismic action, depending on the use and importance of the facility.

As emphasised in Sects. 7.4.4.1 and 7.4.4.2, even though the seismic response
may go well into the inelastic range, seismic deformation demands are about
proportional to the intensity of the ground motion. So, the deformation limits in
the second to last column of Table 7.1 show that normally just one of the two SLSs
and one of the two ULSs control the design or assessment and need to be explicitly
verified. For example, in a certain project the IU SLS will most likely control the
design instead of the OP, if its seismic action exceeds that of the OP by more than a
factor of 2.0; the NC ULS may govern over the LS one, if its seismic action exceeds
that of the latter by more than a factor of 1.5.

7.5.3 Compliance Criteria

The compliance criteria in MC2010 do not distinguish “primary” from “secondary”
members. The distinction between “ductile” mechanisms, checked in terms of
deformations, and “brittle” ones, checked in terms of forces, is retained.

As shown in the second to last column in Table 7.1, at the two SLSs deforma-
tions are verified by comparing the chord rotation demand at each member end, Ogq4,
to:

1. the chord rotation at yielding of that end, 6y, at the OP SLS; or
2. twice that value, 20y, if the IU SLS is being verified.

So, the verification and the compliance criteria at the OP SLS are the same as for
DL in Part 3 of Eurocode 8 (cf. Table 7.2)

At each ULS, deformations are checked by comparing the plastic part of chord
rotation demand at a member end (equivalently the plastic hinge rotation) QPIE,d, to:

3. the lower 5 %-fractile of the ultimate plastic hinge rotation (or, equivalently, of
the plastic part of ultimate chord rotation), Qplu,k, divided by a global safety
factor y*g = 1.35, if the Life Safety (LS) ULS is being checked; or

4. just leu,k, if Near-Collapse (NC) is being verified.

The lower 5 %-fractile of 6P, is obtained from its mean value, leu,m, as:

eplu,k - eplu,m/}/Rd (7 13)

where yrq is @ model uncertainty factor, depending on the model used to determine
leu,m. Sect. 7.5.5 gives its values for the models described there for Hp'u’m.

Note that the ratio of the deformation limits against which the plastic rotation
demands are checked in the NC and LS Limit States, i.e., y*r = 1.35, is essentially
the same as the one specified in Annex A to Part 3 of Eurocode 8 between the chord
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rotation demands (the ratio of the values at the intersection of the fourth and third
column and the first and second row of Table 7.2 is 1/0.75 =1.33).

7.5.4 Analysis for the Determination of Seismic Action
Effects

7.5.4.1 Effective Elastic Stiffness for the Analysis

In order to apply Eq. (7.2), the longitudinal reinforcement at member ends should
be known. In new structures, it may be pre-dimensioned for the non-seismic actions
and the corresponding minimum reinforcement and other detailing rules. It may be
increased afterwards, if it is considered likely that it will later be necessary, in order
to meet the seismic design checks. However, as El.¢ depends weakly on the amount
of longitudinal reinforcement, MC2010 allows the use of empirical expressions,
which give the ratio of El. to the uncracked gross section stiffness, (EI),
depending on the type of member, the shear span ratio, L/, the mean axial stress,
N/A., the ratio of longitudinal bar diameter to depth, dy; /A, etc. Such an expression
has been fitted to experimental values of El.¢ in (Biskinis and Fardis 2010a, 2013a)
and is presented as Eq. (7.14), with the value of a modified for walls and hollow
rectangular piers in the light of more recent data:

(EI;f - a(O.S +In {max (Lh 0.6>D (1 +0.048 min <50MPa;j‘VC>> (7.14)

where N/A. is in MPa, and

— a=0.10 for beams;

— a=0.081 for rectangular columns;

— a=0.12 for circular columns and rectangular walls;

— a=0.092 for walls with T-, U-, H-section or hollow r