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ABSTRACT:

This report summarizes the research findings of the fourth and final phase of the Earthquake
Engineering Research Institute (EERI)’s World Housing Encyclopedia (WHE)-Prompt Assessment of
Global Earthquakes for Response (PAGER) initiative. Since the launch of the WHE-PAGER
collaboration in early spring of 2008, this joint effort has led to identifying and compiling a range
of input parameters on structural inventory and vulnerability of non-U.S. construction types. The
information compiled through this effort over the years has benefited the development of
PAGER’s engineering-based loss estimation models.

Earlier phases of this collaboration identified wide variation in the capacity curves provided by
different researchers for similar structure types. It was thus decided that the core of the work in
Phase IV should concentrate on understanding these discrepancies. To that end, five groups of
modellers (that had already contributed to Phase lll) agreed to exchange the structural model and
vulnerability data on construction typologies that were derived by each of them separately in the
previous phase and to perform vulnerability analyses (using their own procedures) on data
provided by the other groups.

This report thus presents capacity curves and fragility curves for concrete and masonry buildings
that do not comply with the HAZUS typologies, either because they are not designed to code
standards or because the construction details substantially differ from U.S. code provisions. The
main difference with respect to the HAZUS typologies is the ductility ratio at the level of the
element and at the global level. Four main concrete typologies are studied: bare frames designed
according to seismic code requirements (C1), bare frames designed only for gravitational loads or
very low seismic capacity but without ductility detailing provisions (C4), infilled frames designed
according to seismic code requirements (C1-1), infilled frames designed only for gravitational loads
or very low seismic capacity but without ductility detailing provisions (C3). For each of the infilled
frame typologies the case of irregularity of the infill in elevation, i.e. lack of infill at the ground
floor, has also been considered. For masonry, adobe (A), stone (S), unreinforced fired brick (UFB)
and unreinforced concrete block (UCB) masonry have been considered. For each of the main
typologies some different sub-typologies have been considered, either dependent on the masonry
fabric, rubble and dressed stone, or on the type of horizontal structures, timber or concrete floors.
The typologies are representative of different regions of the world: the concrete frames studied
represent buildings from India, Italy, Greece and Turkey; the masonry typologies represent
buildings from Turkey.
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1. Introduction

This report summarizes the research findings of the fourth and final phase of the Earthquake
Engineering Research Institute (EERI)’s World Housing Encyclopedia (WHE)-Prompt Assessment of
Global Earthquakes for Response (PAGER) initiative. Since the launch of the WHE-PAGER
collaboration in early spring of 2008, this joint effort has led to identifying and compiling a range
of input parameters on structural inventory and vulnerability of non-U.S. construction types. The
information compiled through this effort over the years has benefited the development of
PAGER’s engineering-based loss estimation models.

The WHE-PAGER phase IV is a natural extension of ongoing collaboration between PAGER and
WHE team members since its earlier phases. The primary objective of this joint effort has been to
benefit from the professional expertise available within the WHE community in order to identify,
retrieve and harmonize the structural inventory and seismic vulnerability data of non-US
constructions around the world. In the phase | of this initiative, the effort resulted in the
compilation of structural, occupancy, and vulnerability parameters for building typologies in 26
countries aggregated at national level. The structural inventory dataset was useful in harmonizing
and validating PAGER’s existing inventory database, and ultimately serving as structural and
population exposure input for the PAGER’s engineering based loss estimation models. The
aggregated inventory and vulnerability assessment were also useful in developing global
regionalization schemes for the PAGER’s empirical vulnerability models. The empirical models now
serve as a backbone of operational loss-PAGER system to provide a quick assessment of
earthquake shaking-induced fatalities and economic impacts following a significant earthquake
(magnitude greater than 5.5) worldwide (Jaiswal and Wald, 2010a). Moving forward, the PAGER
system also aims at providing robust estimate of building and infrastructure damage and
associated casualties (injuries and deaths) based on its engineering-based loss estimation models.
The content produced concerning the structural damage, losses and socio-economic impacts can
lead to informing emergency responders, government and aid agencies, and the media about the
true scope of the potential disaster following a significant earthquake and to determining
potential humanitarian needs in the aftermath.

The major milestones achieved in earlier phases can be summarized as follows:

e During Phase | of the project, WHE experts helped identifying and providing, on a country
basis, inventory data of predominant building typologies and intensity-based building
collapse fragilities of building types for 26 countries.

e In Phase Il the Phase | results were analyzed® and the Phase | approach was slightly
modified in order to obtain data for additional countries. The analysis and modifications
made included:

0 the identification of problematic data,

0 an updated and more complete taxonomy of building typologies,

O anew (updated) protocol/questionnaire for the collection of (fragility) data,
0 a new definition of damage states,

! http://pager.world-housing.net/wp-content/uploads/2009/08/JaiswalWald2009Analysis-of-Phase-I.pdf



o anew framework for the definition of collapse rates influencing casualty rates,and
0 modification of the data collection process to facilitate a second round of expert
opinion solicitation for a new set of countries.

e During Phase lll, critically important non-HAZUS building typologies were identified. The
objective of this phase was to seek assistance from a group of experts in order to collate
capacity and fragility parameters of selected non-US building types. These parameters
were to be incorporated within the analytical framework of performance-based
assessment, constituting the basis for structure-specific damage and loss estimation
within the PAGER system. Capacity and fragility parameters were developed in
accordance with the HAZUS-MH model and format. Phase Il data, analysis and
documentation can be accessed at the WHE-PAGER website (http://pager.world-
housing.net/). Data was provided on a variety of reinforced concrete and unreinforced
masonry non-US typologies by five groups of researchers. An attempt was also made to
validate the capacity curves obtained analytically with evidence from experimental work
on similar structural typologies, concentrating specifically on shaking table tests or push-
over tests of entire structures that could provide reference for the analytical models. (see
http://pager.world-housing.net/background-papers-2/presentations-from-sept-09-
workshop)

Scarcity of experimental data on material strength, stiffness and dynamic response properties of
certain existing building types, and the scatter associated with vulnerability and fragility
parameters of similar construction typologies between different countries was evident from the
analysis of Phase Il data (D’Ayala et al. 2010). This analysis led to the initiation of Phase IV, under
the leadership of Dr. Dina D’Ayala, chair of the steering committee in Phases Il and 111,

The analytical model implemented in the current USGS PAGER system is based on the HAZUS
capacity-spectrum methodology, which estimates the response of a structure from demand
spectra and spectral-capacity curves (NIBS-FEMA, 2008, Porter 2009). A demand spectrum
represents the site-adjusted input ground motion typically derived from elastic acceleration
response spectra, whereas the spectral capacity of a structure is expressed in terms of an idealized
force-displacement curve defined by yield and ultimate control points. The capacity-spectrum
method provides the estimate of the median response of an idealized nonlinear single degree of
freedom (SDOF) oscillator as the point of intersection between the spectral-capacity and demand
curves in the Spectral displacement-Spectral acceleration space (S4-So). This point is referred to as
the performance point of the SDOF representing the structure and it is obtained by adjusting the
response to account for site soil amplification and hysteretic energy dissipation through an
iterative procedure. The performance point coordinates are compared with the corresponding
quantities of spectral displacement or spectral acceleration, defined based on limit states or
performance limits, in order to identify specific damage state thresholds. The spectral
displacement Sy associated with the performance point forms an input to fragility functions that

2 Participants in Phases Il and Il included: M. Blondet, C. Comartin, D. D’Ayala, A. Goretti, P. Gulkan, W. Holmes, S. Jain,
K. Jaiswal, A. Kappos, M. Lutman, R. Meli, A. Mufioz, S. Pampanin, K. Porter, D. Rai, M. Tomazevic, D. Wald and A.
Yakut. Additional researchers who participated in Phase Il included N. Ahmad, Q. Ali, G.Benzoni, R.Deoliya, H. Kaushik,
A. Lang, D. Lang, N. Luco, G. Panagopoulos, J. Prasad, H. Ryu, and Y. Singh.



gives the probability of different damage states. The damage and casualties associated with slight,
moderate and extensive damage states are discounted for PAGER purposes since these damage
state thresholds (and casualties resulted from these damage states) do not contribute significantly
to total fatalities. Porter (2009) simplifies the iterative process for PAGER purposes and directly
tabulates the mean-collapse fragilities and indoor fatality rates as a function of 5% damped
spectral accelerations at 0.3 and 1.0 sec periods. The fatality rates given structural collapse (FR)
are the same as in the case of the PAGER’s semi-empirical approach (Jaiswal and Wald, 2010b).

Initial work in this phase mainly focused on reviewing the earthquake damage and loss estimation
methodologies adopted within the HAZUS-MH and the EC8 —N2 documents. This work
documented the substantial differences in the calculation of the performance points within the
two methods. Such differences are mainly attributed to the derivation of the non-linear spectra,
starting from the same initial elastic demand spectrum, but also to the choice of reference period
(secant as opposed to initial) used to compute the coordinate of the performance points, and
finally, to the hysteretic energy dissipation model adopted within the two methodologies. Such
differences, compounded with conceptual and numerical differences in the derivation of the
fragility curves from the performance points, lead to substantially different estimate on collapse
and ultimately casualty estimates from the two procedures.

For this reason, and given the scatter observed in Phase lll of the project for the capacity curves
provided by different researchers for similar structure types, it was decided that the core of the
work in Phase IV should concentrate on understanding the discrepancies discussed above. To this
end, five groups of modellers (that had already contributed to Phase Ill) agreed to exchange the
structural model and vulnerability data on the construction typologies (that were derived by each
of them separately in the previous phase) and to perform the vulnerability analyses (using their
own procedures) on data provided by the other groups. The teams participating to Phase IV are:

o Dina D’Ayala, University of Bath, U.K. (UBATH) Model: FaMIVE, developed to model
different types of masonry structures.

e Helen Crowley, ROSE School (ROSE). Model: DBELA, simplified approach developed to
model reinforced concrete frames with and without infill. ROSE provided also data on
Italian index buildings to AUTh team.

e Andreas Kappos, University of Thessaloniki, Greece (AUTh). Used ETABS-SAP and
Seismostruct to model reinforced concrete frames with and without infill. AUTh provided
data on Greek index buildings to ROSE team.

e Polat Gulkan, Murat Altug Erberik, Middle East Technical University, Turkey, (METU)
provided data on masonry to UBATH team and on reinforced concrete frames with infill to
ROSE team.

e Hemant B. Kaushik, Indian Institute of Technology Guwahati (IITG). Provided data on
concrete frames to AUTh team and ROSE team.

Phase IV was organised into 3 tasks:

10



1.1 Task 1. Choice of structural typologies to be analyzed

From a list of 25 critical non-HAZUS building types identified at the end of Phase lll, a subset was

selected for which the modellers had available data and suitable numerical procedures to conduct
push-over analyses and derive performance points and fragility curves. Two broad structural types
were identified to conduct the vulnerability analysis according to details in Tasks 2 and 3:

« reinforced concrete frames, with or without infill;
« unreinforced masonry made of fired bricks, stonework, sundried brick or concrete blocks, with different
types of horizontal structures.

The structural typologies are classified according to the PAGER Construction type catalogue
(http://pager.world-housing.net/wp-content/uploads/2009/09/LISTING-OF-PAGER-CONSTRUCTION-TYPES-

AND.pdf) by choosing the closest type in relation to the description associated with the data

provided. Table 1.1 and Table 1.2 summarize the building typologies analyzed, their regions of

pertinence, the team that provided the data and the team/s that performed the analyses,

respectively, for various unreinforced masonry and concrete typologies.

Table 1.1 List of unreinforced masonry structural typologies analyzed in Phase IV

PAGER building | Building typology description Region of Team providing | MODELLING Team
typology pertinence data PROCEDURE conducting
analysis

Al Adobg masonry, single story, timber floors, 2 Turkey METU FaMIVE UBATH
openings on facade

Al Adobg masonry, single story, timber floors, 3 Turkey METU FaMIVE UBATH
openings on fagcade

RS2 Rubb!e stone masonry, single story, timber floors, 2 Turkey METU FaMIVE UBATH
openings on fagcade

RS2 Rubb?e stone masonry, single story, timber floors, 3 Turkey METU FaMIVE UBATH
openings on fagcade

RS2 Rubb'le stone masonry, two story, timber floors, 2+2 Turkey METU FaMIVE UBATH
openings on fagcade

RS2 Rubb?e stone masonr\f, tw.o story, timber floors, 2+2 Turkey METU FaMIVE UBATH
openings on fagade with timber bands

RS2 Rubb'le stone masonry, two story, timber floors, 2+3 Turkey METU FaMIVE UBATH
openings on fagcade

RS2 RubbFe stone masonr\f, tw.o story, timber floors, 2+3 Turkey METU FaMIVE UBATH
openings on fagade with timber bands

MS Mass!ve stone masonry, two story, timber floors, 2+2 Turkey METU FaMIVE UBATH
opening on facade

UFB1 Unre|nfo.rced brick masonry, .smgle story, mud Turkey METU FaMIVE UBATH
mortar, timber floors, 2 openings on fagade

UEB1 Unre|nfot.’ced brick masonry, .smgle story, mud Turkey METU FaMIVE UBATH
mortar, timber floors, 3 openings on facade

UFB1 L!nremforced brick masgnry, two story, mud mortar, Turkey METU FaMIVE UBATH
timber floors, 2+3 openings on fagade

UEB4 Unre|nforced brick masonry, .smgle story, cement Turkey METU FaMIVE UBATH
mortar, timber floors, 2 openings on fagade

UFB4 Unremfo.rced brick masonry, twp story, cement Turkey METU FaMIVE UBATH
mortar, timber floors, 2+2 openings on fagade

UEB4 Unre|nforced brick masonry, twp story, cement Turkey METU FaMIVE UBATH
mortar, timber floors, 3+2 openings on fagade

infi ick

UEBS Unreinforced brick masonry, two §tory, cement Turkey METU FaMIVE UBATH
mortar, concrete floors, 2+2 openings on facade
Unreinforced concrete block masonry, two story,

UCB lime/cement mortar, reinforced concrete floors, 2+3 Turkey METU FaMIVE UBATH
openings
Unreinforced concrete block masonry, three story,

UCB lime/cement mortar, reinforced concrete floors, Turkey METU FaMIVE UBATH

3+2+2 openings

11



Table 1.2. List of reinforced concrete structural typologies analyzed in Phase IV

PAGER building Building typology description Region of Team providing | MODELLING Team conducting

typology pertinence data PROCEDURE analysis
RC frame, Low seismic code design .

CAL (RC1LL) (1959), Low-rise (2 stories), No infill walls Mediterranean AUTh DBELA ROSE
RC frame, Low seismic code design .

C3L (RC3.1LL) (1959), Low-rise (2 stories), Fully infilled Mediterranean AUTh DBELA ROSE
RC frame, Low seismic code design

C4M (RC1IML) (1959), Medium-rise (4 stories), No infill Mediterranean AUTh DBELA ROSE
walls
RC frame, Low seismic code design

C3M (RC3.1ML) (1959), Medium-rise (4 stories), Fully Mediterranean AUTh DBELA ROSE
infilled
RC frame, Low seismic code design .

C4H (RC1HL) (1959), High-rise (9 stories), No infill walls Mediterranean AUTh DBELA ROSE
RC frame, Low seismic code design .

C3H (RC3.1HL) (1959), High-rise (9 stories), Fully infilled Mediterranean AUTh DBELA ROSE

C1L (RC1LH) RC frame, High seismic code design Mediterranean | AUTh DBELA ROSE
(1995), Low-rise (2 stories), No infill walls

C1L-1 (RC3.1LH) RC frame, High seismic code design Mediterranean | AUTh DBELA ROSE
(1995), Low-rise (2 stories), Fully infilled
RC frame, High seismic code design

C1M (RC1IMH) (1995), Medium-rise (4 stories), No infill Mediterranean AUTh DBELA ROSE
walls
RC frame, High seismic code design

C1M-I (RC3.1MH) (1995), Medium-rise (4 stories), Fully Mediterranean AUTh DBELA ROSE
infilled
RC frame, High seismic code design .

C1H (RC1HH) (1995), High-rise (9 stories), No infill walls Mediterranean AUTh DBELA ROSE

ClH- (RC3.1HH) | RCframe, High seismic code design Mediterranean | AUTh DBELA ROSE
(1995), High-rise (9 stories), Fully infilled

C4M (RC_PC) RC frame, No Seismically designed, 4 Mediterranean | ROSE ETABS AUTh
stories, No Infill walls
RC frame, Seismically designed

C4M (RC_5%) (horizontalload:5%), 4 stories, No Infill Mediterranean ROSE ETABS AUTh
walls
RC frame, Seismically designed

C4M (RC_12.5%) (horizontalload:12.5%), 4 stories, No Infill | Mediterranean ROSE ETABS AUTh
walls

C3M (RC_PC) RC frame, No Seismically designed, 4 Mediterranean | ROSE ETABS AUTh
stories, Infill walls
RC frame, Seismically designed .

C3M (RC_5%) (horizontalloadzs%),y4 storgies, Infill walls Mediterranean ROSE ETABS AUTh
RC frame, Seismically designed

C3M (RC_12.5%) (horizontalload:12.5%), 4 stories, Infill Mediterranean ROSE ETABS AUTh
walls

CaM (1) RC frame without masonry infill,modern Northern India 1ITK ETABS AUTh

C3M (2) RC frame with masonry infill Northern India IITK ETABS AUTh

C3M-SS (3) RC frame open first story Northern India ITK ETABS AUTh

C3M (9) RC 4 story Rfesi(?ential Bu'ilding with Norjth—eastern TG SEISMOSTRUCT | AUTH
Masonry Infills in all stories India

C3M-S5 (10) RFZ 4 Story Residential Building with Open North—eastern TG SEISMOSTRUCT | AuTH
First Story India

CaM mid-rise, reinforced concrete, MRF Turkey METU DBELA ROSE

For concrete structures it is worth noting that the PAGER taxonomy does not differentiate

between presence/absence of infill for ductile frames, including all of them in class C1. (see PAGER

Inventory Database v1.4) PAGER STR category C1 is basically as defined in the HAZUS technical
manual. The C1 typology is assumed to be detailed for ductile behavior and expected to undergo
large deformations during an earthquake without brittle failure of any frame members and

collapse of the structural system. Hence any 'structural concrete frame' system that has been

designed specifically for earthquake shaking (to exhibit the ductile behavior due to specific ductile

detailing provisions) should be classified as C1 type (in PAGER-STR) as it is assumed that the




presence of infill will not alter the collapse behavior and will not reduce the ultimate ductility. In
this respect the class C1 is treated differently than non ductile structures, as in these the presence
of infills affects the ultimate and collapse behavior in a much more substantial way, and hence the
rationale of subdividing this typology in the two classes C3 and C4.However even for ductile
structures, while in the initial stage the contribution of the infill is considered as positive in terms
of lateral shear capacity, in the post-failure phase, the shear strength of concrete columns may be
affected and shear failures might become an issue, thus resulting in semi-ductile behavior of the
system.In the non-linear push-over analysis approach described in section 3, the relevance of
shear failure to the ultimate capacity for the index buildings analyzed is monitored during the
analysis to check whether it becomes critical at any stage.

Given the above considerations, in table 1.1 buildings classified as C1 have been given an extra
digit for their identity, I, if infills are present. Moreover as some of the analyses have also
considered the case of buildings with infill at all stories except the first one, leading to a soft story
configuration, the digit SS have been added to classify this cases.

1.2 Task 2. Choice of analytical approaches to derive capacity curves and fragility functions

Of the possible approaches available in literature to assess the ultimate capacity of structures
subjected to seismic activity, namely, non-linear static equivalent analysis, elastic dynamic analysis
with response spectrum, direct integration non linear dynamic analysis, and incremental dynamic
analysis, the choice was made to employ non-linear static equivalent analysis, associated with the
capacity spectrum method, as this is the current platform for the PAGER analytical model. This
entails using a non-linear static analysis approach, also known as push-over analysis, to determine
the capacity of the structure in terms of lateral acceleration and displacement, beyond the elastic
limits of the materials and components, up to widespread failure and collapse.

The capacity curve and the associated performance point can represent the performance of one
specific structure or the average performance of a class of structures for which a median
performance point coordinates and standard deviation can be computed.The standard deviation
represents the uncertainty in the computation of such capacity. Similarly performance points can
be calculated for a number of different demand spectra with a probability of occurrence at the site,
or one spectrum can represent a family of events. If the latter approach is chosen also the
uncertainty in the demand can be represented in terms of a median value and a standard
deviation. By considering the probability density distribution of performance points for a given
structural typology located in a given region with a given probabilistic distribution of events for a
set return period, fragility curves can be developed, providing the probability of reaching or
exceeding different damage states, given a level of nonlinear response in terms of spectral
displacement.Furthermore additional varaibility in the performance due to the fact that dynamic
response is treated as static, should also be considered. This can be explictly computed or expert
judgement can be used in determining its value.
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Figure 1.1:a) representative capacity/demand spectrum and performance point ;b) representative fragility curves

Three approaches of different levels of complexity have been chosen by each of the modellers’
teams, working on the same basic assumptions, but requiring substantially different levels of
detail in terms of data input. A central element of this task is the identification of the parameters
needed to run the analysis for each of the approaches, whether this are obtained through the
data providing team, which in general used yet a different approach, or whether they are
estimated by the modeller, and in this case how.

For the masonry structures modelling, the approach adopted by UBATH’s team is a limit state-
based mechanical approach, where an optimization routine is used to identify the most likely
collapse mechanism to take place, given a geometric configuration and material characteristics for
a masonry structure. The approach, coded in the programme FaMIVE, is further described in
section 4.2 together with the procedure adopted to compute capacity curves, performance points
and fragility curves provided in section 4.5.

For the concrete structures two substantially different approaches are adopted by AUTh’s and
ROSE’ teams. ROSE uses a simplified method, DBELA, which leads to the derivation of median
capacity curves and fragility curves for a class of buildings, given a modest number of parameters
describing the characteristics of the structures at elemental and material level. The method
considers only flexural behavior and two possible collapse mechanisms, beam sway or column
sway, i.e. the frame could fail by either hinges forming prevalently in the beams or in the columns.
Further details of the procedure, its simplifying assumptions and algorithm to obtain capacity
curves and fragility functions are provided in section 2.2 and 2.5.

Finally AUTh’s used commercialy available nonlinear analysis software to analyze either
representative 2D-frames of regular buildings or full 3D models of irregular concrete structures.
For the regular 2D frames AUTh employed ETABS/SAP2000 software, using lamp plasticity and
cracked r/c resistant cross sections. In-house developed software is used to control length and
capacity of plastic-hinges, concrete confinement and shear capacity of the elements. For the 3D
analyses, Seimsostruct was used. Further details relating to the structural modelling, together with
the procedure adopted to derive the bilinear capacity curve and the fragility functions are
provided in section 3.2 and 3.5.

Each modellers’ report contains specific information on the level of detail required for the
modelling, the list of significant parameters and minimum requirement to run the analysis, the
conditions defining collapse, and the source and treatment of uncertainties.

The fact that the analysis procedures chosen represent the full spectrum of approaches for the
derivation of capacity curves, with different levels of simplifying assumptions, input parameters,
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and computational burden, helps establish the variability of estimates to be expected, which is a
principal aim of this effort.

1.3 Task 3. Comparison and discussion of results

As expected, substantial variation is present in the results produced in this phase and when
comparared to the capacity curves and fragility functions provided by the contributors to Phase lll
of the project. In each of chapters 2 to 4 of this report, for each of the structures analyzed, the
results are compared in terms of capacity curves. However in order to make greater sense of the
differences obtained, a summative and in-depth discussion is included in chapter 5 of this report.
Some critical modeling solutions are reviewed in terms of their effect on the results; for the
concrete structures these relate to concrete confinement (type and spacing of shear links), plastic
hinge limits, shear failure considerations, and simulation of the effects of the infill. For the
masonry structures the effects of window lay-out in determining the size of the piers, of
connections of the analyzed fagade with the side walls, and of gravitational loads are analyzed
with respect to the type of mechanism triggered and the level of lateral acceleration capacity
obtained.Secondly, as can be seen from Table 1.2, many of the index buildings chosen belong to
the same PAGER typology. Results are compared to understand regional differences vis-a-vis
construction practice and code requirements.Finally results obtained are compared in terms of
capacity curve characteristic points, ductility, displacement at collapse and value of parameters
used to derive the fragility functions. These will be compared with the equivalent parameters used
in HAZUS.

1.4 Report structure and content

The present report contains the results of the modeling conducted by Kappos et al. (AUTh) and
Crowley et al. (ROSE) on concrete typologies, and D’Ayala et al. (UBATH) on masonry typologies.
Details of each approach methodology and results are contained in sections 2, 3, and 4
respectively of this report. Each section outlines the methodology underlying the procedure used
by each modeler, the results obtained, a comparison in terms of capacity curves, and the
methodology used to derive the fragility curves, as well as the results obtained for the fragility
curves. In Section 5 of the report the outcomes of the comparison of the analyses conducted and
presented in the previous chapters are summarized and further discussed. As it can be seen from
Table 1.2, many of the index buildings chosen belong to the same PAGER typology. Results are
hence compared to understand the influence of the analytical approach used on the vulnerability
assessment of a given structure as well as regional differences vis-a-vis construction practice and
code requirements.

1.5 Executive summary and conclusions

This report presents capacity curves and fragility curves for concrete and masonry buildings that
do not comply with the HAZUS typologies, either because they are not designed to code standards
or because the construction details substantially differ from U.S. code provisions. The main
difference with respect to the HAZUS typologies is the ductility ratio at the level of the element
and at the global level. Four main concrete typologies are studied: bare frames designed according
to seismic code requirements (C1), bare frames designed only for gravitational loads or very low
seismic capacity but without ductility detailing provisions (C4), infilled frames designed according
to seismic code requirements (C1-1), infilled frames designed only for gravitational loads or very
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low seismic capacity but without ductility detailing provisions (C3). For each of the infilled frame
typologies the case of irregularity of the infill in elevation, i.e. lack of infill at the ground floor, has
also been considered. For masonry, adobe (A), stone (S), unreinforced fired brick (UFB) and
unreinforced concrete block (UCB) masonry have been considered. For each of the main
typologies some different sub-typologies have been considered, either dependent on the masonry
fabric, rubble and dressed stone, or on the type of horizontal structures, timber or concrete floors.
The typologies are representative of different regions of the world: the concrete frames studied
represent buildings from India, Italy, Greece and Turkey; the masonry typologies represent
buildings from Turkey.

Three different procedures have been used to analyze data provided by other research teams,
which had already contributed analytical capacity curves to the PAGER model in Phase Il of the
WHE-PAGER project. For the concrete buildings two procedures were used: a simplified procedure
called DBELA was used to produce capacity curves for buildings in Italy, Greece, Turkey, with and
without infill; and a more sophisticated procedure relying on non-linear pushover analysis by f.e.
modeling (AUTh procedure) was also used to analyze the same set of building as above, plus
buildings from India with regular and irregular plan and elevation. For the masonry buildings only
one procedure called FAaMIVE was used, based on limit state analysis and collapse mechanism
identification.

For each typology a capacity has been defined and compared with the capacity curve obtained by
the team that analyzed it in Phase Il of the WHE-PAGER project. The comparison is carried out in
terms of the yield limit point (Dy, Ay) and ultimate point (Du, Au) that define the bilinear capacity
curve, and the natural period. Comparisons are aimed at identifying differences between different
computational approaches and regional differences for the same typologies, due to either code
requirement or typical construction practices.

Results indicate that:

e Forthe concrete frames, the comparison between [ITG and AUTh procedures lead to
differences for Dy in the range of 14 to 58%, for a regular frame, while are 2 or 3 orders of
magnitude higher for the irregular frames, indicating that the SAP program is not suitable
for the analysis of this type of building. For Du, differences are greater ranging between
45% and 145%, further proving the limitation of SAP in defining the post yielding behavior.

e For the concrete frames, comparison between the DBELA and AUTh procedures, leads to
differences for Dy in the range of 32% to 68%, for the Italian index buildings and in the
range of 17% to 88% for the Greek index buildings. In almost all cases the AUTh procedure
resulted in smaller displacements, i.e. stiffer structures. For Du, differences are in the
range of 7% to 126% for the Italian index frames and of 12% to 96% for the Greek index
frames. It should be noted that agreement improves consistently for infilled frames of low
and medium rise where differences are between 6% and 13%.

e For the masonry typologies, comparison between the METU procedure and FaMIVE leads
to differences for Dy in the range of -4.7% and 80%, while for Du differences are in the
range of 0.76% to 77%. The best agreement is obtained for unreinforced brickwork with RC
slabs (UFB5) and for unreinforced concrete block masonry, as in both cases the prevalent
behavior is in plane-failure. For massive stone and unreinforced brickwork with mud
mortar and light timber floors, with a prevalent out-of-plane behavior the differences are
greater. All considered the agreement is quite good.
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e For the concrete frames typologies analyzed in this study, it appears that shear failure was
not an issue, notwithstanding the coupling with stiff and strong infill as in the case of the
Indian irregular index building.

e For the regular Indian index frames the Infill strength affected both displacement and
strength capacity of both yielding and ultimate performance points. However a variation in
infill strength of 74% resulted in variations of 30% in ultimate displacement and 42% in
ultimate capacity.

e Confinement of the concrete was also investigated, affecting particularly the ultimate
displacement of the bare and soft story frames. The reduction in ultimate displacement for
both cases with open stirrups is of the order of 90%.

e For the masonry buildings connection with orthogonal walls is the major factor in
determining collapse mechanisms and collapse load multipliers, hence this is the most
important parameter for the definition of capacity curves in masonry structures. Spanning
of the floor is also a relevant parameter, has the gravity load surcharge provided by the
floor structure and its restraining action on the walls, affect both mechanisms and collapse
load multipliers.

e In masonry buildings the number of stories affects the overall stiffness and the drift limits
at ultimate and collapse state hence different capacity curves for different number of
stories should be derived.

Comparison of capacity curves obtained from this work with capacity curves contained in the
HAZUS database show that in the case of concrete frames which do not have seismic provisions or
that are designed with low code provisions, the HAZUS model underestimates the displacement
both at yielding and at ultimate and the ultimate strength capacity for both bare and infilled
frames, irrespective of the procedure chosen for the analysis. For masonry structures the results
are less clear as in some cases the HAZUS curve for unreinforced masonry is in relatively good
agreement with the results obtained by this study, and in some cases it overestimates
substantially both displacement and capacity. This is principally the case for adobe and stone
masonry, which, as already highlighted, behave differently from the assumption of in-plane failure.
Hence it is necessary to derive more realistic capacity curves for different regions using the
analytical approach to be implemented in PAGER. New capacity curves should be derived for
adobe and stone masonry as the HAZUS curves are not at all representative.
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2. Application of DBELA Methodology to Reinforced Concrete Frames from
Greece, India, Turkey

Helen Crowley, Miriam Colombi and Vitor Silva
2.1 Introduction

Capacity curves of frames can be produced using a number of software packages, which include
nonlinear analysis (either through plastic hinge modeling or fiber element analysis). However, this
requires a large amount of data on the buildings (e.g. detailing of sections, nonlinear properties of
the concrete and steel, mass distribution), the variability of which is often not available for a class
of buildings. If a single building is chosen to represent a certain building class to reduce
computation time (e.g. mid-rise non-ductile reinforced concrete buildings with masonry infill
panels), the resulting capacity curve might not actually represent the median capacity curve of
that class of buildings.

The aim of this chapter is to present a simplified method for generating median capacity and
fragility functions when only a limited amount of information on the buildings is available; it is not
proposed that this method should be used in the case that detailed information is available, or
when capacity curves for individual buildings are to be derived. The methodology considers only
flexural behavior, and requires further calibration to model shear failure. The capacity curves
resulting from the simplified method (which take seconds to calculate) are compared with those
from more robust nonlinear analyses for a number of frames to understand how different the
predictions of global behavior are. For a given building class, populations of buildings are
generated using Monte Carlo simulation to identify the median capacity curves (which are
compared with the capacity curves of the single buildings originally considered), and then
associated fragility functions (for use with the equivalent linearization approach of FEMA440) are
derived. These fragility functions explicitly include the uncertainty in the capacity, to which an
estimation of the uncertainty in the response needs to be added.

2.2 Summary of DBELA Approach Methodology

The formulae that have been used to produce simplified capacity curves for both beam-sway (i.e.
strong column/weak beam) and column-sway (i.e. weak column/strong beam) mechanisms for
three different limit states to damage are summarized in the following section. Different
equations have been used for bare frame and infilled frame structures. The following has the
objective of presenting the formulae used in the capacity curve calculation, rather than the theory
behind the methodology; the reader is referred to Crowley et al. [2004] and Bal et al. [2010] for
more detailed information on the methodology presented herein.

Structures are modeled as SDOF equivalent systems with a given mechanism in DBELA, and the
displacement capacity of the equivalent system is calculated as a function of the sectional strains
in the plastic hinges of the mechanism. The sectional limit states to damage used herein relate to
the levels of strain in the materials, and are different according to the building construction code.
The studied structures are divided between those that do not have adequate confinement and are
thus treated as non-ductile, and those that are well-confined and thus have ductile behavior.
Crowley et al. [2004] have suggested the use of limit state strains for both inadequately and
adequately confined members; the former have been updated using the work of Bal [2008]. The
first limit state (LS1) relates to yield of the structure, the second limit state (LS2) refers to the point
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beyond which significant damage is experienced, and the third limit state (LS3) refers to the point
beyond which the structure collapses. The post-yield sectional limit state strains considered in this
evaluation are described in the following table, where g, denotes the strain in the concrete and &
denotes the strain in the steel.

Table 2.1 Values of the post-yield sectional limit state strains for reinforced concrete buildings

Non-ductile Ductile
LS2 strains €ciisz) = 0.0035 Es(1s2) = 0.015 €ciisz) = 0.0035 €s(1s2) = 0.015
LS3 strains Ec(Ls3) = 0.0075 Es(Ls3) = 0.035 Ec(Ls3) = 0.015 Es(Ls3) = 0.05

The frames are transformed from MDOF structures to SDOF equivalent systems, with an effective
height. The effective height coefficient ef,, (that is multiplied by the height) is different according
to the response mechanism (either beam-sway or column-sway as mentioned previously) [Glaister
and Pinho, 2003]. For what concerns the beam-sway mechanism, the effective height is
independent of the ductility and depends on the number of stories n as described in the following
equations:

ef, =0.64 n<4a (2.1)
ef, =0.64—-0.0125(n—4) 4<n<20 (2.2)
ef,=0.44 n=>20 (2.3)

With regards to the column-sway mechanism, the effective height depends on the ductility.
However, the ductility cannot be calculated unless the yield displacement at the effective height is
known and thus an iterative procedure should be carried out to find the effective height. Glaister
and Pinho [2003] proposed the following equation for the sake of simplicity:

Ecyey — €
ef, =0.67-0.17 2= (2.4)

Esiisi)
The ductility is also considered according to the sway mechanism. In the following equations, the
ductility for beam-sway and column-sway mechanism are shown respectively:

GC(LSi) +ésusy —1.7¢, )hb
ey -,

s =1+ (2.5)

14 GC(LSI’) +&sus) _2-145;/) h R (26)
Hsi 0.86-¢ef, -H. - & '

where:

®  Eusyand gy are sectional limit state strains for reinforced concrete buildings (see Table 2.1);

e &, istheyield strain of the reinforcement steel;
e hyisthe depth of the beam;

e |,isthe length of the beam;

e h.is the depth of the column;

o efy is the effective height;

e H;isthe total height of the building.

To estimate the probable response mechanism of a structure, a stiffness-based (or deformation-
based) sway index is used. The probability of having a column sway mechanism increases with the
increasing beam section depth, with the decreasing column section depth, with the increasing
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column length (story height) and with the decreasing beam length. The value of the index for it

joint for a certain floor is:

LC,B

(2.7)

where sub-indices ’'L’, ‘R’ and ‘B’ refer to ‘Left’, ‘Right’, and ‘Below’ respectively. The index per
floor could then be obtained by averaging the result of (2.7) for each floor:

n

ZRu

S, ., ==
def ,j
n

(2.8)

where n is the total number of joints at floor j. The maximum value of the index between floors is
the value that represents the structure. In the following table the limits of the index for different
building types are shown (Abo El Ezz, 2008; Shah, 2009):

Table 2.2 Limits of the deformation-based sway index for different building types

Beam Sway mechanism

Column Sway mechanism

Bare Frame structure
Fully Infilled Frame structure
Infilled soft story layout Frame
structure

R<1.5
R<1

Ri<0.5

R>1.5
Ri>1

R>0.5

Shear failure is not considered in the calculation of the limit state displacements in DBELA, though
it is recognized that it should be considered.

2.2.1 Bare Frame

The structural yield and post-yield period-height equations are represented by the following
formula. They are valid both for beam-sway and column-sway mechanisms. It is worth noting that
the coefficients of these empirical formulae are different according to the design level in terms of
expected base shear. In fact, a newer building that has been designed to higher levels of base
shear and with capacity design principles has deeper members, and is thus stiffer than an older
one, and its period is lower.

Low Base Shear High Base Shear
T,=0.1H, Ty = 0.07H (2.9)

Tsi=T si Tsi=T si (2.20)

Beam-Sway mechanism
The structural yield displacement capacity and the structural post-yield displacement capacity (see
Figure 2.1) are shown in the following equations respectively:

|
AS, =05-ef, -H, ‘&, h_b (2.11)
b

A= AS,+0.5- (gcus,,) +Egus — 178, )?fh -H, (2.12)
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Column-Sway mechanism
The structural yield displacement capacity and the structural post-yield displacement capacity (see
Figure 2.1) are shown in the following equations respectively:

h
ASy =043-ef, -H; &, hil (2.13)

c

h
AS.g =043-ef, -H; -¢, hil +0.5- (gC(LSi) +é&g5) — 2. 14e, )hsz (2.14)
c
where hg; is the average of the inter story height of the building and h; is the height of the ground
floor story.

The base shear force divided by the seismic weight represents the collapse multiplier A. It can be
calculated directly from the displacement capacity (A,) and the period of vibration at yield (T,)
using the following formula. The base shear force divided by the seismic mass of the building (F/m)
is then simply computed multiplying the collapse multiplier by g.
4.7 -4,
A=—"7" (2.15)
T -g

y

In figure 2.1 a simplified capacity curve for a bare frame structure is shown.
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Figure 2.1 Simplified capacity curve for a bare frame structure; the three displacement capacities (one yield and two post-
yield) are shown on the curve
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2.2.2 Fully infilled Frame

Structures with infill panels are assumed to have a much higher initial stiffness, and thus the
formula for the initial period of vibration is modified. The displacement at which yielding is
initiated in the structural members has been found from nonlinear analyses of a number of RC
frames with infills to be lower than that of frames without infills, and thus the yield displacement
is corrected with factors that have been calibrated using the aforementioned analyses. The infill
panels are assumed to have failed by the time the significant damage limit state is reached in the
structures and thus the structure is assumed to behave as a bare frame for the second and third
limit states, and thus the bare frame equations are used. The structural yield and post-yield
period-height equations are represented by equation 2.16 and 2.17. They are valid both for beam-
sway and column-sway mechanisms. As it is possible to notice, the value of the period is lower and

21



the initial stiffness of the building is higher than for bare frames (see Figure 2.2). These values have
been estimated assuming the infill panel thickness between 0.1 and 0.25 meters. As for the bare
frame buildings, the values of these empirical formulae are different according to the design level.
It has to be mentioned that the ratio between the formulae for low base shear and high base
shear buildings that can be estimated from the bare frame case has also been applied for the fully
infilled frame case.

Low Base Shear High Base Shear
T, =0.06H; T,=0.048H (2.16)
Tsi=T si Tsi=T Hsi (2.17)

Beam-Sway mechanism
The structural yield displacement capacity and the structural post-yield displacement capacity are
shown in the following equations respectively:

/
A5,=0.5-¢f,-H; -&, -h—b-ﬂ’l (2.18)
b

AS,5= Asy +05- @C(LSI‘) +&5u5) _1'7gy>fh “Hr - B (2.19)

Column-Sway mechanism
The structural yield displacement capacity and the structural post-yield displacement capacity are
shown in the following equations respectively:

h
AS,=0.43-¢f, -H; -, hLl A (2.20)

h
455=043-f, Hy 5, +05- (gm,, g —2.14€y)r$2 B, (2.21)

(4

where hg; is the average of the inter story height of the building and hy; is the height of the ground
floor story.

Both in beam-sway and in column-sway mechanisms, a B parameter is added to the formulae to
account for the influence of the infill panels. This parameter slightly decreases the displacement
capacity. In the following table the tentative 3 values suggested by Bal [2008] are shown.

Table 2.3 Tentative B values suggested for the infilled frame structures

. 3 (mean)
Infilled Case
LS1 (B4) LS2 (B,) LS3 (Bs)
Bare Frame 1 1 1
Infilled frames 0.52 0.46 0.28

For what concerns the collapse multiplier A4, it can be calculated with (2.15). As shown in Figure 2.2,
the shape of the simplified capacity curve for infilled frame structures is different from the bare
frame capacity curve and a second collapse multiplier A, has to be computed. We can use a proxy
for A,, which is the value of the bare frame collapse multiplier (as it represents the strength after
the infill panels have collapsed).
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Figure 2.2 Simplified capacity curve for an infilled frame structure.

2.3 Input data and results

As mentioned before, three different sets of data are studied and the corresponding capacity
curves are computed. In the following section the input data and results of these analyses are

shown.

2.3.1 Data and results for index frames from Greece (provided by AUTH)

In the following table the data required by the DBELA methodology to estimate the capacity
curves for the Greek buildings considered in PAGER-WHE Phase Ill are shown. Note: the
reinforcing yield strength is converted to yield strain by assuming a Young’s Modulus of 210,000

MPa.

Table 2.4 Data required by DBELA to compute capacity curves

Reinforcing steel

Average beam dimensions in main

Average ground floor

PAeirszsgfggurzE wel? '\;t:]ngth Inter-story height [m] direction [m] column depth in main
direction [m]
Long. upper floors ground floor Length Depth

CAL (RC1LL) 462 3 45 6 0.7 0.28
C3L (RC3.1LL) 462 3 45 6 0.7 0.28
C3L-SS* (RC3.2LL) 462 3 4.5 6 0.7 0.28
C4M (RC1ML) 462 3 4.5 6 0.7 0.4
C3M (RC3.1ML) 462 3 4.5 6 0.7 0.4
C3M-SS (RC3.2ML) 462 3 4.5 6 0.7 0.4
C4H (RC1HL) 462 3 4.5 6 0.75 0.6
C3H (RC3.1HL) 462 3 4.5 6 0.75 0.6
C3H- SS (RC3.2HLO 462 3 4.5 6 0.75 0.6
C1L (RC1LH) 440 3 4.5 53 0.5 0.35
C1L-I** (RC3.1LH) 440 3 4.5 53 0.5 0.35
C1L-SS (RC3.2LH) 440 3 4.5 53 0.5 0.35
C1M (RC1MH) 440 3 4.5 53 0.55 0.4
C1M-I ( RC3.1MH) 440 3 4.5 53 0.55 0.4
C1M-SS (RC3.2MH) 440 3 4.5 53 0.55 0.4
C1H (RC1HH) 440 3 4.5 53 0.57 0.46
C1H-I (RC3.1HH) 440 3 4.5 53 0.57 0.46
C1H-SS (RC3.2HH) 440 3 4.5 5.3 0.57 0.46

* SS indicates soft story layout for buildings in classes C1 and C3 with infill; ** | indicates structurally active infills in
buildings in classes C1 as per discussion in section 1.1. of this report.
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It is possible to divide these structures into three classes: bare frame, infilled frame and infilled
frame with soft story layout. For the purpose of this report, the bare frame and the infilled frame
have been studied using the formulae described in Section 2.2. For each structure, the
deformation-based sway index is calculated and the mechanism is estimated accordingly. In Table
2.5 and 2.6 the results are shown. It is worth noting that, due to the fact that the thickness of the
infill panels is about 0.1 meter, we are likely over predicting the stiffness.

Bare Frame Structures

The bare frame structures studied herein are low, medium, and high rise reinforced concrete
structures. The structures are non-ductile with low base shear and ductile with high base shear.
The values of the structural yield displacement capacity and the structural post-yield displacement
capacity with the values of the collapse multiplier A and the corresponding base shear force
divided by the seismic mass of the building (F/m) are shown in Table 2.5. The value of the sway
index and the mechanism types of the buildings are also presented.

Table 2.5 Capacity curve parameters for bare frame structure: Greek data

Structure Sway indexR;  Mechanism Ay[m]  Agsy [m] Agsz[m] A [ F,/m [m/s?]
CAL (RCILL) 1.9 Column Sway 0.080 0.094 0.146 0.574 5.63

C4M (RCIML) 13 Beam Sway 0.086 0.148 0.252 0.189 1.853

C4H (RC1HL) 0.9 Beam Sway 0.152 0.272 0.470 0.075 0.739

C1L (RCI1LH) 1.2 Beam Sway 0.039 0.075 0.186 0.573 5.611

C1M (RC1IMH) 1.2 Beam Sway 0.064 0.128 0.329 0.289 2.834

C1H (RC1HH) 1.0 Beam Sway 0.118 0.239 0.622 0.119 1.169

Infilled Frame Structures

The infilled frame structures studied herein are low, medium, and high rise reinforced concrete
structures. The structures are non-ductile with low base shear and ductile with high base shear.
The values of the structural yield displacement capacity and the structural post-yield displacement
capacity with the values of the collapse multipliers A; and A, and the corresponding base shear
force divided by the seismic mass of the building (F/m) are shown in the Table 2.6. The value of
the sway index and the mechanism types of the buildings are also presented.

Table 2.6 Capacity curve parameters for infilled frame structure: Greek data

Structure |Sr\1AcI|?e\)/( R Mechanism Ay Im]  Agso [m] Agiss[m] Aq [-] Ao -] I[Er:f;zz] I[:;:Zz]
C3L (RC3.1LL) 1.9 Column Sway 0.042 0.047 0.055 0.829 0.478  8.132 4.692
C3M (RC3.1ML) 1.3 Column Sway 0.053 0.055 0.064 0.242 0.167  3.163 1.642
C3H (RC3.1HL) 0.9 Beam Sway 0.079 0.134 0.168 0.109 0.075  1.068 0.739
C1L-1(RC3.1LH) 1.2 Column Sway 0.032 0.039 0.062 0.987 0.455  9.681 4.468
CIM-I (RC3.1IMH) 1.2 Column Sway 0.050 0.053 0.076 0.450 0.199  4.706 1.955
C1H-I (RC3.1HH) 1.0 Column Sway 0.092 0.092 0.108 0.198 0.077  1.938 0.756
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2.3.2 Input data and results for index frames from Italy (provided by EUCENTRE)

In the following table the data needed by DBELA to estimate the capacity curves are shown.

Table 2.7 Data required by DBELA to compute capacity curves

Yield strain of the Average beam dimensions

1d Structure reinforcement steel [-] Inter-story height [m] in main direction [m] Average ground floor column
depth in main direction [m]

Long. upper floors ground floor Length Depth

C4M (RC_PC_x) | 0.002 3 3 6 0.32 0.31

C4AM (RC_PC_y) | 0.002 3 3 5 0.32 0.43

C4M RC_5%_x 0.002 3 3 6 0.34 0.3

C4AM RC_5%_y 0.002 3 3 5 0.31 0.37

C4M

(RC_12.5%_x) 0.002 3 3 6 0.39 0.33

CaM

(RC_12.5%_y) 0.002 3 3 5 0.34 0.45

The bare frame structures studied herein are reinforced concrete medium rise structures (4
stories), non-seismically designed, and seismically designed (but without adequate ductility and
capacity design considerations) with horizontal forces corresponding to 5% (low code) and 12.5%
(high code) of the weight of the structure. The values of the structural yield displacement capacity
and the structural post-yield displacement capacity with the values of the collapse multiplier A and
the corresponding base shear force divided by the seismic mass of the building (F/m) are shown in
Table 2.8. The value of the sway index and the mechanism types of the buildings are also
presented.

Table 2.8 Capacity curve parameters: Italian data

Structure Sway index R; Mechanism Ay [m] Agisy [M] Agis3 [m] M- F,/m [m/sz]
C4aM (RC_PC_x) 0-52 Beam Sway 0,144 0,202 0,294 0,403 3,948

CAM (RC_PC_y) 0.5 Beam Sway 0,120 0,178 0,270 0,336 3,290
CAMRC_5% x  0.57 Beam Sway 0,136 0,194 0,286 0,379 3,716
CAMRC_5%_y  0.50 Beam Sway 0,124 0,182 0,274 0,347 3,396

cam

(RC_12.5%_x)  0.59 Beam Sway 0,118 0,176 0,268 0,675 6,611

cam

(RC_12.5% y)  0.45 Beam Sway 0,113 0,171 0,263 0,645 6,319

2.3.3 Input Data and results for index frames from Turkey (provided by METU)

In Table 2.9 the data needed by DBELA to estimate the capacity curves are shown. Gulkan and
Yakut provided the following data that have been used in the analyses:

- Height of the building. Average value: 10.6 m;

- Ground floor height. Average value: 3.1 m.
For consideration of other values needed to calculate the capacity curves, they can be found in Bal
et al. (2007). Due to the fact that the exact number of stories is not known, it is not possible to
estimate the inter story height of the upper floor. This latter value is essential to compute the
displacement capacity in case of a column-sway mechanism. To have a column-sway mechanism,
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an inter story height of the upper floor of 3.8 m is necessary, which is unlikely to be the case. For
this reason it is assumed that the mechanism will be beam-sway.

Table 2.9 Data required by DBELA to compute capacity curves

Structure Reinforcing steel yield Ground floor height [m]  Average beam dimensions in main Average ground floor column
strength [MPa] direction [m] depth in main direction [m]
Long. Length Depth

C4M 371.13 3.1 3.37 0.6 0.45

The bare frame structures studied herein are reinforced concrete mid-rise structures. The values
of the structural yield displacement capacity and the structural post-yield displacement capacity
with the values of the collapse multiplier A and the corresponding base shear force divided by the
seismic mass of the building (F/m) are shown in the following table.

Table 2.10 Capacity curve parameters: Turkish data

Structure Ay [m] Assrm]  Agsplm]  A[] Fy/m [m/s’]
CaM 0.034 0.086 0.168 0.121 1.183

2.4 Comparison of Capacity Curves
2.4.1 Comparison for index frames from Greece

In the following figures, the capacity curves estimated by AUTH as part of the PAGER-WHE Il
project (see Section 1.1) and the DBELA method are shown for nonductile, low base shear bare
frame buildings and infilled frame buildings. For bare frame structures, it is worth noting that the
initial stiffness estimated by AUTH is higher in the case of medium rise and high rise buildings and
it is lower in the case of low rise building. It is also worth noting that the capacity curves for the
medium rise buildings are very similar. With regards to the infilled frame structures the stiffness
estimated by AUTH is always higher than the one estimated herein.

Bare Frame
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Figure 2.3 Comparison of capacity curves for Greek bare frames
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Figure 2.4 Comparison of capacity curves for Greek infilled frames

2.4.2 Comparison for index frame from Turkey

In the following figure, the capacity curves estimated by METU (PAGER-WHE Phase 1) and those
estimated herein are shown for mid-rise bare frame buildings. It is worth noting that the initial
stiffness estimated by METU is higher, but nevertheless the lateral strength and ultimate
displacement capacities are similar.
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Figure 2.5 Comparison of capacity curves for Turkish frame (C4M)

2.4.1 General conclusions on the comparisons

The simplified capacity curves appear to estimate reasonably well the capacity of mid-rise
reinforced concrete frames, but fail at adequately represent the behavior of frames with masonry
infill. More comparisons and calibration for this building typology is evidently needed. However, it
is also worth noting that the capacity curves produced with computer packages might also suffer
from modeling errors such as those due to inappropriate material laws or hinge models
(depending on whether plastic hinge or fiber element modeling are used) or due to insufficient
discretization of elements and fibers (for fiber modeling). Hence the use of the DBELA method
within the right context (i.e. for large populations of buildings where detailed information is not
available) might still be justified.
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2.5 Fragility Functions
2.5.1 Generality

Using a Monte Carlo approach, hundreds of random parameters per building typology were
sampled considering the variability in the following parameters:

e Material properties:

=  Yield strain of the steel;

= Material strains at the limit states.
e Geometric properties:

=  Ground floor height;

= Upper floor height;

= Beams length;

=  Beam depth;

=  Column depth;

The values reported previously were assumed to be the mean values, and the coefficient of
variation and probabilistic distribution of each parameter was estimated following the study of Bal
et al. (2007), as reported below and in Tables 2.11, 2.12 and 2.13. Only the bare frames have been
considered as the capacity curves for these buildings were better estimated (as presented in the
previous section). However, fragility functions for infill buildings could also be generated using the
same procedure and random variables.

Table 2.11 Mean, Coefficient of variation (COV in %) and probabilistic distribution assumed for steel modulus and upper floor

height

Parameter Mean COV (%) Probability Distribution
Steel Modulus 210000 MPa 5 Normal
Upper floor height 3m 8 Lognormal
Ground floor/upper floor ratio 1.5 15 Lognormal

Table 2.12 Mean, Coefficient of variation (COV in %) and probabilistic distribution assumed for yield strength and column depth

Class Steel yield strength (MPa) Column depth (m)

Mean COV% Prob Dist Mean COV % Prob Dist

C4L (RC1LL) 462 24 normal 0.28 12 lognormal
C4M (RC1ML) 462 24 normal 0.4 12 lognormal
C4H (RC1HL) 462 24 normal 0.6 12 lognormal
C1L (RC1LH) 440 24 normal 0.35 12 lognormal
C1M (RC1MH) 440 24 normal 0.4 12 lognormal
C1H (RC1HH) 440 24 normal 0.46 12 lognormal

Table 2.13 Mean, Coefficient of variation (COV in %) and probabilistic distribution assumed for beam length and beam depth

q Beam length(m) Beam depth (m)
ass
Mean COV (%) Prob Dist Mean/Values COV(%) Prob Dist
C4L (RC1LL) 6 38 gamma 0.7 16 normal
C4M (RC1ML) 6 38 gamma 0.7 16 normal

28




C4H (RC1HL) 6 38 gamma 0.75 16 normal
C1L (RC1LH) 53 38 gamma 0.5 16 normal
CiM (RC1MH) 5.3 38 gamma 0.55 16 normal
C1H (RC1HH) 5.3 38 gamma 0.57 16 normal

A few tests were carried out to understand the number of samples after which convergence in the
results was obtained; it was concluded that no less than 1000 synthetic buildings should be
sampled. Figure 2.6 presents the histogram of spectral displacement for each limit state for a
given building class.

First Limit State Second Limit State Third Limit State
80 80 100
70 70
80
60 60
50 50 60
40 40
30 30 40
20 20
20
10 10
0 0 0]
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3

Figure 2.6 Histogram of the spectral displacement (in meters) for each limit state.
By observing the shape of the histograms and employing the maximum likelihood method, it was
concluded that a cumulative lognormal distribution proved to give the best fit to the results.

2.5.2 Results

The mean and median capacity curves for each building typology were computed using the
formulae presented previously and are presented below. Fragility functions were plotted based on
the aforementioned statistics (thus including only the uncertainty in the capacity). Both mean and
median capacity curves are provided to show the large difference in these curves. One must use
the median capacity curve together with the fragility functions to estimate the damage
distribution for a given scenario (by first obtaining the performance point from the median
capacity curve). Often a modeler only has one or two buildings of a given typology that can be
modelled, but they should not use the mean properties to obtain the representative building
typology capacity curve, but instead attempt to model the distribution of the variables and find
the median capacity curve.
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Figure 2.6 Fragility functions for Greek Frames: C4L (RC1LL)
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Figure 2.7 Fragility functions for Greek Frames: C4M (RC1ML)
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Figure 2.11 Fragility functions for Greek Frames: C1H (RC1HH)

The model uncertainty (due to the simplification of the capacity curves) is not estimated or
included in the fragility functions, though this uncertainty appears to be relatively large and should
be accounted for. Alternatively, capacity curves of simple, regular 2D frames (randomly generated
using the statistics referred to previously) could be produced using a nonlinear analysis package
such as OpenSees (which allows for batch analyses). Typical reinforcement ratios (based on code
recommendations) and some simple moment distribution analyses based on gravity loads and
possibly lateral loads can be used to calculate the required reinforcement. Such an approach is
feasible and more robust than the use of simplified capacity curves, but it is rather
computationally intensive and requires knowledge of nonlinear analysis. Hence, there may still be
a place for simplified methods such as the one presented here in some situations.

The fragility functions presented previously only include the uncertainty in the capacity. To
estimate the uncertainty in the response, a comparison of the nonlinear static and nonlinear
dynamic response of 7 reinforced concrete non-ductile moment resisting frames has been
undertaken. The frames were modeled in OpenSees, the nonlinear static response was calculated
using the FEMA 440 Capacity Spectrum Method (ATC, 2005), while the nonlinear dynamic
response (in terms of the displacement at the effective height) was calculated considering a large
number of natural records. The logarithmic standard deviation has been calculated as
approximately 0.45. This is combined with the uncertainty in the capacity (shown in the previous
plots) using the SRSS.
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Figure 2.13 Comparison of nonlinear static response estimated with the FEMA 440 method and with nonlinear dynamic analysis
for 7 reinforced concrete frames

For each of the bare frames typologies considered the median spectral displacement and the
associated logarithmic standard deviation for each limit state are summarized in Table 2.14 and
2.15, when considering only the uncertainty in capacity and when considering also the uncertainty
in demand respectively.

The following symbols are used to represent each parameter:
o &IF{tr)- median spectral displacement in cm;

e {-logarithmic standard deviation of the lognormal distribution.

Table 2.14 Uncertainty in capacity (as shown in Figures 2.7 to 2.12 above)

LS1 LS2 LS3

SD’(cm) i SD’(cm) i SD’(cm) 4
C4L (RCILL)  4.221 0.490 7.956 0.287 13.818 0.183
CAM (RC1IML) 7.645 0.473 14.320 0.279 24.786 0.180
C4H (RCIHL)  13.122 0.493 25.999 0.283 46.200 0.180
C1L (RC1LH) 5.004 0.504 13.764 0.220 20.230 0.163
Cim 8.175 0.475 23.771 0.200 35.296 0.151
(RC1IMH)
C1H (RC1HH) 14.256 0.470 43.889 0.184 65.777 0.139

Table 2.15 Uncertainty in capacity and response:

LS1 LS2 LS3

SD’(cm) | € SD’(cm) 4 SD’(cm) 4
C4L (RC1LL) 4221 0.659 7.956 0.525 13.818 0.476
C4M (RCIML) | 7.645 0.646 14.320 0.521 24.786 0.475
C4H (RC1HL) 13.122 0.661 25.999 0.523 46.200 0.475
C1L (RC1LH) 5.004 0.669 13.764 0.492 20.230 0.469
C1M (RC1IMH) | 8.175 0.647 23.771 0.483 35.296 0.465
C1H (RC1HH) 14.256 0.644 43.889 0.477 65.777 0.461

2.5.3 Comparison with other fragility functions
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It is noted that the fragility functions presented above need to be used in conjunction with the
median capacity curves (within the framework of the Capacity Spectrum Method), hence
comparisons should be made in terms of the losses that are estimated for a given scenario, or in
terms of loss exceedance curves. Otherwise, a comparison on just the magnitude of the
logarithmic standard deviation in the fragility functions could be made, provided that the same
sources of uncertainty are being accounted for.
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3. Application of the AUTh Methodology to Reinforced Concrete buildings
from India and Italy

A.J. Kappos, G. Panagopoulos, P. Antoniadis
3.1 Introduction

The main goal of Phase IV of the WHE PAGER project is to compare the capacity curves estimated
using different models by different researchers worldwide. The sharing of exposure data (building
typology, geometry, etc.) will allow researchers to implement their own models to evaluate the
capacity of the buildings. As a further goal, fragility curves are derived on the basis of the
aforementioned capacity curves and expressing damage states in terms of spectral displacements.
The Aristotle University of Thessaloniki (AUTh), Dept of Civil Engineering method, briefly described
in Section 3.2 of this report and in more detail in Kappos et al. (2006) and Kappos & Panagopoulos
(2010), has been applied to a number of structures representative of typologies that correspond
to Indian and Italian reinforced concrete (R/C) buildings, data for which were provided by WHE
PAGER colleagues (H. Crowley, H.B. Kaushik). In Section 3.3 of the report the structures are
described and grouped according to the researcher that ran his/her model to evaluate the
capacity curves. Results derived using the AUTh procedures are presented in Section 3.3 following
the description of the structures, while in Section 3.4 some comparisons of the curves derived
using different methodologies are shown and briefly discussed. Finally, in Section 3.5, S4-based
fragility curves are derived for all the foregoing typologies.

The specific procedure used herein by the AUTh team is based on the inelastic static (pushover)
analysis of the structures and has been previously used for both R/C and URM buildings (Penelis et
al. 2003; Kappos et al. 2006). It is one of the two procedures (the other one is inelastic dynamic
analysis) that can be used in the analytical part of the ‘hybrid’ approach (which combines analysis
results with empirical data); the procedure can be applied to any R/C building typology, provided
that information concerning the geometry of typical structures, material properties and the
reinforcement of critical sections is available. The present analysis involves mainly two-
dimensional models of the structures in order to maintain the computational cost within
reasonable limits, but a case-study involving a more realistic 3D model is also presented in Section
3.3.

3.2 Methodology
3.2.1 Inelastic analysis procedure

To keep the computational cost of vulnerability analysis within reasonable limits and ensure the
stability of inelastic analyses at very high seismic motion levels, taking into account the drop in
strength of structural elements, the AUTh general approach consisted in analyzing 2D models of
structures, with some supplementary 3D analyses described in Section 3.3. R/C members were
modeled using lumped plasticity beam-column elements, while infill walls were modeled using the
diagonal strut element (see Section 3.2). Cracked sections for R/C members have been taken into
account using 40% of the gross flexural rigidity (Elg) for beams, 60% for external, and 80% for
internal, columns (in compression).
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Moment — curvature as well as moment — rotation quantities for all plastic hinges have been
derived using an in-house developed software (RCCOLA.NET, Figure 3.1), based on the popular
RCCOLA application developed initially at UC Berkeley (Mahin et al. 1977), later extended by
Kappos (1993). Mean material properties have been utilized, adopting the Kappos (1991) and the
Park & Sampson (1972) constitutive laws for confined concrete and reinforcement steel,
respectively. The ultimate deformation €, and consequently the ultimate curvature ¢, is
conservatively taken as the one that corresponds to the first of the following criteria:

e Drop in concrete stress at the level of 0.85f. along the descending branch of the concrete stress-
strain diagram (Figure 3.2)

e First hoop fracture

e Buckling of longitudinal bars

RCCOLANET w0570
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Figure 3.1 Screenshot of the RCCOLA.NET application
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Figure 3.2 Constitutive law for confined concrete (Kappos 1991, left) and steel (Park & Sampson 1972, right)
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A bilinear approximation of the derived moment curvature diagram is made adopting the common
equal energy absorption (equal areas) rule (see Section 3.2.2). The derived yield (¢,) and ultimate
(du) curvatures are used to estimate the plastic rotation using equation 3.1.

ep =(o, _(Pv)'lp ep =(o, _(pv)'lp

The plastic hinge length (I,,) is estimated from the expression (Paulay and Priestley, 1992)

where
lo

f‘l

dp

| =0.08-1, +0.022-f  -d,

the length between the maximum moment point and the point where M=0 (=0.5I for seismic loading)
the steel yield strength
the diameter of longitudinal reinforcement.

Typical moment — rotation diagrams that correspond to the 1** story structural elements of the
Italian structures (RC_5%) are presented in Figures 3.3 and 3.4 for beams and columns,
respectively, as implemented in Etabs (or SAP2000). A residual rotation of 5-6, with a residual

strength of 0.2:-M, is utilized in order to account for the fact that R/C elements do not actually fail

when they reach the ultimate point but they are able to resist substantially lower forces with

greater deformations.

Point ament/5F Fotation/SF

E- -131.6022 -0.6264

D- -131.6022 -0.1253

C- -£538.0108 01253 -I_

E- -B02.1101 0.

A 0 0.

B 335.7629 0. -

C 3E8.0723 0.1683

E ;gg]jg 318?182 [ Hinge is Rigid Plastic

[~ Symmetric

Figure 3.3 Typical Etabs/SAP2000 moment — rotation (M3) diagram for beams
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Figure 3.4 Typical Etabs/SAP2000 moment — rotation and axial load — moment interaction diagrams (PMM)

An additional check is made regarding the ability of each R/C member to develop its flexural

strength and deformation, without failing in shear. Hence, in cases where V<V, i.e. the shear
strength is lower than the shear force corresponding to the development of the member yield
moment, the latter is reduced accordingly; moreover, the available rotational capacity (6, from
equation 3.1) is reduced to 0.56,, i.e. 50% the yield rotation of the member. With regard to the
effect of ductility demand on shear capacity (V,=V(Ug)), to avoid the need for iterations, and given
that the software used does not have the capability of carrying out shear checks at each step (this
was done in the DRAIN2000 software used in previous studies by the AUTh group, see Kappos et al.
2006), the shear capacity V, is estimated conservatively, i.e. for a value Yg=5, after which a
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residual value for the concrete contribution (V) is assumed (see Penelis & Kappos 1997, and EPPO
2012). Figure 3.5 presents the moment — plastic rotational ductility pg p diagram (e pi = He- 1),
along with the moment that corresponds to the shear capacity (V,=V(e)) for the 1% story interior
columns of Indian frames (see Figure 3.8), designed for the axial load level that corresponds to the
gravity loads of the seismic combination (g+0.3q). It is noted that due to the high transverse
reinforcement level of the Indian frames (@#8/75mm; Figure 3.5) the shear failure was never found
to be critical; it is noted that in this assessment no reduction in shear capacity due to poor
detailing of the transverse reinforcement was taken into account.
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Figure 3.5 Moment-curvature and moment — plastic rotational ductility curves for the 1% story interior columns of Indian index
frames

The structures are pushed using a load pattern based on the 1° mode shape until ‘failure’ of the
building. The analysis is terminated when a significant drop of strength occurs (>25% of the
maximum base shear), although numerical instabilities may cause the analysis to stop earlier,
especially when several elements have a drop in strength or fail at the same step. Minimizing the
step size sometimes (but not always!) may solve the problem.

Modeling of masonry infill elements
The model used herein for masonry infills is the one developed by Kappos et al. (1998) and is
based on the well-known diagonal strut concept. The relationship between the stiffness of the
strut and that of a shear panel can be derived using the condition that the lateral displacement of
the two models be equal. Another assumption is that the panel sustains negligible vertical
deformations (a reasonable assumption when masonry is constructed subsequent to the
completion of the R/C frame).
The axial stiffness coefficient E;A of the strut can be expressed in terms of the shear stiffness
GwA,, of the panel and the inclination (a) of the strut from

G, A,
EoA = cos’ a-sina (0.24)
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Figure 3.6 Envelope shear stress vs. shear strain curves for infill panel

Based on the assumption of equal areas under the envelope curve, the exponential descending
branch of the monotonic t-y curve can be substituted by an equivalent bilinear one (Figure 3.5-
right). Using the relation between the axial stiffness of the strut and the shear stiffness of the
panel it is possible to construct the axial force-displacement diagram of the strut model, which can
be directly introduced in the program used (Etabs/SAP2000 in the present study).

3.2.2 Bilinear approximation of pushover curves

Bilinear pushover curves are constructed for each model building type and represent different
seismic design and building performance levels. Each curve is defined by two points: (1) the ‘yield’
capacity and (2) the ‘ultimate’ capacity. The yield capacity is the point where the building response
becomes strongly nonlinear and the strength level is higher than the design strength. Reasons for
an actual strength that is higher than the design strength are minimum code requirements, actual
material strengths that are higher than the design values (mean values of concrete and steel
strength were used in the nonlinear analyses), and, importantly, the presence of masonry infills
(this influence is more pronounced in the case of frame systems).. The ultimate capacity is reached
after the global structural system has developed a full mechanism and a 20% drop in strength has
occurred due to the fact that some members have ‘failed’ in the sense that they have exceeded
their deformation capacity. An in-house developed software (BILIN) has been utilized to automate
this procedure (Figure 3.7), adopting equal areas under the ‘actual’ and the bilinear curve, similar
to the FEMA356 guidelines.
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Figure 3.7 Screenshot of the BILIN application

It is emphasised that due to the fact that the pushover curves used for the vulnerability
assessment are bilinear versions of the actually calculated curves, a necessity arising from the fact
that bilinear behaviour is considered in reducing the elastic spectrum to an inelastic one (or an
equivalent elastic one for effective damping compatible with the energy dissipated by the inelastic
system), the strength corresponding to the ultimate capacity generally does not coincide with the
actual peak strength recorded during the analysis. Moreover, the ‘yield’ capacity is not the
strength of the building when first yielding of a member occurs. The proper way to ‘bilinearize’ a
pushover curve is still a rather controversial issue in the sense that different methods can be
appropriate depending on the objective of the specific analysis. It is worth recalling here that in
the ATC-40 (1996) manual, where the capacity spectrum method is presented in detail, it is
recommended to bilinearize the capacity curve with respect to the previously estimated target
point, i.e. the bilinearized curve changes during each iteration, which is not a very convenient
procedure.

3.2.3 Derivation of capacity curves from the corresponding pushover curves

The transformation of pushover curves (base shear vs. top displacement) into capacity curves
(spectral acceleration vs. spectral displacement) was carried out using the familiar expressions
found, among others, in the FEMA-NIBS (2003) and RISK-UE reports:

o fraction of building weight effective in pushover mode

o fraction of building height at the elevation where pushover-mode displacement is equal to
spectral displacement.

{Z(mida)} > (md?) .
i=1 a, = Ni:l PF. =— (0.25)

Ym- Y m) > ma)-a, -

i=1 i=1

a

where
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i amplitude of pushover (1) mode at ith degree of freedom
bep amplitude of pushover (1%') mode at control point (roof)
m; the mass at each diaphragm (story) level

Spectral quantities are derived from the equations:

\Y/
S, :ﬁ’ S, :i (0.26)
a, PR,
where
Y base shear
w the total weight of the structure
6 control point (roof) displacement

3.2.4 Alternative 3D approach used for the analysis of the irreqgular 4-story Indian building

Analysis of the 4-story residential building (considered both as completely infilled with masonry
walls, and as having an open first story) was performed via a full 3D finite element model set up in
the Seismostruct finite element analysis package. Due to the inherent irregularity (Figure3.9), a 2D
modeling approach was deemed meaningless, while insurmountable problems with the
SAP/ETABS software forced us to explore alternative but reliable software options (i.e.
Seismostruct). Beams and columns were modeled using distributed inelasticity elements; the fiber
approach is implemented to represent the cross-sectional behavior where each “fiber” is
associated with a uniaxial stress-strain relationship. The sectional stress-strain state of a beam-
column element is obtained through the integration of the nonlinear uniaxial stress-strain
responses of the individual fibers. Compared to the “concentrated or lumped inelasticity”
counterparts, these models feature additional advantages as they do not require a prior moment-
curvature analysis, or introducing any element hysteretic response (this is implicitly defined by
the material constitutive laws), whereas modeling of axial load-biaxial bending moment
interaction is straightforward. On the other hand, such models generally overestimate the initial
stiffness of R/C members since they ignore existing cracking (which typically exists due to
environmental actions like shrinkage and/or past loading history) and they also cannot model
inelastic shear and bond-slip effects without introducing additional features, such as end springs.
For the implementation of the distributed inelasticity model, the force-based formulation
approach was selected where element equilibrium is strictly satisfied and no restraints are placed
to the development of inelastic deformations throughout the member. A member by member
modeling approach was used since the force-based formulation permits this level of discretization
(as opposed to a more discrete one that should have been applied in case the displacement-based
formulation was selected). Masonry infills were modeled using the four-node masonry panel
element initially developed by Crisafulli et al. (2000).

A rational architectural configuration was assumed in terms of the location of infill walls, openings
etc. as no such data were available. The typical layout of the building plan suggests a possible
influence of adjacent buildings; hence the “flat” side of the layout was considered as full of infills
(Figure 3.9) in contrast to the other sides where normal opening configuration was assumed,
raising some artificial non-symmetry (note that existing symmetry along the y axis was not
affected by the infill placement hypothesis). It has to be emphasized, though, that the fully infilled
version was modeled with and without the infill panels.
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Full diaphragm action was considered at each level apart from the “plinth” one. The “plinth” story,
where no R/C slab exists, is a common practice for Indian R/C frame buildings where the
foundation lies deeper than half the first story height; columns and foundation elements under
the plinth level are fully embedded in the ground while beams are provided only at ground level.
Columns were assumed fixed to the ground at the foundation level while modeling of soil-
structure interaction due to column-to ground-contact underneath the plinth was simplified; sets
of diagonal elastic truss elements were employed, corresponding to a horizontal stiffness
calculated upon assumed elastic ground properties (a horizontal spring was not available in the
software used).

As mentioned before, due to fiber inelasticity approach, a prior moment-curvature analysis is
eliminated at least during the modeling and analysis stages, but during the assessment stage, a
cross-sectional analysis was eventually deemed necessary in order to assign realistic failure criteria
for the R/C members. For the nonlinear uniaxial stress-strain response of the individual concrete
fibers, the Mander et al (1988) constitutive model was used (both for confined or unconfined parts)
while for the individual steel counterparts a bilinear one was used.

In terms of the Crisafulli et al (2000) infill panel element parameters, the axial force-displacement
diagram of the strut was derived using the approach introduced in Section 3.2.1. Compressive
strength was provided by H.B.Kaushik; a relatively high compressive strength was assumed (7.5
MPa). Other properties were taken according to Kaushik et al. (2009). For values not readily
inferred from the provided data, the default values of the Crisafulli et al. panel model were
adopted.

3.3 Input data and results

The details of the structural typologies analyzed using the aforementioned procedures are
outlined here, highlighting the data provided and directly available and the assumptions made
where specific parameters needed for the modeling were not available. Results for all analyses
carried out are presented following the discussion of the input data for each group of structures.
As a rule, the output is provided in terms of normalized pushover curves where the base shear is
divided by the total weight of the structure (V/W) and the roof displacement by the total height
(6/H), and in some cases as capacity curves (S, vs. Sq). Furthermore, the plastic mechanisms at the
final stage of the analysis (before failure) are shown in order to describe the inelastic behavior of
the structure and the distribution of expected damage.

3.3.1 Input data and results for frames from India provided by IITG

Basic data for the Indian R/C building typologies are summarized in Table 3.1 and Figures 3.8 and
3.9; details of member reinforcement were provided by H.B. Kaushik, while the methodology
used by the Indian group for analyzing these buildings is presented in Kaushik et al. (2009) along
with the corresponding results. It has to be noted that the aforementioned publications by
Kaushik et al. refer to the infilled frame structure of Figure 3.8, while the irregular, 3D building of
Figure 3.9 is described only in internal reports by Kaushik.
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Table 3.1 Indian R/C building typologies (Kaushik
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Figure 3.8 Typical layout of the R/C 4-story frames for the index building from India
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Figure 3.9 Typical plan layout of a 4-story residential index building from India

Compressive strength of masonry infill walls was provided as f,,.=7.5MPa with an average brick
length of 22cm for the frame structures. For the irregular 3D building the average thickness of
brick infill walls is 23cm for external and 11.5cm for internal frames. This value of f, is significantly
higher than the typical masonry properties used in Greece and other European countries (typical
values for Greece are 1.5-3.0MPa). Therefore, it was decided to investigate the effect of this
parameter on the response of the 2D infilled Indian frames, carrying out some extra analyses with
a lower value of f,=1.91MPa adopted from a recent study by the same Indian group (Kaushik &
Manchanda 2010)°.

The internal frame of the Indian building shown in Figure 3.8 has been modeled using the Etabs
v.9.7.2 software (Figure 3.10). The irregular building presented in Figure 3.9 has been modeled as
a 3-dimensional structure using the Seismostruct software (Figure 3.11).

"y | k
Figure 3.10 Typical models for bare (left), infilled (center) and soft story (right) Indian index frames for buildings with regular
layout

* It should be noted that the two types of masonry used for infill as examples in India, belong to different regions; the
first is from Kanpur, in northern India, the second is from Guwahati in Northeastern India.
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Figure 3.11 3D model of irregular plan layout, reinforced concrete 4 story residential index building with masonry infills in all
stories

Results for building types C4M (1), C3M (2), C3M-SS (3)

Normalized pushover curves and the corresponding plastic mechanisms are presented in figures
3.12 and 3.13. It is clear that the presence of infill walls significantly affects the response of the
structure, increasing the maximum base shear force by a factor greater than 4, due to the very
strong infill panels (f,.=7.5MPa, t=22cm). It should be noted that infill panels cover all space
between the surrounding beams and columns since no openings have been taken into account. As
expected, the struts that model the masonry walls are the first elements that fail and there is a
significant drop in strength until the base shear is decreased to the value that corresponds to the
bare frame. The behavior of the soft story layout (open ground story) frame is very close to the
bare one since in both cases the final failure of the building is due to the failure of the first story
columns. The Indian index buildings manage to withstand very large displacements due to the fact
that the spacing and the diameter of the transverse reinforcement in columns correspond to high
ductility (#12/75mm). Results from extra analyses where the compressive strength of masonry
infill panels was reduced to 1.91MPa are presented in figures 3.14 and 3.15, clearly showing the

effect of these elements on the overall response of the structure (maximum V/W is reduced by
almost 40%). The failure mechanisms still remain similar.
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Figure 3. 12 Normalized pushover curves for bare, Figure 3. 13 Plastic mechanisms for bare, infilled and soft story layout
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Results for building types C4M, C3M (9), C3M-SS (10), with irregularity in plan

Analysis of the 4-story, irregular residential building was carried out using Seismostruct
considering separate analysis along x- and y-directions (+y and —y directions were also separately
considered due to the asymmetric layout along y-axis, Figure 3.9). Pushover curves are provided
both in V/W-6/H and S, - Sq terms. Results (displacements) along x direction were plotted not only
for the center of mass of the upper story, but also for two external frames: the rear, stiff frame
with full-bay infills, and a front facade frame with a more rational opening configuration (“soft”
frame). Due to the existing symmetry, results along the y direction were plotted only for the
center of mass of the upper story. Capacity curve derivation and bilinear approximations were
implemented according to Sections 3.2.3 and 3.2.4.
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Figure 3.16 Capacity curves for the Indian 4-story residential building, bare frame version, class C4M. Direction of loading is only
+X (due to layout symmetry across y axis).

45



0.6000
0.4500
e e,
0.4000 < - sr ey et 05000
03500 — =~ 4YDirection
+YDirection bilinear 0.4000
0.3000
2 02500
> o 0.3000
0.2000
j |
0.1500 / 0.2000 ‘l
0.1000 ’f Y
0.1000 { /
0.0500 b
0.0000 0.0000
0.0000 00100 0.0200 0.0300 0.0400 0.0500 0.0600 00700 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000
Drift S¢

Figure 3.17 Capacity curves for the Indian 4-story residential building, bare frame version, class C4M. Direction of loading is +y
and -y.
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Figure 3. 18 Capacity curves for the Indian 4-story residential building with infills in all stories, class C3M. Direction of loading is
only +x (due to layout symmetry across y axis).
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Figure 3.19 Capacity curves for the Indian 4-story residential
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Figure 3. 20 Capacity curves for the Indian 4-story residential building with open first story, class C3M-SS. Direction of loading is
only +x (due to layout symmetry across y axis).
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Figure 3. 21 Capacity curves for the Indian 4-story residential building with open first story, class C3M-SS. Direction of loading is

+y and -y.

Table 3.2 summarizes the results obtained in terms of spectral displacement and acceleration,
effective period, and ductility factor for all Indian buildings analyzed in this study. The values Sq,

and Sgq, in the Table are those derived from the 6, and &, values in the pushover curves using the

well-known SDOF transformation (equation 3.5), i.e. Sq, corresponds to >20% drop in strength in

the structure. The high Sy, values for the frames without infills in the ground story are mainly due

to the fact that the spacing and the diameter of the transverse reinforcement in their columns

correspond to high ductility requirements.

Table 3.2 Summary of capacity curve parameters for Indian index frames.
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Push
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Story £ =1.91MPa 3.76 0.15 115.06 0.15 1.01 30.59
Pushover Story
D 17 .4 7. B .864 .
R/C 4 story 3 Dir. X* 9 0.49 578 0.50 0.86 63 mechanism
cam | Residential 3D Pushover | g o) 0.52 56.8 053 | 0.868 5.78 story
Building Dir. +Y mechanism
No Infills Push
3D USNOVET | g 76 0.48 61.7 052 | 0877 6.65 story
Dir. -Y mechanism
R/C 4 story 3D *xx Pushover | g o) 0.41 315 047 | 0.850 3.70 story
Residential Dir. X* mechanism
Building Pushover Story
C3M (9) with 3D Dir. +Y 6.45 0.51 51.4 0.55 0.710 7.97 mechanism
Masonry
Infills in all 3D Pushover | ¢ 46 0.51 55.6 053 | 0711 | 861 story
. Dir. -Y mechanism
Stories
R/C 4 Story 3D Pushover | 5 45 031 216 033 | 0661 6.35 story
CIM-SS Residential Dir. X* mechanism
) Building Pushover Story
(10) with Open 3D Dir. +Y 7.11 0.45 39.6 0.48 0.794 5.57 mechanism
First Story 3D Pushover 8.19 0.43 40.6 0.46 0.872 4.96 Story
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| | | Dir. -Y | | | | | | |mechanism|

* For loading along the x direction, results are provided only for the center of mass of the upper story.

** After the drop in strength due to the failure of infill walls the corresponding quantities from the bare
frame may be used resulting in a quatrilinear curve (Figure 3.12, 3.14).

*** A quatrilinear approximation of the pushover curve was calculated for that case (Figure 3.18).

3.3.2 Input data and results for index frames from Italy provided by ROSE

Basic data for the Italian R/C building typologies are summarized in Table 3.3 and Figure 3.22;
details of member detailing can be found in the PAGER report “4 Story RC MRF w/o Infill Panels,
“Mediterranean” Design” by H. Crowley, while the methodology used by the ROSE group for
analyzing these buildings is presented in Borzi et al. (2008), along with the corresponding results.
Pushover analysis has been carried out for 2D frames focusing on the internal frames. The Italian
research team has analyzed only bare structures (no infill walls). The AUTh team decided to
investigate the effect of the infill walls on the response of the Italian structures, adopting typical
values for the compressive strength (f.,.=1.2MPa) and the thickness (t=10cm) of masonry infill
walls proposed for Italian buildings by Masi (2004). It is noted that these values are closer to the
properties of infill that were also adopted within the framework of the WHE PAGER project
(fwe=1.5MPa, t=10cm) for the Greek index building but are significantly lower than the values
provided for the Indian index building.

The typical frames of the Italian index building have been modeled using the Etabs software
(Figure 3.23). The basic approach of the AUTh team focuses on 2D models, therefore it was
decided to analyze only the internal frames of the buildings in both directions, with the exception
of the non-seismically designed building that is examined only in the x-direction since there are no
beams present in the y-direction and diaphragm action is considered to be ensured by the floor
slabs alone (Borzi et al, 2008).

Table 3.3 R/C building typologies provided by ROSE School as Italian index buildings

Structure Detail Location Model Researcher

RC frame, No Seismically designed, 4
C4M (RC_PC) stories, Mediterranean DBELA ROSE
No Infill walls
RC frame, Seismically designed (horizontal
C4M (RC_5%) load:5%), 4 stories, Mediterranean DBELA ROSE
No Infill walls
RC frame, Seismically designed (horizontal
C4M (RC_12.5%) load:12.5%), 4 stories, Mediterranean DBELA ROSE
No Infill walls
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Figure 3. 22 Plan view of Italian index R/C building
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Figure 3. 23 Typical models for Italian regularly infilled index building; x-direction (left), y-direction (right)

Normalized pushover curves and the corresponding plastic mechanisms are presented in figures
3.24 to 3.28. It is notable that for the non-seismically designed building in the x-direction (Figure
3.24), the story mechanism appears at the upper stories, attributed to the decrease in the column
dimensions; for example the central column starts with a section of 30x70cm at the base story and
is reduced to 30x60cm, 30x40cm and 30x30cm at the 2™, 3" and roof story, respectively. As a
result the building cannot develop the maximum base shear that corresponds to the capacity of
the ground story columns.

For the seismically designed buildings, an increase in strength and, secondarily, in ductility can be
noted (Figures 3.25-3.28). It must be emphasized that numerical instabilities of the program
occurred in several analyses and very often the results subsequent to ‘failure’ of the first structural
elements were not available. This phenomenon occurred more often when several ‘events’ (e.g.
drop in strength or failure of structural elements) occur during the same step of the analysis.
Lowering the step size or the event tolerance may sometimes (but not always) solve the problem.
For infilled, regularly or not, buildings after the drop in strength due to the failure of masonry infill
walls, the corresponding quantities from the bare frames may be used, resulting in quatrilinear
simplified curves.
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Figure 3.24 Normalized pushover curves and plastic mechanisms for bare C4M (RC_PC), infilled C3M (RC_PC) and soft story
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Figure 3.25 Normalized pushover curves and plastic mechanisms for bare C4M (RC_5%), infilled C3M (RC_5%) and soft story
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Table 3.4 Summary of capacity curve parameters for Italian index frame.
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Figure 3.26 Normalized pushover curves and plastic mechanisms for bare C4M (RC_12.5%), infilled C3M (RC_12.5%) and soft
story layout C3M-SS (RC_12.5%) Italian index frames (12.5%, x-direction)

Figure 3.27 Normalized pushover curves and plastic mechanisms for bare C4M (RC_5%), infilled C3M (RC_5%) and soft story
layout C3M-SS (RC_5%) Italian index frames (5%, y-direction)

Figure 3.28 Normalized pushover curves and plastic mechanisms for bare C4M (RC_12.5%), infilled C3M (RC_12.5%) and soft

Masonry Model Loading - Say Say Sau Sau Ductility .
No. Te Failure**
° infills type Direction (cm) (8) (cm) (8) (s) factor aflure
N th
Pushover Story mechanism (4
C4M (RC_PC) Bare 2D 1" mode - X 4.58 0.12 8.73 0.14 1.22 191 story)
st N rd
cam(rc_pc) | Resularly 2D Pushover 1 105 | 015 | 603 | 023 | o054 577 Story mechanism (3
infilled mode - X story)
C3M-SS Open first Pushover 1% Story mechanism (3"
(RC_PC) story* 2D mode - X 2.63 0.20 8.83 0.23 0.72 3.36 story)
pushover ‘Story’ mechanism —
C4AM (RC_5%) Bare 2D st 6.70 0.28 43,01 0.31 0.97 6.42 base and top of 3"
1" mode - X
floor columns
Regularly Pushover Failure of infill walls at
0,

C3M (RC_5%) infilled* 2D 1% mode - X 331 0.31 12.61 0.34 0.66 3.81 the two lower stories
C3M -SS Open first Pushover Failure of infill walls at
(RC_5%) story* 20 1" mode - X 348 027 | 1422 | 031 0.72 4.09 the 2" story

‘Story’ mechanism —
C4aM Pushover rd
(RC_12.5%) Bare 2D 1 mode - X 4.95 0.51 28.91 0.58 0.62 5.84 base and top of 3
floor columns
C3Mm Regularly Pushover Failure of infill walls at
(RC_12.5%) infilled* 2D 1" mode - X 3.65 0.53 1420 0.56 0.53 3.89 the three lower stories
C3M-SS Open first Pushover Failure of infill walls at
(RC_12.5%) story* 2D 1" mode - X 3.65 0.47 1451 0.52 0.56 3.97 the 2™ story
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Pushover Failure of several base
4M (R 9 B 2D
€M (RC_5%) are 1"mode-Y | 845 | 021 | 5163 | 023 | 129 6.11 columns
C3M (RC_5%) Begularly 2D SIzushover 1.91 0.23 11.50 0.27 058 6.03 Failure of infill waII§ at
infilled* 1" mode - Y the two lower stories
C3M-SS Open first Pushover Failure of infill walls at
(RC.5%) tory* 2D mode - Y 3.26 020 | 15.67 | 0.23 0.82 481 the 2 story
cam Pushover Failure of several base
(RC_12.5%) Bare 2D 1% mode - Y 6.63 0.51 59.57 0.57 0.72 8.98 columns
c3M Regularly Pushover Failure of infill walls at
(RC_12.5%) infilled* 2D 1" mode - Y 3.68 0.49 13.15 0.56 0.55 3.57 the two lower stories
C3M-SS Open first Pushover Failure of infill walls at
(RC_12.5%) story* 2D 1% mode - Y 3.68 0.44 13.64 0.52 0.58 3.70 the 2™ story

* After the drop in strength due to failure of infill walls the corresponding quantities from the bare frames
could be used for the regularly or irregularly (open first story) infilled buildings, resulting in quatrilinear
curves

** ‘Failure’ sometimes represents the inability of the software to continue the analysis due to convergence
problems. The events at the final steps are reported in such cases

3.4 Comparisons
3.4.1 Comparison for index frames from India

In the following figures, the capacity curves estimated using the AUTh method and ‘lITG method’
are presented for all Indian frames. The AUTh method usually results in a little lower strength (S,)
than the IITG approach, while the deformation capacity (Sq) is often higher. Bare and soft story
layout (open ground story) buildings have similar stiffness, but for infilled buildings the IITG
approach results in a more flexible structure. It is interesting that when the lower compressive
masonry strength (1.9MPa) has been adopted the AUTh and Kaushik approaches produced results
with practically the same stiffness (Figure 3.31); of course, the strength of the AUTh building was
now significantly lower.

C4M (1) - Bare

0.25
0.20 <>
0.15
C
4 010 == AUTh
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0.00 B T T T T T 1
0 20 40 60 80 100 120
S4(cm)

Figure 3.29 Comparisons of IITG and AUTh capacity curves for bare Indian index frames
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Figure 3.31 Comparisons of Kaushik and AUTh capacity curves for regularly and irregularly infilled Indian index 3D irregular
building

With regard to the comparisons shown in Figure 3.31, it has to be emphasized that for the 4-story
residential building (where a full 3D model was implemented), rather incomplete results were
provided by Kaushik et al (see figs. 3.18 & 3.20). Software or modeling issues were to blame for
this paucity of results; recall that this was the main reason for AUTh’s software switch from
SAP/ETABS to Seismostruct in this demanding 3D analysis. Nevertheless, the difference in the
maximum strengths noted in Figure 3.18 (fully infilled frame), may, (to some extent) be attributed
to the masonry placement hypothesis (see Figure 3.9) if software limitations are to be mainly
attributed to the complexity of interacting masonry and beam-column elements during the post-
yield stages.

3.4.2 Comparison for index frames from Italy

In the following figures, the capacity curves estimated using the AUTH and ROSE methods are
shown for bare frame buildings. With the exception of the non-seismically designed building
where a story mechanism has formed at the upper story, the results of the two teams show that
the ROSE approach estimates higher S, values than the AUTh method. The stiffness of the
buildings is generally very close for both approaches and the AUTh team predicts higher available
ductilities.

In order to compare different software and analysis options as well, the 5% seismically designed
Italian bare frame was also analyzed in Seismostruct, using a 2D finite element model; basic
modeling assumptions were the same as in the 3D Indian 4-story residential building (Section 3.3).
In figure 3.33 both curves according to AUTh method are provided as well as the one according to
ROSE’s method. ETABS and Seismostruct models generally predict similar yield base shear and
displacement values but they differ in terms of maximum displacement. ROSE ‘s team’s prediction
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agrees well with Seismostruct based results only in terms of maximum displacement; yield
displacement, as well as maximum strength, are clearly above those predicted by either method
used by AUTh.

It is recalled here that the methodology used by ROSE team is very different from that used by the
AUTh, i.e. the former is based on a set of empirical equations for the building period and yield
displacement, whereas the latter involves detailed finite element modeling of all members, as
described in Section 3.2 of this report. In view of the different approaches adopted by the two
groups (either approach could be the proper choice depending on the data available for each
building and the time available for deriving the capacity curves) the differences found herein are
not surprising. The only noticeable difference is in the case of the bare non-seismically designed
R/C frame (Figure 3.32) for which the ‘generic’ empirical equations of the Italian group did not
capture the upper story failure mechanism discussed in the previous sections.
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Figure 3.32 Comparisons of ROSE and AUTh capacity curves for bare Italian index frames (non-seismically designed, x-direction)
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Figure 3.33 Comparisons of ROSE and AUTh capacity curves for bare Italian index frames (5%, x-direction)
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Figure 3.34 Comparisons of ROSE and AUTh capacity curves for bare Italian index frames (12.5%, x-direction)
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3.4.3 Further investigation of some key assumptions

In view of the comparisons presented in this section, some additional analyses have been carried
out for the Indian 2D frames, considering inferior detailing of structural members, taking into
account information provided at a later stage by the Indian participants to PAGER that 135 degree
stirrups are generally not provided even in highest seismic zones in India (except for some
important structures).
In order to estimate the plastic rotation capacity of concrete members an approach based on the
Greek Code for Structural Interventions (EPPO, 2012), which is compatible with EC8-3 but includes
more up-to-date information on issues like R/C member ductility, has been adopted. This code
prescribes that the ultimate concrete strain for confined elements can be estimated using the
expression

«=0.0035+0.1-a-w,, (3.6)

where the confinement effectiveness coefficient (see Figure 3.35 for notation) is

N
2:b, | 2:h )| 2+b,-h, 3.7)

and w,, is the mechanical volumetric ratio of transverse reinforcement (py-f,w/fc)

b,

E —

b, [oc

—
’ b

Figure 3.35 Column data for definition of confinement parameters.

#

C

The Greek Code for Structural Interventions suggests that for open stirrups confinement must be
neglected, assuming a=0. In this study, since a deterministic approach is adopted, a less
conservative value was assumed for the confinement coefficient, i.e. a’=0.2-a.

Using this approach the pushover analyses of the 2D Indian frames have been rerun and the
corresponding normalized pushover curves are presented in figures 3.36 to 3.38. It is clear from
Figs. 3.37 and 3.38 that the pushover curves estimated by Kaushik et al. do not refer to poor
detailing of stirrups and, as shown in Section 3.4.1, they are closer to the curves estimated by the
AUTh group assuming proper detailing of transverse reinforcement.
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Figure 3.36 Normalized pushover curves for Indian 2D frames assuming open stirrups

Figure 3.37 Comparisons of Kaushik et al. and AUTh capacity cu

rves for bare Indian index frames assuming open stirrups
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Figure 3.38 Comparisons of Kaushik et al. and AUTh capacity curves for regularly and irregularly infilled Indian index frames

(fwc=7.50MPa) assuming open stirrups.

3.5 Derivation of Sy4-based fragility curves
3.5.1 Generalities

Fragility curves have been derived for all buildin

gs analyzed by the AUTh team within the PAGER

project. The basis for the procedure is the set of the corresponding capacity curves for each

building typology, as discussed in the following.

The adopted approach is purely analytical, since

damage states are expressed in terms of displacements along the capacity curves derived using
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nonlinear static (pushover) analysis; hence, it is different from the PGA-based hybrid approach
that was developed by the AUTh research group and was used in several vulnerability studies
(Kappos et al. 1997, 2006; Kappos & Panagopoulos, 2010).

3.5.2 Methodology
Assuming a lognormal distribution (as commonly done in seismic fragility studies), the conditional

probability of being in or exceeding, a particular damage state ds;, given the spectral displacement
(S,) is defined by the relationship:

P[ddes,/Sd]=G)[iln(_S°’ )] (3.6)
ds; d,ds;
where:
S_d,ds, is the median value of spectral displacement at which the building reaches the threshold of
damage state, ds;.
Basi is the standard deviation of the natural logarithm of spectral displacement for damage
state, ds;
o is the standard normal cumulative distribution function.

3.5.3 Estimation of spectral displacement median values

Each fragility curve is defined by a median value of spectral displacement that corresponds to the
threshold of that damage state and by the variability associated with that damage state; these two
guantities are derived as described in the following. Defining appropriate values for the damage
state thresholds in terms spectral displacement (with the understanding that the actual pushover
curve for a building type is reduced to an S, vs. Sq4 capacity curve) involves several uncertainties,
related i.a. to the qualitative definition of the damage states, the assumptions used for inelastic
analysis, and the shape of the derived pushover curve (FEMA-NIBS 2003, Lagomarsino & Giovinazzi
2006, Calvi et al. 2006, Maffei et al. 2008). Tables 3.5 and 3.6 summarize the damage state
thresholds in Sq terms, as well as in descriptive terms. The rationale behind using 0.7-Sq, , rather
than Sqy, as the threshold of ‘slight” damage is that damage states are defined in terms of
displacement values along the bilinearized capacity curves and, in general, actual yielding in some
members has started well before the conventional yield point (i.e. the breaking point of the
bilinear diagram). Also, it should be clarified that for structures wherein Sq4, corresponds to a drop
in strength of 20% (in some structures this drop is larger) the definition of the DS5 (‘collapse’)
threshold as Sq, is generally a conservative assumption, i.e. vertical load carrying capacity of
columns could still be maintained at this level of strength degradation, provided the drift is not
excessive. Refined analysis of failure due to loss of vertical load capacity was beyond the scope of
this study. Further discussion on the definition of damage states can be found in previous works of
the team, e.g. Kappos et al. (2006).

It should be noted that additional considerations are necessary for dual systems, as well as
masonry infilled R/C frame buildings. For the latter, especially the regularly infilled ones, since
failure of infill walls can cause a significant drop in strength in the pushover and therefore the
capacity curve of the structure (see figure 3.35 left), it is often noted that Sy, of infilled structures
represents the point where failure of infill walls takes place. This point cannot be considered as
the collapse (DS5) of the building, thus it was assumed that this point (Sq,) of the infilled structure
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represents the threshold of DS4, while the threshold of DS5 can be taken as the Sy, of the
corresponding bare building (figure 3.35, left).

Table 3.5 Damage state description for R/C frame buildings

Bare Frames

Damage Damage state ) . Infilled frames with

State label Infilled frames with Sy peL. 150,
Sdu,bare<1~1'sdu '

DS1 Slight 0.7-Sqy
DS2 Moderate Sgy+ 0.05-(Sqy - Say)
DS3 Substantial to heavy Say * (1/3)(Sau - Say) Say * (1/2)(Sau - Say)
DS4 Very heavy Say *(2/3)(Sau - Say)) Sau
DS5 Collapse Sdu Sdu,bare

Nevertheless, this is not always the case for irregularly infilled (soft story layout) R/C frames. Since
the collapse mechanism develops at the ground (soft) story, the strength of the building (in terms
of base shear) is very close to the one of the corresponding bare frame (figure 3.35, right).
Furthermore, the use of modal quantities for the transformation of the pushover curve to capacity
curve, or sometimes the termination of the pushover analysis due to convergence reasons, may
result in cases that Squ,bare<Sdu, soft story layout (figure 3.35, right top). In this case, using the

aforementioned approach the median value of DS5 would be lower than the one of DS4 which is

obviously inconsistent. To avoid this inconsistency it was decided to make use of the

corresponding bare frame only when Sqy pare21.10-Sqy, soft story layout (figure 3.35, right bottom),

otherwise the sole curve to be used in fragility analysis is that of the soft story layout, as it is done
in bare frames (figure 3.35, right top).
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Figure 3.39 Estimation of spectral displacement thresholds for typical R/C frame buildings
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For R/C dual systems the presence of infill walls is not as important as for frame systems, since the
strength of the shear walls is usually significantly higher than the strength of infill panels,
especially for moderate- and high-rise buildings. The end of the bilinear approximation of the
pushover curve for infilled dual buildings used for the derivation of the corresponding capacity
curve, calculated using the drop in strength criterion, may be reached due to the drop in strength
of shear walls (Case A; figure 3.40, left) or due to failure of the infill panels (figure 3.40, right).

For the first case (Case A) it is deemed to be very conservative to assume that this drop in strength
is the ‘complete’ damage or ‘collapse’ level (DS5), taking also into account that the ductility of
shear walls (moment — rotation or moment — curvature diagrams) is estimated using rather
conservative assumptions. Therefore it was decided to use this point as the threshold for DS4 and
(arbitrarily but reasonably) assume that the median value for DS5 is Sq,pss=1.3:Sq pss- It is noted
that in this case the end of the capacity curves for both bare and infilled dual systems in terms of
Squ is very close; therefore the corresponding bare typology is not utilized (figure 3.40, left). In
order to automatically determine whether the Sy, value is reached due to the drop in shear wall
strength or due to failure of the infill panels, the expression Sq, pare<1.10-S4y has been adopted as
the limit for the first case.

Table 3.6 Damage state description and spectral displacement thresholds for R/C dual buildings

Damage Damage state Bare .
Statf Iagbel Infilled-Case A Infilled-Case B
DS1 Slight 0.7-Sgqy
DS2 Moderate Sgy+ 0.05(Sqy - Say)
DS3 Substantial to heavy Say *+ (1/2)-(Say - Say) 0.9-S4,
DS4 Very heavy Sau Sdu,bare
DS5 Collapse 1.3:Sqy 1.3-Squ bare

For the second case (i.e. Sq, reached due to failure of the infill panels; Case B) the threshold of DS3
is estimated as a displacement slightly lower than Sy, taken as Sq ps3=0.9-S4y. For the estimation of
the thresholds for DS4 and DS5 the aforementioned approach is also adopted, but in this case the
Squ Values of the corresponding bare typology are used; S¢ ps4=Sdu bare, Sd,ps5=1.3Sdu pare (figure 3.40,
left). It has to be noted that if quadrilinear capacity curves are available, the entire procedure is
simplified; nevertheless, such curves are more cumbersome to use in large-scale vulnerability
analyses.

The previously described procedure is presented in the flowchart of figure 3.41.
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Figure 3.40 Estimation of spectral displacement thresholds for typical R/C dual buildings
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3.5.4 Estimation of standard deviation

Lognormal standard deviation values (B) describe the total variability associated with each fragility
curve. Three primary sources contribute to the total variability for any given damage state (FEMA-
NIBS, 2003), namely the variability associated with the discrete threshold of each damage state
which is defined using damage indices B 4s, the variability associated with the capacity curve of
each structural type B¢, and finally the variability in the demand imposed on the structure by the
earthquake ground motion Bp. Assuming independence of each source of variability (which is not
entirely true), the total variability in the fragility curve can be estimated using the following
expression:

B+ B+ s (37)
In the present study fragility curves were derived from the corresponding capacity curves for a
single analysis of each building typology, therefore the variability in fragility curve damage states

has not been specifically addressed. Average values adopted from the literature (FEMA-NIBS, 2003)
or previous studies of the AUTh group (Kappos & Panagopoulos, 2010) have been used as follows:

e Buildings designed to old codes: =0.75
e Buildings designed to moderate codes: f=0.70
e Buildings designed to modern codes: f=0.65

It is noted that B-values for all damage states are taken as constant for each building type. This
was done on purpose, because if the (generally) different variability associated with each damage
state is taken into account, unrealistic fragility curves (for instance, intersecting) result in cases
where median values are closely spaced.

3.5.5 Results
Using the aforementioned procedure and the capacity curves derived during the previous phases

of the PAGER project for all building typologies, the fragility curves presented in the following
sections have been derived.
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Table 3.7 Fragility curve parameters for Greek buildings (Sq4 in cm)

Typology DS1 DS2 DS3 DS4 DS5 B
CAL (RC1LL) 1.88 3.10 5.43 8.18 10.93 0.75
C3L (RC3.1LL) 0.34 0.72 2.80 5.11 10.93 0.75
C3L-SS (RC3.2LL) 1.62 2.76 5.28 8.24 11.20 0.75
C4AM (RC1ML) 3.23 5.04 7.40 10.18 12.96 0.75
C3M (RC3.1ML) 0.72 1.32 3.91 6.80 12.96 0.75
C3M-SS (RC3.2ML) 1.78 2.91 6.20 9.85 12.96 0.75
C4H (RC1HL) 4.80 7.22 9.31 11.77 14.23 0.75
C3H (RC3.1HL) 2.35 3.79 7.68 12.00 14.23 0.75
C3H-SS (RC3.2HL) 2.88 4.46 7.59 11.06 14.23 0.75
C1L (RC1LH) 2.24 4.87 14.29 25.37 36.46 0.65
C1L-l (RC3.1LH) 0.70 1.22 3.20 5.40 36.46 0.65
C1L-SS (RC3.2LH) 1.71 4.21 14.26 26.08 37.91 0.65
C1M (RC1IMH) 2.60 5.59 16.24 28.76 41.28 0.65
C1M-I (RC3.1MH) 1.10 1.83 4.13 6.68 41.28 0.65
C1M-SS (RC3.2MH)| 1.79 4.03 17.30 32.04 41.28 0.65
C1H (RC1HH) 4.96 8.60 17.14 27.19 37.25 0.65
C1H-I (RC3.1HH) 2.72 4.48 9.86 15.84 37.25 0.65
C1H-SS (RC3.2HH) 3.28 5.66 14.44 24.19 37.25 0.65
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Figure 3.43 Fragility curves for medium-rise, low-code R/C frame buildings
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Figure 3.44 Fragility curves for high-rise, low-code R/C frame buildings
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Figure 3.45 Fragility curves for low-rise, high-code R/C frame buildings
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Figure 3.46 Fragility curves for medium-rise, high-code R/C frame buildings
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Figure 3.47 Fragility curves for high-rise, high-code R/C frame buildings
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Index buildings from India

Using the same procedure, Table 3.8 presents the fragility curve parameters for Indian buildings.
For the 2D frame buildings fragility curves adopting f,,.=7.5MPa have been used (see Section 3.3.1).
For the 3D residential buildings, different sets of fragility curves have been derived based on the
corresponding capacity curves according to the direction of the loading; for practical analysis the
most critical curve (irrespective of direction) should be adopted for each damage state. In the
absence of more specific information, the standard deviation values assumed for ‘old’ Greek
buildings are also used herein.

Table 3.8 Fragility curve parameters for Indian buildings (S4 in cm)

Typology DS1 DS2 DS3 DS4 DS5 B
CAM (1) - Bare 3.89 10.53 38.78 72.00 105.23 0.75
C3M (2) - Infilled 0.43 0.75 1.93 3.25 105.23 0.75
C3M-SS (3) - Soft Story 2.43 9.08 40.84 78.22 115.59 0.75
CAM bare X 6.42 11.60 25.38 41.59 57.80 0.75
C3M (9) - Infilled X 5.96 9.67 20.01 31.50 57.80 0.75
C3M-SS (10) - Soft Story X 2.38 4.31 12.50 21.60 57.80 0.75
CAM bare +Y 6.87 12.17 25.48 41.14 56.80 0.75
C3M (9) - Infilled +Y 4,51 8.70 28.93 51.40 56.80 0.75
C3M-SS (10) - Soft Story +Y 4.98 8.73 23.35 39.60 56.80 0.75
CAM bare -Y 6.48 11.88 26.74 44.22 61.70 0.75
C3M (9) - Infilled -Y 4.52 8.92 31.03 55.60 61.70 0.75
C3M-SS (10) - Soft Story -Y 5.73 9.81 24.39 40.60 61.70 0.75

It is noted that in the infilled frames substantial loss in strength takes place for small displacement
values (e.g. see Figure 3.12), hence the associated damage states (DS1 to DS4) have low
thresholds, whereas DS5 starts at a large displacement value, since for this DS the bare frame
value (Squ bare) is taken as the threshold; as discussed in Section 3.3, these not very convincing
values are due to the very high level of confinement assumed by Kaushik et al. for this ‘old’
building type (very closely spaced stirrups).
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Figure 3.48 Fragility curves for Indian 4-story 2D frames
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Figure 3.49 Fragility curves for Indian 4-story residential buildings (3D analysis, X direction)
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Figure 3.51 Fragility curves for Indian 4-story residential buildings (3D analysis, -Y direction)
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Index buildings from Italy

Table 3.9 lists the fragility curve parameters for the Italian buildings (analyzed in Section 3.3.2). As
for the Indian buildings, different sets of fragility curves have been derived based on the

corresponding capacity curves according to the direction of the loading, although the Italian
capacity curves were based on 2D pushover analysis in each direction. In the absence of more
specific information, the standard deviation values assumed for the analogous Greek buildings

(Low and Moderate Code) are also used herein.

Table 3.9 Fragility curve parameters for Italian buildings (Sq in cm)

Typology DS1 DS2 DS3 DS4 DS5 B
C4M (RC_PC) X 3.21 4.79 5.96 7.35 8.73 0.75
C3M (RC_PC) X 0.73 1.30 3.54 6.03 8.73 0.75

C3M-SS (RC_PC) X 1.84 2.94 4.70 6.76 8.83 0.75
C4M (RC_5%) X 4.69 8.52 18.80 30.91 43.01 0.70
C3M (RC_5%) X 2.32 3.77 7.96 12.61 43.01 0.70

C3M-SS (RC_5%) X 2.44 4.02 8.85 14.22 43.01 0.70

C4M (RC_12.5%) X 3.46 6.15 12.94 20.92 28.91 0.70

C3M (RC_12.5%) X 2.56 4.18 8.93 14.20 28.91 0.70

C3M-SS (RC_12.5%) X 2.56 4.19 9.08 14.51 28.91 0.70
C4M bare (RC_5%) Y 5.91 10.61 22.84 37.24 51.63 0.70
C3M (RC_5%) Y 1.34 2.39 6.70 11.50 51.63 0.70

C3M-SS (RC_5%) Y 2.28 3.88 9.47 15.67 51.63 0.70

CAM bare (RC_12.5%) Y 4.64 9.28 24.28 41.92 59.57 0.70

C3M (RC_12.5%) Y 2.58 4.15 8.41 13.15 59.57 0.70

C3M-SS (RC_12.5%) Y 2.58 4.18 8.66 13.64 59.57 0.70
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Figure 3.52 Fragility curves for bare, infilled and soft story layout Italian frames (no seismic design, x-direction)
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4. Application of FAMIVE methodology to masonry typologies from Turkey
Dina D’Ayala* & Emre Kishali®
4.1 Introduction

For the computation of capacity curves for masonry structures a number of procedures are available
in literature. These are based either on the equivalent frame approach or on the mechanism
approach. Among the first, in the past decade a relatively significant number of procedures aimed at
defining reliable analytical vulnerability function for masonry structures in urban context have been
published (Lang and Bachmann (2004), Erberik (2008), Borzi et al. (2008), Erdik et al. (2003)).
Although they share similar conceptual hypotheses they differ substantially by modelling complexity,
numerical complexity, geographic validity of the model, treatment of uncertainties. Far fewer are

the approaches based on mechanical behavior, and among those it is worth mentioning VULNUS
(Bernardini et al., 2000) and FaMIVE (D’Ayala & Speranza 2003).

This report presents the comparison in terms of capacity curves of results obtained by applying the
procedure FaMIVE and the METU procedure, to data provided by METU and relevant to masonry
structures in Turkey (Erberik 2008, Erberik 2010), as indicated in section 1.2. The residential building
stock in Turkey is still largely dominated by masonry construction both in rural and urban areas. For
the present study METU provided data and description of index buildings for the following PAGER
structure typologies: adobe (A1), rubble stone masonry in mud mortar with earth or metal roof
(RS2), massive stone masonry in lime mortar with timber floors (MS), unreinforced bricks in mud
mortar (UFB1), unreinforced bricks in cement mortar with timber floors (UFB4), unreinforced bricks
in cement mortar with reinforced concrete floors (UFB5) and unreinforced concrete blocks in
lime/cement mortar (UCB). For each typology typical values of a set of geometric parameters were
provided as shown in Table 4.1., together with a set of photos representing typical cases for each
class.

The pictorial information allowed deriving further parameters, not included in the numerical dataset
but essential to conduct the analysis using FaMIVE, i.enumber and layout of openings, number of
stories, and other more specific construction details like the presence of timber bands in rubble
construction. The full set of construction typologies sub-classes analyzed is listed in Table 4.2. In the
following sections the procedure used by FaMIVE to obtain capacity curves is presented in detail.
The rationale used to derive additional input data is discussed and the results are presented in terms
of capacity curves, and fragility curves for three limit states are derived for each typology.

* Dept. of Architecture and civil Engineering, University of Bath
> Faculty of Architecture and Design, University of Kocaeli
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Table 4.1 : Parameters by typology as provided by Erberik.

Parameter Type (A1) - Type (RS2) - Rubble [Type (MS) - Type (UFB1) - Type (UFB4) - Type (UFB5) - Type (UCB) -
Adobe block, stone masonry with |Massive stone Unreinforced brick |Unreinforced brick |Unreinforced brick |Unreinforced
mud mortar, mud mortar + masonry in lime or |masonry in mud masonry in cement (masonry in cement |concrete block
wood roof and |earth, or metal cement mortar mortar without mortar with timber [mortar with rc masonry in lime /
floors roof. timber posts floors floors cement mortar

Wall dimensions 3.5/235/0.6 (3.6/25/05m 34/26/0.6m 43/2.65/0.2m 45/28/03m 4.7/2.85/03m 4.7/27/02m
(length/height/thickness) |m
Wall compression strength (0.4 MPa 1-2 MPa 3-4 MPa 3-4 MPa 6-7 MPa 6-7 MPa 2-3 MPa
Door opening dimensions |0.8 /1.8 m 0.85/19m 0.85/1.95m 09/2.0m 09/21m 09/2.2m 09/19m
(width/height)
Window opening 0.9/1.05m 1.0/1.2m 09/1.0m 1.3/11m 1.3/13m 1.4/14m 1.25/1.25m
dimensions (width/height)
Unit dimensions in mm 120*250*300 Variable Variable 190*190*135, 190*190*135, 190*190*135, 300*190*190
190*290*135 190*290*135 190*290*135
Type of horizontal Timber Timber Timber Timber RC RC RC
structures
Wall-to-wall connections  |Weak Weak Weak Moderate Good Good Moderate
Wall-to-floor connections  |Weak Weak Weak Moderate Moderate Good Moderate
Maintenance Poor Poor Poor - Moderate |Poor Moderate Moderate Moderate
Comments Very common in |Very common in Common both in  |Both in rural and Both in rural and Very common in Cellular hollow
rural areas rural areas rural and urban urban regions urban regions urban centers units not allowed
areas by the Earthquake
Code.
Table 4.2 Set of the building typologies analyzed with FaMIVE method
Structure Detail Location Model Researcher
Al Adobe masonry, single story, timber floors, 2 openings on facade Turkey FaMIVE D’Ayala & Kishali
Al Adobe masonry, single story, timber floors, 3 openings on facade Turkey FaMIVE D’Ayala & Kishali
RS2 Rubble stone masonry, single story, timber floors, 2 openings on facade Turkey FaMIVE D’Ayala & Kishali
RS2 Rubble stone masonry, single story, timber floors, 3 openings on facade Turkey FaMIVE D’Ayala & Kishali
RS2 Rubble stone masonry, two story, timber floors, 2+2 openings on fagade Turkey FaMIVE D’Ayala & Kishali
Rubble stone masonry, two story, timber floors, 2+2 openings on fagade , . .
RS2 HODE E U e < Turkey FaMIVE  D’Ayala & Kishali
with timber bands
RS2 Rubble stone masonry, two story, timber floors, 2+3 openings on fagade Turkey FaMIVE D’Ayala & Kishali
Rubble stone masonry, two story, timber floors, 2+3 openings on fagade ) . .
RS2 L E U P 5 = Turkey FaMIVE D’Ayala & Kishali
with timber bands
MS Massive stone masonry, two story, timber floors, 2+2 opening on fagade Turkey FaMIVE D’Ayala & Kishali
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UFB1 Unrel_nforced brick masonry, single story, mud mortar, timber floors, 2 e EaMIVE D'Ayala & Kishali
openings on fagade

UFB1 Unrel.nforced brick masonry, single story, mud mortar, timber floors, 3 Turkey FaMIVE D'Ayala & Kishali
openings on fagade

UEB1 Unrei.nforced brick masonry, two story, mud mortar, timber floors, 2+3 ey FaMIVE D’Ayala & Kishali
openings on fagade

UFB4 Unrel.nforced brick masonry, single story, cement mortar, timber floors, 2 Turkey FaMIVE D'Ayala & Kishali
openings on fagade

i i i +

UFBA4 Unrel.nforced brick masonry, two story, cement mortar, timber floors, 2+2 e FaMIVE D'Ayala & Kishali
openings on fagade

UFB4 Unre{nforced brick masonry, two story, cement mortar, timber floors, 3+2 Turkey FaMIVE D’Ayala & Kishali
openings on fagade

UFBS Unrel_nforced brick masonry, two story, cement mortar, concrete floors, 2+2 Tty FaMIVE D’Ayala & Kishali
openings on fagade

UCB Ur?relnforced concrete block masonry, two story, lime/cement mortar, Turkey FaMIVE D'Ayala & Kishali
reinforced concrete floors, 2+3 openings

UCB Ur.nreinforced concrete block masonry, 'Fhree story, lime/cement mortar, Ty FaMIVE D’Ayala & Kishali
reinforced concrete floors, 3+2+2 openings

4.2 Methodology for the derivation of the capacity curves

The program FaMIVE is based on a limit state determined by the mechanical analysis of the external
bearing walls forming a masonry building. The analysis is static equivalent and aims to predict the
lateral load collapse multiplier (expressed in g) which will trigger the onset of a specific failure
mechanism. The procedure is based on a lower bound approach and the detailed analytical
developments for a suite of possible mechanisms are reported in D’Ayala & Speranza (2003) for out
of plane mechanisms and in D’Ayala & Casapulla (2006) for in plane failures. The possibility of
occurrence of different mechanisms is dependent on the geometric configuration of each analyzed
wall or fagade of the building and its connections to the other structural elements (vertical and
horizontal structures). In order to evaluate the vulnerability of the building, among all possible
mechanisms computed for each facade, the procedure chooses the one that shows the worst
combination between minimum collapse load factor and maximum extent of fagade involved in the
collapse according to an algorithm described in D’Ayala & Speranza(2002). On this basis, it is
possible to produce a prediction of possible damage modes and levels of vulnerability for individual
or groups of buildings, in relation to expected levels of shaking at the site. Application of the
procedure to sites in Turkey and Italy are reported in (D’Ayala, 2005) and (D’Ayala and Paganoni,
2011).

Although the collapse load factor might be sufficient to generate fragility curves based on lateral
capacity only, in order to obtain performance points, a complete capacity curve for each building or
facade analyzed needs to be developed. This allows assessing and predicting levels of damage given
a specific demand spectrum, once performance points and damage states are correlated along the
capacity curve. To this end the results obtained with the limit analysis and the mechanism approach
need to be recast in the framework of the capacity spectrum method by associating an elasto-plastic
capacity curve to each mechanism and then further manipulating this to obtain the equivalent SDOF
bilinear curve, in the space Sa-Sd.
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In the FaMIVE procedure capacity curves are developed by calculating first the effective stiffness for
a wall Kz this is a function of the type of mechanism attained, the geometry of the wall and layout
of the opening, the constraints to other walls and floors, and the portion of other walls involved in
the mechanism:

Keﬁ :kl Et':ff +k2 EtAeff

Heff Heff (4-1)
where H.yy is the height of the portion involved in the mechanism, £ is the estimated elastic
modulus of the masonry as it can be obtained from experimental literature, {.y and sl.rr are the
second moment of area and the cross sectional area, respectively, calculated taking into account
extent and position of openings and variation of thickness over height, k; and k, are constants which
assume different values depending on edge constraints and whether shear and/or flexural stiffness
are relevant for the specific mechanism.

Next, the effective mass involved in the mechanism is calculated following the same approach:
Qe =Vt O + Q¢ + (4.2)

where Vg is the solid volume of the portion of wall involved in the mechanism, op, is the density of
the masonry Q,Q) are the masses of the horizontal structures involved in the mechanism.

Effective mass and effective stiffness are used to calculate a natural period Tz, which characterise
an equivalent single degree of freedom (SDOF) oscillator. The mass is applied at the height of the
center of gravity of the collapsing portion with respect to the ground and a constant acceleration
distribution over the wall height is assumed. The significant points of the capacity curve can be
computed as follows. The elastic limit acceleration A, is identified as the combination of lateral and
gravitational load that will cause a triangular distribution of compression stresses at the base of the
overturning portion, just before the onset of partialization. This can be calculated as:

£2
A :%g with corresponding displacement A, =

Ay
y Test (4.3)
0

2
T

where t, is the effective thickness of the wall at the base of the overturning portion, h, is the height
of the overturning portion, and T.4 the natural period of the equivalent SDOF oscillator. For in-plane
mechanisms a similar equation is applied assuming a compressive strut in each pier with t, and h,
equal to the width of the strut and the interstory height, respectively. The next point on the
pushover curve corresponds to the conditions of maximum lateral capacity A,:

A =—" (4.4)

where A is the load collapse multiplier of the collapse mechanism calculated by FaMIVE, and aj is
the proportion of total mass participating in the mechanism. This is calculated as the ratio of the
mass of the facade and sides or internal walls and floor involved in the mechanism, to the total mass
of the involved macroelements (walls, floors, and roof). The displacement corresponding to the peak
lateral force, A, is
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<6A, (4.5)

as suggested by Tomazevic (2007). Given the different types of binders and masonry materials,
Equation 4.5 depicts the lower bound chosen for adobe, rubble stone and brickwork in mud mortar,
while the upper bound has been used for massive stone, brickwork and concrete blockwork set in
cement mortar, to account for the variation in integrity of the masonry under ultimate loads.
Finally the near collapse condition is determined by the displacement A4, identified by the condition
of loss of vertical equilibrium which, for overturning mechanisms, can be computed as a lateral
displacement at the top or for in plane mechanism by the loss of overlap of two units in successive
courses:

Ane=tp/3 or Ape=1/2 (4.6)

where t;, is the thickness at the base of the overturning portion and / is the typical length of units
forming the wall.

Figure 4.1 shows a pictorial flow chart of the entire procedure up to the derivation of fragility
functions using performance points and the N2 approach (Fajfar 1999) for the derivation of the non-
linear spectrum.

In order to compare capacity and demand displacement, in this application the elastic demand
spectrum is generated following the Turkish Earthquake Code (TEC 2007). The elastic spectral
acceleration coefficient is defined according to the code by assuming the effective ground
acceleration local site class Z4 and hence the effective ground acceleration coefficient, Ag = 0.3; the
building importance factor is set as | = 1. From this reference elastic design spectrum, the nonlinear
response spectra can be produced for different values of ductility, according to the following
procedure. For a given value of ductility (i) the reduction factor can be calculated as follows:

. T T
ol —1—+1 if —=1
T T,
R= . (4.7)
clu—11+1 if —=1
J'\'J

The reduction factor depends on ductility (p), period (T), transition period (T,) and the type of non-
linear material constitutive model for the equivalent SDOF. In this case c; = 1 (D’Ayala, 2005).

The displacement amplification factor (3., ) is taken equal to the formulation of factor C1 in FEMA
356 (FEMA 1999), i.e the modification factor that relates expected maximum inelastic displacements
to displacement calculated for linear elastic response:

14 (=101, /T .
. [ o /1] T
S = [H u

1 if T,

(4.8)

The authors are aware of the proposed changes for C1 in FEMA440 (ATC 2005), however the new
formulation is strictly related to soil conditions, and sufficient information for this application is
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lacking to determine the most appropriate value of the coefficient as proposed by FEMA440 (ATC
2005).
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Figure 4.1 Conceptual flowchart of the FaMIVE procedure from data collection to fragility functions.

4.3 Data input and data generation for use in FAMIVE

Seven masonry typologies with different unit type, binders and horizontal structures are studied and
the corresponding capacity curves are computed. For each masonry typology METU provided typical
or range values for a number of basic parameters as summarised in Table 4.1.

Two issues arise in relation to the application of FaMIVE to this data set. The first issue is that as
stated earlier mechanisms and associated collapse load factor are affected by the geometric
parameters and their relative variability in a way that is not immediately quantifiable in a single
function. So a number of permutations of the parameters need to be generated to define the range

80



of existence of each mechanism and the associated collapse load multipliers. The second issue is
that information is missing for some of the assumptions at the basis of the FaMIVE algorithm.

To tackle the first issue, using a Random Number Generation (RNG) approach, hundreds of random
parameters per building typology were sampled, considering a set range of variability. The
parameters sampled were the height and width of the wall. The mean values and standard deviation
in each RNG set were calculated, and then the minimum and maximum values determined by
considering the average value p provided by the reference data and the standard deviation o
obtained through the RNG.

In order to validate the normal distribution of the ranges so created, these were compared to
previous data, collected from 200 houses in the district of Fener—Balat, Istanbul (D’Ayala, 2005) by
direct survey. Approximately 182 elevations of this dataset, with 2 stories and 2 openings were
considered for the comparison with the generated distributions. The normal distributions of the
parameters are calculated according to:

{ e

gt Za- - (4.9)

flx, 1L, a) =

rr—
A A TTiFE

The houses in the Fener — Balat district have structural characteristics pertaining to the UFB
typologies of the current study with a variety of floor structures. Figure 4.2 shows that both the
height of wall and width of wall parameter in Fener - Balat present a greater spread than the range
obtained for the sample typologies for the current work, however it overlaps the range of both UFB1
and UFB5 which represent the extremes of brickwork masonry typologies analyzed. It should be
noted that the average width of the fagade in the Fener —Balat sample is smaller, as it is related to a
very densely built urban context, while the distribution obtained on the basis of METU’s data relate
to both urban and non-urban contexts.

14
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Figure 4.2: Normal distributions of RNG and Fener — Balat samples for height and width of two story facades.

Average, minimum and maximum values calculated by equation (4.9) from RNG were selected to
generate the input data for FaMIVE analysis. With these variables of width and height of facade,
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nine different combinations are generated for each typology as seen in Tables 4.3 to 4.8. The
variability of the thickness of the walls was not accounted for by the RNG analysis, rather, as in
FaMIVE the effective structural thickness of the wall is associated to the level of maintenance of the
fabric and three different qualitative levels are considered (good, medium, and bad), with
corresponding increasing percentage reduction of the geometric value, three different values of
effective thickness can be generated. The typical wall thickness indicated by METU'’s is associated to
a good level of maintenance, and this value is reduced by 10% and 25% for medium and bad
maintenance level, respectively. Hence by simply varying the geometry of the wall as stated and by
varying the thickness, 27 permutations for each typology could be generated. The size of the
opening was maintained constant, as it is the size of the units forming the wall, as these are known
to be fairly standard within a given typology and regional setting.

The second issue mentioned above relates to the fact that the minimum set of data needed for the
application of the FaMIVE procedure is larger than the set provided by METU, as can be seen in
Figure 4.3 and these parameters cannot be ignored as they influence both the out-of-plane and in-
plane behavior of the fagades and whether one would occur in preference over the other. These
conditions are discussed in turn.

The relative size of pier to opening has a strong influence on the value of collapse load factor, in
particular whether the edge piers are wider or narrower than the opening dimensions (defined as
regular or irregular in FAaMIVE’s form, respectively). However this information is not provided in the
original set of data. Hence both cases are considered in the analysis for each permutation. A variable
number of opening per story is also considered, ranging from 1 to 3, resulting in different piers
geometric ratios and hence in different shear capacity ratio. The distribution of openings also has a
consequence on the continuity and width of the piers. As no specific information could be obtained,
a regular vertically and horizontally aligned distribution was assumed.

The direction of spanning of the horizontal structure defines whether the analyzed wall is or not
load-bearing, but also whether it can be restrained or not in its out-of-plane deflection by the floor
or roof structure. This affects values of collapse load factor, the extent of mass involved in collapse,
and lateral drift. For each geometric permutation both loadbearing and non-loadbearing conditions
are considered.

The edge connection of facades with adjacent structural vertical elements is the parameter
indicating presence or absence of box behavior and influencing the formation of different collapse
mechanisms and associated values of collapse multipliers. An indication of the quality of the
connection is provided by METU, but in the sample both condition of full and no connections are
considered. This affects the initial effective stiffness, the effective mass, and the ultimate drift.
Finally single, two or three stories high buildings are considered.
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INSPECTIONFORM FOR THE SU

RVEY OF HISTORIC BUILDINGS ‘

Number of buildings in the block

Town | TR |form[e RS1-WE|Block
Address TR Building

1 URBANDATA

T e —
RELIABILITY I m

11 Block access and escape routes
1-2  shape and composition of the block Izl

1-4 Position of building within the block | na

1.5 Connection of the fagade to adjacent |I|
walls

1-3 Number of buildings inthe block ~ |___| 1-6 Soil foundation

2 GEOMETRIC CHARACTERISTICS OF THE FACADE RELIABILITY I m
2-1 Facade orientation 2-5 Total height of the facade 5.50

2-2 Maximum # of storeys of the building - 2-6 Presence of gable r

2-3 Number of storeys of the facade 2-7 Gable wall height (if present) I:l

2-4 Length of the facade 2-8 Additional corner in the facade I

3 GEOMETRIC CHARACTERISTICS OF OPENINGS RELIABILITY IT

3-1 Number of openings per storey
storey # 2 1 0

0 0
wopenng [ 3 | 2 | | | |
32 opennguian [ 1 [ oo | | | |
oering height | 12| 15 | | | |

4 PLAN GEOMETRIC CHARACTERISTICS

layout # storeys
23 Openings you

left right
34 Edge piers
3-5 Height of upper horizontal spandrel 0.85

type length
RELIABILITY “ M

4-1 Thickness at basis of facade wall

42 Thickness at top (% of thick. basis)
4-3  #int. structural walls perp. to facade Izl
5 STRUCTURAL CHARACTERISTICS

5-1 N. storeys with vaulted structures I:l
5-2 Horizontal structure typology

5-3 Direction of hor. Structure

5-4 Roof structure typology
Cl
M

4-4 #int. structural walls //to the facade| 0 |

4-5 Total length perp. to the facade

4-6  #int. walls perp. to back facade |I|
RELIABILITY ]

5-7 Level of maintenance of masonry

left Tight

5-8 Connection at edges i no | No |
#storeys  leaning entity

5-9 Out of verticality
5-10 Fagade restraining elements

5-5 Direction of roof storey # 2 1 0 0 0
5-6 Masonry type ties/pegs
5-6b Mortar type buttresses/quoins
5-6c average size of units Ih*s | 0.2|0.15] 0.1 wall plates
511 retainingwall type and extension| A | NA nber band/ ring bear| RB | RB
6 FURTHER VULNERABILITY ELEMENTS RELIABILITY m
6-1 Presence of vertical addition n 6-3 Specific weight reduction (%) |:
H t
62 :ﬂf";‘,‘;ﬁ ;’e‘f"ica' 6-4 Chimney flue within the fagade wall -
depth # struts element entity  position
6-5 Roof overhanging 6.6 Settlement
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6-7 Jetty/ Oriel/ balcony I:I:I:I:l 6.8 Porticoes
6-9 Vaulted structures storey span rise t ¢ type spring heig profile support  supp widisupp depth  drum height
op level 1 1 1 1 [ | [ [ [
botomievel | | | | | | | 1 | | |

Figure 4.3 Input data screen with typical input requirements for the WHE_PAGER Phase IV FaMIVE application

Considering the various permutations arising from these further assumptions for each of the
typologies analyzed about 650 cases are generated leading to a sample of sufficient size to conduct
statistical regression analysis and derive fragility curves which can be meaningful. Sketches of each
facade typology with the layout of windows are shown in Table 4.9. It should be noted that in
general, given the width of facades and openings’ dimensions provided by METU the resulting
masonry piers are rather slender with relatively deep spandrels, somewhat in contrast with data
analysis reported in Erberik (2008). This is reflected in the overall lateral collapse load multipliers

and drift capacity.
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Table 4.3 Basic data used in FAMIVE to compute capacity curves of adobe masonry structures

Door openin Window Type of
Wall dimensions (L/H) P i opening Masonry unit horizontal
Adobe Al RNG type (length/height/thickness) (L/H) dimension (L¥*W*H) structure
Type Al-a 3,35 2,2 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Type Al-b 3,35 2,35 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Type Al-c 3,35 2,5 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Type Al-d 3,5 2,2 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Average ]
value Type Al-e 3,5 2,35 0,6 0.8/1.8 0.9/1.05 250*300%120 Timber
Type Al-f 3,5 2,5 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Type Al-g 3,7 2,2 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Type Al-h 3,7 2,35 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Type Al-i 3,7 2,5 0,6 0.8/1.8 0.9/1.05 250*300*120 Timber
Table 4.4 Basic data used in FAMIVE to compute capacity curves of rubble stone masonry structures
Door obenin Window Type of
Wall dimensions (L/H) P J opening Masonry unit horizontal
RS2 Typology (length/height/thickness) (L/H) dimension (L*W*H) | structure
Type RS2-a 3,25 2,15 0,5 0.85/1.9 1/1.2 200*150*150 Timber
Type RS2-b 3,25 2,5 0,5 0.85/1.9 1/1.2 200*150*150 Timber
Type RS2-c 3,25 2,75 0,5 0.85/1.9 1/1.2 200*150*150 Timber
Type RS2-d 3,5 2,15 0,5 0.85/1.9 1/1.2 200*150*150 Timber
C;i’:ge TypeRS2-e 3,5 2,5 05 0.85/1.9 1/1.2 200*150*150 Timber
Type RS2-f 3,5 2,75 0,5 0.85/1.9 1/1.2 200*150*150 Timber
Type RS2-g 3,75 2,15 0,5 0.85/1.9 1/1.2 200*150*150 Timber
Type RS2-h 3,75 2,5 0,5 0.85/1.9 1/1.2 200*150*150 Timber
Type RS2-i 3,75 2,75 0,5 0.85/1.9 1/1.2 200*150*150 Timber
Table 4.5 Basic data used in FAMIVE to compute capacity curves of unreinforced brick masonry (UFB2) structures
Door openin Window
Wall dimensions (L/H) P J opening Masonry unit Type of
UFB1 Typology (length/height/thickness) (L/H) dimension (L¥*W*H) | horizontal str
Type UFB1-a 4,1 2,45 0,2 0.9/2.0 1.3/1.1 190*190*135 Timber
Type UFB1-b 4,1 2,65 0,2 0.9/2.0 1.3/1.1 190*190*135 Timber
Type UFB1-c 4,1 2,9 0,2 0.9/2.0 1.3/1.1 190%190*135 Timber
Type UFB1-d 43 2,45 0,2 0.9/2.0 1.3/1.1 190*190*135 Timber
é;’lir:ge Type UFBl-e 4,3 2,65 0,2 0.9/2.0 13/1.1 190%190%135 Timber
Type UFB1-f 4,3 2,9 0,2 0.9/2.0 1.3/1.1 190%190*135 Timber
Type UFB1-g 4,55 2,45 0,2 0.9/2.0 1.3/1.1 190*190*135 Timber
Type UFB1-h 4,55 2,65 0,2 0.9/2.0 1.3/1.1 190*190*135 Timber
Type UFB1-i 4,55 2,9 0,2 0.9/2.1 1.3/1.2 190*190*135 Timber
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Table 4.6 Basic data used in FAMIVE to compute capacity curves of unreinforced brick masonry (UFB3) structures

Door openin Window
Wall dimensions (L/H) P J opening Masonry unit Type of
UFB4 Typology (length/height/thickness) (L/H) dimension (L*W*H) | horizontal str
Type UFB4-a 4,3 2,6 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Type UFB4-b 4,3 2,8 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Type UFB4-c 4,3 3,05 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Type UFB4-d 4,5 2,6 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Average .
value Type UFB4-e 4,5 2,8 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Type UFB4-f 4,5 3,05 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Type UFB4-g 47 2,6 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Type UFB4-h 4,7 2,8 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Type UFB4-i 4,7 3,05 0,3 0.9/2.1 1.3/1.3 290*190*135 Timber
Table 4.7 Basic data used in FAMIVE to compute capacity curves of unreinforced brick masonry (UFB4) structures
Door openin Window
Wall dimensions (L/H) P & opening Masonry unit Type of
UFB5 Typology (length/height/thickness) (L/H) dimension (L*W*H) | horizontal str
Type UFB5-a 4,5 2,65 0,3 0.9/2.2 1.4/1.4 290*190%135 RC
Type UFB5-b 45 2,85 0,3 0.9/2.2 1.4/1.4 290*190*135 RC
Type UFB5-c 45 3,1 0,3 0.9/2.2 1.4/1.4 290*190*135 RC
Type UFB5-d 4,7 2,65 0,3 0.9/2.2 1.4/1.4 290*190*135 RC
Average
value Type UFB5-e 4,7 2,85 0,3 0.9/2.2 1.4/1.4 290%190%135 RC
Type UFB5-f 4,7 3,1 0,3 0.9/2.2 1.4/1.4 290*190%135 RC
Type UFB5-g 4,9 2,65 0,3 0.9/2.2 1.4/1.4 290*190*135 RC
Type UFB5-h 4,9 2,85 0,3 0.9/2.2 1.4/1.4 290*190*135 RC
Type UFB5-i 4,9 3,1 0,3 0.9/2.2 1.4/1.4 290*190*135 RC
Table 4.8 Basic data used in FAMIVE to compute capacity curves of unreinforced brick masonry (UCB) structures
Door openin Window
Wall dimensions (L/H) P g opening Masonry unit Type of
UCB Typology (length/height/thickness) (L/H) dimension (L*W*H) | horizontal str
Type UCB-a 4,5 2,5 0,2 0.9/1.9 1.25/1.25 300*290*190 RC
Type UCB-b 4,5 2,7 0,2 0.9/1.9 1.25/1.25 300*290*190 RC
Type UCB-c 4,5 2,95 0,2 0.9/1.9 1.25/1.25 300*290*190 RC
Type UCB-d 4,7 2,5 0,2 0.9/1.9 1.25/1.25 300*290*190 RC
Average
value Type UCB-e 4,7 2,7 0,2 0.9/1.9 1.25/1.25  300*290*190 RC
Type UCB-f 4,7 2,95 0,2 0.9/1.9 1.25/1.25 300%290*190 RC
Type UCB-g 4,95 2,5 0,2 0.9/1.9 1.25/1.25 300%290*190 RC
Type UCB-h 4,95 2,7 0,2 0.9/1.9 1.25/1.25 300*290*190 RC
Type UCB-i 4,95 2,95 0,2 0.9/1.9 1.25/1.25 300*290*190 RC
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Table 4.9 Sketches of masonry facades for each typology with distribution of openings
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4.4 Results

The analysis shows that the above parameters lead for each typology to results that have substantial

variation, not just in terms of collapse load multiplier, but also in terms of critical mechanism and

hence in terms of the corresponding capacity curves. For this reason it has been chosen here to

provide for each typology, the four capacity curves which yield either maximum or minimum base

shear capacity or maximum or minimum ultimate displacement. The results are presented in

tabulated format in Table 4.10.

Table 4.10 Capacity curve results for masonry structures.

Structure Connections***
Group Layout characteristics . and Ay Dy (cm) Dy(cm) Choosing criterion Failure Mechanism
Maintenance**
Al 1story - 2 open. LB GG 0.28 4.27 12.81 Max Au
Al 1 story - 3 open. NLB BB 0.22 6.29 18.88 Max. Du
Al 1 story —2 open. NLB BB 0.14 4.36 13.08 Min. Au
Al 1 story — 2 open. LB GG 0.23 0.88 5.26 Min Du H2
RS2* 1 story — 2 open. LB* BG 0.29 0.17 1.024 Max Au A
RS2* 2 stories — 2+2 open. LB* BB 0.14 8.56 17.11 Max Du A
RS2* 2 stories — 2+3 open. NLB* BB 0.17 0.71 4.23 Min Du A
RS2 2 stories — 2+3 open. LB GG 0.19 1.63 4.89 Max Au D
RS2 2 stories — 2+3 open. NLB BB 0.07 4.81 14.41 Min. Au D
RS2 1story—2 open.LBTB GG 0.38 1.41 4.23 Max Au F
RS2* i;ﬁories'ZB open NLB BB 017 309 928 Min. Au H2
RS2 2 stories-2+3 open NLB TB BG 0.21 0.60 3.58 Min Du H2
MS 2story 2+2 open. LB GG 0.37 1.69 5.08 Max Au B2
MS 2story 2+2 open. LB BB 0.12 1.41 3.53 Min. Au
MS 2story 2+2 open.N LB BB 0.13 2.31 5.77 Max Du
MS 2story 2+2 open. NLB GB 0.27 0.58 3.47 Min Du H2
UFB1 2 stories — 3+2 open. NLB B-G 0.35 2.57 7.70 Max Au H2
UFB1 1 story — 2 open NLB B-M 0.21 3.15 9.46 Max. Du
UFB1 2 stories — 3+2 open NLB B-M 0.13 5.63 11.26 Min. Au A
UFB1 1 story — 3 open. NLB BB 0.17 0.70 211 Min. Du
UFB4 1 story—2 open. LB G-G 0.53 0.21 1.27 Max Au B2
UFB4 2 stories — 2+3 open. LB BB 0.14 10.90 21.79 Max. Du
UFB4 2 stories — 2+2 open. NLB BM 0.10 4.67 14.01 Min. Au
UFB4 2 stories — 2+3 open. LB BG 0.20 0.16 0.97 Min. Du A
UFB5 2 stories — 3+2 open. NLB GG 0.44 2.90 7.25 Max Au B2
UFB5 2 stories — 3+2 open. LB B-B 0.39 9.74 19.48 Max. Du
UFB5 2 stories — 3+2 open. NLB B M 0.24 433 10.83 Min. Au
UFB5 2 stories — 3+2 open. LB GG 0.37 0.27 1.62 Min. Du C
ucB 3 stories - NLB GG 0.32 3.16 7.90 Max Au B2
ucB 3 stories - LB BB 0.17 3.95 11.86 Max. Du
UcB 3 stories - NLB BG 0.09 2.84 8.53 Min. Au
UcB 2 stories - NLB BG 0.14 2.01 6.04 Min. Du

*Rubble stone masonry with poor unit (200*150*150 mm), in the other case unit dimension is (300*150*150).
** Bad maintenance level: B; Medium maintenance level: M; Good maintenance level: G

***Poor edge connection: B; Good edge connection G.
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Table 4.10 shows the values of lateral capacity in terms of acceleration, yielding displacementand
ultimate displacement, alongside the subtype of structure, the layout characteristics providing
number of story, number of opening per story and whether affected by floor and roof loads (LB,
loadbearing; NLB, non-loadbearing), level of connection, level of maintenance, and the resulting
failure mechanism. The suite of possible failure mechanisms considered is shown in Table 4.11.

Some observations are possible: irrespective of the type of masonry in plane failures are rarely
critical either in terms of best or worst performance, except when the opening layout makes the
piers become rather slender. Best performance is obtained when connections at edges are good and
the walls are loadbearing, leading to combined mechanisms, either B2 or C (Table 4.11). However
while these deliver good ultimate strength capacity, it is not necessarily accompanied by extended

ductile behavior.

Table 4.11: Mechanisms for computation of limit lateral capacity of masonry fagades

Combined Mechanisms

B1: facade
overturning
with one
side wall

,\_,.D?ﬂ B2: facade

overturning
with two side
walls

C: overturning
with diagonal
cracks involving
corners

F: overturning
constrained by
ring beams or

ties

In plane Mechanisms

H1: diagonal H2: diagonal M1.: soft story M2: soft
cracks mainly cracks mainly in due to shear story due to
in piers spandrel bending
Out of Plane Mechanism
A: facade D: facade E: facade G: fagade
overturning overturning overturning overturning with
with vertical with diagonal with crack at diagonal cracks
cracks crack spandrels

The obtained capacity curves are, where counterparts were available, compared with the curves
obtained by METU (personal communication and WHE-PAGER phase Il forms, 2011). Curves are

represented as bilinear. The collapse point having been omitted in this presentation.
4.5 Comparison between FaMIVE and Erberik curves

To avoid repetition the curves obtained with FaMIVE are presented in this section directly in
comparison with the curves produced by METU in Figure 4.4 to 4.9, one for each masonry structure
typology. Details of the METU approach are contained in Erberik (2008) and their capacity curves
are obtained using the analysis program MAS, which employs a nonlinear model for masonry wall
panels assuming that they have resistance in their own plane and have negligible rigidities in the
out-of-plane direction. This means that no out-of-plane mechanism is assessed in the analysis and
that the walls are assumed to act in parallel. The strength criterion is shear based and energy
dissipation is accounted for through a constant value of viscous damping. The only parameter
treated as a random variable is the compressive strength, sampled using Latin Hypercube Sampling
method (LHSM). Given these assumptions the mean capacity curves obtained by METU and their
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lower and upper bounds have a similar shape and ultimate displacement threshold, as these
parameters are not related to the random variable, and only one mode of failure is considered.

The comparison with the FaMIVE curves shows that when considering different failure mechanisms,
brought about not necessarily by material strength, but by variation in geometry and structural
connections, the range of both elastic and post elastic behavior is much wider, with substantial
differences in initial stiffness, ultimate strength capacity, and elastic and ultimate drift. Hence
minimum and maximum performance conditions cannot be obtained from average performance by
applying a simple proportional function.

The above variability also proves the necessity of developing a fictitious sample using RNG with
sufficient variance of geometric loading and structural parameters, to generate the wide range of
possible responses.

As walls’ slenderness is one major determinant of both mode of collapse and collapse load
multiplier, capacity curves have been presented separately for the same typology and different
number of stories. Moreover the effect of traditional strengthening devices, such as timber lacing
has also been considered.
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4.6 Fragility curves
4.6.1 Generalities

Fragility curves have been computed for each of the typologies analyzed in the previous section. As
already mentioned RGN was applied to obtain normal distributions of the geometric input
parameters from the typical range of values for each of them, as provided by METU. By considering
the realistic variability of constraint conditions that can be found in masonry buildings, further
variance has been introduced in the sample resulting in different collapse mechanisms and a large
range of capacity curves as the extremes presented in the previous section show clearly. In order to
better highlight this, the distribution of ultimate lateral acceleration and yielding limit state
displacement are plotted in Figures 4.12 and 4.13. The charts show that while the acceleration has a
distribution that can be assimilated to a normal one, the yielding displacement has distributions that
are non-symmetric to respect to the median.
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Figure 4.12 Normalised distribution for Au for the different
typologies

Figure 4.13 Distribution of limit state Dy for the different
typologies

Fragility curves for different limit states are obtained by using median and standard deviation values
of the limit state displacement and deriving lognormal cumulative distributions. To this end the

distribution parameters can be calculated as:
A =e

and:

ot =

with

U= %Z(In X) (4.10)

>(Inx—Inx)?
n

(4.11)

where the median and standard deviation of the distribution are obtained for each typology from
the capacity curves distributions. Three limit states are considered in agreement with the three
representative points defining the push-over curves and capacity curve as introduced in Section 4.2,
identifying also three damage states, as shown in Table 4.12.

Table 4.12: Limit states and corresponding damage states and drift ranges

Drift range
Limit state Damage state (%)
Ay Slight: cracking limit 0.1-1.2
Au Structural damage: maximum capacity 0.6-2
Anc Near Collapse: loss of equilibrium 2.0-4.0

It should be noted that the drift ranges are calculated based on all typologies studied above and
they are an outcome of the analysis rather than imposed on the basis of code prescriptions or other
considerations. Similarly the f;s for each limit state and corresponding fragility curves are quantified
only on the basis of the variation for each typology of the capacity curves obtained. The uncertainty
associated with the demand has not been included in this study, as it is beyond the scope of the
present work. The same approach described in Section 3.5.2 and Equation (3.8) is used to compute
the cumulative curves.
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4.6.2 Results

Using the procedure described above and the capacity curves derived in the previous section,
fragility curves are obtained for each of the masonry typologies, for the three limit states defined in
Table 4.12. For each typology separate curves have been derived for different number of stories.
This is to highlight the role of slenderness in the fragility of masonry structures: the reduced ductility
with increased number of stories can be qualitatively and quantitatively measured by the distance of
the median values of the three curves for each typology. In particular it should be noted how close
the fragility curve for near collapse, A, is to the fragility curve for structural damage, A,. It should
also be noted that the standard deviation increases with the number of stories, as can be observed
by the increasing inclination of the fragility curves for 2 story buildings as compared with the ones
for 1 story buildings. Comparing Figures 4.16 and 4.17 it is also apparent the benefit of timber lacing
in traditional rubble masonry. Their presence stiffens the structure and shifts the collapse
mechanism from simple out-of-plane to in plane and combined mechanisms (see Table 4.11).
Although it does not increase the median value for near collapse condition, it does increase the
distance between the fragility curves, and provides a wider distribution.
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Figure 4.16 Fragility curves: rubble typology 2 story Figure 4.17 Fragility curves: rubble typology 2 stories with

timber bands
By comparing UFB1, brickwork set in mud mortar (figure 4.18 and 4.19), with UFB4, brickwork set in

cement mortar (figure 4.20 and 4.21), it is possible to quantify the effect of different binders on the
fragility curves, noticeable for all 3 limit states and for both number of stories. Similar comparisons
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between Figure 4.21 and 4.22 draw out the ffect of floor structures, timber in UFB4 and concrete
slabs in UFBS5.

Displacement Sd (cm)

Figure 4.22 Unreinforced brick masonry UFB5 2 story
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In the fragility curves shown above only the uncertainty associated to the building typology behavior
is explicitly accounted for. The uncertainty associated to the model in FAMIVE is taken into account
by considering a reliability factor and a range within which the value is likely to fall. The range is
greater as the reliability is lower, as this depends on the reliability of the input parameters. As in the
present study only average values were provided and their distribution in the samples were
randomly generated with limits that have not been confirmed by in situ survey. The reliability is
considered low and hence a range of 30% variability from the central value is assumed.

The corresponding fragility curves obtained in this way for UFB4 two stories are shown in Figure 4.25.
The standard deviation of the range limit curves and of the central curve remain constant.

1
0.9
908 1
c
< 0.7 Bl Dy-15%
1]
v —
5 s | L Dy+15%
;i‘:' 0.4
i: 03 —Du-15%
a 0.2 = BEi i du
0.1 ] e DU+15%
0 T
0.001 0.01 0.1 1 10 100 1000
Displacement Sd (cm)

94



1

0.9

0.8

0.7

0.6

—Dy-15%

0.5

0.4

——Dy+15%

0.3

= DU-15%

— ]

Probability of excedance

0.2

0.1

0
0.001

0.01

Du+15%

0.1 1 10

Displacement Sd (cm)

100

1000

Figure 4.25 Fragility curves for UFB4 2 stories with confidence range .

95



5. Discussion and conclusions
5.1 Introduction

This chapter compares, summarizes and further discusses the analyses presented in the previous
chapters. As indicated in Table 1.2, many of the index buildings chosen in the three approaches
belong to the same PAGER typology. This makes it possible to compare results to understand the
influence of the analytical approach used on the vulnerability assessment of a given structure as well
as the influence of regional differences such as construction practice and code requirements. In the
second part of this chapter several critical modeling parameters are reviewed in terms of their effect
on the results. For concrete structures these include detailing assumptions, shear failure
considerations, and the simulation of the effects of infill on building performance. For masonry
structures the effects of window lay-out in determining the size of the piers, of connections of the
analyzed facade with its side walls, and of gravitational loads are discussed in terms of their
influence on model performance and the level of lateral acceleration capacity. Finally results are
compared in terms of capacity curve characteristic points, displacement at collapse, and the value of
parameters used to derive the fragility functions. These are also compared with the equivalent
parameters used in HAZUS.

5.2 Comparison among results

The most extensive comparison of results for two of the procedures used, DBELA and AUTh Non-
linear, was on index frames representative of the building stock of Greece and Italy. The DBELA
method seems to consistently overestimate acceleration capacity of the building system when
compared with the AUTh method. The overestimate is greater for non-seismically designed
structures than either for structures designed according to a code, or for low-rise bare frames. The
base shear is obtained from the yield displacement and period; the yield displacement appears to be
overestimated for these structures, which thus leads to an overestimation of the shear force.
Differences are also noted in terms of ultimate displacement, although these differences are less
consistent, as shown in Table 5.1 and 5.2. The DBELA procedure includes empirical relationships for
guantities such as the effective period of the structures, the yield displacement, and the failure
mechanism as previously highlighted in section 2.2. These quantities may need further calibration,
with more numerical models required in particular to constrain the formulae for the period of
vibration of bare and infilled frames with differing levels of seismic design, as this assumption affects
the estimated base shear (which as mentioned above is often overestimated). The approach used by
the AUTh group is, obviously, a more time-consuming one and hopefully leads to more reliable
results. However the procedures for the estimation of the plastic hinge properties (see section 3.2.1),
the bilinear approximation of moment-curvature (3.2.2) , and the conversion from pushover to
capacity curve (3.2.3) also have significant influence on the final value of the representative points
of the capacity curves.
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5.3 Detailing assumptions for concrete structures

The limit states in DBELA are defined in terms of the displacement of a SDOF equivalent system with
a given failure mechanism. The equations to estimate the limit state displacements are a function of
the strains attained in the concrete and the steel. If the sections are well-confined, then these limit
state strains are assumed to be much higher — the concrete is well-confined and can reach much
higher levels of strain before significant levels of damage are observed. Construction deficiencies are
not accounted for in the DBELA method. Code requirements in terms of seismic design can be taken
into account by modifying the initial period of vibration (as structures designed with a lateral load
are stiffer), and modifying the limit state displacement capacities as described above (if the design
leads to adequate confinement and thus ductile behavior).

For the Indian buildings, according to the data provided by IITG, 12mm dia. bars at 75mm spacing
were used for all columns, and 8mm dia. bars at 100mm spacing for all beams of R/C frames. This
resulted, as expected, in high mechanical reinforcement ratios and highly ductile structural
members and hence very ductile structures. Note that this ductile behavior has also been reported
in the paper by the IITG team (Kaushik et al., 2009). On the other hand, it is notable that for the
residential irregular index Indian building analyzed with the 3D model, the transverse reinforcement
ratio was substantially lower, 8mm dia. bars at 120mm.

For the Italian buildings, the data on which analysis by the AUTh team was based was "Stirrups ®12"
for some beams but no information concerning their spacing, and no data for the columns. It is
noted that such detailed data are not needed in the simplified analysis used by Crowley et al (ROSE).
Based on other studies of Italian researchers it was found that, at least for non-seismically designed
structures, stirrup bars were often significantly smaller than ®12, usually 6 or 8mm values that are
closer to the Low- (or No-) Code practices in Greece; for example see: Masi, A. (2004); Ricci, et al.
(2010).

Hence, in all methods for deriving capacity curves for reinforced concrete frames, results are
substantially affected by the assumption made regarding member ductility, which, in turn, is
controlled by the assumptions on the confinement of the members.

5.4 Shear failure consideration/omission

Shear failure of R/C members was not explicitly treated in the approximate DBELA approach (though
it is recognized that it should be considered for frames without seismic design), whereas it was
estimated in terms of ductility-dependent shear strength in the more involved AUTh approach.
Consideration of shear proved not to be critical for the structures studied here, since the moment
corresponding to the estimated shear capacity level was higher than the flexural capacity of the
structural members. Having said this, as noted in §3.2.1 in this report, no reductions were made in
shear capacity due to poor detailing of the transverse reinforcement. The differences in the ultimate
displacement capacity for the two methods are thus not due to the modeling of shear failure.
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5.5 Infill modeling

Masonry infills are known for the high variability associated with their properties (Dymiotis et al.
2001). This was further confirmed in the course of this study, in particular with respect to the
strength of the infill walls in the Indian buildings. ITG indicated a masonry strength value of 7.5MPa
which is significantly higher than that of masonry commonly used in Greece and, apparently,
elsewhere in South Europe. This value resulted in a notable increase in the strength of the infilled
frames (compared to the bare ones), as reported in Kaushik et al. (2009). As noted in §3.3.1, extra
analyses were run with a lower value of the masonry strength f,,c with noticeable effects on the
results. In DBELA, the characteristics of the infill panels are not explicitly modelled (i.e. the thickness
and strength of the infill panels do not currently influence the formuale used for the period of
vibration and displacement capacities), hence this could be a reason for the differences noted
between AUTh and ROSE for infilled frames. Additional numerical models with differering infill panel
characteristics are needed to calibrate further the equations. However, both AUTh and ROSE assume
that once the infill panels fail, the behavior of the structure can be approximated by the behavior of
the bare frame, thus leading in most cases to similar estimates of the ultimate base shear capacity.

5.6 Effect of opening layout in masonry structures

One of the parameters that have been analyzed in the present work is the influence and layout of
openings on the ultimate capacity of the fagade. Especially when masonry buildings are in urban
areas, facades tend to have a significant number of relatively large windows or doors. According to
the data provided by METU, the opening-to-wall-area ratio ranges from 0.25 to 0.52. The large
proportion of openings leads to very slender piers, which tend to fail in-plane in bending for
relatively modest collapse load multipliers, after early failure of the spandrel. This might occur even
if there are good end connections of the main facade with the side walls, preventing full
development of the box behavior.

5.7 Comparison of estimated capacity curves

A comparison of the reference points (Say, Sau, Say, Sau) Of the estimated capacity curves for R/C
buildings by three different groups (AUTh, ROSE, IITG) is made in table 5.1 while in table 5.2 a similar
comparison is made for the masonry structures that were analyzed by UBATH and METU. The
differences are quite important in some cases; possible reasons for these discrepancies have been
discussed in previous sections of this report (e.g. §3.4), as well as discussed above. As expected, the
most dramatic differences occur with regard to the ultimate displacement (Sq,) which is both
difficult to define in a consistent way and to capture properly in an inelastic analysis. Nevertheless,
the average difference (between AUTh and ROSE) is lower for Sq, than Sg,. For the unreinforced
masonry typologies, differences for stone masonry are quite important, while for brickwork the
differences are in the range of 25% for Sq, and are smaller for Sq,.The comparison of results obtained
within this study with the corresponding HAZUS-generated capacity curves is summarized in Table
5.3 for typology C4-C1, table 5.4 for typology C3 and table 5.5 for URM.
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Table 5.1. Comparison of capacity curves parameters for R/C typologies

AUTh IITG or ROSE Difference (%)
BuildingType
sdv(cm) st(cm) sav Sau T de(cm) SdU(cm) Sav Sau T de(cm) SdU(cm) Sav Sau T
indian 20 C4M (1) - Bare 56 1052 015 016 122 | 44 60 017 02 096 | 261 754 -11.8 -200 27.1
fuc=7.50MPa  C3M (2) - Infilled 0.6 3.3 0.78 0.78 0.18 1.5 6 0.75 1.5 0.28 | -58.7 -45.8 4.0 -48.0 -36.1
closed stirrups  c3v -SS (3) 3.5 115.6 0.14 0.16 1.00 2.4 47 0.15 0.2 0.8 446 1459 -6.7 -20.0 2438
Indian 2D C4M (1) - Bare 55 1052 015 016 123 | 44 60 017 02 096 | 261 754 -13.1 -187 281
fuc=1.91MPa  C3M (2) - Infilled 0.8 4.7 041 045 0.29 1.5 6 0.75 1.5 0.28 | -44.0 -22.2 -449 -70.2 21
closed stirrups  c3v -SS (3) 3.8 115.1 0.15 0.15 1.01 2.4 47 0.15 0.2 0.8 56.7 1448 -1.0 -24.7 26.2
Indian 2D C4AM (1) - Bare 5.0 11.9 0.13 0.15 1.23 4.4 60 0.17 0.2 0.96 13.8 -80.2 -21.6 -26.1 281
fuc=7.50MPa  C3M (2) - Infilled 0.6 3.2 0.78 0.78 0.18 1.5 6 0.75 1.5 0.28 | -58.5 -45.9 3.8 -47.9 -35.9
openstirrups  c3\m -SS (3) 3.2 11.2 0.13 0.14 1.00 2.4 47 0.15 0.2 0.8 353 -76.2 -12.1 -31.2 245
C4AM bare X 9.2 57.8 049 0.50 0.87
C3M (9) - Infilled X 8.5 315 0.47 0.41 0.85 0.30 1.8 0.23 0.73 0.25 | 2740 1650 104.3 -43.8 2416
C4M (10) - Open Story X 34 216 031 033 0.66 | 0.40 9.2 0.1 040 045 | 750.0 134.8 210.0 -17.5 0.476
indian3D  C4M bare +Y 98 568 052 0.53 0.87
fwc=7.50MPa  C3M (9) - Infilled +Y 6.5 51.4 0.51 0.55 0.71
closed stirrups 331 55(10) - Open Story +Y 71 396 045 048 0.80
C4M bare -Y 9.3 61.7 048 0.52 0.88
C3M (9) - Infilled -Y 6.5 55,6 051 053 071
C3M-S5(10) - Open Story -Y 8.2 40.6 043 046 0.88
CAM (RC_PC) X 4.6 8.7 0.12 014 124 | 144 294 040 040 1.20*| -682 -70.3 -70.2 -652 33
C3M (RC_PC) X 1.1 6.0 0.15 0.23 0.53
C3M-SS (RC_PC) X 2.6 8.8 0.20 0.23 0.73
CAM (RC_5%) X 6.7 43.0 0.28 0.31 0.98 13.6 28.6 0.38 0.38 1.20* | -50.7 50.4 -26.1 -18.2 -18.4
C3M (RC_5%) X 33 126 031 034 066
C3M-SS (RC_5%) X 3.5 14.2 0.27 0.31 0.72
CAM (RC_12.5%) X 5.0 28.9 0.51 0.58 0.62 11.8 26.8 0.67 0.67 0.84* | -58.1 7.9 -243  -139 -255
Italian frames  C3M (RC_12.5%) X 37 142 053 056 0.53
C3M-SS (RC_12.5%) X 3.7 14.5 0.47 0.52 0.56
CAM bare (RC_5%) Y 8.5 51.6 0.21 0.23 1.27 12.4 27.4 0.35 0.35 1.20* | -31.9 884 -39.3 -33.6 6.0
C3M (RC_5%) Y 1.9 11.5 0.23 0.27 0.58
C3M-SS (RC_5%) Y 3.3 15.7 0.20 0.23 0.81
CAM bare (RC_12.5%) Y 6.6 59.6 0.51 0.57 0.72 11.3 26.3 0.64 0.64 0.84* | -41.3 126.5 -20.8 -11.5 -13.9
C3M (RC_12.5%) Y 3.7 13.2 049 056 0.55
C3M-SS (RC_12.5%) Y 3.7 13.6 044 052 0.58

* Period values for all AUTh analyses were estimated for the corresponding capacity curves using the expression T=2n(5dy/5,,y)°'5 .The same

expression was used for the periods of the Italian buildings derived using the DBELA approach.
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AUTh ROSE Difference (%)
BuildingType
de (cm) Sdu (cm) Sav Sau T de (cm) Sdu (cm) Sav Sau T de (cm) Sdu (cm) Sav Sau T
C4L (RC1LL) 2.69 10.93 0.15 0.17 0.84 8.00 14.60 0.57 0.57 0.75 | -66.4% -25.1% -73.6% -70.8% 12.8%
C3L (RC3.1LL) 0.49 5.11 0.33 0.40 0.24 4.20 5.50 0.83 0.48 0.45 | -88.4% -7.1% -59.8% -15.4% -46.2%
C3L-SS (RC3.2LL) 2.32 11.20 0.15 0.17 0.79
F(:z:fne:s C4M (RC1IML) 4.62 12.96 0.15 0.15 1.12 8.60 25.20 0.19 0.19 135 | -46.3% -48.6% -21.5% -19.9% -17.3%
Low-Base C3M (RC3.1ML) 1.03 6.80 0.23 0.30 0.42 5.30 6.40 0.24 0.17 0.81 | -80.6% 6.2% -28.7% 76.4% -47.8%
shear |C3M-SS (RC3.2ML)| 2.55 9.85 0.16 0.17 0.80
C4H (RC1HL) 6.86 14.23 0.12 0.13 1.54 15.20 47.00 0.08 0.08 2.85 | -54.9% -69.7% 54.0% 70.5% -45.9%
C3H (RC3.1HL) 3.36 12.00 0.17 0.21 0.90 7.90 16.80 0.11 0.08 1.71 | -57.5% -28.6% 53.8% 175.6% -47.4%
C3H-SS (RC3.2HL) 4.12 11.06 0.14 0.16 1.11
C1L (RC1LH) 3.20 36.46 0.61 0.61 0.46 3.90 18.60 0.57 0.57 0.52 | -17.9% 96.0% 7.4% 7.4% -12.5%
C1L-I (RC3.1LH) 1.00 5.40 0.75 0.87 0.23 3.20 6.20 0.99 0.46 0.36 | -68.6% -13.0% -24.0% 91.5% -35.8%
C1L-SS (RC3.2LH) 2.44 37.91 0.57 0.63 0.41
Greek |C1M (RC1IMH) 3.72 41.28 0.37 0.40 0.64 6.40 32.90 0.29 0.29 0.94 | -42.0% 25.5% 28.0% 36.9% -32.7%
Frames |C1M-I (RC3.1MH) 1.58 6.68 0.44 0.51 0.38 5.00 7.60 0.45 0.20 0.65 | -68.5% -12.1% -8.7% 157.6% -41.2%
HIEE:‘?SG ;:Rl('l\g_;i/lH) 2.56 32.04 0.36 0.39 0.53
C1H (RC1HH) 7.09 37.25 0.22 0.23 1.13 11.80 62.20 0.12 0.12 2.00 | -39.9% -40.1% 86.8% 96.3% -43.3%
C1H-1 (RC3.1HH) 3.88 15.84 0.26 0.31 0.77 9.20 10.80 0.20 0.08 137 | -57.8% 46.7% 33.8% 299.6% -43.8%
C1H-SS (RC3.2HH) | 4.69 24.19 0.24 0.25 0.89

100



Table 5.2. Comparison of capacity curves parameters for masonry typologies

UBATH METU Difference (%)
BuildingType
de (cm) Sdu (cm) Say Sau Teff de(cm) Sdu (cm) Say Sau Teﬁ de (cm) Sdu (cm) Say Sau Teﬁ
Adobe A1 285 856 0064 023 079
Rubble RS2 1story 026 079 006 022 022
Rubble RS2 2 story 1.43 4.28 0.03 0.145 0.84
Rubble RS2 2 story timber | 95 529 003 027 043
lacing
Massive stone MS 460 87 004 034 079 | 05 20 249 298 89.1 77.0 -839 123
Unreinforced brick UFB1 1 063 1.90 0.06 035 0.28
story
gt';rrf"”forcedbr'CkUFBlz 250 614 004 030 099 | 1.2 42 116 .163 52 315 -655 456
Unreinforced brick UFB4 1 031  1.86 0062 0309 021
story
Slir;rri'”forcedb”CkUFM 21185 528 003 025 075 | 14 44 164 240 243 166 -81.7 4
gt';rrf"”forcedbr'CkUFBsz 200 641 0035 032 056 | 21 65 242 339 47 -138 -855 56
Unreinforced concreteblock | 4 50 593 0037 016 0.60 1 39 14 .19 236 076 -77.1 -18.3
UCB 2 story
Unreinforced concrete block
UCB 3 story 287 861 0024 019  0.99
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Table 5.3. Comparison of capacity curves parameters for R/C bare frame typologies with Hazus capacity curves

Source Type Description Dy (cm) Du, (cm) | Ay, (g) Ay, (g) T (sec)
HAZUS C1Mh RC moment frame midrise high code (USA) 2.921 46.8376 | 0.208 0.624 0.75
HAZUS Ci1MM RC moment frame midrise mid code (USA) 1.4732 17.5514 | 0.104 0.312 0.75
INDIA C4M (1) - Bare AUTh open stirrups 5 11.9 0.13 0.15 1.23
INDIA C4M (1) - Bare AUTh closed stirrups 5.6 105.2 0.15 0.16 1.22
INDIA TG 4.4 60 0.17 0.2 0.96
INDIA C4AM bare X AUTh 9.2 57.8 0.49 0.5 0.87
INDIA C4M bare -Y AUTh 9.3 61.7 0.48 0.52 0.88
ITALY C4M (RC_PC) X AUTh 4.6 8.7 0.12 0.14 1.24
ITALY ROSE 14.4 29.4 0.4 0.4 1.20*
HAZUS C1lMp RC moment frame midrise pre-code (USA) 0.7366 8.7884 0.052 0.156 0.76
ITALY C4M (RC_5%) X AUTh 6.7 43 0.28 0.31 0.98
ITALY ROSE 13.6 28.6 0.38 0.38 1.20*
ITALY C4M bare (RC_5%) Y AUTh 8.5 51.6 0.21 0.23 1.27
ITALY ROSE 12.4 27.4 0.35 0.35 1.20*
HAZUS C1MM RC moment frame midrise mid code (USA) 1.4732 17.5514 | 0.104 0.312 0.75
ITALY C4M (RC_12.5%) X AUTh 5 28.9 0.51 0.58 0.62
ITALY ROSE 11.8 26.8 0.67 0.67 0.84*
ITALY C4AM bare AUTh 6.6 59.6 0.51 0.57 0.72
(RC_12.5%) Y

ITALY ROSE 11.3 26.3 0.64 0.64 0.84*
HAZUS CiMh RC moment frame midrise high code (USA) 2.921 46.8376 | 0.208 0.624 0.75
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Table 5.4. Comparison of capacity curves parameters for R/C infilled frame typologies with Hazus capacity curves

Source | Type Description Dy (cm) Du, cm Ay, g Au, g T (sec)
INDIA C3M (2) - Infilled AUTh (high strength) 0.6 3.3 0.78 0.78 0.18
INDIA IITG 1.5 6 0.75 1.5 0.28
INDIA C3M (2) - Infilled AUTh (low strength) 0.8 4.7 0.41 0.45 0.29
INDIA C3M (2) - Infilled AUTh (high strength) open stirrup 0.6 3.2 0.78 0.78 0.18
INDIA TG 1.5 6 0.75 15 0.28
INDIA C3M (9) - Infilled X AUTh 8.5 315 0.47 0.41 0.85
INDIA IITG 0.3 1.8 0.23 0.73 0.25
INDIA C3M (9) - Infilled -Y AUTh 6.5 55.6 0.51 0.53 0.71
HAZUS | C3ML RC frame masonry infill midrise low code 0.6604 4,953 0.083 0.188 1.45
(USA)
ITALY C3M (RC_PC) X AUTh 1.1 6 0.15 0.23 0.53
HAZUS | C3Mp RC frame masonry infill midrise pre-code 0.6604 4,953 0.083 0.188 0.57
(USA)
ITALY C3M (RC_5%) X AUTh 33 12.6 0.31 0.34 0.66
ITALY C3M (RC_5%) Y AUTh 1.9 11.5 0.23 0.27 0.58
HAZUS | C3ML RC frame masonry infill midrise low code 0.6604 4,953 0.083 0.188 1.45
(USA)
ITALY C3M (RC_12.5%) X AUTh 3.7 14.2 0.53 0.56 0.53
ITALY C3M (RC_12.5%) Y AUTh 3.7 13.2 0.49 0.56 0.55
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Table 5.5. Comparison of capacity curves parameters forURM typologies with Hazus capacity curves

Source |Type Description Dy (cm) Du(cm) |Ay (g) Au (g) T (sec)
TURKEY |Adobe Al UBATH 2.85 8.56 0.064 0.23 0.79
TURKEY |Rubble RS2 1story UBATH 0.26 0.79 0.06 0.22 0.22
HAZUS |URMLp Unreinforced masonry, lowrise, pre-code (USA) |0.6096 6.096 0.2 0.4 0.35
TURKEY |Rubble RS2 2 story UBATH 1.43 4.28 0.03 0.145 0.84
TURKEY |Rubble RS2 2 story timber lacing UBATH 0.9 2.79 0.03 0.27 0.43
TURKEY |Massive stone MS UBATH 4.6 8.7 0.04 0.34 0.79
TURKEY METU 0.5 2 0.249 0.298

HAZUS |URMML Unreinforced masonry, midrise, low-code (USA) |0.6858 4.5974 0.111 0.222 0.5
TURKEY |Unreinforced brick UFB1 1 story UBATH 0.63 1.9 0.06 0.35 0.28
HAZUS |URMLp Unreinforced masonry, lowrise, pre-code (USA) |0.6096 6.096 0.2 0.4 0.35
TURKEY |Unreinforced brick UFB1 2 story UBATH 2.5 6.14 0.04 0.3 0.99
TURKEY METU 1.2 4.2 0.116 0.163

HAZUS |URMML Unreinforced masonry, midrise, low-code (USA) |0.6858 4.5974 0.111 0.222 0.5
TURKEY |Unreinforced brick UFB4 1 story UBATH 0.31 1.86 0.062 0.309 0.21
HAZUS |URMLp Unreinforced masonry, lowrise, pre-code (USA) |0.6096 6.096 0.2 0.4 0.35
TURKEY |Unreinforced brick UFB4 2 story UBATH 1.85 5.28 0.03 0.25 0.75
TURKEY METU 1.4 4.4 0.164 0.24

TURKEY |Unreinforced brick UFB5 2 story UBATH 2 6.41 0.035 0.32 0.56
TURKEY METU 2.1 6.5 0.242 0.339

TURKEY |Unreinforced concrete block UCB 2 story |UBATH 1.31 3.93 0.032 0.16 0.6
TURKEY METU 1 3.9 0.14 0.196

TURKEY |Unreinforced concrete block UCB 3 story |UBATH 2.87 8.61 0.024 0.19 0.99
HAZUS |URMML Unreinforced masonry, midrise, low-code (USA) |0.6858 4.5974 0.111 0.222 0.5
Mexico |UFB Unreinforced brick masonry 0.2032 0.381 0.15 0.15 0.23
INDIA UFB4 Unreinforced brick masonry lintel bands RC slab |0.6096 1.2954 0.9 1.2 0.16

(N India)
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