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Summary

For building typology representing current building stock prevailing European built
environment in general, and RISK-UE cities in particular, the WP4 has intended to
develop vulnerability and fragility models describing the relation between the
conditional probability of potential building damage and an adequate seismic hazard
determinant, the EMS-98 seismic intensity and spectral displacement, respectively.

Based on consensused RISK-UE WP4 team decision this report identifies two
approaches for generating vulnerability relationships: (1) The Level 1 or LM1 method,
favoured as suitable for vulnerability, damage and loss assessments in urban
environments having not detailed site seismicity estimates but adequate estimates on
EMS-98 seismic intensity; and, (2) Level 2 or LM2 method, applicable for urban
environments possessing detailed micro seismicity studies expressed in terms of site-
specific spectral quantities such as spectral acceleration, spectral velocities or spectral
displacements.

For adopted methods presented are elements derived for generating
vulnerability/fragility models specific to identified RISK-UE building typology that
qualitatively characterize distinguished features of current European built environment.

The main topics addressed include:

— Essentials on current building stock classification, building design and performance
levels and damage states (Section 1)

Development of LM1 vulnerability assessment method including the guidelines for
its use (Section 2)

Development of LM2 method based on modelling building’s capacity, fragility and
performance, including guidelines on procedural steps to be used (Section 3)

Building capacity and fragility models developed by different RISK-UE partners
developed for damage/loss assessments of their own built environment.

— Comparison of results derived by different RISK-UE partners.

4 RISK-UE WP4 Handbook: Vulnerability of current buildings
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1. Introduction
1.1 OBJECTIVES

Current buildings refer to general multi-story building stock commonly used for the
construction of contemporary buildings of various, dominantly residential, office, commercial
and other uses. They have been designed and constructed during the last several decades, and
their design dominantly complies with a certain level of seismic protection as specified by
building codes and/or standards in effect at the time of their construction.

For a representative typology of the current building stock prevailing European built
environment in general, and the RISK-UE cities (Barcelona, Bitola, Bucharest, Catania, Nice,
Sofia and Thessaloniki) in particular, the primary WP4 objectives are focused on:

* To develop vulnerability models describing the relation between potential building
damage and the adopted seismic hazard determinant;

= To develop, based on analytical studies and/or expert judgement, corresponding
fragility models and damage probability matrices expressing the probability of
exceeding or, being in, at given damage state as a function of non-linear response
spectral parameters;

= To develop and propose a standardized damage survey and building inventory form
for rapid collection of relevant building data, building damage and post-earthquake
building usability classification.

Building vulnerability is a measure of the damage a building is likely to experience given that
it is subjected to ground shaking of specified intensity. The dynamic response of a structure to
ground shaking is a very complex, depending on a number of inter-related parameters that are
often very difficult, if not impossible, to precisely predict. These include: the exact character
of the ground shaking the building will experience; the extent to which the structure will be
excited by and respond to the ground shaking; the strength of the materials in the structure;
the quality of construction, condition of individual structural elements and of the whole
structure; the interaction between structural and non-structural elements; the live load in the
building present at the time of the earthquake; and other factors. Most of these factors can be
estimated, but never precisely known. Consequently, vulnerability functions shell be
developed within levels of confidence.

Vulnerability is regularly defined as the degree of damage /loss to given element at risk, or set
of such elements, resulting from occurrence of a hazard. Vulnerability functions (or Fragility
models) of an element at risk represent the probability that its response to seismic loading
exceeds its various performance limit states defined based on physical and socio-economic
considerations.

Vulnerability assessments are usually based on past earthquake damages (observed empirical
or apparent vulnerability) and to lesser degree, on analytical investigations (predicted
vulnerability). Primary, physical vulnerabilities are associated with buildings, infrastructure
and lifelines.

RISK-UE WP4 Handbook: Vulnerability of current buildings 11
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Almost all of earthquake loss scenario developments have used building vulnerability
matrices that relate descriptive but discretised damage states to some parameter describing
severity of the earthquake motions. Many authors provide observed (empirical) vulnerability
functions (percent of buildings damaged) for common building types. For example, ATC-13
(1985) provides loss estimates for 78 different building and facility classes for California.

To overcome problems related to acute data limitations, ATC-13 defines damage probability
matrices as well as time estimates for restoration of damaged facilities by aggregating the
expert opinions. Intensity-based vulnerability matrices also exist for different parts of the
world and Europe as well, and for indigenous building typologies. However, a consistent set
of vulnerability matrices for European build environment is still lacking.

There are two main approaches for generating vulnerability relationships:

= The first approach is based on damage data obtained from field observations after an
earthquake or from experiments.

= The second approach is based on analytical studies of the structure, either through
detailed time-history analysis or through simplified methods.

The first approach used for estimationg building vulnerability is also called the experience
data or empirical vulnerability approach. It is based on the fact that certain classes of
structures that share common structural and loading patterns tend to experience similar types
of damage in earthquakes. Thus a series of standard vulnerability functions can be developed
for these classes of buildings. The commonly used reference for such standardized
vulnerability matrices in USA, and worldwide is ATC-13 (1985). The empirical vulnerability
relationships categorized in ATC-13, are derived based on the field damage observation. They
play an indispensable role in the fragility curve development studies, because only they can
be used to calibrate the vulnerability relationships developed analytically. The loss estimates
that are made using this approach are more valid when used to evaluate the risk of large
portfolios of structures, than for individual ones, since when applied to large portfolios, the
uncertainties associated with the process of estimating the vulnerability of individual portfolio
members tend to be balanced out.

The second approach, i.e., the analytical estimation of structural damage has recently been
standardized (HAZUS 1997, 1999), where the vulnerability relationships called fragility
curves are described in terms of spectral displacements, that for various damage states are
calculated from the estimated mean inelastic drift capacities of buildings. On the other hand,
the mean drift demand of a typical or model building is estimated by Nonlinear Static
Procedures (NSP) that are recently developed within the framework of performance-based
seismic evaluation (ATC-40, 1996; FEMA-273, 1997; FEMA-356, 2000).

RISK-UE WP4 team decided (Thessaloniki meeting of June 2001) to adopt and favour both
approaches:

= the first one, in the following referred as Level 1 or LM1 method, is favoured as
suitable for vulnerability, damage and loss assessments in urban environments having
not detailed site specific seismicity estimates but adequate estimates on the seismic
intensity; and,

12 RISK-UE WP4 Handbook: Vulnerability of current buildings
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= the second one, in the following referred as Level 2 or LM2 method, for urban
environments possessing detailed micro seismicity studies expressed in terms of site-
specific spectral quantities such as spectral acceleration, spectral velocities or spectral
displacements.

Both methods, however has in common:

= Identification of suitable ground motion parameters controlling the building response,
damage genesis and progress;

= Identification of different damage states based on either damage states systemized and
deduced from past earthquake damage assessments or on suitable structural response
parameters;

» Evaluation of the probability of a structure being in different damage states at a given
level of seismic ground motion.

The seismic excitation — damage relationships are defined in the form of probability
distributions of damage at specified ground motion levels and are expressed by means of
fragility models (FM) and Damage Probability Matrices (DPM). Both, the FM models and
DPM matrices describe the conditional probabilities that different damages will be exceeded
(FM’s) or reached (DPM’s) at specified ground motion levels.

The Level 1 (LM1) method is largely based on statistical FM/DPM method, i.e., statistical
correlation between the macroseismic intensity and the apparent (observed) damage from past
earthquakes. It is derived starting from the European Macroseismic Scale (EMS-98) — the
modern macroseismic scale that implicitly includes a vulnerability model, although defined in

an incomplete and qualitative way. The LMI1 method is based on 5 damage grades
(Table 1.4).

The Level 2 (LM2) method involves formulation of FM/DPM based on analytical models,
requiring, additionally to the listed three steps, a parametric study for assessing possible
variations due to the differences in geometric and material properties of buildings within the
same BTM classes. Following in general the FEMA/NIBS (1997) conceptual framework
implemented in HAZUS, the LM2 method is based on 4 damage grades (Table 1.4).

1.2 BUILDING CLASSIFICATION — MODEL BUILDING TYPES

Building Classification Matrix (BTM) systemizing the distinctive features of European
current building stock in the countries participating RISK-UE (Bulgaria, Greece, France,
Italy, FYRoM, Romania and Spain, in the following termed as RISK-UE countries) is studied
in all details under WP1 and presented in all details in WP1 report “European distinctive
features, inventory data base and typology”, December 2001.

The RISK-EU BTM (Table 1.1) comprises 23 principal building classes grouped by:

» Structural types; and,
= Material of construction.

RISK-UE WP4 Handbook: Vulnerability of current buildings 13
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Three typical height classes make further sub-grouping of buildings:

» Jow-rise (1-2 stories for masonry and wooden systems; 1-3 for RC and Steel systems);

»  mid-rise (3-5 stories for masonry and wooden systems; 4-7 for RC and Steel systems);
and,

»  high-rise (6+ stories for masonry systems; and, 8+ for RC and Steel systems).

The RISK-UE BTM, in total, consists of 65 building classes (model buildings) established in
accordance to building properties that have been recognized as a key factors controlling
buildings’ performance, its potential loss of function and generated casualty.

1.3 BUILDING DESIGN AND PERFORMANCE LEVELS

The building capacity and damage models distinguish among buildings that are designed to
different seismic standards, or are otherwise expected to perform differently during an
earthquake. These differences in expected building performance are determined on the basis
of seismic zone location, level of seismic protection achieved by the code in effect at the time
of construction, and the building use.

Table 1.2 shows the design base shear formulations (Cs of Egs. 3-1 and 3-2) used in RISK-
UE (IAEE, 1992; Paz, 1994). These formulas consist of variety of parameters including: 1)
zone; 2) dynamic response; 3) structural type, 4) soil condition; and 5) occupancy importance
factors. The year when these formulations were established range from 1974 to 1993. In two
of the countries (Greece and FYRoM) is used direct base-shear coefficient method, while
other five (France, Italy, Spain, Romania and Bulgaria) use lateral force coefficient method.
In the case of these countries, standard base-shear coefficients are considered to be the lateral
force coefficients with assumption that the weights of all the floors along the height are
identical. In the case of Bulgaria and Romania, the dynamic modal distribution factor is
prescribed, resulting in the fact that the replacements presented in Table 1.2 could be used
only approximately.

Table 1.2 lists the base-shear coefficient formulas for each country obtained as presented in
IAEE, 1966. These relations are very simple and in comparison to presently used, Table 1.2,
contain only very few factors. The years when these formulations were established range
from 1937 (Italy) to 1964 (FYRoM).

In the current codes, structural factors are primarily used. The upper and lower limits of Cer
(Cer = Ce/Occupancy importance factor) calculated for structural factor that corresponds to
RC1 model building (RC frame buildings) are comparatively presented in Fig. 1.2a for all
RISK-UE countries.

The lower bound is a product of a value of the soil factor for rock or rock-like conditions, the
minimum value of zone coefficient, and other parameters. The upper bound is calculated as a
product of a value of the soil factor for softest soil conditions, the maximum value of zone
coefficient, and other parameters.

Comparing the values of Cer presented in Fig. 1.1a and Fig. 1.1b, it is evident that the level of
design base-shear (Cs) is remarkably raised up in all RISK-UE countries, and that two

14 RISK-UE WP4 Handbook: Vulnerability of current buildings
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countries (France and Bulgaria) included seismic protection in their standard design
procedure. However, parameters presented in Figs. 1.2 and Table 1.2 are just two frozen
frames of European history of seismic protection attempts. Since 1996 several countries
(Romania, Greece) have modified their seismic design levels.

Reach history of European countries’ attempts to attain a seismic protection level that more
feasibly comply with seismic environment is one of most distinctive features of the European
building typology. However, this fact, at least at this moment of project development,
prevents development of a set of fragility functions that can be applied in a uniform manner in
RISK-UE countries. For this, further analytical research including all necessary verifications
with empirical data from past earthquakes is needed.

However, even within the one individual national code, the levels of building protection are
not uniform, and they depend on the location of the building relative to the country’s seismic
environment.

In order to feasibly assess differences in the code level designs and the various levels of
protection incorporated in each code itself, the FEMA/NIBS (HAZUS) methodology use a
sort of Design and Performance Grading (DPG) matrix.

The 1994 Uniform Building Code (IC80, 1994) is used to establish differences in seismic
design levels, since the 1994 UBC or earlier editions of that model code likely governed the
design (if the building was designed for earthquake loads). The seismic design levels of these
buildings, in respect to seismic zone they are located, graded as a buildings of High (Seismic
Zones 4), moderate (Seismic Zones 2B) and Low (Seismic Zones I) seismic performance.
Adequately, the levels requiring such a design are termed High-Code, Moderate-Code and
Low-Code.

Relatively to UBC 1994 seismic design requirements, the seismic performance of pre-1973
buildings and buildings of other UBC 1994 seismic zones is downscaled for one grade and
their seismic performance is associated with Moderate-Code, Low-Code or Pre-Code design
levels.

The seismic performance of buildings built before seismic codes (e.g., buildings built before
1940 in California and other USA areas of high seismicity) is rated as Pre-Code.

In summary, FEMA/NIBS methodology, proposes 6x3 building seismic performance grading
matrix, as presented in Table 1.3, and for each model building four fragility models are
provided; i.e., three models for "Code" seismic design levels, labelled as High-Code,
Moderate-Code and Low-Code, and one model for Pre-Code level.

RISK-UE WP4 Handbook: Vulnerability of current buildings 15
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1.4 BUILDING DAMAGE STATES

Building damage and loss assessment requires building fragility models that identifies
different building damage states. Commonly used damage state labels are a linguistic
expression of the state of the buildings structural system following an earthquake action. They
are formulated based on in-city building inspection and identification of grades of inflicted
damage/destruction. Actual building damage varies as a continuous function of earthquake
demands. For practical purposes it is usually described by four to five damage states.

The NIBS/FEMA (HAZUS) methodology (Table 1.4) terms them: Slight, Moderate,
Extensive and Complete.

For equivalent damage states the LM2 methodology uses the following labels (Table 1.4): Minor,
Moderate, Severe and Collapse, recognizing the no-damage building state termed as None.

The LM1 methodology recognizes no-damage state labelled None, and five damage grades
termed as Slight, Moderate, Substantial to Heavy, Very Heavy, Destruction (Table 1.4).

There is a direct correspondence between the first three damage grades of LM1 (EMS-98
based) and LM2 (FEMA/NIBS based) methods. The FEMA/NIBS gradation does not
explicitly recognizes the no-damage grade (None). However, even not explicitly mentioned,
the zone of non-zero complementary D2 conditional probability (1 - P[D2|Sd] > 0) is domain
of zero damage, thus the zone of ‘no-damage’ grade None.

The major discrepancy between the LM1 and LM2 damage-grading scheme is in the upper
bound damage grades, i.e. D4 (very heavy) and D5 (destruction) for LM1, and D4 (Extensive)
for LM2. While by description of the damage state of damaged structural system the LM1
grade D4 is relatively close to FEMA/NIBS grade D4, it explicitly excludes collapses of the
principal load-bearing system. Partial and total collapses are expressed by D5 EMS-98/LM1
damage grade. Besides the damage state of the structural system as described by EMS-98 D4
grade, the FEMA/NIBS damage grade D4 include collapses and provides estimates on
aggregated collapsed area (10-25 %, depending on the material of construction, structural
system and building height) in terms of total D5 area.

Consequently, the LM1 D5 damage grade shall be assumed as the upper bound of
FEMA/NIBS D4 damage grade, and the proper care should be taken off when calculating and
comparing LM1 and LM2 human casualty.

It would be very essential that both, LM1 and LM2 methods use consistent damage grading
scheme, what presently is not the case. Desegregation of the LM2 D4 damage grade into D4
and D5 can be made by expert judgment, but not based on physical structural response
parameters such as damage state thresholds. For that a clear criterion is needed, based on
experimental evidence, analytical study of collapse mechanisms of buildings collapsing in
past earthquakes, detail design documentation, precise data on earthquake input, etc., which
altogether is very scarce. Thus, it is decided that that the LM 1 method use six (five damage +
‘no-damage’) while the LM2 method five (four damage + ‘no-damage’) grades qualifying the
post-earthquake state of the structure.
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Various studies have been carried out to relate the different measures of structural damage to
overall building damage grades and related economic effects, expressed usually as a proportion
of either ‘building replacement value’ or ‘building value’. Some correspondences between the
damage grades and the damage loss indices are proposed by partners, as summarized in Table
1.4.

1.5 BTM PREVAILING RISK-UE CITIES

While the RISK-UE BTM (Table 1.1 or WP1 Handbook) initially consists of 23 building classes
(10 masonry, 7 reinforced concrete, 5 steel and 1 wooden building class), the BTM prevailing
RISK-UE Cities dominantly comprises of masonry and RC building types (Table 1.5).

Steel structures (S1-S5) used for other than industrial uses are quite rare in Europe. If used,
the steel structural systems are applied for construction of buildings with exceptional heights
for which neither LM1 nor LM2 method is suitable for assessing the vulnerability.

Wooden (W) as well as adobe (M2) structures are exceptionally rare in urban areas of Europe.
Those that exist are used either for temporary structures, structures of auxiliary function or are
completely abandoned. Thus, they are out of interest for large-scale urban damage/loss
assessments.

The confined masonry (M4) is also scarce in Europe, thus not of particular interest for large —
scale damage/loss assessments. As typology, it has been developed and implemented in USA,
where significant stock of these buildings exists.

For steel (S1-S5), wooden (W) and confined masonry (M4) building classes it has been decided
(Thessaloniki, June 2001) to recommend capacity and fragility models developed for and
presented in HAZUS (1997, 1999) Technical Manual - considering that assumptions according to
which the models have been developed comply to built environment under the assessment.

Table 1.6 summarizes the scope of WP4 tasks. Adopting the level of seismic protection as
Low, Moderate and High, the European masonry building typology is largely reduced to pre-
code buildings. Although these buildings, in particular of medium and high-rise type are
constructed according to some construction standards, no standard adopted has considered
seismic forces as a loading case.

While existing in urban environment, and might also be of various uses M1.3 and M1.2
masonry buildings can not be considered as regular current building typology. By their
architectural, design and construction characteristics they are part of either historic heritage or
historic monuments and should be treated accordingly.

Particular distinctive feature of Europe, besides large presence of various masonry structures,
is domination of RC building types (Table 1.6). Over the last several decades they have been
dominating, and still dominate European construction practice. They rapidly increase in
number and concentration, altering gradually or in some cases even substituting completely
the masonry-building typology in urban areas. Consequently, the primary WP4 team efforts
have been focused on RC building types.
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Table 1.1. RISK-UE Building Typology Matrix

Height classes
No. Label Description No. of .
p Name . Height Range (m)
Stories
1 MI11L Rubble stone, Low-Rise 1-2 <6
2 MI11IM fieldstone Mid-Rise 3.5 6-15
3 MI12L Low-Rise 1-2 <6
4 MI2M Simple stone Mid-Rise 3-5 6-—15
5 MI2H High-Rise 6+ >15
6 MI13L Low-Rise 1-2 <6
7 M13M Massive stone Mid-Rise 3-5 615
8 MI3H High-Rise 6+ >15
9 M2L Adobe Low-Rise 1-2 <6
10 M31L Low-Rise 1-2 <6
11 M31M Wooggﬁlabs Mid-Rise 3_5 6-15
12 M31H High-Rise 6+ >15
13 M32L M It Low-Rise 1-2 <6
14 M32M as%‘gl\)[’au ®  Mid-Rise 3-5 6-15
15 M32H High-Rise 6+ >15
16 M33L c e slab Low-Rise 1-2 <6
17 M33M Omlﬁlilhi S90S Mid-Rise 3-5 6-15
18 M33H High-Rise 6+ >15
19 M34L Low-Rise 1-2 <6
20 M34M RCslabsURM  Mid-Rise 3-5 615
21 M34H High-Rise 6+ >15
22 M4L Reinforced Low-Rise 1-2 <6
23 M4M SMIOTCECor — \ fidRise 3-5 6-15
confined masonry A i
24 M4H High-Rise 6+ >15
25 MS5L Overall Low-Rise 1-2 <6
26 M5M strengthened Mid-Rise 3-5 6-—15
27 M5H masonry High-Rise 6+ >15
28 RCIL RC ¢ Low-Rise 1-2 <6
29 RCIM ﬂmomen Mid-Rise 3-5 6-15
ames A i
30 RCIH High-Rise 6+ >15
31 RC2L Low-Rise 1-2 <6
32 RC2M RC shear walls Mid-Rise 3-5 6—-15
32 RC2H High-Rise 6+ >15
34 RC3IL . Low-Rise 1-2 <6
35 RC31M Regularly infilled ) pice 3_5 6-15
RC frames A i
36 RC31H High-Rise 6+ >15
37 RC32L I lar RC Low-Rise 1-2 <6
38 RC32M rreffu ar Mid-Rise 3-5 6-15
ames A i
39 RC32H High-Rise 6+ >15
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Table 1.1. RISK-UE Building Typology Matrix /Concluded/
Height classes
No. Label Description No. of .
P Name . Height Range (m)
Stories
40 RC4L Low-Rise 1-2 <6
41 RC4M RC dual systems  Mid-Rise 3-5 6—15
42 RC4H High-Rise 6+ >15
43 RC5L Precast o Low-Rise 1-2 <6
44 RC5M Fecast Conerete \ rid Rise 3_5 6-15
tilt-up walls i ’
45 RC5H High-Rise 6+ >15
46 RC6L P rgr"a“ Con?trhete Low-Rise 1-2 <6
47 RC6M ames wi Mid-Rise 3.5 6-15
concrete shear i ;
48 RC6H walls High-Rise 6+ >15
49 S1L Steel ¢ Low-Rise 1-2 <6
50 SIM e‘; MOMENt \fid-Rise 3_5 6-15
rames i ;
51 S1H High-Rise 6+ >15
52 S2L Low-Rise 1-2 <6
53 S2M Stefe I braced Mid-Rise 3_5 6-15
rames i ;
54 S2H High-Rise 6+ >15
55 S3L Steel frames with Low-Rise 1-2 <6
W . .
56 S3M URM infill walls Mld-R1§e 3-5 615
57 S3H High-Rise 6+ >15
58 S4L Steel tfr?mels with 1 Rise 1-2 <6
59 S4M cast-in-place Mid-Rise 3.5 6-15
concrete shear i ;
60 S4H walls High-Rise 6+ >15
61 S5L Low-Rise 1-2 <6
62 S5M Steeland RC 1 pice 3-5 6-15
composite systems i ;
63 S5H High-Rise 6+ >15
64 WL Wooden structures Low-Rise 1-2 <6
65 WM Mid-Rise 3-5 6-15
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Table 1.2. Design Base-Shear (Cs) in RISK-UE Countries

1
= 3
g 5
% s 5 = £
. ;B 5 8 ¢
Country Base shear coefficient 5 S . RS = 2 >
g g g E 3T g
s T£ § § S f£5 5 .
s §2 % 2 2 858 £ 8
N »no A 95} n Om O >
TAEE, 1992 (Source: Paz, 1994)
Spain a B §; [o=CR, B=B/T""] cC B B 3 RY 1974
France aPpd o B 8 1982
Italy @) CR e B I; [C=(S-2)/100] C K I 1990
Ex-Yugoslavia Ko K Ky K, K Ky K, Ko 1981
Greece alBmn6OR/q a Bmn ¢ 0 I n® 1992
Romania " oy K B, K B: \ o 1991
Bulgaria CRK.BiK, K. B R C 1987
TAEE, 1966 (Source: Shimazu, 2000)
Spain ) S S 1963
Italy ©) C C 1937
Greece € € 1959
Romania KsBry K B \j NA
Ex-Yugoslavia K 1965

) Lateral force coefficient method is used

" Dynamic modal distribution factor method is used
(" Zone risk factor

@ Damping Coefficient factor

Table 1.3. Guidelines for Selection of Fragility Models for Typical Buildings Based on UBC

Seismic Zone and Building Age
/Source: HAZUS Technical Manual, 1/

(ggglflﬁ‘;‘q“;; i‘;‘;g) Post 1975 1941-1975 Pre-1941

Zone 4 (Map Area 7) High-Code Moderate-Code Pre-Code (W1 =LC)
Zone 3 (Map Area 6) Moderate-Code Moderate-Code Pre-Code (W1 =LC)
Zone 2B (Map Area 5) | Moderate-Code Low-Code Pre-Code (W1 =LC)
Zone 2A (Map Area4) | Low-Code Low-Code Pre-Code (W1 =LC)
Zone 1 (Map Area 2/3) | Low-Code Pre-Code (W1 =LC) Pre-Code (W1 =LC)
Zone 0 (Map Area 1) Pre-Code (W1 =LC) Pre-Code (W1 =LC) Pre-Code (W1 =LC)

W1 = LC = Low-Code: W1 wind Design Level
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Table 1.4. Damage Grading and Loss Indices

Damage Grade Label Loss Indices
Dém?lge FEMA/ Description 1Z11s
rade
LM1 LM2 NIBS AUTH UNIGE
(HAZUS) RC Masonry

0 (D0) | None None None No damage 0.0 0.0 0.0 0.0

1 ®1) | Slight Minor Slight Regligible to sleht] o005 | <015 <02 0.1
amage
Slight structural,

2 (D2) Moderate Moderate Moderate moderate 0.05-0.2 [ 0.15-0.25 | 0.20-0.30 0.2
nonstructural

3 (p3) | Substantial | g loe Extensive | Moderate structural,i o 05035 | 030-040 | 035

to heavy heavy nonstructural

Heavy structural, very

4 (D4) | Very heavy heavy nonstructural 0.5-1.0 | 0.35-0.45 | 0.40-0.50 0.75

Collapse Complete Very heavy structural,

5 (D5) Destruction total or near total - >0.45 >0.50 1.00

collapse

Table 1.5. BTM Prevailing in RISK-UE Cities

RISK-UE Cities
Building typology S < E £ 3 & S
= = = = 7]
5 & 2 3 g Z g
=3 2 =
M1.1
M1.2
- M1.3
§ M2
% M3.1
s M3.2
172}
%n M3.3
M3.4
M4
M5
= RC1
a9
=X RC2
g = RC3.1
=
g § RC3.2
Z o RC4
) RC5
&}
RC6
_ S1
22 S2
2 S3
- S4
[7,]
S5
WOOD W
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Table 1.6. Current Common-Use Building Typology Matrix

Code Code
BTM BTM
Pre Low | Mod | High Pre Low | Mod | High

INTH 5 RC3.1L
M1.1M RC3.1M O
M1.2L RC3.1H
M1.2M O RC3.2L
M1.2H RC3.2M 0
M1.3L RC3.2H
M1.3M MONUMENTAL /WP5 RCAL
M1.3H RCAM
M2L RURAL O RC4H
M3.1L
M3.1M 0
M3.1H
M3.2L
M3.2M MONUMENTAL /WP5
M3.2H
M3.3L
M3.3M 0
M3.3H
M3.4L
M3.4M 0
M3.4H
M4L

MaM NON EU / RARE (HAZUS, 1997)
M4H
MS5L
M5M 0
MS5H

RCIL
RCIM
RCIH
RC2L
RC2M
RC2H

NON EU / RARE (HAZUS, 1997)
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2. LM1 Method

21 OVERVIEW

The LM1 Method is based on the implicit vulnerability model (qualitative damage matrices)
included in the European Macroseismic Scale (EMS-98). The EMS-98 vulnerability model is
incomplete and vague, requiring use of the Fuzzy Set Theory to deal with the ambiguity and
the non-specificity of the available damage information.

In terms of apparent damage, the seismic behaviour of buildings is subdivided into
vulnerability classes meaning that different types of buildings may behave in a similar way.
The correspondence between the vulnerability classes and the building typology is
probabilistic: each type of structure is characterized by prevailing (most likely) vulnerability
class) with the possible and less probable ranges.

Vulnerability Index (V) is introduced to represent and quantify the belonging of a building to
a certain vulnerability class. The index values are arbitrary (range 0-1) as they are only scores
to quantify in a conventional way the building behaviour.

The method itself uses: 1) damage probability matrices (DPM); and 2) mean semi-empirical
vulnerability functions (MVF).

The damage probability matrices (DPM) calculate the probability of occurrence of certain
damage grade. The LM1 DPM models the EMS-98 qualitative damage matrices for each
vulnerability class using the beta distribution.

The MVF correlates the mean damage grade for different vulnerability classes with the
macroseismic intensity and the vulnerability index.

The LM1 method is used to define vulnerability classes, vulnerability indices and to develop
DPMs pertinent to RISK-UE BTM. Taking into consideration the quality and quantity of the
available data for vulnerability analysis, different modification schemes of the vulnerability
index are proposed.

2.2 VULNERABILITY CLASSES

Vulnerability classes are grouping quite different building types characterized by a similar
seismic behaviour.

The EMS-98 [Gruntal 1998] defines six vulnerability classes denoted by A to F and arranged
in a decreasing vulnerability order. Each building class (Table 2.1) is associated with a
relation between earthquake intensity and the damage experienced.

24 RISK-UE WP4 Handbook: Vulnerability of current buildings



An advanced approach to earthquake risk scenarios,
with applications to different European towns
RISK-UE — EVK4-CT-2000-00014

Each building type is characterized by prevailing (most likely) vulnerability class. However,
in accordance with the buildings structural characteristics, it is possible to define possible and
less probable vulnerability classes in the same building type.

2.3 DPMFOR THE EMS VULNERABILITY CLASSES

The quantification of damage grades corresponding to different intensities for each
vulnerability class (Table 2.1) represents an incomplete and vague definition of damage
probability matrices.

Table 2.1 EMS-98 building types and identification of the seismic behaviour by
vulnerability classes

Class A Class B
Damage | 2 3 4 5 Damage | 2 3 4 5
Intensity Intensity
\Y Few \Y Few
VI Many | Few VI Many | Few
VII Many | Few VII Many | Few
VIII Many | Few VIII Many | Few
IX Many IX Many | Few
X Most X Many
XI XI Most
XII XII
Class C Class D
Damage | 2 3 4 5 Damage | 2 3 4 5
Intensity Intensity
\Y \Y
VI Few VI
VII Few VII Few
VIII Many | Few VIII Few
IX Many | Few IX Many | Few
X Many | Few X Many | Few
X1 Many XI Many | Few
Xl Most XII Most
Class E Class F
Damage Damage
Intensit 1 2 3 4 5 Intensity 1 2 3 4 5
y
\Y \Y
VI VI
Vil Vil
VIII VIII
IX Few IX
X Many | Few X Few
X1 Many | Few XI Many | Few
XII XII
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Beta distribution is used to calculate continuous DPM for every vulnerability class as follows

. r)  (x-af”(b-x)™" e ]
PDF: py(x)= F(q)Ftt S R S a<x<b @-1)

CDF: Py(x)= [ py(ede (2-2)

where: a, b, t and q are the parameters of the distribution, and x is the continuous variable
which ranges between a and b.

The parameters of the beta distribution are correlated with the mean damage grade pp as follows:
q=t(0.007u3, — 0.052u +0.2875p, ) (2-3)

The parameter t affects the scatter of the distribution; and if t=8 is used, the beta distribution
looks very similar to the binomial distribution.

For use of the beta distribution, it is necessary to make reference to the damage grade D,
which is a discrete variable, characterized by 5 damage grades plus the grade zero damage
(absence of damage). It is advisable to assign value 0 to the parameter a and value 6 to the
parameter b (Lagomarsino et al., 2002).

The qualitative definitions of the quantities in EMS-98 damage matrices are interpreted
through membership functions y, that define affiliation of single values of the parameter to a
specific set, i.e.,

1. x =1, the membership is plausible;
2. x =0—1, the value of the parameter is rare but possible; and,
3. x =0, the parameter doesn’t belong to the set.

The membership functions for the quantities (percentage of buildings) named low, many or
most are defined by means of a straight line in the vague zones (Fig. 2.1). The plausible
values of the parameter pp are the ones for which all EMS-98 quantity definitions are
plausible. The possible values of the parameter pp are the ones for which all EMS-98
quantity definitions are still plausible or possible, with at least one which is only possible.
Using the above procedure, the plausible and possible bounds of the mean damage grade for
each vulnerability class are defined (Fig. 2.2).

2.4 VULNERABILITY INDEX AND SEMI-EMPIRICAL
VULNERABILITY CURVES

The membership of a building to a specific vulnerability class is defined by a vulnerability
index. Its values are arbitrary, as it represents only a score that quantifies the seismic
behaviour of the building. The vulnerability index ranges between 0 and 1, being values close
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to 1 represent the most vulnerable buildings with these close to 0, the vulnerability of the
high-code designed structures.
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Fig. 2.1 Membership functions for the quantities Few, Many, Most
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Fig. 2.2 Plausible and possible behaviour for each vulnerability class

The membership functions of the six vulnerability classes have a plausible (y=1) and linear
possible ranges, defining the transition between two adjacent classes (Fig. 2.3).

The LM1 method defines mean semi-empirical vulnerability functions that correlate the mean
damage grade pp with the macroseismic intensity I and the vulnerability index Vi. These
functions are fitting the DPM's discrete point (Fig. 2.2).
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Fig. 2.3 Membership functions of the vulnerability index

2.5 RISK-UE BTM VULNERABILITY CLASSES AND INDICES

RISK-UE BTM is used to estimate the seismic vulnerability of European buildings.

The most likely (x=1), the possible (¥=0.6) and less probable (y=0.2) vulnerability classes are
defined for RISK-UE BTM (Lagomarsino et al., 2002, 2003).

For each building type the following vulnerability indices are calculated (Table 2.2):

° VI* most probable value of the Vulnerability Index Vj;

e [Vy; Vi'] bounds of the plausible range of the Vulnerability Index Vi (usually obtained
as 0.5-cut of the membership function);

o [V/™; V"] upper and lower bounds of the possible values of the Vulnerability Index V.

The mean semi-empirical vulnerability functions for the most common RISK-UE BTM are
presented in Fig. 2.4.
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Fig. 2.4 Mean semi-empirical vulnerability functions

Table 2.2 Vulnerability indices for BTM buildings

L. V; representative values
Typology Description ; - "
V[’,"I;;'M Vl LBTM VI JBTM VITB ™ Vl',nBa;' M

Ml.1 Rubble stone, fieldstone 0.62 0.81 0.873 0.98 1.02
Mi.2 Simple stone 0.46 0.65 0.74 0.83 1.02
MI1.3 Massive stone 0.3 0.49 0.616 0.793 0.86
M2 Adobe 0.62 0.687 0.84 0.98 1.02
M3.1 Wooden slabs 0.46 0.65 0.74 0.83 1.02
M3.2 Masonry vaults 0.46 0.65 0.776 0.953 1.02
M3.3 Composite steel and masonry slabs 0.46 0.527 0.704 0.83 1.02
M3.4 Reinforced concrete slabs 0.3 0.49 0.616 0.793 0.86
M4 Reinforced or confined masonry walls 0.14 0.33 0.451 0.633 0.7
M5 Overall strengthened 0.3 0.49 0.694 0.953 1.02
RCI Concrete Moment Frames -0.02 0.047 0.442 0.8 1.02
RC2 Concrete shear walls -0.02 0.047 0.386 0.67 0.86
RC3.1 Regularly infilled walls -0.02 0.007 0.402 0.76 0.98
RC3.2 Irregular frames 0.06 0.127 0.522 0.88 1.02
RC4 RC Dual systems (RC frame and wall) -0.02 0.047 0.386 0.67 0.86
RC5 Precast Concrete Tilt-Up Walls 0.14 0.207 0.384 0.51 0.7
RC6 Precast C. Frames, C. shear walls 0.3 0.367 0.544 0.67 0.86
S1 Steel Moment Frames -0.02 0.467 0.363 0.64 0.86
S2 Steel braced Frames -0.02 0.467 0.287 0.48 0.7
S3 Steel frame+unreinf. mas. infill walls 0.14 0.33 0.484 0.64 0.86
S4 Steel frame+-cast-in-place shear walls -0.02 0.047 0.224 0.35 0.54
S5 Steel and RC composite system -0.02 0.257 0.402 0.72 1.02
w Wood structures 0.14 0.207 0.447 0.64 0.86
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2.6 VULNERABILITY ANALYSIS
2.6.1 Processing of Available Data

Any available database related to buildings must be taken into consideration, classifying the
information contained from a geographic and a consistency point of view (Table 2.3).
Moreover all the knowledge about observed vulnerability or traditional construction
techniques must be collected as well. The distribution, the number and the quality of the
available information influence all the parameters involved in the vulnerability analysis.

Table 2.3 Processing of the available data

Data characteristics Consequences
Minimum survey | Single building Minimum unit to make reference
. unit Set of buildings for the V; evaluation.
Geographic - ; — — -
Minimum Single building Minimum unit for damage and
geocoded unit Set of buildings scenarios representations.
Specific survey with
Data origin vulnerability assessment AV;
purposes.
Quality Other origins
Typological Identifications Vi
Data Consistency | Behaviour modifiers
L onaviout AV,
identifications
Existing Observed Vulnerability AV
Knowledge Expert judgment '

2.6.2 Direct and Indirect Typological Identification

When a building typology is directly identified within BTM, the vulnerability index values
(Vi, VI, Vi, Vi™, Vi™) are univocally attributed according to the proposed Table 2.2.

If the available data are not enough to perform a direct typological identification it is useful to
define more general categories on the base of the experience and the knowledge of the
construction tradition. The typological distribution inside the defined categories is supposed
to be known.

For each category the vulnerability index values Vi, Vi, Vi, V™ V™) are evaluated
knowing the percentage of the different building types recognized inside the certain category

VIZATi = zpt VI*BTMi (2-5)
t

where p is the ratio of buildings inside the category C; supposing to belong to certain building
type..
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2.6.3 Regional Vulnerability Factor AVr

A Regional Vulnerability Factor AVr is introduced to take into account the particular quality
of some building types at a regional level. It modifies the vulnerability index Vi on a base of
an expert judgment or taking into consideration of observed vulnerability. The Regional
Vulnerability Factor AV could be introduced both referring to a typology or to a category.

2.6.4 Behaviour Modifier AV,

There are different methods that evaluate the vulnerability through the weighted average or
the sum of the partial scores to obtain a global score, which practically represents a
vulnerability index (ATC-21, GNDT II Level). The proposed procedure is conceptually
similar introducing the behaviour modifiers whose values are presented in Tables 2.4 and 2.5.

The overall score that modifies the characteristic vulnerability index VI* can be evaluated, for
a single building, simply summing all the modifier scores.

AV, =DV, (2-6)

Table 2.4 Scores for the vulnerability factors V,,: masonry buildings

Vulnerability Factors Parameters
. Good maintenance -0,04
State of preservation Bad maintenance +0.04
Low (1 or 2) -0.02
Number of floors Medium (3, 4 or 5) +0.02
High (6 or more) +0.06
Wall thickness
Distance between walls
Connection between walls ]
Structural system (tie-rods, angle bracket) -0,04 + +0,04
Connection horizontal structures-
walls
Soft-story Demolition/ Transparency +0.04
Plan Irregularity +0.04
Vertical Irregularity ... +0.02
Superimposed floors +0.04
Roof Roof weight + Roqf Thrust 40.04
Roof Connections
Retrofitting interventions -0,08 + +0,08
Aseismic Devices Barbican, Foil arches, Buttresses
Middle -0.04
Aggregate building: position Corner +0.04
Header +0.06
Aggregate building: elevation Staggered floors +0.02
Buildings of different height -0,04 + +0,04
Foundation Different level foundation +0.04
. Slope +0.02
Soil Morphology Chtt +0.04

RISK-UE WP4 Handbook: Vulnerability of current buildings 31




An advanced approach to earthquake risk scenarios,
with applications to different European towns
RISK-UE — EVK4-CT-2000-00014

For a set of buildings considered belonging to a certain typology, the contribution of each
single factor are added, weighing with the ratio of buildings within the set:

AV, = Zrk V.o (2-7)

where ry is the ratio of buildings characterized by the modifying factor k, with score V.

Table 2.5 Scores for the vulnerability factors V,,: R.C. buildings

- ERD level
Vulnerability Factors Pre or Low Code Medium Code High Code
Code Level +0,16 0 -0,16
Bad Maintenance +0.04 +0.02 0
Low (1 or 2) -0,04 -0,04 -0,04
Number of floors ~ Medium (3, 4 or 5) 0 0 0
High (6 or more) +0,08 +0,06 +0,04
. Shape +0.04 +0.02 0
Plan Irregularity Torsion +0.02 +0.01 0
Vertical Irregularity +0.04 +0.02 0
Short-column +0.02 +0.01 0
Bow windows +0.04 +0.02 0
_ Agregate buildings +0,04 0 0
(insufficient aseismic joint)
Beams -0,04 0 0
Foundation Connected Beans 0 0 0
Isolated Footing +0,04 0 0
. Slope +0.02 +0.02 +0.02
Soil Morphology CIiff +0.04 +0.04 +0.04
2.6.5 Total vulnerability index
The total vulnerability index value is calculated as follows:
V, =V, + AV, +AV, (2-8)

2.6.6 Uncertainty Range Evaluation AV

The knowledge of additional information limits the uncertainty of the building behaviour.
Therefore it is advisable not only to modify the most probable value, but also to reduce the
range of representative values. This goal is achieved modifying the membership function
trough a filter function (f), centered on the new most probable value (Viger ), depending on the
width of the filter function AVy.

The width AV depends on the type of the available data for vulnerability analysis (Table 2.6).

The upper and lower bound of the meaningful range of behaviour can be evaluated as follows:
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Vl sup = Vl + A\/f (2'93)
Vime = Vi —AV; (2-9b)
Table 2.6 Suggested values for AVy
Single Set of
Building | buildings
Non specific existing data base 0.08 0.08
AV; Typology/Category | Data surveyed for seismic vulnerability
purposes 0.04 0.04
The Viger 1s calculated as follows:
Viger = maX(VIinf; Vimin + AVf) (2-10a)
VIdef = min(VI sup; Vimax - Avf) (2'10b)

where V™", V™ are the limits of the membership functions.

2.7. SUMMARY ON DAMAGE ESTIMATION

The procedure for damage estimation described in the previous chapters are summarized in
the following steps:

STEP 1 — ESTIMATION OF THE VULNERABILITY INDEX V,

Single Building Set of buildings
Values from Table 2.2 * — v
% 4 1 g [Set] qu v Ipry [Sb]
Typology V !
YPOIOEY V 1B1M™ q, is the ratio of buildings inside the set supposing
to belong to a certain building type
*
VI * _ * * _ *
4 T i zpt 4 Ipmy t 4 1 [Set] - zqc 4 L [Sb]
* t ¢
Category V 1¢ p. is the ratio of buildings inside | q. is the ratio of buildings inside the set
the category C; supposing to | supposing to belong to a certain building
belong to a certain building type | category
AVm :sz AI/m :Zrka,k
AV | Typology/Categor k
m ypology gory 1 is the ratio of buildings characterized by the
modifying factor k, with score Vy,
AV, AVy =D 1AV,
Established on base of an expert !
AVy | Typology/Category P Where 1, is the ratio of buildings recognized as

judgment or available observed
vulnerability data

belonging to a specific typology t affected by the
recognized AV

V, =V, +AV, +AV,
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STEP 2 — ESTIMATION OF THE MEAN DAMAGE GRADE, lp

The mean damage grade shall be estimated for BTM vulnerability index V, and the
corresponding seismic intensity I as follows:

(2-4, Repeated)

=25 {H tanh(n 625V, —13.1)}

23

STEP 3 — ESTIMATION OF THE DAMAGE DISTRIBUTION
(Damage Probability Matrix and Fragility Curves)

The damage distribution shall be calculated using the beta distribution.

rt) (x-a)j'(b-x)""

PDF: - <x<bh 2-1, Repeated
pB(X) F(r)r t_ r) (b _ a)t—l asx< (2-1, Repeated)
CDF: P, (x) = J.pB (s)ds (2-2, Repeated)
a=0; b=6; t=8; r = 1(0.007u3, —0.0527 +0.2875p, ) (2-3, Repeated)

The discrete beta density probability function is calculated from the probabilities associated
with damage grades k and k+1 (k=0, 1, 2, 3, 4, 5), as follows

p, =Py (k +1)-P(k) (2-11)

The fragility curve defining the probability of reaching or exceeding certain damage grade are
obtained directly from the cumulative probability beta distribution as follows:

P(D>D,)=1-P,(k) (2-12)
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3. LM2 Method

3.1. AN OVERVIEW

The LM2 Method uses two sets of building resistance/damage models (or functions):

e Capacity Model; and,
e Fragility Model.

and an adequate representation of the expected seismic input (or demand) to quantify
potential damage to buildings resulting from expected ground shaking.

The capacity model, or the capacity (i.e. pushover) curve is an overall force-displacement
capacity of the structure that estimates the expected peak response of building at a given
demand. Capacity models are developed to represent the first mode response of the building
assuming that it is the predominant mode of buildings’ vibration and that it primarily controls
the damage genesis and progress.

Capacity curves are based on engineering parameters (design, yield, and ultimate structural
strength levels) characterizing the nonlinear behaviour of model building classes. They
distinguish between materials of construction, construction tradition, experience and
technology used, as well as prescribed (by code) and achieved (in practice) levels of seismic
protection.

Fragility model predicts conditional probabilities for a building of being in
(Psk[Ds=ds|Y=yx]) or exceeding (Psk|[Ds>ds|Y=yx]) specific damage states (ds) at specified
levels of ground motion (yx). In the latter case, the conditional probability of being in a
specific damage state is then defined as a difference between adjacent fragility curves.

The level and the frequency content of seismic excitation control the peak building response
levels, or its performance. The LM2 Method, likely the FEMA/NIBS (1997) procedure,
expresses the seismic input in terms of demand spectrum that is based either on the 5%
damped building-site specific response spectrum modified to account for structural behaviour
out of the elastic domain, or on its alternate, an analogous inelastic response spectrum.

The representation of both the capacity (pushover) curve and the demand spectrum is in
spectral acceleration (Sa, ordinate) and spectral displacement (Sd, abscissa) coordinate
system. This format of presentation is referred as ADRS (Acceleration-Displacement
Response Spectra, Mahaney, 1993), or just AD spectra.

Adequately, the fragility curves are represented in the coordinate system which abscissa is
spectral displacement (Sd) and the ordinate a conditional probability that a particular damage
state is meet (P[Ds=ds]) or exceeded (P[Ds>ds]).
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3.2 BUILDING DAMAGE ASSESSMENT

The objective of damage assessment is, for an individual building or a building group, to
estimate the expected seismic losses based on sufficiently detailed analysis and evaluation of
the vulnerability (damageability) characteristics of the building/building group at a given

Q

RISK-UE BTM
A } .
Table x. | RISK-UL Building Typology Matrix A\\
No. Label — Description Name S—
_E Stronger, mors ductile construetion
= | MIIL Low-Rise =
= ,
2 Performance point 2 MITM Mid-Rise ]
< \ , —
= 3 MIZL Low-Rise —
E B Wealzer, less ductile construction MI2M Sil\l[‘\c stone Mid-Rise —
L=
“ , 5 MI2H High-Rise
| Strong shaking -
Medium shaling 6 MI3L Low-Rise
Woak shaltifgume o —— . . Massive
o e S T MM e Mid-Rise
Spectral Displacement 8 MISH h High-Rise
1-
I 0.5
7
0.8 -f 0.4

P[D

0.3

-

o —|> 1
0 . . - - T

N M Mo S C

Sd (cm)

Damage States
N = None; Mi = Minor; Mo = Moderate; S = Severe; C = Collapse

Fig. 3.1 Damage Estimation Process

level of earthquake ground motions. The conditional probability that particular building or
building group will reach certain damage state shall be determined as follows (Fig.3.1):

STEP-1:  Select of the model building from the RISK-UE BTM representing adequately
buildings’ or buildings’ group characteristics (construction material, structural
system, height class, expected/identified design and performance level, etc.);

STEP-2: For selected model building define the capacity model and convert it in
capacity spectrum;
STEP-3:  Determine/model building’s site-specific demand spectrum;
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STEP-4: Calculate/model the expected buildings’ response (performance) by
intersecting capacity and demand spectra, and determine the intersection
(performance) point; and,

STEP-5:  From corresponding fragility model estimate conditional probabilities that for
a determined performance point the building or building group will exhibit
certain damage states.

The term ‘calculate® refers to damage assessment for an individual building, while the term
‘model’ for assessments related to a building class.

3.3 MODELLING CAPACITY CURVES AND CAPACITY SPECTRUM

3.3.1 Capacity Curve

A building capacity curve, termed also as ‘pushover’ curve is a function (plot) of a buildings’
lateral load resistance (base shear, V) versus its characteristic lateral displacement (peak
building roof displacement, Agr). Building capacity model is an idealized building capacity
curve defined by two characteristic control points: 1) Yield capacity, and 2) Ultimate
capacity, i.e.:

Ultimate Capacity (UC)

Yield Capacity (YC)
I
' Design Capacity (DC)

ALY AA, Ay Ag

Fig. 3.2-1 Building Capacity Model

Yield capacity (YC, Fig. 3.2-1) is the lateral load resistance strength of the building before
structural system has developed nonlinear response. When defining factors like redundancies
in design, conservatism in code requirements and true (rather than nominal as defined by
standards for code designed and constructed buildings) strength of materials have to be
considered.

Ultimate capacity (UC, Fig. 3.2-1) is the maximum strength of the building when the global
structural system has reached a fully plastic state. Beyond the ultimate point buildings are
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assumed capable of deforming without loss of stability, but their structural system provides
no additional resistance to lateral earthquake force.

Both, YC and UC control points are defined as:

V;
YC (Vy, Ay): V,=C, A, = 47;2 T? (3-1a)
TZ
UC (Vy, Ay): V,=2V, =/C, A, =AuA = uyC py (3-1b)
where:
C design strength coefficient (fraction of building’s weight),
T true “elastic” fundamental-mode period of building (in seconds),
Y “overstrength” factor relating design strength to “true” yield strength,
A “overstrength” factor relating ultimate strength to yield strength, and
1) “ductility” factor relating ultimate (Au) displacement to A times the yield (Ay)

displacement (i.e., assumed point of significant yielding of the structure)

Up to the yield point, the building capacity is assumed to be linear with stiffness based on an
estimate of the true period of the building. From the yield point to the ultimate point, the
capacity curve transitions in slope from an essentially elastic state to a fully plastic state.
Beyond the ultimate point the capacity curve is assumed to remain plastic.

In countries with developed seismic codes and other construction standards, and rigorous
legal system assuring their strict implementation, the design strength, Cs is based on
prescribed lateral-force design requirements. It is a function of the seismic zone and other
factors including site soil conditions, the type of lateral-force-resisting system and building
period.

However, the design strength of pre-code buildings, and/or in construction environments
characterized with ether bare implementation of design standards and seismic codes or
improper monitoring of their implementation, is dominantly controlled by local construction
tradition and practice as well as quality of locally available construction materials.

The overstrength (y, A) and ductility (i) parameters are defined by the code requirements,
based on experimental/empirical evidence and/or on an expert judgment.

Building capacity curves could be developed either analytically, based on proper formulation
and true nonlinear (Response History Analysis, RHA) or nonlinear static (NSP) analyses of
formulated analytical prototypes of model buildings, or on the basis of the best expert’s
estimates on parameters controlling the building performance. The latter method, based on
parameter estimates prescribed by seismic design codes and construction material standards,
in the following is referred as the Code Based Approach (CBA). Chapter 4 details approaches
used by RISK-UE partners to develop capacity curves for characteristic model building types
being the distinctive features of European built environment.
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3.3.2 Capacity Spectrum

For assuring direct comparison of building capacity and the demand spectrum as well as to
facilitate the determination of performance point, base shear (V) is converted to spectral
acceleration (Sa) and the roof displacement (Ag) into spectral displacement (Sd). The capacity
model of a model structure presented in AD format (Fig. 3.2-2) is termed Capacity Spectrum
(Freeman, 1975, 1998). To enable estimation of appropriate reduction of spectral demand,
bilinear form of the capacity spectrum is usually used for its either graphical (Fig. 3.2-2) or
numerical [(Ay, Dy) and (Au, Du), Egs. 3-2] representation.

Conversion of capacity model (V, Ar) to capacity spectrum shall be accomplished by
knowing the dynamic characteristics of the structure in terms of its period (T), mode
shape (¢;) and lumped floor mass (m;). For this, a single degree of freedom system (SDOF) is
used to represent a translational vibration mode of the structure.

Two typical control points, i.e., yield capacity and ultimate capacity, define the Capacity
spectrum (Fig. 3.2-2):

Ultimate Capacity (UC)

Yield Capacity (YC)
I
Design Capacity (DC)

>
pFv ip, D, S
Fig. 3.2-2 Building Capacity Spectrum
Cs}/ A 2
YC (Ay, Dy): A4,=5, = ” D, =S, = 47:2 T (3-2a)
Cy
UC (Ay, Dy): A4,=S, =/1Ay =1—
a,
C 2
D, =S, = auD, = au "l T (3-2b)
a, 4
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where a.;is an effective mass coefficient (or fraction of building weight effective in push-over
mode), defined with the buildings modal characteristics as follows

[zmi¢i]2

o = ——t (3-3)

t Zmizmi¢i2

where:

my; is i-th story masses, and ¢y I-th story modal shape coefficient.

Based on first mode vibration properties of vast majority of structures, literature suggests
even more simplified approaches. Each mode of an MDOF system can be represented by an
equivalent SDOF system with effective mass (Megr) equalling to

where M is the total mass of the structure. When the equivalent mass of SDOF moves for
distance Sy, the roof of the multi-storey building will move for distance Ar. Considering that
the first mode dominantly controls the response of the multi-storey buildings, the ratio of
Ar/Sd = PFg; is, by definition the modal participation for the fundamental (first) mode at a
roof level of MDOF system:

Py = (Q mé; /> mé; ), (3-5)
where ¢ is the first mode shape at the roof level of MDOF system.

For most multi-storey buildings Freeman (1998) suggest o;=0.80 and PFu~1.4.
Consequently, Sa =y [V/(a1Mg)] and Sd =y (Ar/PF4r) can be estimated at

Sa=1.25yCs (3-6a)
Sd =y Ar/1.4 (3-6b)

Based on analysis of 17 RC multi-storey buildings, Milutinovic and Trendafiloski (2002)
estimated o = 0.73 and PFyr = 1.33 (G4 = 0.05, pgr = 0.02) for RC frame and oy = 0.71
and PFyr = 1.47 (641 = 0.04, oppgr = 0.09) for RC dual-system buildings.

To define quantitatively the capacity model and the related AD spectrum, five parameters are
to be known or estimated:

1) Design strength (Cs);

2) Overstrength factors y and A;

3) Ultimate point ductility (p); and,

4) Typical elastic period of the structure T.
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The capacity model parameters (Ay, Dy and Au, Du) developed analytically for model
buildings constituting the RISK-UE BTM being identified in RISK-UE cities are presented in
Tables 3.1.

Tables 3.2 summarize the capacity model parameters estimated by IZIIS and UTCB based on
expert judgement of Cs, v, A, pand T parameters prescribed by seismic codes and other
accompanied standards. In the following these models are referred as CBA (Code Based
Approach) capacity as well as fragility models.

Graphic presentations of analytically and CBA developed capacity models are given in
Appendix A.

The fundamental period of the buildings (T) can be estimated using empirically developed
formulas (Table 3.3) modified to reflect true structural properties. For code designed
buildings Cs and y are prescribed and can be estimated with relatively high confidence.
Displacement control codes with limitations on interstory drift and roof displacement for
design and control earthquake levels prescribe the maximum allowable ductility (p). Force
control codes have no such limitations, so p should be decided based on the experimental
data, or by expert judgment.

The capacity models and related capacity spectra as well, need not to be exact in order to be
useful. A reasonable approximation of the yield and of the ultimate strengths will give a
general idea how the building will respond to various earthquake demands.

Consequently, the estimates on capacity of each building or building class should be based on
the best estimates of typical design parameters (yield and ultimate strengths) used in its
design and construction.

Even within the same construction-material building category the design parameters can vary
substantially. For pre-code buildings they are dependent on engineering tradition and
construction practice, while for Code designed buildings, on standards in effect at time of
buildings’ design and construction.

3.4 MODELLING FRAGILITY

A building fragility model (Fig. 3.3) consists of a suite of fragility curves defining the
conditional probability of being in P[D=ds] or exceeding P[D>ds] a certain damage state ds.

LM2 method considers four damage states denoted as: Minor, Moderate, Severe and Collapse
(Table 1.4). Each fragility curve from a fragility model is characterized by the median value
and the lognormal standard deviation (B) of seismic hazard parameter; i.e., the spectral
displacement Sd:
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P[D>ds]

Slight Moderate Extensive = Collapse

Fig. 3.3 Example Fragility Model (IZIIS, RC1/CBA; Medium Height)

Plds[S, |= q{ﬁiln(_sd ﬂ (3-7)

ds Sd,ds

Sq¢  is the spectral displacement (seismic hazard parameter);

§d,ds is the median value of spectral displacement at which the building reaches a
certain threshold of the damage state ds;

Bgs 1s the standard deviation of the natural logarithm of spectral displacement of damage
state, ds; and,

® s the standard normal cumulative distribution function.

The fragility model parameters (gd,ds , Bgs) developed for model buildings constituting the

RISK-UE BTM being identified in RISK-UE cities are presented in Tables 3.4 and 3.5. While
Tables 3.4 presents fragility model parameters developed analytically by all partners,
Tables 3.5 summarizes the fragility model parameters estimated by IZIIS and UTCB using
CBA approach. Graphic presentations of analytically and CBA developed fragility models are
given in Appendix B.
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RISK-UE partners used several methods to define median values of structural fragility:

» Masonry buildings: the median values of structural fragility (AUTh, UNIGE and CIMNE)
are based on building drift ratios that describe the threshold of damage states (Table 3.6).
= RC buildings:

IZIIS, UTCB: the median values of structural fragility are based on correlation between
the damage index and the damage state thresholds as defined by Park, Ang & Wen (1992),

CIMNE: the median values of structural fragility are based on building drift ratios that
describe the threshold of damage states (Table 3.6).

AUTh: Hybrid method, under development.
UNIGE: Under development

The original FEMA/NIBS approach proposes that the median values of structural fragility are
based on building drift ratios that describe the threshold of damage states. Damage-state drift
ratios are converted to spectral displacement by using the following equation:

Sads = Op.sas O h (3-8)
where:

Or sds is the drift ratio at the threshold of structural damage state, ds

o, is the fraction of the building (roof) height at the location of pushover model
displacement

h is the typical height of the model building type of interest.

Building drift ratios are different for each model building type (including height-defined sub-
types) and seismic design level. It was used by UTCB for development of fragility models for
RCI1 and RC2 buildings, only.

The total variability associated to each structural damage state Psqs, 1S modelled by
combination of three contributors to structural damage variability Bc, Bp and Pmsdas). The
original FEMA/NIBS method assumes that the variability of building response depends
jointly on demand and capacity, thus a complex process of convolving probability
distributions (Eq. 3-9) of the demand spectrum and the capacity curve (model) has been
implemented in developing HAZUS.

Bsas = \/[CONV(BC=BD )]2 + (BM(Sds))z (3-9)

where:

Bsds 1s the lognormal standard deviation that describes the total variability for structural
damage state, ds,
Bc is the lognormal standard deviation parameter that describes the variability of the
capacity curve,
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Bp is the lognormal standard deviation parameter that describes the variability of the
demand spectrum,

Bmcsds) 18 the lognormal standard deviation parameter that describes the uncertainty in the
estimate of the median value of the threshold of structural damage state, ds.

However, UTCB assumed that the capacity and demand as independent variables, and
modelled the total variability as a RMS value of all three uncertainty contributors (Eq. 3-10).

Bsas = \/Bc2 + BD2 + (BM(Sds))z (3-10)

IZIIS used Nonlinear Response History Analysis (NRHA) to develop capacity and associated
fragility models for RC1 and RC4 model building classes. Assuming strain-hardening
constitution law, the NRHA analyses have been performed for 26 different RC1 and RC4 real
buildings by using 7 selected time histories characteristic for the territory of FYRoM and 25
acceleration levels varied from 0.02g to 0.55g. The lognormal standard deviation, ranging
from 0.30-0.60 has directly been obtained from the aggregate results of NRHA analyses.

To obtain the standard deviation corresponding to each spectral displacement CIMNE and
UNIGE assumed that the probability of each damage state at its spectral displacement is the
50% and that the probability of the other damage states are following the same beta
distribution used in the LM1 method.

Summary overview of techniques used by different WP4 partners for development of fragility
models is presented in Table 3.8. The more detailed discussion is presented in Chapter 4.

3.5 DEMAND SPECTRUM

The level and frequency content of seismic excitation controls the peak building response.
The elastic response spectrum (S,e) is an extremely useful toll characterizing ground motions
demand. It also provides convenient means to summarize the peak responses of all possible
linear SDOF systems to a particular component of ground motion. It is usually computed for 5
percent damping being representative for a waist majority of structures.

3.5.1 General procedure

The application of the Capacity Spectrum technique requires that both, the structural capacity
and the demand spectra (elastic spectra reduced for developed level of nonlinearity) be
defined in AD (spectral acceleration vs. spectral displacement) coordinate system. General
procedure for developing demand spectrum assumes:

STEP 1: Calculation of elastic, 5 percent damped, site-specific demand spectrum for
selected period range or a set of discrete period values;

STEP 2: For buildings with elastic damping radically different than 5 percent, the 5

percent damped site-specific demand spectrum should either be modified, or a
new elastic spectrum calculated by considering the proper damping ratio;
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STEP 3: Conversion of elastic demand spectrum in AD format.
STEP 4: Reduction of elastic AD demand spectrum to account for developed
nonlinearity.

Traditionally the elastic seismic demand is defined in the form of an elastic pseudo-
acceleration spectrum (S,.) which ordinates [S,.(T)] are directly linked to corresponding
ordinates of elastic displacement spectra [Sqe(T)] by factor (T*/4n?). While, for defining the
elastic demand any spectrum form can be used, the most convenient one is of Newmark-Hall
type, i.e., a spectrum with constant acceleration, constant velocity and constant displacement
regions.

3.5.2 Elastic Demand Spectrum, RISK-UE Approach

The method of developing of 5 percent-damped response/demand spectra is detailed in WP2
Handbook. For RISK-UE Cities 5 percent-damped response/demand spectra are calculated by
using Ambraseys 1996 attenuation law. To each grid cell discretizing the urban area assigned
are S,(T;) values for characteristic discrete period values of T; =0., 0.3, 0.6, 1.0 and 2.0 s.,
and adequate city’s’ zoning has been performed.

Over the period range of interest for building damage/loss assessments a model and procedure
for calculating 5 percent-damped demand spectra is developed by UNIGE (Lagomarsino et.
al., 2002). Based on limited number of known [S,e(T), T] pairs a full period range demand
spectra can be fitted by a set of piecewise anchored linear and nonlinear segments:

(ﬂiTk_ﬁkT;')Jr(ﬁk_ﬂi)T T <T<T, (TkSTc)
(T, -T,)
_log(ﬁk/ﬁi)
S”eA(T): ﬂ{% log(T; / ;) T <T<T, (Tc <T <T, STD) (3-11)
2
ﬂD(TTDJ T>T,
where:

S.(T) is the ordinate of the elastic response spectrum

T is the vibration period of linear SDOF

A is the peak ground acceleration

Ti, Tx  is an initial and a final period of each period range

Tc is a corner period at the beginning of constant velocity region

Tp is a corner period at the beginning of constant displacement region

Bixp  is factor defined as S,e(Tixp)/A

The advantage of such formulation (Eq. 3-11) is that within the acceleration region
(0.0 < T < T¢) the acceleration is not necessarily constant and may be varied linearly between
one or more arbitrary defined points (Fig. 3.4-1). The model in itself assures for flexibility in
modelling spectral shapes predominated by intermediate and longer period content. Typical
example of such spectral shape is a spectrum developed for the City of Bucharest.
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For predefined corner periods T¢ = 0.4s and Tp = 2.85s, and arbitrary period selected to
comply with the corner period of acceleration region (Tp=0.1s) Irizarry et al., 2003 tested the
constant acceleration fitting reliability of Lagomarsino et. al. 2003 formulation for Barcelona
soil conditions. Results compared to those derived by simplified Eurocode 8 formulation
encountered lower RMS and percentage error.

Em—Buchar est

Thessaloniki

@B charest | |

Thessaloniki

e Nice

0 0.25 0.5 0.75 1 125 1.5 1.75 2 225 25 2.75 3 0 0.1 0.2 0.3 0.4 0.5 0.6
T(s)

Sd (m)
Fig. 3.4-1 5% Damped Elastic Fig. 3.4-2 5% Damped Elastic Demand
Demand Spectra Spectra in AD Format

Summary on Construction of Elastic Demand Spectra, S;.(T)

STEP 1:  Define corner periods and corresponding spectral ordinates for the beginning of
constant velocity (T¢) and constant displacement (Tp) ranges;

STEP 2:  Define corner  periods and corresponding spectral ordinates
[T, Sae(Ti), 1=1, 2, .., N] that provide the best piecewise-linear fit to calculated
spectra over the constant acceleration range;

STEP 3:  For spectral values [Sa(Tj)] calculated for characteristic discrete period values of

T, j=1,2, ..., M, define spectral acceleration values over the constant velocity
(Tc < T <Tp) and constant displacement (T > Tp) ranges by using equations 3-11.

3.5.3 AD Conversion of Elastic Demand Spectrum

For an elastic SDOF system the following relation applies between the pseudo acceleration
(Sae) and displacement (Sqe) response spectra:

(3-12)

Thus, each spectral acceleration ordinate associated to period T, is converted into
corresponding spectral displacement ordinate by multiplying it with a factor T*/4n’. The
Sea/Sqe plot, as presented in Fig. 3.4-2, is usually referred to as seismic demand in AD format.
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3.5.4 Ductility Strength Reduction of AD Demand Spectrum

The acceleration spectrum [S,(T)] and the displacement spectrum [Sq4(T)] for an inelastic
SDOF system of a bilinear force-deformation relationship are defined as (Vidic et al., 1994):

S (T
Sa (T) — ae ( )
R/t
(3-13)
T2
Sd(T): ILlSde(T)_/'l zSa(T)
u 4
where;
1) is the ductility factor, defined as the ratio between the maximum displacement and the
yield displacement; and,
R, is strength reduction factor due to ductility, counting for hysteretic energy dissipation

of ductile structures.

For selected damping ratio and predefined ductility, the R, factor converts the elastic
response spectrum [S,.(T)] to the corresponding nonlinear one [S,(T)]. Since S,(T) or S4(T)
are defined for predefined value of p, they are often referred as constant ductility spectra.

Several proposals (Miranda, 1996; Cosenza and Manfredi, 1997; Fajfar and Vidic, 2000) have
been made for the R, factor (Table 3.7, Fig. 3.5). Some of the proposals (Fajfar and Vidic,
2000) use bilinear strength reduction representation or a combination of nonlinear (constant
acceleration range) and linear (constant velocity and displacement ranges) segments (Cosenza

R,

F-2 ——F-4 =———Ff e=——Fg C2 —C+4
—C6 ===C8 — M2 —M4 =——M6 ====M-8

Fig. 3.5 Strength Reduction Factors /F - Fajfar and Vidic, 2000; C
- Cosenza and Manfredi, 1997; M - Miranda, 1996./
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and Manfredi, 1997) anchored at the corner period at the beginning of the constant velocity
range (T¢ = Ty, Table 3.7); whereas Mirandas’, 1996 model, distinguishing for site-soil
conditions, is nonlinear over the entire period range. Irrespective of the modelling approach,
the strength reduction factor estimates are close to each other and agree fairly well.

Because of its simplicity, RISK-UE uses bilinear representation of the strength reduction
factor R, (Vidic et al, 1994; Fajfar, 2000):

T
R,=(u—-1)—+1 T<T
p=le )TC ¢ (3-14)

R,=u T>T,

where Tc is a characteristic period of the ground motion, typically defined as the transition
period where the constant acceleration segment of the response spectrum passes to the
constant velocity segment (corner period at the beginning of constant velocity range). A
typical value of Tc, as proposed by Faifar, 2000 is T¢ = 0.6s, or Tc = 0.7s (Cosenza and
Manfredi, 1997).

3.5.5 Seismic Demand for Equivalent SDOF System

The capacity spectrum method initially characterises seismic demand by an elastic response
spectrum. Converted and plotted in AD format it shows the spectral accelerations as a
function of spectral displacements.

The AD format allows the demand spectrum to be “overlaid” on the buildings’ capacity
spectrum. The intersection of the demand and capacity spectra is seismic demand [from the
structure]. It represents a point where demand and capacity are equal, and often is termed
building ‘performance’ point, or simply ‘Performance Point’.

The location of the performance point must satisfy two conditions:

1. The point must lie on the capacity spectrum curve in order to represent the structure at
the given displacement; and,

2. The point must lie on a spectral demand curve, reduced from the elastic 5 percent
damped response spectrum, that represents the nonlinear demand at the same
structural displacement.

If the performance point is located in the linear range of the capacity, it defines the actual
displacement of the structure. This is not normally the case as most structures experience
inelastic (nonlinear) behaviour when exposed to strong seismic action. For seismic inputs
being of interest for damage/loss assessment, the performance points will regularly be out of
linear, i.e., in inelastic (nonlinear) capacity range.

When the performance point is located in the nonlinear range of the capacity, in the general
case, determination of the performance point requires a trial and error search for satisfying the
two criteria specified above. In the following, presented are three alternate procedures. All
are based on the same concepts and mathematical relations, but vary in assumptions made in
solution process and the dependence on graphical versus analytical techniques.
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Performance Point for General Form of Capacity Spectra

Term ‘General Form of Capacity Spectra’ assumes a capacity spectra of linear form until the
yield point and nonlinear post-yield segment. The procedure presented below is designed as
hand or spreadsheet iteration method of converging on the performance point.

To define performance point a trial point (Sgrr, Satr) on the capacity spectrum should be
selected as an initial estimate. A first choice of trial point could be the displacement obtained
using the equal displacement approximation (Fig. 3.6-1), or, it may be the end point of
capacity spectrum, or, any other point chosen based on the expert judgement.

Based on the spectral acceleration and the spectral displacement defining the trial point
(Sarr, Satr), the strength reduction factor accounting for nonlinear effects associated with it
shall be calculated, and then, the demand spectra reduced for calculated strength reduction.
The reduced demand spectrum intersects the capacity spectrum at (Sqnew, Sanew) point. If the
displacement at the intersection is equal to initially assumed (Sqrr), or is within 5 percent
(0.95S41r < Sanw < 1.05S41r) of the displacement of the trial performance point, the point
(Sanew, Sanew) 1S the performance point, i.e., the unique point where the capacity equals
demand.

Initial Syrr, S.tr point chosen
-~~~ Dbased on equal displacement
approximation

Satr | Capacity Spectrum

5% damped response
spectrum

Spectral Acceleration, g

SdTR

Spectral Displacement, cm

Fig. 3.6-1 General Spectrum Procedure

If the demand spectrum does not intersect the capacity spectrum within the acceptable
tolerance, a new trial point shall be selected and the procedure repeated until the accepted
tolerance is reached. The choice of a new trial point might be the intersection point
determined in the previous step (Sqrr = Sanew, Satr = Sanew), Or any other point chosen based
on expert judgement. For more detailed discussion on the approach the reader is refered to
Chapter 8 of ATC-40 document.
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Performance Point for Bilinear Representation of Capacity Spectrum

In the case the capacity spectrum is represented by bilinear shape, as it is the case with
developments achieved under RISK-UE, a simplified and more direct approach can be used
for defining the performance point (Fig. 3.6-2). It is based on the assumption that not only the
initial slope of the bilinear representation of the capacity model remains constant, but also the
yield point and the post-yield slope. This simplifying assumption allows a direct solution
without drawing multiple demand spectra, i.e.:

STEP 1:

STEP 2:
STEP 3:

STEP 4:

STEP 5:

STEP 6:

T.
F
. ... Line connecting points plotted as
T; specified in step 6
[ ] i
s ! Performance point at intersection of
\ Capacity spectrum and line plotted as
| specified in step 6
sap- 1---=-- —f.-_ ¥ el *®._ Capacity Spectrum

P , 5% damped response
spectrum

_-------_-_-__“—————._

Spectral Acceleration, g

T LIS

DY=SdY Sdp Sdi S
d

Spectral Displacement, cm

Fig. 3.6-2 Capacity Spectrum Procedure
for Bilinear Capacity Model

Plot the 5 percent damped elastic spectrum and the capacity spectrum on the same
chart;

Chose several values of Sg;, i=1, 2, 3, ..., N, such as Sq;> Say, Sa,i+1 > Sq;i

For each chosen Sq; define ductilities pi = Sq/Say, spectral periods T;,
T;= 2n\/(Sd,i/Sa,i) and define the spectral range (acceleration T; < T¢, or velocity
T; > T¢) where it falls

Calculate strength reduction factors R,; using the appropriate expression of
Egs. 3-14

Calculate reduced spectral accelerations (S,;) by reducing the corresponding 5%
damped elastic spectral accelerations (S,;) for adequate strength reduction factor
Ru,i;

S =S /R, . (3-15)

a,i ae,i y7R)

Plot the calculated discrete acceleration/displacement spectral values (Sqi, Sai)
and draw a line connecting plotted points. The intersection of this piecewise linear
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line with the capacity spectrum is the demand spectral displacement, i.e., the
performance point.

Although procedure requires plotting of multiple (Sqi, Sai) points, the only (Sqi, Sai) point
that has any real significance is the one that lies on the capacity spectrum curve. This point
defines the intersection point of the capacity spectrum with the adequate constant damping
demand spectrum, and thus defines the demand displacement.

It is evident (Fig. 3.6-2) that the (Sq;, Sai) piecewise line steadily slopes down until intersect
with the capacity spectrum. This provides opportunity for the procedure to be fully coded and
completely automated.

Performance Point for Elastic-Perfectly Plastic Representation of Capacity Spectrum

While the above-presented procedure also applies, for this particular case (Fig. 3.6-3) there is
closed mathematical solution (Fajfer, 2000), thus no plotting is required at all. An estimate on
the displacement due to a given seismic demand is made using a simple technique called ‘the
equal displacement approximation’. This approximation is based on the assumption that the
inelastic spectral displacement (Sq4, Fig. 3.6-3) is the same as that which would occur if the
structure remained perfectly elastic (Sge).

T<Tc

Tc

TSTe

5% damped response
spectrum

Spectral Acceleration, g

D, Dy Sa=Saqe Sq

Spectral Displacement, cm

Fig. 3.6-3 Capacity Spectra Procedure -Elastic-
Perfectly Plastic Capacity Model

The intersection of the radial line corresponding to the elastic period [Te, T. = 2n\/(Sde/ Sae)] of
idealized elastic-perfectly plastic system with the elastic 5% damped response spectra (Sae)
defines the acceleration (i.e. the strength) and the corresponding displacement (S4.) demands
required for elastic (linear) behaviour of the system. The yield acceleration (Sa.y) represents
both the acceleration demand and the capacity of the inelastic system. The ratio between the
accelerations corresponding to the elastic and inelastic systems represents the strength
reduction factor due to ductility, i.e.;
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_S.(T) (3-16)

Based on ‘the equal displacement approximation’ the inelastic displacement demand Sq4
(Fig. 3.6-3) is equal to the elastic displacement demand Sge (S¢ = Sqe), and
Sd = Sde = dey = LLDy.

For constant acceleration (T, < T¢) and the constant velocity (T. > T¢) spectral ranges, the
ductility demands p,, are:

T,
u,=(R, _I)FCH Te < Tc (3-17a)
Ss _ S.(T.)
g =4 zlevel_p Te> Te (3-17b)
P Dy Say M

and the coordinates of performance point are calculated as:

S
SdP = Dyﬂ == Rde ﬂp (3—183)

(3-18b)

Summary of the procedure:

STEP 1:  Define the yield point coordinates for capacity spectrum [Dy = (Sqy, Say)];
STEP 2:  Define the elastic period of the structure (T.), T. = 2n\/(Dy/ Say)

STEP 3:  For T=T,, define corresponding ordinates of 5% damped elastic acceleration
response spectrum S, (7. )and capacity spectrum S, = S, (T);

STEP 4:  Calculate the strength reduction factor Ry, R, =S, (T ; )/ S

ay 5

STEP 5:  Depending of the relation between T, and Tc, calculate the demand ductility p, by
using adequate equation from Eq. 3-17;

STEP 6:  Use Eq. 3-18 to calculate the coordinates of the performance point.

The procedure is mathematically closed and easy for coding. No iteration or plotting is
needed.
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Table 3.1-1 Parameters of the capacity curves for Pre Code masonry and RC buildings
BTM Institution Yield point Ultimate point
Dy (cm) Ay () Du (cm) Au (g)

MI1.1L UNIGE 0.38 0.173 1.93 0.173
M1.1M UNIGE 0.47 0.115 2.03 0.115
M1.1H UNIGE 0.66 0.058 2.28 0.058
M1.2L AUTH 0.352 0.18 1.433 0.2

UNIGE 0.15 0.15 1.55 0.15
M1.2M UIGE 0.31 0.12 1.69 0.132
M1.2H UNIGE 0.48 0.10 1.85 0.12
M3.3M CIMNE 0.63 0.133 2.91 0.117
M3.3H CIMNE 0.68 0.105 2.61 0.079
M3.4L UNIGE 0.53 0.297 3.18 0.297
M3.4M UNIGE 0.75 0.149 3.47 0.149
M3.4H UNIGE 0.92 0.099 3.67 0.099
RCIL UNIGE 0.77 0.187 4.47 0.187
RC1IM UNIGE 2.21 0.156 8.79 0.156
RC1H UNIGE 3.86 0.073 11.48 0.073

Table 3.1-2  Parameters of the capacity curves for Low Code masonry and RC

Buildings
BTM Institution Yield point Ultimate point
Dy (cm) Ay (g) Du (cm) Au (g)

RCI1L AUTH 2.32 0.192 9.58 0.209
RC1IM AUTH 4.27 0.17 10.77 0.175

AUTH 5.76 0.124 14.83 0.144
RC1H

UTCB 10.3 0.068 99.0 0.070
RC2L AUTH (RC4.1L) 1.08 0.385 5.05 0.466
RC2M AUTH (RC4.1M) 1.46 0.182 8.25 0.253

AUTH (RC4.1H) 3.86 0.204 15.6 0.26
RC2H

UTCB 1.3 0.215 7.4 0.302
RC3.1L AUTH 0.44 1.541 1.87 2.233
RC3.1M AUTH 0.85 0.808 2.63 1.131
RC3.1H AUTH 2.14 0.455 5.98 0.631
RC3.2L AUTH 1.63 0.182 6.37 0.193
RC3.2M AUTH 1.9 0.198 7.87 0.2
RC3.2H AUTH 2.26 0.253 7.8 0.272
RC4L AUTH (RC4.2L) 0.32 0.584 2.48 0.877
RC4M AUTH (RC4.2M) 0.82 0.331 4.87 0.451
RC4H AUTH (RC4.2H) 2.81 0.361 9.88 0.411

AUTH (RC4.3L) 0.39 0.472 3.23 0.623

AUTH (RC4.3M) 0.89 0.296 4.8 0.374

AUTH (RC4.3H) 2.50 0.309 8.12 0.37
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Table 3.1-3 Parameters of the capacity curves for Moderate Code masonry and RC

buildings
BTM Institution Yield point Ultimate point
Dy (cm) Ay (g) Du (cm) Au (g)

RCI1L UNIGE 1.52 0.375 8.94 0.375

CIMNE 1.418 0.083 5.107 0.117
RCIM

UNIGE 4.42 0.312 17.55 0.312

CIMNE 1.894 0.059 4.675 0.079
RC1H UNIGE 7.70 0.147 22.99 0.147

UTCB 6.2 0.138 89.0 0.20
RC2M UTCB 1.8 0.32 6.0 0.34

Table 3.1-4  Parameters of the capacity curves for High Code masonry and RC

buildings
BTM Institution Yield point Ultimate point
Dy (cm) Ay () Du (cm) Au (g)
RCIM 1Z11S 2.283 0.187 15.52 0.318
RC2M AUTH (RC4.1M) 1.90 0.277 8.88 0.316
RC4M 1Z11S 0.883 0.274 7.23 0.56
RC4H 1Z11S 4.59 0.239 16.26 0.435

Table 3.2-1  Parameters of the capacity curves for Pre Code masonry and RC buildings

BTM Institution Yield point Ultimate point

Dy (cm) Ay () Du (cm) Au (g)
RCIM UTCB (1941-62) 1.00 0.082 3.01 0.124
RC1H UTCB (1941-62) 2.32 0.093 6.96 0.140
RC2M UTCB (1941-62) 0.31 0.078 0.93 0.117
RC2H UTCB (1941-62) 1.07 0.088 3.20 0.131

Table 3.2-2  Parameters of the capacity curves for Low Code masonry and RC buildings

BTM Institution Yield point Ultimate point

Dy (cm) Ay (® Du (cm) Au (g)
RC1IM UTCB (1963-69) 0.64 0.053 2.90 0.079
RCIH UTCB (1963-69) 1.04 0.042 4.70 0.063
RC2M UTCB (1963-69) 0.48 0.12 2.15 0.180
RC2H UTCB (1963-69) 0.88 0.073 3.98 0.109
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Table 3.2-3 Parameters of the capacity curves for Moderate Code

masonry and RC buildings

. Yield point Ultimate point
BTM Institution
Dy (cm) Ay (® Du (cm) Au (g)

RCI1L IZ1IS (1964-81) 0.10 0.18 0.22 0.20

IZ1IS (1964-81) 1.51 0.17 3.31 0.19
RCIM UTCB (1970-77) 0.68 0.056 3.07 0.084

UTCB (1978-89) 1.26 0.141 12.63 0.282

1Z11S (1964-81) 3.52 0.10 7.75 0.11
RC1H UTCB (1970-77) 1.11 0.045 5.01 0.067

UTCB (1978-89) 2.87 0.160 28.73 0.320

UTCB (1970-77) 0.45 0.112 2.00 0.168
RC2M

UTCB (1978-89) 0.51 0.167 4.06 0.333
RO UTCB (1970-77) 0.94 0.077 4.22 0.116

UTCB (1978-89) 1.68 0.188 13.42 0.375
Table 3.2-4 Parameters of the capacity curves for High Code masonry and RC buildings

. Yield point Ultimate point
BTM Institution
Dy (cm) Ay (® Du (cm) Au (g)

RCI1L IZ1IS (1981) 0.07 0.13 0.59 0.26

IZ11S (1981) 1.31 0.15 10.44 0.29
RC1IM

UTCB (1990-02) 1.58 0.176 15.79 0.353

IZ11S (1981) 4.58 0.13 36.63 0.26
RC1H

UTCB (1990-02) 3.59 0.200 3591 0.400
RC2M UTCB (1990-02) 0.63 0.208 5.07 0.417
RC2H UTCB (1990-02) 2.10 0.234 16.77 0.469
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Table 3.3 Fundamental Periods of Typical RC Systems
Country Building type Fundamental Period, T (s)
H H
T=0.099—=
Greece JLVH+pL
p = ratio of the area of RC shear walls to the total area of the shear walls and RC
columns, in a typical story of the building
T. = 0.1H
Italy oL
Spain RC Buildings with structural walls H H
T=0.06— >0.50
JLV2L+H
RC buildings H
s T, = 0.09—— > 0.50
JL
Steel buildings H
& T=0.10— >0.50
JL
For RC buildings with structural walls or with steel bracing, the values for the
fundamental period T should be multiplied by factor f given by:
f=0.85\1/(1+L/H
Romania RC Buildings with structural walls
Bar-type buildings Tt =0.045n; T1=0.040n
Tower-type buildings T=0.065H/ \/f
RC Dual system buildings
Bar-type buildings Tt =0.055n; TI=0.045n
Tower-type buildings T=0.075H/ \/f
Frame-type buildings T=0.3+0.05n forn<6
T=0.10n for5<n<6
France Buildings with masonry, or cast-in- H H
place concrete structural walls T=0.06—=
JLV2L+H
Buildings with RC shear walls or with H H
steel or concrete bracing T=0.08—
JLV2L+H
RC buildings with moment resisting H
frames T= 0-097
L
Steel buildings with moment resisting H
frames T= O'IOE

H = Height of the building
L = dimension in plan in direction of the seismic force
n = Number of floor levels (number of stories)
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Table 3.4-1 Parameters of the fragility curves for Pre Code masonry buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
e | 2| g
= | 5 - Sl 2| 2| s g g g
< = Q =l o o o= o
S E| 82| 2|2 25|28 |g|8|§|8]¢
=] A~ ~ = 'r7> = 4} O = M = /M = aal = M
M1.2L 4 0.15 0.36 0.71 1.55
M1.2M 4 0.31 0.51 0.86 1.69
M1.2H 4 0.48 0.69 1.03 1.85
M3.3M 2 17.0 0.44 | 040 | 0.63 | 0.50 | 1.20 | 0.75 | 2.91 | 0.70
M3.3H 2 24.0 0.46 | 0.30 | 0.68 | 0.65 | 1.68 | 0.65 | 2.61 | 0.65
Partners: 1-AUTH; 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB
Table 3.4-2  Parameters of the fragility curves for Low Code masonry and RC buildings
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
g |23
= 5 5| = | 5| 2| 5| & ks kS k
= | E| 8|2 | 2|2 | 25|25 285|238 |¢8|%8]¢
==} & ~ = 7 = 8 o) = al = @ = M = M
M1.2 1 1 0.145| 0.437| 0.335] 0.656| 0.447| 0.564| 0.64| 0.385
M1.2 2 1 1.518 0.8 2.466 09| 3.134 0.7 3.587 0.6
M34 1 1 0.289| 0.85| 0.374 0.8] 0.468 0.7] 0.553| 0.65
M34 2 1 1.686 0.5 2.059 0.5] 2.513 0.5 4.090| 0.65
RC1H 5 37.97| 27.94| 0.00| 0.01| 0.01| 0.02f 7.82| 0.65| 17.88| 0.75| 27.94| 0.85| 68.16| 0.95
RC2H 5 31.00| 21.99| 0.02| 0.06| 0.09| 0.24| 0.52| 0.65( 1.30| 0.75| 2.09| 0.85| 5.22| 0.95

Partners: 1-AUTH; 2-CIMNE, 3-IZIIS; 4-UNIGE; 5-UTCB

Table 3.4-3  Parameters of the fragility curves for Moderate Code masonry and RC

buildings
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
e | 2| g
s | s| _|=|=|2|%2|2]¢
S sl g2 | 2|2 || 82|28 |8 |2|8|28] %
-~ = 2 = 7 = & O = al = 3 = M = )
RCIM 2 15.8 0.99| 0.28| 1.42| 0.36| 2.34| 0.50| 5.11| 0.61
RC1H 2 24.0 1.33] 0.28| 1.89| 0.29| 2.59| 0.34| 4.68| 045
RC1H 5 30.8| 24.8| 0.00f 0.01| 0.01| 0.03] 11.67| 0.65| 21.61| 0.75| 31.79| 0.85| 72.03| 0.95
RC2M 5 22.0f 16.2| 0.00f 0.00{ 0.00| 0.00] 0.46| 0.65| 1.02| 0.75| 1.58| 0.85| 3.84| 0.95

Partners: 1-AUTH; 2-CIMNE, 3-I1ZIIS; 4-UNIGE; 5-UTCB
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Parameters of the feagility curves for High Code RC buildings

Table 3.4-4
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
e | 2| g
= 5|l .| s | =| 5] 2| <] & ks S ks
= | E| 5|2 |2|2|2|5|8 s |8 |s|8)|g]| %8| ¢
=) gl 2| = || = |d]|]oc| 2 |a|=2|a|=2|a|=|a
RCIM 3 2501 050 3.97| 0.43| 5.18| 0.43]| 10.54| 0.51
RC4M 3 0.70| 0.50( 1.27| 0.41| 1.68| 0.40| 3.07| 0.40
RC4H 3 1.97| 0.46| 3.18| 0.33| 4.27| 0.30| 8.72| 0.32
Partners: 1-AUTH; 2-CIMNE; 3-IZIIS; 4-UNIGE; 5-UTCB
Table 3.5-1  Parameters of the fragility curves for Pre Code RC buildings
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
=
s ‘% - ﬂé ; 2 g 5 g g
= || 22|22 E 5|3 |s|3|s|%]|¢
/® = ~ = 7 = & O = al = 3l = /M = aal
RCIL 5 570 342| 0.04| 0.08| 0.13| 0.30| 0.14| 0.65| 0.29| 0.75| 0.44| 0.85| 1.03| 0.95
RCIM 5 1710 1026| 0.04| 0.08| 0.12| 0.27| 038| 0.65| 0.78| 0.75| 1.18| 0.85| 2.79| 0.95
RC1H 5 2850| 1710| 0.05| o0.11| 0.16/ 0.38| 0.87| 0.65| 1.80| 0.75| 2.73| 0.85| 6.46| 0.95
RC2L 5 570( 399| 0.00| 0.01| 0.01| 0.03| 0.01| 0.65| 0.03| 0.75| 0.05| 0.85| 0.11| 0.95
RC2M 5 1710 1197| 0.01| 0.02| 0.03| 0.07| 0.12| 0.65| 0.24| 0.75| 0.36| 0.85| 0.86| 0.95
RC2H 5 2850| 1995| 0.02| 0.04| 0.06 0.15| 0.40| 0.65| 0.83| 0.75| 1.26| 0.85| 2.97| 0.95
Institutions: 1-AUTH; 2-CIMNE; 3-IZIIS; 4-UNIGE; 5-UTCB
Table 3.5-2  Parameters of the fragility curves for Low Code RC buildings
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
=
= S|l .| = | =] 5|2 =] 8 8 8 g
E | 2|8 | 8|2 | 2|8 |E |8 | |3 |s|%38|s|%3/|¢
=] = ~ = 7 = 5 @) = eal = 3l = /M = M
RCIL 5 570 342| 0.06| 0.12| 0.18| 0.43| 020 0.65| 0.41| 0.75| 0.62| 0.85| 1.47| 0.95
RCIM 5 1710 1026| 0.03| 0.07| 0.11| 0.25| 0.34| 0.65| 0.71| 0.75| 1.08| 0.85| 2.55| 0.95
RCIH 5 2850| 1710 0.03| 0.07| 0.10| 0.24| 0.56| 0.65| 1.15| 0.75| 1.75| 0.85| 4.14| 0.95
RC2L 5 5701 399| 0.01| 0.02| 0.03| 0.07| 0.04| 0.65| 0.08{ 0.75| 0.12| 0.85| 0.28| 0.95
RC2M 5 1710 1197| 0.02| 0.04| 0.07| 0.16| 025 0.65| 0.53| 0.75| 0.80| 0.85| 1.89| 0.95
RC2H 5 2850| 1995| 0.02| 0.05| 0.07| 0.18| 047 0.65| 0.98| 0.75| 1.48| 0.85| 3.51| 0.95
Institutions: 1-AUTH; 2-CIMNE; 3-IZIIS; 4-UNIGE; 5-UTCB
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Table 3.5-3  Parameters of the fragility curves for Moderate Code RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
=} o o Q
= 2 _ = 2 k5 o o = =
2 — < = 5} = o 8 8 8 8
= | 2| 8|8 2|2 8| E 2|3 |s|/%38|s|3/|¢
/® = ~ = 7 = 5 @) = eal = 3l = /M = M
RCIL 3 0.11{ 040| 0.13| 0.50| 0.15| 0.60| 0.21| 0.70

5A 570 342| 0.06| 0.13| 0.19| 0.46| 0.21| 0.65| 043| 0.75| 0.66| 0.85| 1.56| 0.95
5B 570 342| 0.15| 0.32| 050 1.21| 0.50| 0.65| 1.11| 0.75| 1.72f 0.85| 4.15| 0.95
RCIM 3 1.67| 0.40| 1.92| 050 2.17| 0.60| 3.16| 0.70
SA 1710 1026| 0.04| 0.07( 0.11| 0.26| 0.36| 0.65| 0.75| 0.75| 1.14| 0.85| 2.70| 0.95
5B 1710 1026| 0.12| 0.27| 042| 1.02| 1.26| 0.65| 2.79| 0.75| 4.32| 0.85| 10.43| 0.95
RC1H 3 391 040 4.49| 050 5.07| 0.60| 7.40( 0.70
5A | 2850| 1710| 0.04| 0.07| 0.11| 0.26| 0.59| 0.65| 1.23| 0.75| 1.87| 0.85| 4.42| 0095
5B 2850| 1710 0.17| 0.37| 0.57| 1.39| 2.87| 0.65| 6.35| 0.75| 9.82| 0.85| 23.72| 0.95
RC2L 5A 5701 399| 0.01| 0.02| 0.02| 0.06f 0.03] 0.65| 0.06| 0.75| 0.09| 0.85| 0.22| 0.95
5B 570 399| 0.01f 0.02| 0.03| 0.06f 0.03] 0.65| 0.07| 0.75| 0.10f 0.85| 0.25| 0.95
RC2M 5A 1710 1197 0.02| 0.04| 0.06| 0.15| 0.24( 0.65| 0.49| 0.75| 0.75| 0.85( 1.77| 0.95
5B 1710 1197| 0.04| 0.08( 0.12| 0.28| 043| 0.65| 092 0.75| 1.41| 0.85| 3.37| 0.95
RC2H S5A | 2850 1995| 0.03| 0.05| 0.08] 0.19| 0.50| 0.65| 1.04| 0.75| 1.57| 0.85| 3.72 0.95
5B 2850| 1995| 0.07| 0.15| 0.23| 0.56| 1.41| 0.65| 3.03| 0.75| 4.65| 0.85| 11.15| 0.95

Institutions: 1-AUTH; 2-CIMNE; 3-1Z1IS; 4-UNIGE,; 5-UTCB

Table 3.5-4  Parameters of the fragility curves for High Code RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
= ) o Q

= | 2|8 28| 22|83 2|8 |s|2|zs|3¢

/® = ~ = 7 = & O = al = 3l = /M = aal
RCIL 3 0.12| 0.40| 0.19( 0.50| 0.26| 0.60| 0.53| 0.70
5 570 342| 0.18| 0.39| 0.59| 1.40| 0.63| 0.65| 1.32| 0.75| 2.01| 0.85| 4.78| 0.95
RCIM 3 2.11| 0.40| 3.31| 0.50| 4.52| 0.60| 9.35| 0.70
5 1710| 1026| 0.15| 032| 049 1.17| 1.58| 0.65| 3.32| 0.75| 5.06| 0.85| 12.03| 0.95
RC1H 3 740 0.40| 11.64| 0.50| 15.87| 0.60| 32.82| 0.70
5 2850 1710| 0.21| 0.44| 0.67| 1.60f 3.59| 0.65| 7.55| 0.75| 11.51| 0.85| 27.35| 0.95
RC2L 5701 399| 0.01f 0.02| 0.03| 0.07| 0.04| 0.65| 0.08| 0.75| 0.12] 0.85| 0.29| 0.95
RC2M 1710 1197 0.05| 0.09| 0.14] 0.33| 0.54| 0.65| 1.10| 0.75| 1.66| 0.85| 3.90| 0.95
RC2H 2850| 1995| 0.09| 0.18| 0.28| 0.65| 1.79] 0.65| 3.64| 0.75| 5.49| 0.85| 12.89| 0.95

Institutions: 1-AUTH; 2-CIMNE; 3-1Z1IS; 4-UNIGE, 5-UTCB
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Table 3.6 Building Drift Ratios at the Threshold of Damage States
gn 2 Spectral Displacement
= Definition Displacement Limits (AUTh) Limits (UNIGE,
80 CIMNE)
0 No damage A<0.7Ay D < 0.7 Dy
1 Slight damage 0.7Ay <A <0.7Ay+0.05*Auy 0.7Dy <D < 1.0 Dy
2 Moderate damage 0.7Ay+0.05*Auy < A < 0.7Ay+0.20*Auy 1.0 Dy <D < Dy+Duy
3 Extensive damage 0.7Ay+0.20*Auy < A < 0.7Ay+0.50*Auy Dy+Duy <D <Du
4 Very heavy damage 0.7Ay+0.50*Auy < A < 0.7Ay+1.00*Auy Du<D
Auy = 0.9Au-0.7Ay Duy = 0.25*(Du-Dy)
Table 3.7 Strength Reduction Factors
Author Strength reduction factor

Fajfar and Vidic,
2000 (F)

T
R“:(u—l)?ﬂ

R,=n
R, =1+1.5t""(u-1)"*
Cosenza and T:I
Manfredi, 1997 (C) T,
=1 T>T,
R“:1+“—_1
D
1
D=1+ ———exp[ 1.5(InT- 06)]
10T—pT 2T
. 1
Miranda, 1996 (M) | & =1+ ———exp[ 2(InT - 02)]
12T—uT 5T
T. 3T T ?
O=1+-2>-"Sexp -3 In—-0.25
3T 4T T,
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Table 3.8. Principal Steps of Fragility Analysis

Steps Pushover / CBA Nonlinear Dynamic

STEP 1: Define/model capacity spectra | Define/model dynamic capacity
(bilinear model) spectra (bilinear model)

STEP 2: Define damage thresshold levels Corralte global damage index (DI) vs
(criteria) spectral  displacement  (S4) and
st calculate mean damage index (DlI,)

Say Sz 5 S and its tandard deviation (cpy)
»:v e

Sd, =0.7Dy Jo .
E =Dy
Sd; =Dy +0.25(Du - Dy)
E =Du

STEP 3: Calculate cumulative probability (CP) | Calculate cumulative probability (CP)
for being in or exceeding certain | for being in or exceeding certain
damage state (k) at certain Sy level | damage index at certain Sy level
(beta distribution Table 3.8.1 (normal distribution)
P(D>D, )=1-P,(k DIy, — DI

( ) p (k) P[D12D1K]=1—c1{—K aV}
Py (k) - beta distribution bl
D=0, 0.1, 0.25, 0.4, 1.0

STEP 4: Perform regrssion analysis for Sy - CP for each damage degree and calculate
median value of the spectral displacement (§d’ds) and lognormal standard
deviation (Bgs)

STEP 4A: Calculate directly Bgs as a function of ultimate ductility p,
Bs, =0.25+0.07In(n,) Bs =0.2+0.18In(u,)
Bs, =0.1+0.4In(n,) Bs, =0.15+0.5In(y,)

STEP 5: Fragility curves are defined with the steps: 1) 1, 2 and 4A for pushover or CBA

only; or 2) 1, 2, 3, 4 for both types of analyses

Table 3.8.1 Beta Distribution

Condition Sdl Sdz Sd3 Sd4
Py (1)=0.5 0.500 0.119 0.012 0.00
P (2)=0.5 0.896 0.500 0.135 0.008
P; (3)=0.5 0.992 0.866 0.500 0.104
Py (4)=0.5 1.000 0.988 0.881 0.500
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4. RISK-UE approaches for developing capacity and
fragility models

4.1. AN OVERVIEW

The RISK-UE WP4 working group (AUTH, CIMNE, IZIIS, UNIGE and UTCB) proposed
several methods for developing L2 capacity and fragility models to be used for elaboration of
probabilistic earthquake scenarios i.e. estimation of expected damages and losses in RISK-UE
cities.

These methods use different analytical approaches and analyze different building types. They
present: 1) capacity models as capacity spectrum (AD format); and, 2) fragility models in
terms of spectral displacement as lognormal standard distribution functions.

In addition to these analytical methods, a so called "Code-based approach" is develop which
considers the design parameters included in different European aseismic codes as well as the
available experimental data and expert judgment.

In the proceeding text these methods are briefly discussed taking into consideration the:

¢ buildings typology;

method(s) used for seismic response analysis and developing capacity models;

definition of damage states; and,

method(s) for developing fragility models and damage probability matrices (DPM).

This chapter is based on the reports provided by the partner institutions. The comprehensive
list of these contributions is given in the references.

4.2. AUTH WP4 WG APPROACH

A hybrid method to seismic vulnerability assessment has been developed by AUTh WP4 WG
(Kappos et al., 1995, 1998, 2002, 2003) in recognition of the fact that reliable statistical data
for seismic damage from past earthquakes is limited and typically correspond to very small
number of intensities. The methods itself combine the available damage databases from the
past earthquakes in Greece (Thessaloniki 1978, Kalamata 1986, Pirgos 1993, Aegion 1995)
with expert judgment and analytical (mechanical) approaches.

4.2.1 Buildings typology

AUTh Method is used to develop capacity and fragility models for: unreinforced masonry (URM) and
reinforced concrete (RC) buildings.
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With several parametric analyses varying the material and geometric characteristics of URM
building, prototype buildings are defined to represent M 1.2 and M3.4 low rise building stock.

RC1, RC2, RC3.1, RC3.2 and RC4 RISK-UE BTM are analyzed as prevailing RC building
types.

4.2.2. Methods used for seismic response analysis and developing capacity
curves

Two principal methods are used for seismic response analysis and developing capacity
curves: 1) nonlinear dynamic time-history analysis; and, 2) pushover analysis. The later
approach became a preferred one for further use considering its main advantages such as:
there is no need to select or develop earthquake records and there is no need to consider
hysteretic behavior of the structures.

The 3D pushover analysis of URM buildings uses equivalent frame models and concentrated
non-linearity at the ends of the structural elements. The non-linearity is simulated with
nonlinear rotational springs, whose constitutive laws are defined by the moment-rotation
curve of each element accounting for both flexure and shear.

The nonlinear shear behavior has been modeled using a Mohr-Coulomb failure criterion for
the definition of shear strength and statistical analysis of experimental results for defining
shear deformations.

Pushover curves and corresponding capacity spectra are developed for 1-3 story URM
buildings (including mean estimation) defined as bilinear curves with the yielding and
ultimate point.

The modeling approach used to develop capacity curves for RC buildings is based on lumped
plasticity models as implemented in SAP2000 nonlinear software code.

For the pushover analysis different distributions of the lateral loads were tested and the
generalized triangular distribution is adopted as the most representative.

The AUTh approach also includes modeling of infill walls in the RC structures based on the
traditional diagonal strut concept.

2D and 3D pushover analyses are performed for symmetrical and asymmetrical RC structures,
respectively for regular and irregular distribution of infill walls.

Pushover curves and corresponding capacity spectra are developed for:

e Low Code (1959 Code) RCI(LMH), RC2(LMH), RC3.1(LMH), RC3.2(LMH),
RC4(LMH); and,

e High Code (1995 Code) RC1M, RC2M.
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4.2.3 Definition of damage states

Five damage states are adopted in AUTH method. They are defined in accordance to the
damage index presented in Table 4.1.

Table 4.1. Damage states and damage index

Damage grade Definition Range of damage index
0 No damage 0
1 Slight damage 0-5
2 Moderate damage 5-20
3 Extensive damage 20-50
4 Very heavy damage and collapse 50-100

The (economic) damage index is defined as a ratio of the cost of repair to cost of replacement
of a building. For URM buildings, the damage states are expressed as a function of the roof
displacements as follows (Table 4.2)

Table 4.2. Damage states and displacement limits

Damage grade Definition Displacement limits

0 No damage <0.7Ay

1 Slight damage 0.7Ay <A< 0.7Ay+5(0.9Au-0.7Ay)/100

2 Moderate damage 0.7Ay+(5(0.9Au-0.7Ay)/100 <A<
0.7Ay+(20(0.9Au-0.7Ay)/100

3 Extensive damage 0.7Ay+(20(0.9Au-0.7Ay)/100 <A<
0.7Ay+(50(0.9Au-0.7Ay)/100

4 Very heavy damage 0.7Ay+(50(0.9Au-0.7Ay)/100 <A<
0.7Ay+(100(0.9Au-0.7Ay)/100

For RC buildings, an appropriate models correlating the economic damage index for the RC
members to the ductility demands as well as economic damage index for masonry infill panels
to the interstory drift are developed by AUTh WP4 WG (Fig. 4.1).

Dc Dp
17 17
0.8 0.8
0.6 0.6
0.4 0.4
0.2 1 i 0.2 1 x/H
0 ) 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Fig. 4.1. Correlation between structural damage ratio and economic damage ratio
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4.2.4 Fragility models and damage probability matrices

The damage probability matrices are developed by using hybrid approach based on the
statistical data and mechanical methods for analysis.

The principal steps are the following: 1) construct the columns of DPM for which the
statistical data from past earthquakes exist; 2) construct the remaining parts of the DPM on
the basis of the results of inelastic time history or pushover analysis considering the criteria
elaborated in Table 4.2 and Fig. 4.1. For certain macroseismic intensities (I>10) expert
judgment is used to construct corresponding columns of the DPM; 3) establishing link
between macroseismic intensity and PGA, as well as evaluation of the spectral displacement
for mean predominant period of structures; and, 4) calculation of the median value of spectral
displacements and the corresponding standard deviation of the fragility models by regression
analysis of the cumulative DPM.

Fragility models for Low Rise URM buildings are developed using the procedure described
above. The capacity and fragility curves developed by AUTh are presented in the Tables 4.3
and 4.4.

Table 4.3. Capacity curves

/AUTH/
BTM Yield point Ultimate point
Dy(cm) | Ay(g) | Du(em) | Au(g)
Low code
URM 1 0.105 0.28 0.576 0.29
URM 2 0.312 0.16 1.49 0.19
URM 3 0.64 0.11 2.233 0.13
URM 0.352 0.18 1.433 0.2
Low code
RCIL 2.32 0.192 9.58 0.209
RCIM 4.27 0.17 10.77 0.175
RCIH 5.76 0.124 14.83 0.144
RC2L 1.08 0.385 5.05 0.466
RC2M 1.46 0.182 8.25 0.253
RC2H 3.86 0.204 15.6 0.26
RC3.1M 0.44 1.541 1.87 2.233
RC3.1L 0.85 0.808 2.63 1.131
RC3.1H 2.14 0.455 5.98 0.631
RC3.2L 1.63 0.182 6.37 0.193
RC3.2M 1.9 0.198 7.87 0.2
RC3.2H 2.26 0.253 7.8 0.272
RC4L 0.32 0.584 2.48 0.877
RC4M 0.82 0.331 4.87 0.451
RC4H 2.81 0.361 9.88 0411
RC4.3L 0.39 0.472 3.23 0.623
RC4.3M 0.89 0.296 4.8 0.374
RC4.3H 2.50 0.309 8.12 8.37
High Code
RC2M 1.90 0.277 8.88 0.316
RC4M 1.17 0.432 4.76 0.517
RC4.3M 1.13 0.353 4.87 0.44
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Table 4.4. Fragility curves

/AUTh/
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
2 | 2| g

> = g 2 = g 8 5 g

= |z 2| 2|2 &E|g|28|s|2|s|2|¢s|%23)¢

=<} ~ = 7 = S} O = al = al = 3l = /M

Low Code

M1.2 1 0.145| 0.44 [ 0.335| 0.66 | 0.447| 0.56 | 0.640 | 0.38
M1.2 2 1.518 | 0.80 [2.466 | 0.90 |3.134| 0.70 | 3.587 | 0.60
M3.4 1 0.289 | 0.85 [ 0.374| 0.80 | 0.468 | 0.70 | 0.553 | 0.65
M3.4 2 1.686 | 0.50 [2.059| 0.50 |2.513| 0.50 |4.090 | 0.65

4.3. CIMNE WP4 WG APPROACH

CIMNE WP4 WG used analytical approach to estimate the seismic vulnerability of the
residential building stock in Barcelona.

4.3.1 Buildings typology

Residential buildings in Barcelona are mainly reinforced concrete and unreinforced masonry
buildings. The capacity and fragility models for RC1(MH) and M3.3(MH) buildings are
developed considering the fact that these RISK-UE BTM members reasonably represent the
dominant structural typology of the residential buildings in Barcelona.

4.3.2. Method used for seismic response analysis and developing capacity
curves

The capacity curves for RC buildings are developed using pushover analysis. The RC
structures are modeled as several plane frames connected with rigid diaphragms.

The pushover analyses of masonry structures are performed using inplane nonlinear macro-
element analysis (computer code TreMuri).

The capacity spectra for RC1 and M3.3 are developed as bilinear curves.

4.3.3. Definition of damage states and fragility models

Considering the capacity spectra, the median spectral displacements defining the damage state
thresholds, are determined in a straight forward manner. Assuming the following damage
states: 0 none, 1 slight, 2 moderate, 3 extensive and 4 complete, the corresponding mean
spectral displacements are given as follows (Eq 4-1)
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Sd, =0.7Dy

Sd, =Dy

Sd; = Dy + 0.25(Du - Dy)
EzDu

(4-1)

The approach assumes that the probability of each damage state at its spectral displacement is
the 50% and the probability of the other damage states follows the Beta distribution (LM1
approach).

The discrete probability distributions for each damage state are summarized in Table 4.5.

Table. 4.5. Probabilities by beta distribution

Condition 1o Py (1) Py (2) P; 3) Py (4)
Py (1)=0.5 0.911 0.500 0.119 0.012 0.00
Py (2)=0.5 1.919 0.896 0.500 0.135 0.008
Py (3)=0.5 3.081 0.992 0.866 0.500 0.104
Py (4)=0.5 4.089 1.000 0.988 0.881 0.500

The lognormal standard deviations corresponding to each median spectral displacement are
calculated by regression analysis using the lognormal standard distribution model.

Fragility models for RC1 and M3.3 buildings are developed using the approach described
above.

The capacity and fragility curves developed by CIMNE WP4 WG are presented in the Tables
4.6 and 4.7.

Table 4.6. Capacity curves

/CIMNE/

BTM Yield point Ultimate point

Dy (cm) | Ay(g) | Du(em) | Au(g)

Moderate code

M3.3M 0.63 0.133 291 0.117
M3.3H 0.68 0.105 2.61 0.079
RCIM 1.418 0.083 5.107 0.117
RCIH 1.894 0.059 4.675 0.079
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Table 4.7. Fragility curves

/CIMNE/
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
Q o Q
= sl |2|z2| 2|83 |s|/38|s|8|¢g2|38/|¢
/® ~ = ©n = i) o) = aal = al = M = M
Moderate Code
M3.3M 17.0 044 | 040 | 0.63 | 0.50 | 1.20 | 0.75 | 2.91 | 0.70
M3.3H 24.0 0.46 | 030 | 0.68 | 0.65 | 1.68 | 0.65 | 2.61 | 0.65
RCIM 15.8 099 | 028 | 1.42 | 0.36 | 2.34 | 0.50 | 5.11 | 0.61
RC1H 24.0 1.33 | 0.28 | 1.89 | 0.29 | 2.59 | 0.34 | 4.68 | 0.45

4.4. 1ZIIS WP4 WG APPROACH

An integral approach for estimation of seismic behavior and vulnerability of RC structures are
developed by IZIIS WP4 WG. Its principal steps are the following:

1. seismic response estimation;

2. estimation of the capacity and ductility of the structure;

3. damage states estimation;
4.

seismic vulnerability of the structure.

4.4.1. Buildings typology

Taking into consideration the modern construction practice in Macedonia, in particular after
adopting the actual aseismic design code (1981), RC structures became dominant residential
buildings typology.

Two buildings types are considered in the analyses: RC1 and RC4.

4.4.2. Method used for seismic response analysis and developing capacity
curves

The seismic response of the structure is estimated using nonlinear dynamic time-history
analysis.

1D shear type lumped mass model is used to model the RC structures. Its global stiffness
matrix and the elastic displacements are defined using 3D static analysis.

The nonlinear behavior of the structure is simulated using bilinear hysteretic model with 5, 8
and 10% damping and stiffness degradation factor in range 0.05-0.1.
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Representative set of earthquakes is defined to cover wide amplitude/frequency
characteristics of possible future events. Seismic hazard dissagregation techniques are
emphasized to estimate the possible hazard-consistent magnitude-distance-predominant
period parameters to be used in deciding the representative the time histories from existing
earthquake data bases or artificial earthquake generation.

An extensive strong motion database from 1979 Montenegro earthquake is used to develop
the representative set of earthquake records. Some world-wide earthquake records as well as
local strong motion data from 1994 Bitola Earthquake are also included in the stated set.

The capacity of the structure is defined by diagram of dynamic capacity that is approximated
by bilinear capacity curve using regression analysis. Every point of the diagram of dynamic
capacity represents seismic response of the structure for certain PGA and earthquake record.

Capacity curves and corresponding capacity spectra are developed for RC1 and RC4
buildings. In order to define the representative capacity spectra for the stated building types
an extensive building data base consisted of 52 RC buildings with different structural
characteristics is considered.

4.4.3. Definition of damage states

Five damage states are adopted in IZIIS method. These damage states are correlated with
1985, Park&Ang Damage index (Table 4.8) as follows

Table 4.8. Park and Ang damage index

Damage grade Definition Damage index (DI) range
0 No damage <0.10
1 Slight damage 0.10-0.25
2 Moderate damage 0.25-0.40
3 Extensive damage 0.40-1.00
4 Collapse >1.00

4.4.4. Fragility models and damage probability matrices

The following procedure is used to develop the fragility curves:

1. Global damage indices are correlated with the corresponding spectral displacements at the
top of the equivalent SDOF system;

2. Normal standard distribution is adopted to model the damage index and its variability for
discretized spectral displacement space (discretization step 0.5-1.0 cm). Corresponding

mean value of the damage index (DI,,) and the standard deviation op; are calculated (Fig.
4.2).
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3. Estimation of the conditional probability P[DI> DIy ] to reach or exceed certain damage
states defined by damage indices DI (Table 4.8)

P[DI>DIy |=1- @{M} (4-2)
Spi

4. The parameters of the fragility curves i.e., the median value of the spectral displacement
and the corresponding lognormal standard deviation are estimated using regression
analysis of the discrete values P[DI>DIy | and the average value of the spectral

displacement ranges.

The damage probability matrices are modeled with doubly bounded normalized normal
standard distribution as follows (Eq 4-3)

ILEELNRLEN
(&) (¢
P[dS]= DI DI

(D(DIH -DI,, J _ (D(DII -DI,, j
Opi Opr

ds is damage state, DIy is the global damage index for damage state k; DI, >> 1.0 and DI, =
0.0.

(4-3)

Dlay -
(o]

25

Fig. 4.2. Correlation of Sd and DI

The capacity and fragility curves developed by IZIIS WP4 WG are presented in the Tables
4.9 and 4.10.
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Table 4.9. Capacity curves

NZIIS/
BTM Yield point Ultimate point
Dy(cm) | Ay(g) [ Du(em) | Au(g)
High code
RCIM 2.283 0.187 15.52 0.318
RC4M 0.883 0.274 7.23 0.56
RC4H 4.59 0.239 16.26 0.435
Table 4.10. Fragility curves
/1ZIIS/
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
= — = % g 2 g 8 g g
= s | 2|22 | E|s5|s|8|zs|3|s|8/|¢s
-] g | = ||| &S| =|2|=|a|=|a]|=]|a
High Code
RCIM 2.50| 0.50| 3.97| 043 5.18| 0.43| 10.54| 0.51
RC4M 0.70f 0.50| 1.27| 0.41| 1.68| 040| 3.07| 0.40
RC4H 1.97| 0.46| 3.18| 0.33| 4.27| 030| 8.72| 0.32

4.5. UNIGE WP4 WG APPROACH

4.5.1. Buildings typology

UNIGE WP4 WG has directed the research activities towards analysis of URM buildings in
particular to M 1.2 buildings.

4.5.2. Method used for seismic response analysis and developing capacity
curves

A method for estimation of the seismic response of URM buildings is proposed by
Lagomarsino et al., DISEG-UNIGE (2002).

It introduces nonlinear macroelement model representative for in-plane non-linear behavior of
masonry piers and lintels able to reproduce earthquake damage to masonry buildings and
failure modes (share sliding, bending-rocking damage mechanism and compressive crushing)

observed in experimental testing.

The macroelement model implemented in the TREMURI computer software permits to:
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e obtain Capacity Curves by 3D pushover analyses;

e cvaluate the equivalent hysteretic damping, corresponding to different levels of
horizontal displacement;

e detect damage limit states considering global and local damage parameters;
e perform non-linear step-by-step dynamic analyses, in order to validate the simplified

method results.

The effectiveness and reliability of the TREMURI program is verified on a full scale model of
masonry building, experimentally tested to the collapse in the laboratory of the University of
Pavia [Magenes et al., 1997].

The pushover curve is converted into capacity spectrum
S= Bsd,roof (4-4)

where B = hjoaa / hroor 18 the ratio between the height of the horizontal resulting force of the
applied load vector hjo,q assumed as the height of the equivalent SDOF system, and hyor the
roof height.

The base-shear is converted into horizontal acceleration by imposing the tangency condition
of the linear branch of the curve with the constant period (7 = 7)) line in the origin of the
axes. The base-shear V is divided by the equivalent mass value m,, obtained from (Eq 4-5)

‘Ve T2

meq - 47’[2B (4'5)

e
Sd,roof

e

where V¢ is a value of the base shear in the elastic branch of the pushover curve and Sj

;1S

the corresponding roof displacement.

4.5.3. Fragility models

For developing fragility models the following procedure is proposed:

1. Definition of bilinear capacity spectra with the following AD coordinates: yielding point
(Dy, Ay) and ultimate point (Du, Au)

2. definition of damage threshold spectral displacements (Eq 4-6)

Sd, =0.7Dy

5d, =Dy (4-6)
Sd; =Dy +0.25(Du - Dy)

E =Du
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3. definition of lognormal standard deviation as a function of ultimate ductility p, (Eq 4-7)

B, =0.25+0.07In(u, ) B, =0.2+0.18In(u,)
(4-7)
B3 =0.1+0.41In(u, ) B, =0.15+0.5In(u, )

The capacity and fragility curves developed by UNIGE WP4 WG are presented in the Tables
4.11 and 4.12.

Table 4.11. Capacity curves

/UNIGE/
BTM Yield point Ultimate point
Dy (em) | Ay(g) | Du(em) [ Au(g)
Pre code
MI1.1L 0.38 0.173 1.93 0.173
MI1.1IM 0.47 0.115 2.03 0.115
MI1.1H 0.66 0.058 2.28 0.058
M1.2L 0.15 0.15 1.55 0.15
M1.2M 0.31 0.12 1.69 0.132
MI1.2H 0.48 0.10 1.85 0.12
M3 4L 0.53 0.297 3.18 0.297
M3.4M 0.75 0.149 3.47 0.149
M3.4H 0.92 0.099 3.67 0.099
RCIL 0.77 0.187 4.47 0.187
RCIM 2.21 0.156 8.79 0.156
RCIH 3.86 0.073 11.48 0.073
Moderate code
RCIL 1.52 0.375 8.94 0.375
RCIM 4.42 0.312 17.55 0.312
RCIH 7.70 0.147 22.99 0.147
Table 4.12. Fragility curves
/UNIGE/
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
% E f’ =) g = =
=S RN R NN N PR NP B N
/M [ p= 7 = m O p= M p= M p= M = M
Pre Code
M1.2L 0.15 0.36 0.71 1.55
MI1.2M 0.31 0.51 0.86 1.69
M1.2H 0.48 0.69 1.03 1.85
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4.6. UTCB WP4 WG APPROACH

UTCB WP4 WG proposed an analytical approach that uses Monte Carlo simulation technique
to obtain parameters of the capacity and fragility models.

4.6.1. Buildings typology

Capacity and fragility models are developed for representative RC1H (low and moderate
code) as well as RC2M (moderate code) and RC2H (low code) buildings.

4.6.2. Method used for seismic response analysis and developing capacity
curves

Pushover analysis is used to estimate the seismic response of buildings and to develop
capacity curves.

The Monte-Carlo technique as applied to select the values of the input capacity random
variables required for pushover analyses. The Latin hypercube to perform stratified sampling
of the input variables and to reduce the number of samples by significant decrease in the
variance of estimators.

In brief, the simulation technique implies the following steps:

e simulation of structural parameters;

e random permutations of structural random variables;

e performing push-over analyses using generated samples;

e sample statistics of the results of analyses.

Normal probability distribution for concrete strength and a lognormal probability distribution
for steel strength might are used (Galambos et al. 1982).

The outcome of the pushover analyses is a family of capacity curves, which can be described
as mean or mean plus/minus one standard deviation capacity curves.

4.6.3. Damage states

Five damage states are adopted in UTCB method. These damage states are correlated with
1985, Park&Ang Damage index (Table 4.8)

4.6.4. Fragility models
Fragility models are developed using the following approach:

1. Determine the correlation between Park&Ang damage index and interstory drift as mean
and standard deviation values.
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2. Identify the mean and standard deviation values of interstory drift at threshold of damage
state (Fig. 4.3)

50 ¢ \ o7
45 13 stories // /
40 | . ,
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2.0 # -
£ e / . P
15 | 7 e
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R A e
00 BT
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Drift Ratio, %

Park&Ang Damage Index

Fig. 4.3. Correlation of DI and Drift Ratio

3. The median value of spectral displacement at which the building reaches the threshold of
the damage state, S, 4 1s obtained by multiplying the interstory drift by the height of the
building and by the fraction of the building height at the location of push-over mode
displacement.

The total variability of each structural damage state, Psqs, is modeled by the combination of
three contributors to structural damage variability, Bc, Bp and Bmsas), as follows (Eq 4-8)

Bsds Z\/Bcz +Bp” + (BM(Sds) )2 (4-8)

Bsds is the lognormal standard deviation that describes the total variability for structural
damage state, ds,

Bc is the lognormal standard deviation parameter that describes the variability of the
capacity curve,

Bp is the lognormal standard deviation parameter that describes the variability of the
demand spectrum,

Bm(sds) 1s the lognormal standard deviation parameter that describes the uncertainty in the

estimate of the median value of the threshold of structural damage state, ds.

The capacity and fragility curves developed by UTCB WP4 WG are presented in the Tables
4.13 and 4.14.
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Table 4.13. Capacity curves

/UTCB/
BTM Yield point Ultimate point
Dy(cm) | Ay(g) [ Du(em) | Au(g)
Low code
RCIH 10.3 0.068 99.0 0.070
RC2H 1.3 0.215 7.4 0.302
Moderate code
RCIH 6.2 0.138 89.0 0.20
RC2M 1.8 0.32 6.0 0.34

Table 4.14. Fragility curves

/UTCB/

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete

2 4 2
= - £ z - g g g g
=S EE-AE- AN B AN RPN REPEE NP B
=] ~ = 7 = &) O p= ) = M = 2] = M
Low Code

RCIH | 37.97| 27.94| 0.00| 0.01| 0.01| 0.02| 7.82| 0.65| 17.88| 0.75| 27.94| 0.85| 68.16| 0.95
RC2H | 31.00| 21.99| 0.02| 0.06| 0.09| 024| 0.52| 0.65| 1.30| 0.75| 2.09| 0.85| 522| 095
Moderate Code
RCIH | 30.80| 24.84| 0.00| 0.01| 0.01| 0.03| 11.67| 0.65| 21.61| 0.75| 31.79| 0.85| 72.03| 0.95
RC2M | 22.00| 16.19| 0.00| 0.00| 0.00| 0.00| 0.46| 0.65| 1.02| 0.75| 1.58| 0.85| 3.84| 0095

4.7. CODE BASED APPROACH (CBA)

A hybrid method for development of capacity curves and fragility functions is elaborated
(hereafter noted as CBA method).

The CBA method is performed as follows:

1. The capacity spectra are modeled as bilinear curves in AD format (Eq 4-9)

A

YC (A, Dy) A, = .y D, =—2T? (4-9)
oy 4n
C C,y T?
UC (A, D) A, =2A, =2 =Y D, oD, =t
oy o 4r
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C; design strength coefficient (fraction of building’s weight),
T  true “elastic” fundamental-mode period of building (seconds),

o fraction of building weight effective in push-over mode,

Y “overstrength” factor relating “true” yield strength to design strength,
A “overstrength” factor relating ultimate strength to yield strength, and
p “ductility” factor relating ultimate displacement to A times the yield displacement (i.e.,

assumed point of significant yielding of the structure)

The design strength, C; is based on the lateral-force design requirements of the seismic codes.
It is a function of the seismic zone and other factors including site soil conditions, the type of
lateral-force-resisting system and building period.

The coefficient a; is defined with the buildings modal characteristics as follows (Eq 4-10)

[zmid)i]z

o0 = m; - story masses; ¢; - modal shapes (4-10)

m Y my¢]

The overstrength (y, A) and ductility (1) parameters are defined by the code requirements as
well as experimental data and expert judgment.

2. The fragility curves are modeled by lognormal standard distribution;
To obtain discrete damage states, the Park & Ang damage index is adopted (Table 4.8):

The median values of the spectral displacements pertinent to certain damage state are
determined using the following equations (Eq 4-11)

D-D 4klA,D—-AD A, -A
DI = Y 4B, ( y y) A=A+ Y (D—Dy) (4-11)
D, -D, A,D, D, -D,

where D is median value of the spectral displacement at certain damage state and k is
degradation factor that defines the effective amount of hysteretic damping.

Variability of the spectral displacements are obtained using different procedures proposed by:
1ZIIS, UTCB, UNIGE.

The capacity and fragility curves developed by IZIIS and UTCB WP4 WG are presented in
the Tables 4.15 and 4.16.
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Table 4.15. Capacity curves

NZ11S, UTCB/

oy Yield point Ultimate point
BTM Institution Dy (cm) | Ay (2) Du (cm) | Au(2)
Pre Code
RCIM UTCB 1.00 0.082 3.01 0.124
RC1H UTCB 2.32 0.093 6.96 0.140
RC2M UTCB 0.31 0.078 0.93 0.117
RC2H UTCB 1.07 0.088 3.20 0.131
Low Code
RCIM UTCB 0.64 0.053 2.90 0.079
RC1H UTCB 1.04 0.042 4.70 0.063
RC2M UTCB 0.48 0.12 2.15 0.180
RC2H UTCB 0.88 0.073 3.98 0.109
Moderate Code
RCI1L 1Z11S 0.10 0.18 0.22 0.20
1Z11S 1.51 0.17 3.31 0.19
RCIM UTCB-1 0.68 0.056 3.07 0.084
UTCB-2 1.26 0.141 12.63 0.282
1Z11S 3.52 0.10 7.75 0.11
RC1H UTCB-1 1.11 0.045 5.01 0.067
UTCB-2 2.87 0.160 28.73 0.320
UTCB-1 0.45 0.112 2.00 0.168
RCIM UTCB-2 0.51 0.167 4.06 0.333
UTCB-1 0.94 0.077 4.22 0.116
RC2H UTCB-2 1.68 0.188 13.42 0.375
High Code
RCI1L 1ZI1S 0.07 0.13 0.59 0.26
1Z11S 1.31 0.15 10.44 0.29
RCIM UTCB 1.58 0.176 15.79 0.353
1Z11S 4.58 0.13 36.63 0.26
RCIH UTCB 3.59 0.200 35.91 0.400
RC2M UTCB 0.63 0.208 5.07 0.417
RC2H UTCB 2.10 0.234 16.77 0.469
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Table 4.16. Fragility Curves

/A1Z1S, UTCB/
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
.§ ‘q"cé g ig =) = = g
= S|l .| =l =] 5| 2| <| E 8 8 8
= | f|¢8|2|2|2|2|E|8|s|2|s|28|s|%3)|¢
==} = ~ = 7 = 8 o) = al = @ = M = M
Pre Code
RCIL 5 570| 342| 0.04| 0.08{ 0.13| 0.30| 0.14| 0.65| 0.29| 0.75| 0.44| 0.85| 1.03| 0.95
RCIM 5 1710 1026| 0.04| 0.08| 0.12| 0.27| 0.38| 0.65| 0.78| 0.75| 1.18| 0.85| 2.79| 0.95
RCIH 5 2850| 1710 0.05| 0.11| 0.16f 0.38| 0.87| 0.65| 1.80| 0.75| 2.73| 0.85| 6.46| 0.95
RC2L 5 570| 399| 0.00| 0.01{ 0.01| 0.03| 0.01| 0.65| 0.03| 0.75| 0.05| 0.85| 0.11| 0.95
RC2M 5 1710 1197| 0.01| 0.02| 0.03| 0.07| 0.12| 0.65| 0.24| 0.75| 0.36| 0.85| 0.86| 0.95
RC2H 5 2850 1995| 0.02| 0.04| 0.06| 0.15| 0.40| 0.65| 0.83| 0.75| 1.26| 0.85| 2.97| 0.95
Low Code
RCIL 5 570| 342 0.06| 0.12f 0.18| 0.43| 0.20| 0.65| 0.41| 0.75| 0.62| 0.85| 1.47| 0.95
RCIM 5 1710 1026| 0.03| 0.07| O0.11| 0.25| 0.34| 0.65| 0.71| 0.75| 1.08| 0.85| 2.55| 0.95
RCIH 5 2850( 1710 0.03| 0.07| 0.10| 0.24| 0.56| 0.65| 1.15| 0.75| 1.75| 0.85| 4.14| 0.95
RC2L 5 570| 399| 0.01| 0.02f 0.03| 0.07| 0.04| 0.65| 0.08| 0.75| 0.12| 0.85| 0.28| 0.95
RC2M 5 1710 1197| 0.02| 0.04| 0.07| 0.16] 0.25| 0.65| 0.53| 0.75| 0.80| 0.85| 1.89| 0.95
RC2H 5 2850( 1995 0.02| 0.05| 0.07| 0.18] 047 0.65| 098| 0.75| 1.48| 0.85| 3.51| 0.95
Moderate Code

3 0.11{ 0.40| 0.13| 0.50( 0.15| 0.60| 0.21| 0.70

RCIL 5A 570 342| 0.06| 0.13| 0.19| 0.46| 0.21| 0.65| 0.43| 0.75| 0.66| 0.85| 1.56| 0.95

5B 570 342| 0.15{ 0.32| 050 1.21| 0.50| 0.65( 1.11| 0.75| 1.72| 0.85| 4.15| 0.95

3 1.67| 040 192 050 2.17| 0.60| 3.16| 0.70

RCIM 5A 1710 1026 0.04| 0.07| 0.11| 0.26| 0.36( 0.65| 0.75| 0.75| 1.14| 0.85| 2.70| 0.95

5B 1710 1026| 0.12| 0.27| 042| 1.02| 1.26| 0.65| 2.79| 0.75| 4.32| 0.85( 10.43| 0.95

3 391 0.40| 4.49| 0.50| 5.07| 0.60( 7.40| 0.70

RCIH S5A | 2850| 1710 0.04| 0.07| 0.11| 0.26| 0.59| 0.65| 1.23| 0.75| 1.87| 0.85| 442 0095

5B 2850 1710 0.17| 0.37| 0.57| 1.39| 2.87| 0.65| 6.35| 0.75| 9.82| 0.85|23.72| 0.95

5A 5701 399| 0.01| 0.02| 0.02| 0.06f 0.03] 0.65| 0.06| 0.75| 0.09| 0.85| 0.22| 0.95

RC2L 5B 5701 399| 0.01| 0.02| 0.03| 0.06f 0.03] 0.65| 0.07| 0.75| 0.10f 0.85| 0.25| 0.95
RCIM SA 1710 1197| 0.02| 0.04| 0.06| 0.15| 0.24| 0.65| 0.49| 0.75| 0.75| 0.85| 1.77| 0.95
5B 1710 1197| 0.04| 0.08| 0.12| 0.28| 0.43| 0.65| 0.92| 0.75| 1.41| 0.85| 3.37| 095

RCH 5A | 2850| 1995| 0.03| 0.05| 0.08| 0.19| 0.50| 0.65| 1.04| 0.75| 1.57| 0.85| 3.72| 0.95
5B | 2850| 1995| 0.07| 0.15| 0.23| 0.56| 1.41| 0.65| 3.03| 0.75| 4.65| 0.85| 11.15| 0.95

High Code

RCIL 3 0.12| 0.40| 0.19 0.50| 0.26| 0.60| 0.53| 0.70
5 570| 342| 0.18] 0.39| 0.59| 1.40| 0.63| 0.65| 1.32| 0.75| 2.01| 0.85| 4.78| 0.95

RCIM 3 2.11| 0.40| 3.31| 050| 4.52] 0.60| 9.35| 0.70
5 1710 1026| 0.15| 0.32| 049| 1.17| 1.58| 0.65| 3.32| 0.75| 5.06| 0.85| 12.03| 0.95

RCIH 3 7.40( 0.40| 11.64| 0.50| 15.87| 0.60| 32.82| 0.70
5 2850( 1710 0.21| 0.44| 0.67| 1.60| 3.59| 0.65| 7.55| 0.75| 11.51| 0.85| 27.35| 0.95

RC2L 5 5701 399| 0.01| 0.02| 0.03| 0.07| 0.04| 0.65| 0.08 0.75| 0.12f 0.85| 0.29| 0.95
RC2M 5 1710 1197| 0.05| 0.09| 0.14| 0.33| 0.54| 0.65| 1.10| 0.75| 1.66| 0.85| 3.90| 0.95
RC2H 5 2850 1995| 0.09| 0.18| 0.28| 0.65| 1.79| 0.65| 3.64| 0.75| 5.49| 0.85| 12.89| 0.95

Institutions: 1-AUTH; 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB (54 1970-77; 5B 1978-89)
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buildings developed by different approaches and
partners
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Pre Code
BTM Partner Yield point Ultimate point
Dy (cm) Ay (2) Du (cm) Au (g)
M1.1L UNIGE 0.38 0.173 1.93 0.173
M1.1M UNIGE 0.47 0.115 2.03 0.115
M1.1H UNIGE 0.66 0.058 2.28 0.058
M1.2L Mean 0.25 0.17 1.49 0.18
M1.2M UNIGE 0.31 0.12 1.69 0.132
M1.2H UNIGE 0.48 0.10 1.85 0.12
M3.3M CIMNE 0.63 0.133 2.91 0.117
M3.3H CIMNE 0.68 0.105 2.61 0.079
M3.4L UNIGE 0.53 0.297 3.18 0.297
M3.4M UNIGE 0.75 0.149 3.47 0.149
M3.4H UNIGE 0.92 0.099 3.67 0.099
RCI1L UNIGE 0.77 0.187 4.47 0.187
RCIM UNIGE 2.21 0.156 8.79 0.156
UTCB * 1.00 0.082 3.01 0.124
RC1H Mean 3.09 0.08 9.22 0.11
Low Code
BTM Partner Yield point Ultimate point
Dy (cm) Ay (g) Du (cm) Au (g)
RCI1L AUTH 2.32 0.192 9.58 0.209
RCIM AUTH 4.27 0.17 10.77 0.175
UTCB * 0.64 0.053 2.90 0.079
RC1H Mean 3.4 0.08 9.77 0.10
RC2L AUTH (RC4.1L) 1.08 0.385 5.05 0.466
RC2M Mean 0.97 0.15 5.2 0.22
RC2H Mean 2.01 0.16 8.99 0.22
RC3.1L AUTH 0.44 1.541 1.87 2.233
RC3.1M AUTH 0.85 0.808 2.63 1.131
RC3.1H AUTH 2.14 0.455 5.98 0.631
RC3.2L AUTH 1.63 0.182 6.37 0.193
RC3.2M AUTH 1.9 0.198 7.87 0.2
RC3.2H AUTH 2.26 0.253 7.8 0.272
RC4L AUTH (RC4.2L) 0.32 0.584 2.48 0.877
RC4M AUTH (RC4.2M) 0.82 0.331 4.87 0.451
RC4H AUTH (RC4.2H) 2.81 0.361 9.88 0.411
AUTH (RC4.3L) 0.39 0.472 3.23 0.623
AUTH (RC4.3M) 0.89 0.296 4.8 0.374
AUTH (RC4.3H) 2.50 0.309 8.12 0.37
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Moderate Code
Yield point Ultimate point
BTM Partner
Dy (cm) Ay (g) Du (cm) Au (g)

1ZIIS * 0.10 0.18 0.22 0.20
RCIL

UNIGE 1.52 0.375 8.94 0.375
RCIM Mean 1.22 0.11 6.03 0.17
RC1H Mean 342 0.10 13.83 0.14
RC2M Mean 1.31 0.13 8.82 0.25
ROIH UTCB (1970-77) 0.94 0.077 422 0.116

UTCB (1978-89) 1.68 0.188 13.42 0.375

High Code
Yield point Ultimate point
BTM Partner
Dy (cm) Ay (g) Du (cm) Au (g)

RCI1L 1ZIIS * 0.07 0.13 0.59 0.26
RCIM Mean 1.72 0.17 13.92 0.32
RC1H Mean 4.09 0.17 36.27 0.33
RC2M Mean 1.27 0.24 6.98 0.37
RC2H UTCB * 2.10 0.234 16.77 0.469
RC4M Mean 1.03 0.35 6.0 0.54
RC4H 1Z1IS 4.59 0.239 16.26 0.435
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Appendix B: Fragility models for masonry and RC
buildings developed by different approaches and
partners
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ANALYTICAL APPROACHES

Pre Code masonry buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
| 2| 2
= 5 = S| 2| 2 | B g g g
< = Q = S = = =
S B8 |2 | 2|2 2|58 |s|28|8|28|5|23]¢
=~ a 2 = 7 = 5 O = al = 3 = M p= )
MI.2L 4 0.15 0.36 0.71 1.55
MI1.2M 4 0.31 0.51 0.86 1.69
MI1.2H 4 0.48 0.69 1.03 1.85
M3.3M 2 17.0 0.44 | 040 | 0.63 | 0.50 | 1.20 | 0.75 | 291 | 0.70
M3.3H 2 24.0 0.46 | 0.30 | 0.68 | 0.65 | 1.68 | 0.65 | 2.61 | 0.65

Partners: 1-AUTH; 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB

Low Code masonry and RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
2 2 2
= | 8| .| = |=| 5| 2| %] & E K kE
S | E B2 2|22\ 5|2|2/2|;5|2|3/|2)¢8
/M & 2 = 17 = 8 o = M = M = 2 = a)
M1.2 1 1 0.145] 0.437| 0.335] 0.656| 0.447| 0.564| 0.64| 0.385
M1.2 2 1 1.518] 0.8]2466| 0.9]3.134| 0.7| 3.587| 0.6
M34 1 1 0.289| 0.85]| 0.374| 0.8] 0.468| 0.7]| 0.553| 0.65
M3.4 2 1 1.686| 0.5] 2.059| 0.5]2.513] 0.5| 4.090| 0.65
RCI1H 5 3797|2794 0.00] 0.01| 0.01| 0.02] 7.82| 0.65| 17.88]| 0.75| 27.94| 0.85]| 68.16] 0.95
RC2H 5 131.00] 21.99] 0.02] 0.06] 0.09] 0.24] 0.52] 0.65| 1.30| 0.75| 2.09| 0.85| 522| 0.95

Partners: 1-AUTH, 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB

Moderate Code masonry and RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
2 4 2
> 5 = = £ 'z - g 8 8 8

g 3 k= = k=, o) g S S S S S S S <

B~ | g S | 2| S| = g 5 | B 5 | B 5 | & 5 | 3

=] A ~ = 7 p= & O = 3] = 3] = m = /M
RCIM 2 15.8 0.99| 0.28| 142 036| 2.34| 0.50| 5.11| 0.61
RCIH 2 24.0 1.33] 0.28| 1.89| 0.29| 2.59| 0.34]| 4.68| 045
RCIH 5 30.8] 24.8| 0.00] 0.01] 0.01] 0.03] 11.67| 0.65| 21.61| 0.75| 31.79| 0.85| 72.03| 0.95
RC2M 5 22.0| 16.2| 0.00| 0.00] 0.00| 0.00| 046| 0.65| 1.02| 0.75| 1.58| 0.85| 3.84| 0.95

Partners: 1-AUTH, 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB
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High Code RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
e | 2| 2
= 5 .| s | =| 5] 2| <] & ks S ks
S B8 |2 | 2|2 | 2|58 |s|28|8|28|5|23]¢
=~ a 2 = 7 = & O = al = 3l = M = )
3 2.50| 0.50| 3.97| 043 5.18| 0.43]| 10.54| 0.51
3 0.70| 0.50| 1.27| 041| 1.68] 040 3.07| 0.40
3 1.97] 0.46] 3.18] 0.33| 427 030] 8.72| 0.32

Partners: 1-AUTH; 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB

CBA APPROACH
Pre Code RC buildings
Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
=} o o Q
= R _ s z 35 = = = =
2 o = = o) 2 =) S S S .S
= | f|g| 2|2 22828 |s|28|s|3|s|38]|:¢
=] | ~ = 7 = & O = 3] = 3] = m = /M
RCIL 5 570 3421 0.04| 0.08| 0.13] 0.30| 0.14] 0.65| 0.29| 0.75| 0.44| 0.85| 1.03| 0.95
RCIM 5 17101 1026] 0.04| 0.08] 0.12] 0.27| 0.38] 0.65| 0.78| 0.75| 1.18| 0.85] 2.79| 0.95
RCIH 5 2850] 17101 0.05| 0.11] 0.16] 0.38] 0.87| 0.65| 1.80| 0.75] 2.73] 0.85| 6.46| 0.95
RC2L 5 570 399| 0.00f 0.01| 0.01] 0.03] 0.01] 0.65| 0.03| 0.75| 0.05| 0.85| 0.11| 0.95
RC2M 5 17101 1197] 0.01| 0.02| 0.03] 0.07| 0.12] 0.65| 0.24| 0.75] 0.36] 0.85] 0.86] 0.95
RC2H 5 2850] 1995| 0.02] 0.04] 0.06] 0.15] 0.40| 0.65| 0.83| 0.75] 1.26] 0.85| 2.97| 0.95

Partners: 1-AUTH, 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB

Low Code RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
g @ S -

= | 2|8 | 2| 2| 2|25 |8 |s|8|s|5|s|%|¢

-] |l 2| = |a|=|&|S|=s|a|=|a|=|a|=|24
RCIL 5 570 342 0.06| 0.12| 0.18| 0.43]| 0.20| 0.65| 0.41] 0.75| 0.62| 0.85| 1.47| 0.95
RCIM 5 1710 1026| 0.03| 0.07| 0.11] 0.25| 0.34| 0.65| 0.71| 0.75| 1.08| 0.85| 2.55| 0.95
RCIH 5 2850 1710 0.03| 0.07| 0.10| 0.24| 0.56| 0.65| 1.15| 0.75| 1.75] 0.85| 4.14| 0.95
RC2L 5 570 399 0.01| 0.02| 0.03] 0.07| 0.04| 0.65| 0.08] 0.75| 0.12] 0.85] 0.28| 0.95
RC2M 5 1710 1197| 0.02] 0.04| 0.07| 0.16] 0.25| 0.65| 0.53| 0.75| 0.80| 0.85| 1.89| 0.95
RC2H 5 2850 1995 0.02| 0.05| 0.07| 0.18| 047| 0.65| 098| 0.75| 1.48| 0.85| 3.51| 0.95

Partners: 1-AUTH, 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB
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Moderate Code RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) | threshold of damage state Slight Moderate Extensive Complete
g 2 e | 2
= |5 |_|=s|=|E|2|2)¢&

= || 5|2 |2|2|2|5|8 |8 |2|8)|g]| %) ¢

=~ = 2 = 7 = & O = al = 3l = M p= )
RCIL 3 0.11] 0.40] 0.13] 0.50] 0.15] 0.60] 0.21] 0.70
S5A 570 342| 0.06] 0.13] 0.19] 0.46| 0.21] 0.65| 0.43| 0.75| 0.66] 0.85] 1.56| 0.95
5B 570 342| 0.15] 0.32] 0.50| 1.21] 0.50] 0.65| 1.11| 0.75| 1.72] 0.85] 4.15| 0.95
RCIM 3 1.67| 0.40] 192| 0.50] 2.17| 0.60] 3.16] 0.70
S5A 1710 1026| 0.04] 0.07| 0.11] 0.26] 0.36] 0.65] 0.75| 0.75] 1.14| 0.85| 2.70] 0.95
5B 1710 1026| 0.12] 0.27| 0.42| 1.02| 1.26] 0.65] 2.79| 0.75] 432| 0.85] 10.43] 0.95
RCIH 3 391 0.40| 4.49| 0.50] 5.07] 0.60| 7.40| 0.70

SA | 2850 1710] 0.04] 0.07] 0.11] 0.26| 0.59| 0.65| 1.23] 0.75| 1.87| 0.85| 4.42| 0095
5B 2850| 1710 0.17| 0.37| 0.57] 139| 2.87| 0.65| 6.35| 0.75| 9.82| 0.85]23.72] 0.95
RC2L S5A 5700 399| 0.01] 0.02] 0.02] 0.06] 0.03] 0.65| 0.06] 0.75] 0.09] 0.85| 0.22] 0.95
5B 570/ 399| 0.01] 0.02] 0.03] 0.06] 0.03] 0.65| 0.07| 0.75] 0.10f 0.85| 0.25]| 0.95
RC2M S5A 1710 1197 0.02] 0.04] 0.06] 0.15| 0.24| 0.65| 0.49| 0.75| 0.75| 0.85| 1.77] 0.95
5B 1710] 1197| 0.04] 0.08] 0.12] 0.28]| 0.43| 0.65| 092]| 0.75| 1.41| 0.85| 3.37| 0.95
RC2H SA | 2850 1995| 0.03| 0.05] 0.08] 0.19] 0.50| 0.65| 1.04] 0.75] 1.57| 0.85| 3.72| 0.95
5B 2850] 1995| 0.07] 0.15] 0.23] 0.56] 1.41| 0.65] 3.03] 0.75] 4.65| 0.85] 11.15] 0.95

Partners: 1-AUTH; 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB

High Code RC buildings

Bldg. Properties Interstory drift at Spectral Displacements (cm)
Height (m) threshold of damage state Slight Moderate Extensive Complete
g 2 2 2

= | 2|8 | 2| 2| 2|25 |8 |s|8|s|5|s|%|¢

m El 2| =& |=|& |3 |=|&|=|a]|=|a8]|=]4
RCIL 3 0.12| 040| 0.19] 0.50| 0.26] 0.60| 0.53]| 0.70
5 570 3421 0.18| 0.39| 0.59| 1.40| 0.63| 0.65| 1.32| 0.75| 2.01| 0.85| 4.78| 0.95
RCIM 3 211 040 3.31| 0.50| 4.52| 0.60| 9.35| 0.70
5 1710] 1026| 0.15| 032 049 1.17| 1.58| 0.65| 3.32| 0.75| 5.06| 0.85| 12.03| 0.95
RCIH 3 7.40| 0.40| 11.64| 0.50| 15.87| 0.60| 32.82| 0.70
5 2850 1710 0.21| 0.44| 0.67| 1.60| 3.59| 0.65| 7.55| 0.75| 11.51| 0.85| 27.35| 0.95
RC2L 570 399| 0.01| 0.02| 0.03] 0.07| 0.04] 0.65| 0.08| 0.75| 0.12| 0.85| 0.29| 0.95
RC2M 17101 1197 0.05| 0.09| 0.14| 0.33]| 0.54| 0.65| 1.10] 0.75| 1.66| 0.85| 3.90| 0.95
RC2H 2850 1995| 0.09| 0.18| 0.28| 0.65| 1.79] 0.65| 3.64| 0.75| 5.49| 0.85| 12.89| 0.95

Partners: 1-AUTH, 2-CIMNE; 3-1ZIIS; 4-UNIGE; 5-UTCB
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