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ABSTRACT

Anticipating the response of a structure to near fault earthquakes, is an object of great
concern to scientists worldwide and have proposed various methods of assessment of this

response

The main aim of this master thesigs to assess the vulnerability of aist8rey reinforced
concrete building that subjected to néiatd earthquakes, based on the HAZUS methodology
and to establish the reliability of the results according to SAP2000 program.

Moreover, comparing the marum top displacement of the building through the sample of
near field earthquakes we can conclude the important factors that give laglaceiinents
and larger damagd@$ie HAZUS methodology is a set of components that attempt to estimate

losses, operatim@l (probabilistic estimation) and economic, due to an earthquake scenario.

Firstly, the building subjected in modal analysis that generated the natural frequencies of it (
T1=1.165sec, T2 = 1.113 sethen it subjected in pushover analysis with loadrdbution
according to the first Eigenmode in order to construct the pushover curvestisesetop-

floor displacementY.he aim was to construct the fragility curves that defining by HAZUS.
These curves classify the structure at four levels of damdgght(SModerate, Extensive,

Collapse) and describe the possibility to have a certain level of damage to the building.

Depending on the type of building and the vulnerability curve we wanted to build was
necessary to calculate standard deviations (vds)tékat into account uncertainties on the
curve pushover, with levels of performativity, with the features of construction, with the
pulse of directivity and territorial motion. Eventually the curves defined by following

lognormal distribution

To determinethe vulnerabity of the building, it usedan existing ample of near field
earthquakeswith range of seismic magnitudes of 6.4 to &ald larger maximum spectral
displacement. Earthquakes applied through accelerograms (using SAP2000) in the building

andafter inelastic timehistory analysegesulted the maximumiisplacementor each record

Comparing the records in each earthquake we are taking the following fragility curves and
conclusions separate for each earthquake. The straight lines on theyflagiies are the

maximum topfloor displacement for each record.

Vi



Table 5 presents the structural damage levels for all earthquake records, which have been
obtained usi-dmaxdheamdHAZOIBser vati ond met hods
been descbed in previous. A general observation is that all seismic motions result in
structur al damage, whil e, in the majority o
or fAextensiveo, I ndi c at -fantgroundmetiors ert tlr seismacn t a |
performance of the -8torey reinforced concrete building. Nevertheless, none of the two
methods showed that the building will undergo complete damage or collapse during any of

the selected seismic actions.

Moreover, it seems that the magnitudetibe earthquake is not the primary factor that
determines the severity of the damage of the analysed structure. It is observed that
earthquakes of higher magnitude, such as the Izmit (Mw = 7.4) and Duzce (Mw = 7.1) result

in lower damage levels than seismvents of lower magnitude, such as the Kobe (Mw = 6.8)

and Northridge (Mw = 6.7) earthquakes. That means that other important factors and
characteristics of the ground motion, in combination with the structural properties, determine
the overall seismiperformance of the building during an earthquake. For example, it is
observed that a significant role on the severity of the damage plays the epicentral distance of
the seismic recording. In particular, when observing the resultabfe 5, we can see it in

the case of the Ci€Chi earthquake, the growmdotions with relatively small epicentral

di stance (TCUO65, TCU0O68 and TCU102) result
records from the same event wotdlkerhkhaegemandpii

damage.

The ultimate goal was to understand how the magnitude of the earthquake, the directivity and
the distance of the fault from the recording station affecting the results that have been

obtained Comparing themax|U, rop resultsthat analysis gave we canonclude the following:

1. Forward directivity : All the earthquakes that reach the extensive damage limit had
forward directivity. Earthquakes with Neutral Directivity gave moderate damage limit
even if they had larger magnitudesmhothers with forward directivity. This gives the
result that earthquakes with forward directivity can give larger displacements and

bigger damages.

2. Closest distance from fault: For the same earthquake and stations with the same

directivity the displaceents increase as the distance of the station from the Aeult
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we can see from Ci€hi Taiwan earthquake that gave the larger displacement, the

records with smaller distance from the fault gave larger displacements.

3. Magnitude of the earthquake: Comparirg the results of Tabas (Iran), Izmit
(Turkey), ChiChi (Taiwan) and Duzce (Turkey) with magnitude 7.1, 7.6, 7.4 and 7.1
respectivelywe can see that only the GGhi Taiwan earthquake occurs extensive
damageslt is known that as the magnitude of the eaquiike is increasing the
building suffers from larger top displacements and therefore stronger levels of
damage.From these records we can conclude that the magnitude is not the most
important factor to occur larger displacemefitsis may be due to the saation of
the ground motion observed in large earthquakes, ie the size grows, but does not
increase ground motion. However, larger magnitude with the factors that are written

above can be catastrophic.

Conclusion of all seismic excitations can concltitg the forward directivity and the closest
distance from the fault resulted in large displacements in the buididgarger damages
However the displacements are increasing more when seismic magnitude is increasing.
We can note that the building didtreach a complete damage despite that it was suffered by
very strong earthquake$he record that occurred largest displacement (0.5Wams) TAK-

000 Hanshin Kobe), Japanith magnitude6.8 and classified the building damages as

extensive and gave the dgr possibility40% for completedamage.

Knowing the consequences that will appear due to an earthquake, appropriate measures can
take in order to reduce them. The proper design of structures and measures can reduce the

damages of the structures and thenbar of casualties
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INTRODUCTION

The earthquake is a very common phenomenon that occurs in almost the entire pthnet Ear
There are daily earthquakeawost of which are small and more often they are not perceived

by citizens, only by seismographSlany times there havbeen large earthquakes without
causing major damage and medigired earthquakes occurrifyge damage. The purpose

of this mastethesis is to assess the response -sfo8ey reinforced concrete building for
nearfault earthquakes with aim to identifgnthe factors that play an important role in
causing damage to specific building and generally. The assessment was made by using the
HAZUS methodology and SAP2000 program.

The first chapterdeals with Seismic Risk Assessment Methodologg4HdS), overview d
HAZUS Methodology, Building Classification, Structural and Nonstructural Systems and
Contents, Damage States, Building Capacity Curves, Building Response Calculation and
Building Fragility Curves. It is presents the Development of Capacity Curves apdriRes
Parameters, Building Model and Pushover criteria, Development of Capacity Curve Control
Points and Development of Response Parameters. Additionally, it is presents the
Development of Fragility Curves, Building Response and Performance criteriappeneit

of DamageState Medians and Development of Dam&gate Variability.

The second chapter presents the features of territorial movement hiankaseismic
simulation, the effect of directionality, the customization of ffaait ground motionsthe

simulation models for nedreld earthquakes and the effectdtihg Sep.
The third chapter gives presentation and description of the building.

The fourth chapter focuses on the Eigen periods, -Bw&hn Curve, Capacity Curve and

Fragility Curves.

The fifth chapter presents the selected rieanit ground motions, the displacement response
spectra and spectral displacements, the method for assessing the seismic damage (HAZUS),

the timehistory analysis and the results from timietory analyses.
In thesixth chapter is comparison and discussion of the results

Concluding in my work is given the findings for the factors that play an important role in

causing damage to the specific building.

XXili



1 Seismic Risk Assessment Methodology (HAZUS)

1.1 Introduction

Many seismologists have said thaatthquakes do ndill people but the buildings This is

due to the fact that most deaths that occurring during earthq@akesaused by buildgs or

other marmade structuresvhichcollapsed during an earthqualgarthaqiakes which happen

in remote areas where there are no humans can not cause human casualties. The seismic risk

depends on population density, seismic building codes and emergency plans.

The above factors justified with examples of earthquakes that took plate past as the
earthquake of magnitude 7.8 on the Richter scale that occurred in China in the province T'ang
Shan, 1976 at 3:42 am and killed 240,000 people. Deaths caused due to the collapse of

masonry buildings.

At 2010, Haiti earthquake magnitude0 on the Richter scale caused the death of 316,000
people according to the government. Most buildings were made of poor quality reinforced
concrete and were not designed with appropriate seismic design codes and this caused the

collapse and the death wiany people.

In contrastin Cdifornia to reduce seismic riskequired by the design and construction of all
structures stringent specificatiotts withstand a major earthquakhe design of structures
using the appropriate Seisniodes specificd eachregion which are adapted depending on
the circumstances and requirements of the regmreffective. This is justified by the
magnitude 6.9 earthquake in San Francisco, California in 1989 that killed 63 people. Unlike
ten months before an earthquakendgnitude 6.8 in Armenia caused the deaths of 25,000

people due to collapse of structures, which were not designed with Seismic Codes.

Seismic Risk is defined as the expected seismic consequences suffered by an area, which can
be deaths and injuries to pg#e, damage to structures and generally the overall impact on

human activities in the area concerned.

The Seismic Risk can be expressed as the convolutiorisini® Hazard and Vulnerability
From this relationship, we conclude that if we redoce of thetwo or both factorsthen
Seismic Risk is reducedlhe SeismicHazard cannot be influenced by human, because

determined solely by physical factors. In contrast, the vulnerability can be reduced, because



regards constructs in which man can intervene amdkchrhis has the effect of reducing

Seismic Risk of the region.

The relationship of Seismic Risk, Seismic Hazard and Vulnerahiléghowngraphicaly in

Figure 1

Vulnerability

Seismic
Hazard

Figure 1. Schematic representatiorof the equation of Seismic Risk, R = H.V

Analytically, Seismic Hazard is defined as the probability of any particular region and given
time to happen earthquake equal to or larger than expected size and depends on the expected
deformations and soil movemis in this region. They have used various methods of
assessing the seismic hazard for specific areas, which are used by engineers in order to take
the movements of the soil of this region and be able to use them in the calculation of the
design of earthcpke.

Additional, Vulnerability is the characteristic of every construction and expresses the
expected response in the event of an earthquake. It is linked to Eigen period, the depreciation

rate, regularity, quality of construction and other factors.

In this master thesis we are concerned the proposed method by Federal Emergency
Management Agency (FEMA), which adopts the methodology of National Institute of
Building Sciences (NIBS) U.S. . The FEMA / NIBS damage assessment methodology known
as HAZUS is a comlpx collection of data designed to assess the functional losses and

economic impact in a region due to an earthquake scenario.



Further, it is analyzed the methodology and software HARUS as arepresentedn Hazus
MH MR1 technical and usero6s manual

1.2 HazusMethodology

HAZUSE (HAZards U.S.), devel oped for the F
(FEMA) by the National Institute of Building Sciences (NIBS), is geographic information
system (GIS) based, standardized, nationally applicable -hragard loss eshation
methodology and software to estimate physical, economic, and social impacts of disasters.
Hazus is used for mitigation and recovery as well as preparedness and response. Local, state
and federal gover nment of fi ci ankrgency respondd, AZ USE
mitigation planning, and to determine losses and the most beneficial mitigation approaches to
take to minimize them. Furthermore, Hazus can be used in the assessment step in the
mitigation planning process, which is the foundation feaoenmunity's longerm strategy to

reduce disaster losses and break the cycle of disaster damage, reconstruction, and repeated
damage. Being ready will aid in recovery after a natural disaster, being ready will aid in

recovery after a natural disaster.

HAZUS-MH is the most recent evolution of a family of natural hazards loss estimation
software whose development began in the early 1990s. The purpose of HAZUS and natural
hazards loss estimation software in general is to quantify the human, property, finadcia
social impacts of natural hazards such as earthquake, wind and flood, under existing
conditions and given any of numerous possible mitigation measures. Quantification of losses
under existing conditions is valuable for understanding and communicdtingelative
importance of natural hazards risks and the various factors (such as location, land use zoning,
construction quality, etc.) contributing to that risk. Similarly, analysis of the beneficial
impacts of mitigation measures (such as relocationpraved land use and planning,
structural modifications, warnings, etc.) permits informed decision making and efficient
allocation of scarce resources. The first release of HAZUS, in 1997, was for analysis of

earthquake effects.

The FEMA/NIBS earthquake #3 estimation methodology, commonly known as HAZUS, is
a complex collection of components that work together to estimate casualties, loss of function
and economic impacts on a region due to a scenario earthquake. The methodology is

documented in the HAZU$IH Technical Manual. One of the main components of the



methodology estimates the probability of various states of structural and nonstructural
damage to buildings. Damage state probabilities are used by other components of the
methodology to estimate naus types of buildingelated loss. Typically, buildings are

grouped by model building type and evaluated on a census tract basis.

Currently, HAZUS includes building damage functions for 36 model building types and for
various combinations of seismic sign level and performance. Each model building type
represents a "generic" group of buildings that share a common type of construction and a
common seismic design level. Damage and loss functions for generic building types are
considered to be reliablerqulictors of earthquake effects for large groups of buildings that
include both above median and below median cases. They may not, however, be very good
predictors for a specific building or a particular type of building that is known to have a
weakness oearthquake vulnerability (e.g., W1 buildings with weak cripple walls would be
expected to perform much worse than typical wiradhe buildings). Although the theory is
applicable to an individual building, buildingpecific damage and loss function® arot
provided and would need to be developed by the user. The complexity of the methods and
underlying seismological and engineering phenomena makes development of building
specific functions challenging unless the user is an engineer experiencedirieaoseismic

analysis.

FEMA/NIBS projects in the area of earthquake hazard mitigation also include the Building
Seismic Safety Council's (BSSC's) development of the NEHRP Guidelines for Seismic
Rehabilitation of Buildings [FEMA, 1997], referred to sim@g the NEHRP Guidelines.

Like HAZUS, the NEHRP Guidelines represent a major, nydtr effort. Also like
HAZUS, the NEHRP Guidelines use similar earth science theory and engineering techniques.
For the first time, earthquake loss estimation and buyjldieismic analysis are based on
common concepts. The similarity of these fundamental concepts permits interfacing the
methods of the NEHRP Guidelines with those of HAZUS for development of building

specific damage and loss models.

In conclusion the main ppose of HAZUS methodology is to provide for specific buildings
the necessary tools assessing damages from earthquakes that are used by engineers

specializing in the subject of earthquakes.

To produce accurate results, the engineers should be able toamalaively complicated

pushover analysisa process described below. The other main approach of the methodology



is to produce a combination between the nonlinear static analysis (pushover) and methods of

assessment of losses. The engineers now pregentetailed pushover analysis that may be

take useful conclusions and more understandable results for the possible models failure of

building, for total response of the structdoeth structural and nestructural systems, and the

costs and the time regad for the repair of damaged building elements.

1.2.1 Overview of Hazus Methodology

The FEMA/NIBS earthquake loss estimation methodology, commonly knowihAZ&)S

has many components, or modules, as described inHAZUSMH

HAZUSMH Technich Manual

User 6 sasnhdManu a |l

The flow of theHAZUSmethodology between those modules related to building damage and

loss is illustrated ifrigure 2.

Potential Earth Science Hazards
Ground Shaking Ground Failure
* Response Spectra * PGD - Settlement
* PGA * PGD - Lateral Spread
Damage '
Induced Damage Buildin as L(feline;
* HazMat | (Essential Facilities) | | Transportation
* Debris _ | : » Utility
Loss § ¥ v v
Casualties Economic Shelter Emergency
* Fatalities * Capital * Households * Loss of Function
* Injuries * Income * Short-Term * Restoration Time

Figure 2: Building -Related Modules of the FEMA/NIBS MethodologyFEMA 2003)

Due to the above figure the most important components to estimate the building damage are

the ground shaking and the ground failure.

Estimates of building damage areedsas inputs to other damage modules, including

hazardous materials facilities and debris generation, and as inputs to transportation and utility

lifelines that have buildings as a part of the system (e.g., airport control tower).

Most importantly, buildig damage is used as an input to a number of loss modules, including

the estimation of casualties, direct economic losses, displaced households anidrishort

shelter needs, and loss of emergency facility function and the time required to restore

functionalty.

HAZUS damage functions for ground shaking have two basic components:



(1) capacity curves and
(2) fragility curves.

The capacity curves are based on engineering parameters (e.g., yield and ultimate strength)
that characterize the nonlinear (pushg\uerhavior of 36 different model building types. For
each of these building types, capacity parameters distinguish between different levels of

seismic design and anticipated seismic performance.

The fragility curves describe the probability of damage he s$tructural system, to the
nonstructural components that are sensitive to drift and to the nonstructural components and
contents that are sensitive &oceleration of the buildinglhe fragility curves describe the
probability of damage to the building'€l) structural system, (2) nonstructural components

sensitive to drift and (3) nonstructural components (and contents) sensitive to acceleration.

For a given level of building response, fragility curves distribute damage between four
physical damage sed: Slight, Moderate, Extensive and Complete. Earthquake loss due to
building damage is based on the physical damage states that are deemed to be the most
appropriate and significant contributors to that particular type of loss. For example, deaths are
basd primarily on the Complete state of structural damage, since partial or complete collapse
of the building is assumed to dominate this type of loss. In contrast, direct economic loss
(e.g., repair/replacement cost) is accumulated from all states of démbgin structural and

nonstructural systems, since all are significant contributors to economic loss.
1.2.2 Building Classification

Buildings are classified both in terms of their use, or occupancy class, and in terms of their
structural system, or model builg) type. Damage is predicted based on model building type,
since the structural system is considered the key factor in assessing overall building
performance, loss of function and casualties. Occupancy class is important in determining
economic loss, simcbuilding value is primarily a function of building use (e.g., hospitals are
more valuable than most commercial buildings, primarily because of their expensive

nonstructural systems and contents, not because of their structural systems).

Thirty three occpancy classes are defined to distinguish among residential, commercial,
industrial or other buildings; and 36 model building types are used to classify buildings
within the overall categories of wood, steel, concrete, masonry or mobile homes. Building

inventory data relate model building type and occupancy class on the basis of floor area, as



illustrated inFigure 3 so that for a given geographical area the distribution of the total floor
area of model building types is known for each occupancy classprégentation purposes,
Figure 3shows only the four overall categories of occupancy and the five overall categories
of construction, whereas FEMA/NIBS methodology calculations are based on all 28
occupancy classes and 36 model building types. Modealibgitypes are derived from the
same classification system that is used in the NEHRP Handbook for the Seismic Evaluation
of Buildingsi A Prestandard [FEMA, 1998], but expanded to include mobile homes and to
consider building heightTable1 describes moal building types and their heights. Typical
building heights are used in the determination of geariltling capacitycurve properties.
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Figure 3: Example Inventory Relationship of Model Building Type and Occupancy Clas§~EMA 2003)



Table 1: Model Building Types of Hazus(FEMA 2003)

Height
No. Label Description Range Typical
Name Stonies | Stories | Feet
1 w1 Wood, Light Frame (= 5,000 sq. ft.) All 1 14
2 w2 Wood, Greater than 5,000 sq. ft. All 2 24
3 S1L Steel Moment Frame Low-Rise 1-3 2 24
4 SIM Mid-Rise 4-7 5 60
5 S1H High-Rise 8+ 13 156
6 S2L | Steel Braced Frame Low-Rise 1-3 2 24
7 S2M Mid-Rise 4-7 5 60
8 S2H High-Rise | 8+ 13 156
9 S3 Steel Light Frame All 1 15
10 S4L | Steel Frame with Cast-in-Place Low-Rise 1-3 2 24
11 S4M | Concrete Shear Walls Mid-Rise 4-7 5 60
12 S4H High-Rise 8+ 13 156
13 SSL | Steel Frame with Unreinforced Low-Rise 1-3 2 24
14 SSM | Masonry Infill Walls Mid-Rise 4-7 5 60
15 SSH High-Rise 8+ 13 156
16 CIL | Concrete Moment Frame Low-Rise 1-3 2 20
17 CIM Mid-Rise 4-7 5 50
18 ClH High-Rise 8+ 12 120
19 C2L | Concrete Shear Walls Low-Rise 1-3 2 20
20 Cc2M Mid-Rise 4-7 5 50
21 C2H High-Rise 8+ 12 120
22 C3L | Concrete Frame with Unreinforced | Low-Rise 1-3 2 20
23 C3M | Masonry Infill Walls Mid-Rise 4-7 5 50
24 C3H High-Rise 8+ 12 120
25 PC1 | Precast Concrete Tilt-Up Walls All 1 15
26 PC2L | Precast Concrete Frames with Low-Rise 1-3 2 20
27 PC2M | Concrete Shear Walls Mid-Rise 4-7 5 50
28 PC2H High-Rise 8+ 12 120
29 RMIL | Reinforced Masonry Bearing Walls | Low-Rise 1-3 2 20
30 | RMIM | with Wood or Metal Deck Mid-Rise 4+ 5 50
Diaphragms
31 RM2L | Remnforced Masonry Bearing Walls | Low-Rise 1-3 2 20
32 | RM2M | with Precast Concrete Diaphragms Mid-Rise 4-7 5 50
33 RM2H High-Rise 8+ 12 120
34 | URML | Unreinforced Masonry Bearing Low-Rise 1-2 1 15
35 | URM | Walls Mid-Rise 3+ 3 39
M
36 MH | Mobile Homes All 1 12




1.2.3 Structural and Nonstructural Systems and Contents

Buildings are composed of both structural (load carrying) and nonstructural systems (e.g.,
architectural and mechanical components). While damage to the structural system is the most
important measure of building damage affecting casualties and catastrophit flosstion

(due to unsafe conditions), damage to nonstructural systems and contents tends to dominate
economic loss. Typically, the structural sy

To better estimate different types of loss, building damfgpetions separately predict
damage to: (1) the structural system, (2) di@hsitive nonstructural components, such as
partition walls that are primarily affected by building displacement, and (3) acceleration
sensitive nonstructural components, sucBuspended ceilings, that are primarily affected by
building shaking. Building contents are also considered to be acceleration sensitive.
Distinguishing between driftand accelerat®ensitive nonstructural components, and
contents, permits more realisestimates of damage considering building responable 2

lists typical driftsensitive and acceleratisensitive components and building components

Table 2. HAZUS Classification of Drift-Sensitive and AcceleratiorSensitive Nastructural Components
and Buidling Contents(FEMA 2003)

System Type Component Description Drift- Accelerationr
Sensitive Sensitive
Architectural | Nonbearing Walls/Partitions .
Cantilever Elements and Parapets .
Exterior Wall Panels .
Veneer and Finishes °
Penthouses

Racks and Cabinets
Access Floors
Appendages and Ornaments
Mechanical General Mechanical (boilers, etc.)
and Electrical | Manufacturing and Process Machinery
Piping Systems
Storage Tanks and Spheres
HVAC Systems (chillers, ductwork, etc.)
Elevators
Trussed Towers
General Electrical (switchgear, ducts, etc.)
Lighting Fixtures
Contents File Cabinets, Bookcases, etc.
Office Equipment and Furnishings
Computer/Communication Equipment

Nonpermanent Manufacturing Equipment

Manufacturing/Storage Inventory
Art and Other Valuable Objects




1.2.4 Damage States

Damage states are defined separately for structural and nonstructural systems of a building.
Damage is described by one of four discrete damage states: Slight, MoHgtatesjve or
Complete, and Collapse as subset of Complete structural damage. Of course, actual building
damage varies as a continuous function of earthquake demand. Ranges of damage are used to
describe building damage, since it is not practical to hawenéinuous scale, and damage
states provide the wuser with an wunderstand
functions relate the physical condition of the building to various loss parameters (i.e., direct
economic loss, casualties, and loss afction). For example, direct economic loss due to
Moderate damage is assumed to correspond to 10% replacement value of structural and

nonstructural components, on the average.

The four damage states of the FEMA/NIBS methodology are similar to the damadgge st
defined inExpected Seismic Performance of BuildifB&RI, 1994], except that damage
descriptions vary for each model building type based on the type of structural system and
material. Table 3provides structural damage states for W1 buildings (ligdne wood)

typical of the conventional construction used for siffgi@ily homes.

Table 3;: Example Damage States Light -Frame Wood Buildings (W1)(FEMA 2003)

Damage State Description
Slight ceiling intersections: small cracks in masonry chimneys and masonry

/\ Small plaster cracks at corners of door and window openings and wall-
veneers. Small cracks are assumed to be visible with a maximum width of

less than 1/8 inch (cracks wider than 1/8 inch are referred to as “large”

cracks).
Large plaster or gypsum-board cracks at corners of door and window
Moderate | openings: small diagonal cracks across shear wall panels exhibited by

\ small cracks in stucco and gypsum wall panels: large cracks in brick

chimneys: toppling of tall masonry chimneys.

Large diagonal cracks across shear wall panels or large cracks at plywood
Extensive | joints: permanent lateral movement of floors and roof: toppling of most
brick chimneys: cracks in foundations: splitting of wood sill plates and/or
slippage of structure over foundations.

Structure may have large permanent lateral displacement or be in

Complete | imminent danger of collapse due to cripple wall failure or failure of the
lateral load resisting system: some structures may slip and fall off the
foundation: large foundation cracks. Three percent of the total area of

buildings with Complete damage is expected to be collapsed. on average.
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1.2.5 Building Capacity Curves

A building capacity curve is a plot of a b
characteristic lateral displacement (i.efoece-deflection plot). It is derived from a plot of
staticequivalent base shear versus building displacement at the roof, known commonly as a
pushover curve. In order to facilitate direct comparison with spectral demand, base shear is
converted to spedal acceleration, and the roof displacement is converted to spectral
displacement using modal properties that represent pushover response. Pushover curves and
relatedcapacity curves, are derived from concepts similar to those &fERRP Guidelines

for the Seismic Rehabilitation of BuildingBEMA, 1997], and inSeismic Evaluation and

Retrofit of Concrete BuildingSSC, 1996], known aATCG40.

Building capacity curves are constructed for each model building type and represent different
levels of lateral drce design and for a given loading condition, expected building
performance. Each curve is defined by two control points:

(1) the Ayieldo capacity, and
(2) t he cdpacityt i mat eo

The yield capacity represents the lateral strength of the building @mlras for design
strength, redundancies in design, conservatism in code requirements and expected (rather
than nominal) strength of materials. Design strengths of model building types are based on
the requirements of current model seismic code provis{ers, 1994UBC or NEHRP
Provisiong or on an estimate of lateral strength for buildings not designed for earthquake
loads. Certairbuildings designed for wind, such as taller buildings located in zones of low or
moderate seismicity, may have a lateraige strength considerably greater than those based

on seismic code provisions.

The ultimate (plastic) capacity represents the maximum strength of the building when the
global structural system has reached a full mechanism. Typically, a building is assumed
capable of deforming beyond its ultimate point without loss of stability, but its structural
system provides no additional resistance to lateral earthquake force. Up to yield, the building
capacity curve is assumed to be linear with stiffness based estiamte of the expected
period of the building. From yield to the ultimate point, the capacity curve transitions in slope

from an essentially elastic state to a fully plastic state. The capacity curve is assumed to

11



remain plastic past the ultimate poiAn examplebuilding capacitycurveis shownin Figure
4,

0

C (D, A)
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= — Yield Point:

B DA-"::()%AWOET‘ 5 C, = Design Value

& Yy T, =Building Period
Y. A = Overstrength

I: Al > U = Ductility
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Figure 4: Example Building Capacity Curve and Control Points(FEMA 2003)
The following parameters define the yield point and the ultimate point of capacity curves as
shown inFigure 4
1 G point of significant yielding of design strength coefii e n t (fraction o
weight),
T Teexpect ed el asbde pedod 6f building (seeamds)a |
1 hifraction of building weight effective in the pushover mode,
1 b, fraction of building height at the elevation where pushewede displacemensi
equal to spectral displacement (not shown in Figure 4),
T + Aoverstrengtho factor relating Atrueo vy
T <fioverstrengtho factor relating ultimate
T >Aductilitydo ratiacemehat itrog aulttiinmeast et hdei s

(i.e., assumed point of significant yielding of the structure).
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1.2.6 Building Response Calculation

Building response is determined by the intersection of the demand spectrum and the building
capacity curve. Intersectig are illustrated irrigure 5 for three example demand spectra
representing what can be considered as weak, medium and strong ground shaking, and two
building capacity curves representing weaker and stronger construction, respectively. As
shown inFigure 5, stronger and stiffer construction displaces less than weaker and more
flexible construction for the sameJel of spectral demand, and less damage is expected to
the structural system and nonstructural components sensitive to drift. In contrast,rstronge
(and stiffer) construction will shake at higher acceleration levels, and more damage is

expected taoonstructural components and contents sensitive to acceleration.

The demand spectrum is based ontheb®mped r esponse specoéorrum a
center of a study area containing a group of buildings), reduced for effective damping when

effective damping exceeds the 5% damping level of the input spectrum.

” N BR

Demand | A

Spectra

Stronger. More Ductile Construction

Building Capacity Curves

Weaker, Less Ductile Construction

Medium
shaking

Spectral Acceleration (g's)

Strong
haking

Spectral Displacement (inches)

Figure 5: Example Intersection of Demand Spectra and Building Capacity Curve@~EMA 2003)
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1.2.7 Building Fragility Curves

Building fragility curves are lognormal functions that describe the probability of reaching, or
exceeding, structural and m&tructural damage states, given median estimates of spectral
response, for example spectral displacement. These curves take into account the variability

and uncertainty associated with capacity curve properties, damage states and ground shaking.

Figure 6 provides an example of fragility curves for the four damage states used in the
FEMA/NIBS methodology and illustrates differences in darastgée probabilities for three
levels of spectral response corresponding to weak, medium, and strong earthqualle groun
shaking, respectie | vy . The ter mso flavrechk igt Mmonegld umy e

simplicity; in the actual methodology, only quantitative values of spectral response are used.

P
Ral

1.0
Slight Moderate
o
E 05
E
&
0.0

Weak  Medium Strong

Shaking  Shaking Shaking Spectral Response

Figure 6: Example Fragility Curves for Slight, Moderate, Extensive and Complete Damag@&EMA 2003)

The fragility curves distribute damage among Slight, Moderate, Extensive and Complete
damage states. For any given value of spectral response, discrete -dtatagpobabilities

are calculated as the difeice of the cumulative probabilities of reaching, or exceeding,
successive damage states. Discrete daistage probabilities are used as inputs to the

calculation of various types of buildinglated loss.
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Each fragility curve is defined by a medianualof the demand parameter (e.g., spectral
displacement) that corresponds to the threshold of that damage state and by the variability

associated with that damage state.

The conditional probability of being in, or exceeding, a particular damage stagy@;edsthe
spectral displacement, Sd, (or other seismic demand parameter) is defitiexl foljowing

equation
S
Plag|s,| = @ SIS
ﬁ(ls Sd.ds
where:
ds a particular damage state

S4gs IS the median value of spectral displacement at which the buildathes the
threshold of damage state, ds,

dais is the standard deviation of the natural logarithm of spectral displacement for
damage state, ds, and

a is the standard normal cumtilee distribution function.

1.3 Development of Capacity Curves and Response Parameters

1.3.1 Building Model and Pushover Criteria

This section guides users in the development capacity curves and related parameters that are
used by Advanced Engineering Building Mde (AEBM) to calculate building response as a
function of ground shaking at the building site. It is assumed that the user has already
performed nonlinear static (pushover) analysis of the building that conforms essentially to the
methods oNEHRP Guidehes (or ATG40) and to certain other criteria as set forth in this

section.

The pushover analysis must appropriately represent the-deftection and response

characteristics of the building of interest. For use in developing fragility functions, the

15



pushover analysis must also appropriately capture the damage patterns of elements and
components of the building. In general, the latter requires more detailed and complex analysis
than that required simply for evaluation of building response.

The NEHRP Gui@lines(andATG40) provide users with a fairly complete description of the
nonlinear static (pushover) method of analysis, including guidance on modeling and
evaluation posyield behavior of elements and components. Additional guidance is provided

in this section for performing pushover analysis and using the results in loss estimation
studies. Since thdEHRP Guidelinegand ATCG40) are design documents, the user should be
aware that they intentionally (or unintentionally) include some conservatismisthadit
appropriate for loss estimation. For loss estimation, as compared to design procedures and
building code rules, pushover analysis methods and models should fairly represent building
(building group) without conservative bias. Building geometry, netestrengths and
response limits, etc. should all represent typical building conditions and likely response
behavior, rather than beichngeDhasassdumptcomser

Users must determine how many different pushover models are kduirlss estimation.

For complex buildings, a model could be developed for each horizontal direction of response
(if response is different in different directions) and for separate structural segments of the
building. It is common for large buildings (iplan) to be composed of more than one
structure, separated by construction joints. Each structure can have different capacity and
response properties (and fragility and loss functions). For simple symmetrical buildings, a
single pushover model would likebe sufficient to represent building behavior. If a single
pushover model is used to evaluate a complex and/or irregular building, then the model
would need to represent those modes of response and failure that are most likely to occur and
cause damage dross.

Consider, for example, a large 4ilp building, composed of three structural segments in a
line (three by one rectangle in plan). Such buildings are commonly used for industrial
manufacturing and warehousing facilities. The segments at eacheesithdar and have tilt

up panels of three sides. The segment in the middle is structurally different and has panels on
only two opposing sides of the building. All three segments are strong in the plane of the tilt
up panel s near trhoset gdnarally wetdk inghé direcioa perpemelitukar to

the panels away from building corners. All three segments have flexible diaphragms. Possible

building response and failure modes include the following (there may be others):
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1 Local, outof-plane failue of some tiktup planes (due to failure of partelroof
connections) accentuated by diaphragm flexibilitynost likely to occur at migpan
locations (away from building corners)

Full collapse of center section in weak direction (perpendicular tapilpanels)
Partial collapse of end sections in the weak direction (near joints with center section)

accentuated by torsion response.

The user would likely develop multiple pushover models to evaluate the different modes of
response and failure of the build, described above. Multiple pushover analyses could be
converted into multiple building damage and loss models (one model per building segment)
or folded into a single building damage and loss model. If multiple models of different
building segments ardeveloped, then damage and loss would be calculated separately for
each and aggregated for the building as a whole.

Developing a single building damage and loss model (e.g., a single capacity curve) for a
complex building requires users to judge the moftifailure, direction of response, etc., that
best represents the most likely source of earthquake daarahdoss. At the following
paragraphs wassume that the user has resolved building complexity and describe methods
for converting a single pushovewuree into capacity and response parameters that are
compatible with the AEBM.

Users must determine how many and to what degree elements and components are required
to be explicitly modeled in pushover analyses used for loss estimation. For determining
capaity curve properties, it is necessary that the pushover mode shape include all elements
and components whose individual stiffness (flexibility) significantly affects global building
response. From a dynamics standpoint, this requirement may also bettbbaghncluding

al |l Afdegrees of freedomo that si gmoddofthbeant | vy

building in the direction of interest.

Flexibility of the foundation, floor diaphragms, etc., should be explicitly modeled in the
pushover analis if the addition of the flexibility of these element/components to the
pushover model would significantly change pushover mode shape and response. Similarly, no
structural elements or components should be excluded from the pushover model simply
becausethey are considered to be of secondary, rather than primary, importance to the
structural systemLikewise, architectural elements and components that add significant

stiffness to the building (e.g., hollealay tile used as #fill partitions) should benodeled in
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the pushover analysis (and effectively removed from the model as they fail during pushover
analysis).

1.3.2 Development of Capacity Curve Control Points

1.3.2.1Conversion of Pushover Curve to Capacity Curve

The first step in developing capacity curve conpoints is to convert pushover coordinates

of base shear force and control point (e.g., roof) displacement to spectral acceleration and
displacement, respectively. The coordinate conversion is described somewhat vaguely as
Method 2 in the commentary of tiNEHRP Guidelinesnd more completely iATG40, the

latter being consistent witHAZUSformat and terminology.

The conversion of pushover to capacity is illustrateBigure7. An example pushover curve
(normalized by t he buidddo capadiys usivgeusholier moden)
factors,U a n ¢. E&th point on the normalized pushover curve (Dp, Ap) is factored by the
pushover mode factors to create a corresponding point on the capacity curve (Dc, Ac).
Provided the pushover curve was developed using a push force pattern based emdioke 1st
shape of the building, then the initial (pyeld) slope of the capacity curve is directly related
to the buil dyeldyperiod (€d) assldsdrilced Bygpatian 5 Axes are labeled

in terms of Spectral Acceleration and Spectral Displasgnm Figure 7 recognizing that

while pushover and capacity curves can have the same units, they are in different coordinate

systems.
A
= Dc =Dp- 0ty Capacity Curve \
2
S Ac = Ap/ay DeAQ)
£
o
@
3 (D, Ap)
<<
[
5]
@
o
? Pushover Curve (Normalized by Building Weight)

-
>

Spectral Displacement (inches)

Figure 7: Example Conversion of Pushover Curve to Capacity Curve Using Pushover Mode Factors
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HAZUSdefines the two pushover mode factors:
U fraction of building weight effective in pushover mode

1 U fraction of building height at the eletian where pushovemode displacement is

equal to spectral displacement.

Consistent withATG40 methods (and termsal is defined by the distribution of building
mass and pushover mode shape:

[Been] 8
S oSk

a

Where:
W,/ g = mass assigned to the ith degoédéreedom

0 = amplitude of pushover mode at degree of freedom

Typically, the shape of the pushover mode is based on thadds of the building in the
direction of interest. In general, the pushover mode shape is amplitude dependent, after
elements and coponents begin to yield. While the most appropriate pushover shape would
be the amplitudelependent shape at the amplitude of interest, thgigle (Lstmode) shape

may be used to calculatd without significant loss of accuracy. This statement does not
apply to element/component demands that are directly relatéuktpostyield changes to
pudhrover mode shape. The term fidegree of fr
Al e v &ATGAO, o indicate that there may be more than one node (degfesedbm) per

floor (e.g., buildings with flexible diaphragms would need several nodes to represent

diaphragm response).

Consistent witPATG40 (and discussion of the CO factor in the commentary oNEelRP
Guideline$, the modal factorl}, is defined by amplitude of the normalized pushover mode

shape at the control point and the pushover mode participation factor:

] zw(p}’ 'c); (2)

i=1

a,= =
- PFEf

v {Z (w i¢1p )/:‘:’}f

cp.p
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Where:

W,/ g = mass assigned to the ith degree of freedom

0 ip = amplitude of pushover mode at ith degree cédieam
U ¢pp = amplitude of pushover mode at control point.

Typically, the roof is used as the location of the control point. The shape of the pushover
mode is typically based on the dmbde of the building in the direction of interest and is, in
general,amplitude dependent after elements and components begin to yield. As fdr the
term, the most appropriate pushover shape would be the amgltpeéadent shape at the
amplitude of interest, but the pygeld (1stmode) shape may be used to calculaten most

cases without significant loss of accuracy.

The pushover mode factors are used directly to calculate the capacity curve from the
pushover curve where each point on the capacity curve is defined by a spectral displacement,
SD, and a spectral accelaoat, SA:

SD=a* qze (3)

SA= (VIW)/ & 4)
Where:
gxp = Pushover control point (e.g., roof) displacement
V = Pushover base shear force (kips)
W = Building weight (kips).

Certain structural analysis software programs (e.g., SAP2000 Nonlineamnaically

convert pushover curves to capacity curves using these formulas.
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1.3.2.2Yield and Ultimate Capacity Control Points

Capacity curve control points are determined from the capacity curve using both judgment

and the following rules:

1 Yield capacity cotrol point Oy, Ay) is selected as the point where significant
yielding is just beginning to occur (slope of capacity curve is essentially constant up
to the yield point).

1 The expected periodie, of the building, at or just below yield, should be the true
el ast i c 0-mbde peatiad wfehe budding:

(5)

1 Ultimate capacity contrgboint acceleratioriu, is selected as the point of maximum
spectral acceleration (maximum building strength), not to exceed the value of spectral
acceleration tawhich the structure has just reached its full plastic capacity (i.e., ignore

additional straining at the point at which the structure becomes a mechanism).

1 Ultimate capacity contrgboint displacementDu, is selected as the greater of either
the spectradisplacement at the point of maximum spectral acceleration or the spectral

displacement correspondinhg Equation 6

D=2-D — 6
u YA (6)

The HAZUS definition of the elastic periodle, is the same as the initial period, Ti, of the
NEHRP Guidelineand shouldhot be confused with the definition of the effective period, Te,
of the NEHRP GuidelinesThe effective period, Te, of tidEHRP Guideliness based on
stiffness at 60% of the ultimate strength of the building and should not be usddAthS

methods sice it could significantly overestimate pyeld displacement of the building.

Three sets of pushover and capacity curves an€tmrol Points selected for each using
the rules described above are showikigures8, 9 and 10, respectively. As shown irhése

figures, capacity curves t yppoictdisplacemeeatiut e nd
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which defines the displacement at which the system is assumed to be fully pladtas bot

necessarily failed.

HAZUS-Compatible Capacity Curve

Ultimate Capacity
Control Point

Yield Capacity Capacity Curve from
Control Point Pushover Analysis

Spectral Acceleration (g’s)

>

Spectral Displacement (inches)

Figure 8 Exampl e Devel opment of the Capaci-Togot@uwr-vFiorfceer

Deflection Behavior

In Figure 8,the first set of curves is for a structure that sustains shear failure and load
reduction in a number of componeras different levels of spectral displacement. The
sequenti al shear failut®@oohocempeceéeéent hatr & &
HAZUScapacity curve.

In Figure 9t he second set of C u r-deflestionrbehpvioe ané nt s

catastrophic failure of the structubecause it happened too quichhe Ultimate Capacity
Control Point is actually selected to be past the point of failure. This is not inappropriate,

since the ultimate point does not define the fragility of the buildimdy the plateau of the

capacity curve.
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HAZUS-Compatible Capacity Curve
Ultimate Capacity
Control Point
Capacity Curve from
Pushover Analysis

Yield Capacity
Control Point

Spectral Acceleration (g’s)

Spectral Displacement (inches)

Figure : Exampl e Devel opment of the Capacity -Mkflecore f or

Behavior

The third set of curves shown kigure 10Qillustrates forcedef | ect i on behavi or
building up to the formation of a complete mechanism (fully plastic state). The pushover
curveindicates some additional strength beyond the fully plastic state due to strain hardening

assumptions.

A

\ Ultimate Capacity

Control Point (at
\ fully plastic state)
Capacity Curve from

Pushover Analysis

( HAZUS-Compatible Capacity Curve

Y
+
«*

Spectral Acceleration (g’s)

Yield Capacity
Control Point

>

Spectral Displacement (inches)

Figure 10 Exampl e Devel opment of the Capacity -Oefectione f or

Behavior
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Both the initial stiffness (i.e., elastic periofe) and ultimate strength of the capacity curve

will, in general, degrade with reped cycles of posyield earthquake demand. The effects of
degradation of stiffness and strength on capacity and response of the building are accounted
for by degradation factors. Development of degradation factors is described in the next

subsection.

1.3.3 Dewelopment of Response Parameters

Response parameters inclugiastic Damping and degradatiorK@appa) factors that reduce
hysteretic damping and affect the intersection capacity and demand, and the fraction of
nonstructural components at lowdloors (F.s) which affects the calculation of demand on
nonstructurabhcceleration sensitive components. Background on the use of the elastic
damping and degradation factors in the calculation of response is given in the following

subsection.

1.3.3.1Response Calculation

HAZUS characterizes ground shaking using a standard response spectrum shape, consistent
with the format and parameters of the 19¢HRP Provisiongand theNEHRP Guidelines

The standard shape consists of two primary parts: (1) a region of constant spectral
aceeleration at short periods and (2) a region of constant spectral velocity at long periods.
Shortperiod spectral acceleratio®s, is defined by 5%damped spectral acceleration at a
period of 0.3 seconds. The constant spectral velocity region has spaotedération
proportional to 1/T and is anchored to theetond, 5%lamped spectral accelerati@, A

region of constant spectral displacement exists at very long periods, although this region does
not usually affect calculation of buildingamage. Ampgiication of ground shaking to
account for local site conditions is based onghertperiod Fa)and velocitydomain (Fv)

soil factors of the 199REHRP Provisions.

HAZUSmo di fies el astic system propertiesvetdo si
stiffness and damping properties of the building. Effective stiffness properties are based on
secant stiffness, and effective damping is based on combined viscous and hysteretic measures
of dissipated energy. Effective damping greater than 5% ofakis used to reduce spectral

demand in a manner similar to the capasjpgctrum method cATG40.
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Figure 1lillustrates the process of developing an inelastic response (demand) spectrum from
the 5%-damped elastic response (input) spectrum. The denpeudrsm is based on elastic
response divided by amplitudkependent damping reduction factors (i.ea, &R periods of
constant acceleration and/ Bt periods of constant velocity). The demand spectrum intersects
the buildingo6s c apeeakirasponsedisplacemerd, D, ahdraecelgration,n t
A. The amount of spectrum reduction typically increases for buildings that have reached yield

anddissipate hysteretic energy during cyclic response.

SgxF,
i 5%-Damped Response Spectrum
| (SsxF)/R
L A)/ - Demand Spectrum

Building Capacity Curve

A
i / (S¢T) x Fy
1 _LGyDxFIRy ?‘

/

| I N Y [ NN A S NN N (Y AN R A
D Spectral Displacement (inches)

Spectral Acceleration (g's)

Area

Figure 11. Example Demand Spectrum Construction and Calculation of Peak Response Point (D,A)

Spectrum reduction factors are a function of the effective damping of the buiteifigas
defined bythe following equationqyield reduction values of RA = 1.0 and RV = 1.0,

regectively, for a value dbeff = 5% of critica):

Ra= 2.12/(3.21i 0.68In(ber)) (7)

Ry = 1.65/(2.31 0.41In(ber)) (8)
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Effective dampingheff, is defined as the total energy dissipated by the building during peak
earthquake response and i s xtahdea hystaretic damping n e |
t e r gnassdeiated with postield, inelastic response:

Defr = bA + b¢ (9)

The elastic damping terrby , is assumed to be a constant (i.e., amplitude independent) and
follows the recommendations of Table 3Kdrthquake Spectra and Desifpr materials at

or just below their yield points. The hysteretic damping tebm, is dependent on the
amplitude ofpostyield response and is based on the area enclosed by the hysteresis loop at
peak responselisplacement, D, and acceleration, A, as showrFigure 11 Hysteretic
damping,bH, is definedn Equation 10:

B|1-1 _ K[ Area ] (10)

2nDA

Where:

Area is the area enclosed by the hysteresis loop, as defined by a symnpetsigplll of the
building capacity curve up to peak positive and negatigplacementsf\D, assurnmig no

degradation of components
D is the peak displacemergsponse of the capacity curve
A is the peak acceleration response at peak displacement, D

9 is a degradation factor that defines the fraction of the Area usddtéomine hysteretic

damping

The a (Kappa) factor irEquation 10reduces theamount of hysteretic damping as a function
of model building type, seismic design level asifthking duratio to simulate degradation
(e.g., pinching) of the hysteresis loop during cyclisponse. Shaking duration is described
gualitatively as either short, moderate or long, analssumed to be primarily a function of
earthquake magnitude, although proximiyfault rupturecan also influence the duration of

the level of shaking that is most crucial to building damage.

Figure 12shows a typical capacity curve and three example demand spectra for damping
levels corresponding to shore{= 0.8), moderateafy = 0.5) and long g = 0.3) duration
ground shaking, respectively. In this example, building displacement due tediamagion

ground shaking is more than twice that due to skhmtation ground shaking (although

26



building acceleratiordoes not increase). Damage to the structural system and nonstructural,
driftsensitive components and related losses increase significantly with increase in the

duration ofground shaking for buildings that have reached yield

" /— 5%-Damped Design Spectrum

Demand - Short-Duration
Demand - Moderate-Duration
Demand - Long-Duration

Building Capacity Curve

Spectral Acceleration (g's)

Spectral Displacement (inches)

Figure 120 Example Demand Spectrai PostYield Response due to Strong Ground Shaking of Either

Short, Moderate or Long-Duration

1.3.3.2Elastic Damping Factors

As described in the preceding subsectiBlastic Damping factors estimate the damping of

the building at @ just below yield of the structural system. These values should be selected
on thebasis of the building type, reflecting the inherent differences in the damping behavior
of different materials. In general, th&lastic Damping factors included inHAZUS for
general buildingstock should be used without modification for buildspecific applications.

Table 4summarizes th&lastic Dampingvalues ofHAZUSfor different building types.
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Table 4: Suggested Elastic Damping Values=EMA 2003)

Building Type by Material Damping (% of Critical)
Mobile Home 5%
Steel Buildings 5% - 7%
Reinforced-Concrete and Pre-cast Concrete Buildings 7%
Reinforced-Masonry Buildings 7% - 10%
Unreinforced-Masonry Bearing-Wall and In-Fill Buildings 10%
Wood Buildings 10% - 15%

1.3.3.3Degradation Factors

Degradation Kappa) factors are a function of the expected amplitude and duration (number
of cycles) of posyield building response. These parameters depend on the level of ground
shaking, which is different for each builgj site and scenario earthquake. The default values
of the Kappafactor developed for generlwuilding analysis assume that the building would
have ground shaking strong enough to effect significantypekt response of the structure,

and degradation isased on the magnitude of the scenario event. The larger the magnitude of
the event, the longer the assumed duration of ground shaking. In this sense, earthquake
magnitude became a surrogate indicator of the duration of pe# response, assuming
shakng was strong enough to push the structure beyond the yield point. It should be
recognized that if the ground shaking were not strong enough to yield the building, there
would be little or no degradation, regardless of the magnitude of the scenario @eetlopu

the type of structural system).

Kappa factors should be selected considering the extent to which brittle failure of the
elementsand components reduces the strength of the structural system. The capacity curve
developed bypushover analysis providesome guidance on the selection of appropriate
Kappa factors. If thecapacity curve indicates a loss of strength at the ultimate capacity
control point, then thé&appafactor should indicate a somewhat proportional reduction in
hysteretic loop area. Forxample, in Figure 8the capacity curve indicates about a 50%
reduction in full strength, and @mmensurate amount of degradation would be appropriate

(e.g.,*r = 0.50 for a moderatduration of postyield response). Iirigure 9 the capacity
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curve indicées nearly completéorittle) failure (at the ultimate capacity control point) and a
very low value of the degradatidactor would be appropriate (e.§¢, = 0.10 for a moderate
duration of postjield response)in Figure 10 the capacity curve indicatasearly fully
ductile behavior, and a relatively high valoethe degradation factor would be appropriate

(e.g.,*r =0.90 for a moderate duration of growstthking).

Table 5provides some general guidance on the selection of the degradéaijopd( factor.

The Kappa factors are shown as a function of the level of response (i-ehatingeld, yield
andpostyield levels of peak response) and for pgisld response as a function of pg#tid
shaking duration (i.e., short, moderate and long). The tbterelates suggested values of
Kappa factors to the seismic design level and quality of construction used to characterize

genericbuilding types oHAZUS

Table 5: Suggestedvalues of the Degradation (Kappa) Facto(FEMA 2003)

Design Level and Construction Quality Degradation (Kappa) Factor
Seismic Design Level AtY, At Post-Yield Shaking Duration
suc [ ac [ mc [ e | pc | Yeeld | Yield [ Short [ Moderate | Long
S S 1.0 1.0 1.0 0.9 0.7
O S 1.0 1.0 09 0.7 0.5
QC* I O S 1.0 0.9 0.7 0.5 0.3
I O S 1.0 0.7 0.5 0.3 0.1
I 0] 1.0 0.5 03 0.1 0.0

1. Seismic Design Level Designation — Special High-Code (SHC), High-Code (HC), Moderate-
Code (MC), Low-Code (I.C) and Pre-Code (PC)

2. Construction Quality (QC) Designation — Superior (S), Ordinary (O) and Inferior (1)

The suggested values of the Kappa factor giveifable 5do not apply to seismically
rehabilitated buildings. If the user is developing damage functions for a builtihdéen
strengthened, or ot herwise seismically i mpr

basedon a seismic design level and quality of construction that reflects these improvements.
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1.4 Development of Fragility Curves

1.4.1 Building Response and Perfamance Criteria

This section guides users in the development of fragility curves parameters that are used by
Advanced Engineering Building Module (AEBM) to calculate damage as a function of
building response. It is assumed (and essential) that the usgrdady performed a detailed

nonlinear static (pushover) analysis of the building

The pushover analysis must appropriately capture the damage patterns of elements and
components of the building and evaluate modes of building failure (i.e., partial lor ful
collapse of the structure)Jsers must carefully consider modes of building failure and
develop appropriate and representative models of structural response and element/component
behavior. More than one pushover model could be used to evaluate diifieveles of
response and failure (e.g., of different building segmeinsthis thesis it is statethat the

problem of the complexity of building has been solved and describes the methods for the

development of the parameters of vulnerability from alnogar static analysis (pushover).

Calculation of damagstate probability is a step in the sequential process of estimating
earthquake losses. Some leeway is available to users in determining bsyidaific fragility

curves, since the buildirgpecific less functions will also be developed based on the fragility
assumptions. What is essential is that the amount and type of damage associated with each
damage state be consistent with the amount and type of damage assumed in the development
of loss functionsFor example, the user may have a choice of 4 inches, 5 inches or 6 inches of
spectral displacement to represent Moderate structural damage to the building. In this
example, these spectral displacements represent a range of plausible estimates resulting in
Amoder ated damage to elements and component
repair. That is, 6 inches of spectral displacement would cause more damage and cost more to
repair than 4 inches of spectral displacement. The user may choosetdithbes, 5 inches

or 6 inches of spectral displacement to represent Moderate structural damage, provided the
loss functions for Moderate damage are developed for the same amount of spectral

displacement.

Fragility curves define boundaries between danstgees. That is, the median value of the
Damage State of interest defines the threshold of damage, and this state of damage is

assumed to exist up to next state of damage. This description is illustraaglias 13,
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which includes example fragility cues for Slight, Moderate, Extensive and Complete
structural damage. In this illustration, a shaded region illustrates the probedsjitynse

space associated with Moderate damage. The boundary on the left of the shaded region is
defined by the fragilit)curve for Moderate (or greater) structural damage, and the boundary
on the right of the shadeggion is defined by the fragility curve for Extensive (or greater)
damage. The probability of Moderate damage at a given level of spectral demand is
calculatedas the difference of the probability of Moderate (or greater) damage less the
probability of Extensive (or greater) damaige probability of 0.40 at 6 inches of spectral

displacement in the example showrFigure13.

Figure 13: Example Fragility Curvesi Calculation of DamageState Probability

1.0

Moderate Damage Median

_‘,’

Extensive Damage Median

« == Moderate Damage Curve

Probability - P[ds|Sd]

- Extensive Damage Curve

=O— Complete Damage Curve

15 20 25

Spectral Displacement (inches)

The slope of the fragility curve is controlled by the lognormal standard deviation value
(Beta). The smaller the value of Beta, the less variable the damageastdtt)e steeper the

fragility curve. The larger the value of Beta, the more variable the damage state, and the

flatter thefragility curve.
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Figure 1dillustrates this trend for fragility curves that share a common median (i.e., spectral
displacement of 3nches), but have Beta values ranging from 0.4 to 1.2. This range of Beta
values approximately covers the range of Beta values that could be used for impleiifeg

fragility curves.

1.00 [T I I I I I
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/:/
=)
D 1 S |
2 Plds |S,|=F | —In| =~
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§ /
o
/
///
0.16 -lo=5/exp (0.8) =225 1n. ||7
/
0.00 - T T
0 5 10 15 20
Spectral Displacement (inches)
Figuel4 Exampl e Lognor mal Fragility Curves(Beta 0= 0. 4,

Spectral Displacement

1.4.2 Development of Damagestate Medians
Development oDamageState Mediansvolves three basic steps:

1 Develop a detied understanding of damage to elements and components as a
continuousfunction of building response (e.g., average hstery drift or floor
acceleration)

1 Select specific values of building response that best represent the threshold of each

discretedamage state

1 Convert damagstate threshold values (e.g., average istery drift) to spectral

response&oordinates (i.e., same coordinates as those of the capacity curve).
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In general, the implementation of the three steps will be significantly difféserstructural

and nonstructural systems. It is expected that detailed pushover analysis of the building will

be the primary source of information regarding structural damage and selection of appropriate

damagestate threshold values. In most cases, gdnelding fragility values ofHAZUS

woul d

not

be

used

for

t he

structur al

systenmn

specific results)In contrast, pushover analysis typically provides only minimal information

of nonstructural system performancand users will rely primarily on the genebpigilding

fragility values ofHAZUSto determine threshold values of nonstructural damage states.

1.4.2.1Structural System

Selection ofDamageState Mediansshould be consistent with the broad descriptions of
structual damage given isection 5.3.1of the HAZUSMH Technical Manuafor different

model building types. Descriptions of damagéifhnZUSare sufficiently vague to permit user

selection of values that best fit the damage patterns of dominant elements andeatspf

the structural system. In addition, general guidance is provided beldabie 6regarding

the selection of appropriaizamage State Mediansfor the structural system.

Table 6: General Guidance for Selection of Structtal Damage-State Medians (FEMA 2003)

Likely Amount of Damage. Direct Economic Loss. or Building Condition

Damage State Range of Probability of Probability of Immediate
Possible Loss Long-Term Partial or Full | Post-Earthquake
Ratios Building Closure Collapse Inspection
Slight 0% - 5% P=0 P=0 Green Tag
Moderate 5% - 25% P=0 P=0 Green Tag
Extensive 25% - 100% P=05 P =0 Yellow Tag
Complete 100% P=10 P=0 Red Tag

1. Extensive damage may include local collapse (e.g.. out-of-plane failure of URM infill walls).

Pushover analysis results typically express performance in terrasngbonent ductility

demand, rather than in terms of physical damage. The structural criteria of Fdble 2

(Vertical Elements) and Table2 (HorizontalElements) of theNEHRP Guidelineprovide

some description oflamage expected at various performance levels (e.g., component

ductility) and may be used teelate element and component performance to physical

description of damage. It is expected thia¢ results of the pushover analysis, whether

expressed in terms of physical damage (e.g., csa&l or in terms of component ductility
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demand, will be sufficient for users to tabulate the ype@ sequence of damage (and failure)

of elements and components.

Damage to elements and components of the structural system should be tabulated as a
functionof the lateral displacement of the building, quantified by the averagestaur drift

ratio (i.e., roof displacement divided by building height). Of courselividual stories of
multi-story building would not all be expected to have the same drift, nor wouldstiey

drift be the samat all locations on a given floor if there was diaphragm flexibility or a
rotational component tdhe pushover mode shape. Wever, average intestory drift
provides a convenient measure hnfilding response that may be compared against default
values of average intatory drift thatdefine damage states for generic building types of
HAZUS

The NEHRP Guidelineprovide acceptace criteria that define deformation limits for large
number of structural components and elements of different material types. These acceptance
criteria imply various degrees of component or element damage and thus may be used to
determine appropriate was of the average intetory drift ration for each damage state of
the structural system. However, in using the acceptance criteria dfiERP Guidelines
usersmust be aware and account for each of the following four issues:
1 Conservative Deformation tiitsi The deformation limits of the NEHRP Guidelines
are, in general, conservative estimates of true component or element capacity. In
concept, the deformation |Iimits are base
multi-linear behavior of the subssmbly of interest (e.g., as determined by cyclic
load testing).However, control points of idealized backbone curves necessarily
incorporate some conservatism (that could be removed if the component or element
were tested). Further, the Collapse Preventaeformation limits of primary
components or elements are defined as 75% of that permitted for secondary elements,
reflecting added conservatism for design of primary components or elements. The
NEHRP Guidelines (like ot hetrconseeatismin c fc
limit states. While appropriate for design, conservatism should be removed from
deformation limits used to estimate actual damage and loss.
1 Deformation Limits vs. Damage StatesThe NEHRP Guidelines provide limits on
component or elemeémeformation rather than explicitly defining damage in terms of

degree of concrete cracking, nail pallt, etc., or whether component of element
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damage is likely to repairable (or not). For estimating direct economic loss it is
important to understand ¢htype of damage, not just the degree of yielding, to
establish if repair would be required and what the nature (and cost) of such repairs
would be.

1 Global vs. Local Damage Local damage (as inferred from the deformation limits of
the NEHRP Guidelines) ohdividual components and elements must be accumulated
over the entire structure to represent a global damage state. In general, any number of
different combinations of local damage to components and elements could result in
the same amount of global dagea Moderate damage could result due to a modest
amount of damage to many components of elements, but would most likely be caused
by significant damage to a limited number of components or elements that would cost
5% to 25% of the value of the structurgbtem to repair (or replace).

1 Collapse Failurei In general, collapse failures of the structural system require
consideration of the interaction of components and elements and evaluation of
possible global instability. P hev NEHIREPN ¢
deformation limits for components that are intended (with some degree of
conservatism) to avoid local structural failure of components and elements. Reaching
the AColl apse Preventiono deformation | |
necesarily imply structural collapse. Typically, structural systems can deform
significantly beyond ACol | apse Prevent.
sustaining a local or global instability. It should be noted that while only a few
buildings have actuBl collapsed during a major earthquake, case studies of the
NEHRP Guidelines found t hat ACol | apse
typically exceeded for strong ground shaking [FEMA, 1999].

Table 7provides general guidance to users wishing to relatermation (or deformation

ratio) limits of the NEHRP Guidelineso average intestory drift ratios of structural damage
states.Table 7provides two sets of criteria for each structural damage state. The first set of
criteria establish damage states imnbe of the fraction (by replacement value) of structural
components eaching the control point ACO (or <con
deformation(backbone) curve. The second set of criteria establish an-bpped on the

average intestory drift ratio of damage states by factors applied to the displacement at which

50% of structuratomponents have reached their individual yield points (i.e., control point
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A B oF)gure 15(takenfrom Figure 25 of theNEHRP Guidelinesillustrates point®, C and

E on the idealized loagersus deformation (backbone) curve.

Table 7: General Guidance for Relating Component (or Element) Deformation to the Average InteBtory

Drift Ratios of Structural Damage-State Medians (FEMA 2003)

Damage Component (Criteria Set No. 1)’ Component (Criteria Set No. 2)'
State Fraction’ Limit® Factor” Fraction’ Limit’ Factor®
Slight > 0% C 1.0 50% B 1.0

Moderate > 5% C 1.0 50% B 1.5

Extensive > 25% C 1.0 50% B 45
Complete = 50% E 10-15° 50% B 12

1. The average intestory drift ratio of structural damage state is lessoheftivo drift ratios
defined by Criteria Sets No. 1 and No.2, respectively.

2. Fraction defined as the repair or replacement cost of components at limit divided by the

totalreplacement value of the structural system.

3. Limit defined by the control pointsf Figure 14 and the acceptance criteria NEHRP

Guidelines

4. Factor applied to average intory drift of structure at deformation (or deformation ratio)

limit to calculate average intetory drift ratio of structural damaggtate median.
5. Complee factor is largest value in range for which the structural system is stable.

As an example of the use of the 1st set of criteridaifle 7 consider the development of

damagest at e medi ans duwe shawh ieFigure 15 §Hisgoushaved curve
correspondg otod hd h e aphewanvwteyioustygxecept ¢hat curve is now
shown in terms of base shear verswerage intestory drift ratio (i.e., roof displacement
normalized by building height. Thigushover curve is assumed to have baeveloped by
nonlinear static analysis of the structuwreing the modeling and acceptance theory of the

NEHRP Guidelines

36



Normalized Force

Deformation or Deformation Ratio

Figure 15:. Idealized Component Load versus Deformation Curve(from Figure 2-5 of the NEHRP

Guidelines)

A

HAZUS-Compatible Capacity Curve

~— Extensive Complete

Moderate

Base Shear

Capacity Curve from

Slight Pushover Analysis

Average Inter-Story Drift Ratio

Figure 16: Example DamageSt at e Medi-Aaoet bd RG&alWwover Curve
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Following the guidance oTable 7, the median of Slight damage is defined by the first
structural component to reach control point C on its load defaymatirve (i.e., point where
component capacity of component drops, as illustratédgare 15. On a global basis, this
point may be recognized as the first WAtooth
capacity drops abruptly, as illustrdta Figure 16.

Moderate damage is defined by a median value for which a sufficient number of components
have each reached control point C (on their respective load deformation curves) such that it
will cost at least 5% of the replacement value of thecktral system to repair (or replace)
thesecomponents. Moderate damage is likely to be localized, since only a limited number of
components can be repaired (or replaced) for 5% of the replacement value of the structural
system. InFigure 16 an oval indiates that this extent damage might occur at the second or
third Atootho of the capacity <curve, depen

components and other factors that influence repair cost.

Extensive damage is defined by a median valuelainid Moderate damage, except that
damageepair now costs at least 25% of the value of the structural system. Extensive damage
is likely to affect a number of components distributed throughout the building or affect all
components athe most vulnerablestory. Again, an oval indicates the sensitivity of the
median to repair codactors. The Extensive damage oval extends up to the point on the
pushover curve for whicthere is a large drop in load capacity without significant recovery
indicating (in this example)that a large number of elements would require repair or

replacement at this level of response.

Complete damage is defined by a median value for which at least 50% (in terms of
repair/replacement cost) of structural components have each losattedall capacity, as
definedby control point E on their respective load deformation curable 7acknowledges

the inherent conservatism in the values of control point E (as defined byWHEWRP
Guideline andsuggests that the median of the Completaatge state should be as much as

1.5 times greatehan control point E, provided that the structure is not likely to collapse.

In Figure 16 a large oval indicates the range of possible median values for the Complete
damage state. This range extends frotd 1.5 times the point of the last large drop in the

load-carrying capacity of the pushover curve, indicating that most elements have reached
their limit. The Complete damage state and related collapse failure modes are the most

difficult to rationalize using engineering methods, even when evaluated using the
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sophisticated nonlineamethods of theNEHRP GuidelinesCorrelation of predicted and
observed damage and losseslicate that very liberal interpretations of engineering
acceptance criteria are raed toaccurately predict Complete damage and the number of

collapses that have actually occurred.

The average intestory drift ratios of structural damage states of generic building types may

be found in Table 6.4a and Tables 5.9a through 5.9d di&#®USMH Technical Manual.

These tables provide drift ratios of each model building type for SpeciatCbgle, High

Code, Moderat€ode, LowCode and Pr€ode seismic design levels, respectively. These

drift ratios are also summarized below in Table 6.Be HAZUS drift ratios for generic

buil dings may be used a-specidic valles necognzingcthae c k 0
generiebuilding damagestate median values represent a typical building of the group and

could be a factor of 2 or more greater (@sl¢han) the medians of a specific building.

It should also be noted thd@able 8incorporates the effects of diaphragm flexibility (and
othercontributors to the overall flexibility of the structural system) in the values of average
inter-story drift ratio that define the damaggtate medians of generic buildings. In contrast,
the controlpoints and acceptance criteria of tN&EHRP Provisionsapply strictly to the
component ofinterest. For structural systems with very stiff components (e.g., URM
buildingy, average interstonydrift ratios developed from pushover analysis using the
modeling and acceptance criteria tie NEHRP Guidelinesshould also incorporate
diaphragm (and other sources of) flexibilibefore comparison with the default values

summarizedn Table 8for generic building types.
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Table 8: HAZUS Average Inter-Story Drift Ratio ( guls) of Structural Damage States

Model Building Type Structural Damage States
Slight | Moderate | Extensive | Complete
Low-Rise Buildings — High-Code Design Level
W1, W2 0.004 0.012 0.040 0.100
S1 0.006 0.012 0.030 0.080
Cl.S2 0.005 0.010 0.030 0.080
C2 0.004 0.010 0.030 0.080
S3.54, PC1. PC2, RM1. RM2 0.004 0.008 0.024 0.070
Low-Rise Buildings — Moderate-Code Design Level
W1, W2 0.004 0.010 0.031 0.075
S1 0.006 0.010 0.024 0.060
Cl.S2 0.005 0.009 0.023 0.060
C2 0.004 0.008 0.023 0.060
S3. 584, PC1, PC2. RM1. RM2 0.004 0.007 0.019 0.053
Low-Rise (LR) Buildings — Low-Code Design Level
WI1. W2 0.004 0.010 0.031 0.075
S1 0.006 0.010 0.020 0.050
Cl.S2 0.005 0.008 0.020 0.050
C2 0.004 0.008 0.020 0.050
S3. 54, PCL. PC2. RM1. RM2 0.004 0.006 0.016 0.044
S5, C3. URM 0.003 0.006 0.015 0.035
Low-Rise (LR) Buildings — Pre-Code Design Level
WI1. W2 0.003 0.008 0.025 0.060
S1 0.005 0.008 0.016 0.040
Cl1.S2 0.004 0.006 0.016 0.040
c2 0.003 0.006 0.016 0.040
S3.S4, PC1, PC2, RM1. RM2 0.003 0.005 0.013 0.035
S5.C3. URM 0.002 0.005 0.012 0.028
Mid-Rise Buildings’
All | Mid-Rise Building Types | 23*LR [ 23*LR | 23*LR | 23*LR
High-Rise Buildings’
All | High-Rise Building Types | 12*LR | 12*LR | 12*LR | 12*LR

1. Mid-rise and high-rise buildings have damage-state drift values based on low-rise (LR) drift
criteria reduced by factors of 2/3 and 1/2, respectively. to account for higher-mode effects
and differences between average inter-story drift and individual inter-story drift.

As the final step in the development Ddmage State Mediansfor the structural system,
average intestory drift values for each damage state are conveaedtiet corresponding

amountof spectral displacement using the modal faagrand other terms:
Sda= ®R* Hr* a2 (11)
Where:

Sd,ds = Median spectral displacement value of damage state, ds (inches)
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pd s = inteéx-staryrdaftgatio at the threshold of damage stategddiermined by user
(consistent with generic values Béble 7)

HR = Height of building at the roof level (inches)

a2 = Pushover modal facttrom Equation 2).

1.4.2.2Nonstructural Components

In most applicationsPamageState Mediansfor nonstructural components may be based
directly on the default values t{AZUS Exceptions include buildings with nonstructural
components or contents that are either significantly more rugged or significantly more
vulnerable than the normal make of components of nonstructural systems in a typical
commercial building. Examples of buildings with particularly vulnerable systems include
certain manufacturing facilities (e.g., buildings with clean rooms), laboratar@sputer
facilities, historical buildings (architectural components), art museums and other buildings
with special contents. Examples of buildings with particularly rugged systems include certain
military, industrial or emergency facilities whose nonestasal systems and contents have

been speciallganchored or braced to resist earthquake shaking.

HAZUS default values for the drift ratio of the threshold of each damage state are

summarized irmable 9for drift-sensitive nonstructural components. Thesealgestate drift

ratios areassumed to be the same for all building types and seismic design levels. The same
values of driftratio are also assumed to be appropriate for special buildings, such as

emergency facilities, sincdrift-sensitive components (geions) typically do not receive

special design or detailing ewcommodate building displacement.

HAZUSdefault values of peak floor acceleration defining the threshold of each damage state
are summarized inTable 9 for acceleratiorsensitive nonstructal components (and
contents) These damagstate accelerations are assumed to be the same for all building types,
but to varyby seismic design level. Similarly, emergency or other facilities that have special
anchorage antbracing requirements for nongttural components and equipment (Special

High-Code desigmtevel) have damagstate accelerations increased by a factor of 1.5.
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Table 9: HAZUS Damage State Criteria for Nonstructural Systems and Contents

Design Level Nonstructural Damage States — All Building Types
Slight Moderate Extensive Complete
Inter-Story Drift Ratio (Ags) - Drift-Sensitive Components
All 0.004 0.008 0.025 0.050
Peak Floor Acceleration (Apax.as) - Acceleration-Sensitive Components/Contents (g’s)
Special High-Code 045 0.9 1.8 3.6
High-Code 0.30 0.6 1.2 24
Moderate-Code 0.25 0.5 1.0 2.0
Low-Code 0.20 04 0.8 1.6
Pre-Code 0.20 0.4 0.8 1.6

Considering the imptance to the estimates of certain types of loss, in particular estimates of
direct economic loss, it would seem desirable to develop buikpegific damagestate
parameters for nonstructural components and contents, rather than rely on generic building
data. However, rigorous development of nonstructural parameters would require detailed
evaluation ofcomponent capacity, similar to that used to evaluate the structural system, only
much moredifficult to perform due to the complexity and variety of diéfiet nonstructural
systems and¢omponents. Nonstructural systems and contents would need to be thoroughly
inspected(detailed field survey). Capacity of ahorage and bracing would need to be
evaluated (possiblyequiring dynamic analysis of complex systesush as piping runs).
Fragility values wouldthen need to be developed based on the results of the analysis,
available test data (e.g., of similaquipment), and/or experience data. This process is not
practical for most applications amebuld likely bel i mi t e d -doownado fomfa lrkonst r

systems and building contents.

If the user has access to the building and is concerned that nonstructural components and/or
contents are not Atypical, 0o tidemwniot bied pree d @
using checklists and other guidance providedFBMA 74 [FEMA, 1994] or FEMA 310

[FEMA, 1998]. These documents do not estimate damage or loss but are useful in spotting
potential deficiencies in typical nonstructural systems. The user need not perform
cdculations, but mayely on judgement to estimate the approximate drift ratio (for-drift

sensitive components) or pe#l&or acceleration (for acceleratisensitive components) at
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which different nonstructuracomponents would begin to fail and requirepaie or

replacement.

Damage State Mediansfor drift-sensitive nonstructural components must be converted from
drift ratio to spectral displacement in a manner similar to that used for the structural system.
Inter-story drift ratios for each damage state aonverted to the corresponding amount of
spectral displacement using the moi@ator, g, and other terms:

Su, ds= Frpas* @H r*az (12)
Where:
S4ds Median spectral displacement value of damage state, deginch

Fi, gs Factor relating average intstory drift to the drift ratio of theomponent at damage
state, ds, adefinedby Equation (13

Ris Component drift ratio corresponding to threshold of damage statgetégsmined by

user (consistent wh the generic values dfable §
Hr Height of building at the roof level (inches)

a Pushover modal factor froaquation ).

The factor,Fip gs IS used to relate average inwdory drift to maximum intestory drift to
account forthe effects of an uneven distribution of drift over the height of the building.
Unevendistribution of drift causes damage to occur at certain stories sooner than at other
stories. Thdactor, Fi 45, is based on both the shape of the pushover mode amagéstate

loss ratio:

Fipas= [0 rp *(1 T NSP) / (HR* Onax)] - NSDgs (13)

Where:

Grp Roof displacement of the pushover mode for damage state, ds (inches)
NSDys Nonstructural drift -sensitive component loss ratio of damage state, ds
(expressed asa fraction)

Hr Height of building at the roof level (inches)
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Omaxp Maximum interstory drift ratio (considering torsion) over the height of the building

corresponding to the roof displacemenip .

The factor Fsp g5, makes use of the resuti§the pushover analysis to better predict localized
damage and loss for buildings that have a structural irregularity (e.g., soft story). When drift
is uniformly distributed over building height, the value of the factor is equal 1.0. When drift
is notuniformly distributed over building height, the factor reduces median values to reflect
the lowerthresholds of damage associated with accentuated drift of critical stories. The factor
varies withthe loss ratio of the damage state, effectively reducingntheence of localized

damage on theore extensive states of damage (i.e., factor is 1.0 for Complete Damage).

DamageState Mediansfor nonstructural acceleratiesensitive components (and contents)
aredeveloped in terms of peak floor acceleration. Inggal, medians expressed in terms of
spectral acceleration are taken as equal to peak floor acceleration values since spectral
acceleration (obtained by the intersection of pushover curve and spectral demand) is assumed
to represent peak floor acceleratioh a typical upper floor of the building. Demand on
components (and contents) at ground level is based directly on peak ground acceleration and

is also assumed to represent peak (ground) floor acceleration.

The trivial equation summarizingpnversion peafloor acceleration of each damage state to

the corresponding amount of specteteleration is:
Sa, ds= Amax.ds (14)
Where:
Sads Median spectral acceleration value of damage state, ds (units of g)

Amaxdgs Peak floor acceleration of the threshold of damage state, ds (unitsleteginined

by user or based on generic valueJalble 8

The assumption that peak floor acceleration is the same as spectral acceleration demand
ignoreshighermode shaking edfcts (not included in the pushover analysis) and the uneven
distributionof floor acceleration over building height. Higheiode effects can significantly
increase upperflooaccelerations, although they may not cause failure of systems that have

some dudtity. Users concerned about highaode response could reduce median values by
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a factor inverselyproportional to the increase in (damaging) floor acceleration associated
with highermoderesponse.

Peak floor acceleration will vary over the height of thelding, typically with the largest
accelerations at the roof. The intersection of the pushover and demand spectrum corresponds
to building response at a floor elevation of abbk Hg. Users concerned that this location

is not representative of a typical upper floor of nonstructural acceleratositive
components (e.gall the equipment is on the roof) could modify median values based on the
location of thecomponents and éhshape of the pushover mode. Such modification would
have little effect onthe prediction of damage for most buildings with well distributed

nonstructural systems.

1.4.3 Development of DamageState Variability

Lognormal standard deviatioiB¢ta) values descri the total variability of fragilitycurve
damage states. Three primary sources contribute to the total variability of any given state,
namely, the variability associated with the capacity cubgethe variability associated with

thed e mand s p,eandtthre wamabilitypassociated with the discrete threshold of each

damages t a t q4¢ as defscribed iRquation (15):

B, =(CONV[B .6,])* +(8,,. )’ (15)

Where:

b d sis the lognormal standard deviation parameter tiesicribes the totalariability of

damage state, ds,

b ds the lognormal standard deviation parameter that describes the var@ittitieycapacity

curve,

b Ds the lognormal standard deviation parameter that describes the variitieydemand
spectum (values ob D= 0.45 at short periods arfid D= 0.50at long periods were used to
developTablesl01 12),

b T, dis the lognormal standard deviation parameter that describes the variabilitg

threshold of damage state, ds.
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Since the demand speem is dependent on building capacity, a convolution process is
requiredto combine their respective contributions to total variability. This is referred to as

A CONYV OEquation (15).The third <contributor to total
mutuallyindependenof the first two variables and is combined with the results of the CONV
process using the squarerostimof-the squares (SRSS) method. Additional background on

the calculation oDamage St at e isBpeovided is theHAZUSMH Technical Manal

and the Earthquake Spectrgpaperi Dev el op ment of Buil ding D
Earthguake | oss Es1997ajat i ono [ Kircher et al

The variability of the demand spectrum (i.e., variability of ground shaking) is a key
parameter irthe calculation of daages t at e variability. Theg wvalu
=0.45 at shorp e r i o dps 0.80matlond periods, are the same as those used to calculate
the default fragilitycurves of theHAZUSMH Technical ManualThese valug are consistent

with the \ariability (e.g., dispersion factor) of ground shaking attenuation functions used by
HAZUSto predictresponse spectra for largegagnitude events in the Western United States
(WUS). It may benoted that if there were no variability of demand (responsetrsipeds

known exactly), thelEquation (15would become:

Ba = {B:) + (Bra)? (16)

This equation provides a loweound on the damaggtate variability appropriate for use in
probabilistic calculations of damage and loss that are based on the integration of the fragilit
with hazard functions that have already incorporated ground shaking variability in the hazard
calculations. Similarly, Equation (16) also provides a lowdoound on damagstate
variability for calculation of damage and loss using a response spectrunistheasonably

well known (i.e.,response spectrum of recorded ground shaking). Arguably, there would
always be someamountar i abi | ity (uncert ai nptbut)suchagan gr ou
be ignored in thecalculation of total damaget at e v ag whanbsubistantially, lessb

than both capacitycurwea r i a ,jadddamgge tfat e t hr eshg@l d variahb

The convolution process involves a complex numerical calculation that would be very
difficult for most users to perform. To avoid this difficulty, sets ofqakeulated values of
Damage St at e h8ve beanbcempiled ifables10 through12 from which uses may

selectappropriate values of variability for the structural system, nonstructuraksdngitive
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components and nonstructural accelerasiensitive components. The Beta values of these
tables are a function of the following building characteristicg criteria:
1 Building Height Group- Low-Rise Buildings(Table 10, Mid-Rise Buildings(Table
11) and HighRise Buildings (Tabld.2)
1 PostYield Degradation of the Structural Systein Minor, Major and Extreme
Degradation
DamageState Threshold Variability Small, Moderate or Large Variability
Capacity Curve Variability Very Small, Small, Moderate or Large Variability.

The Beta values of the tables are applicable to all model building types. For example, a low

rise concretdrame building (C1L) would hav t he s ame s et-ris@braceBet ads
steel frame building (S2L), provided the two buildings have the same amount of capacity
curve and damagsgtate threshold variability, and the same amount ofyiesd degradation

of the structural system.

Postyield degradation of the structural system is defined by a Kappa factor, whiclrest
measure of the effects of seismic design level and construction quality on the variability of
response. Buildings that are seismically designed and/or have supergiruction are less
likely to degrade during posteld earthquake shaking, and therefore have more predictable

response, than buildings that are not seismically designed and/or have inferior construction.

To select a set of buildingpecific DamageStat e B qite.a & structural Beta, a
nonstructuradrift-sensitive Beta and a nonstructural acceleraiomsitive Beta), users must
first determinghe building height group that best represents the specific building of interest.
The height groupare déined by the same criteria as those usetHByUSto define generic
building types. Foexample, a &tory, reinforced concrete building would be classified as a

mid-rise building as pethe height criteria ofable1.

Tables 10 through 1@eferred to ashe Beta tables) provide recommended sef38avhage

St at e fd@ edclad she three building height groups, respectively. In each of these
tabl es, the Betads are based on 36 possib
damage threshold variaiyl and the amount of posield degradation expected for the

structural system.

Estimation of structural system degradation (minimum or maximum) is made on the basis of

Kappa factors suggested blable 5and the degree of pegield response expected ftre

47



damage state of interedKappa factors decrease with increase in response level (and
damage) . Slight damage corresponds to respo
damage to response at or just beyond yield; and Extensive and Complete damagmond

to postyield response for the duration of scenario earthquake shaking. Beta values are given

in Tables10through 12for k > 0.9 (minor degradationk = 0.5 (major degradation) ard<

0.1 (extreme degradation) of the structural system; amehii interpolation may used to
establislBBet ads f or okKapmfactoral ues of t he

Estimation of the variability of the capacityu r w)eand(tHe variability of the threshold of

t he dama g¢¢ musttbe maee by bsers on a judgmental basis (with some guidance
provided herein). To assist the user, the Beta tables express capacity curve and damage
threshold variability qualgtively (e.g., Small Variability) and in term of the numerical value
used to develop the Betads in the @iV pro
br g9 are lognormal standard deviation parameters and may be used, as illustFEitrden

14, to construct the distribution of capacity or damage threshold that they represent.

The variability of capacity curves and the damatge thresholds are influenced by:
1 Uncertainty in capacity curve properties and the thresholds of damage states, and

1 Building population (i.e., individual building or group of buildings).

Relatively low variability of damage states would be expected for an individual building with
well known properties (e.g., complete set ofbadt drawings, material test data, etc.) and
whoseperformance and failure modes are known with confidence. The taller the building the
greaterthe variability in damage state due to uncertainty in the prediction of response and
damage usingoushover analysis. Relatively high variability of damage stateuld be
expected for a group @uildings whose properties are not well known and for which the user
has low confidence in theesults (of pushover analysis) that represent performance and
failure modes of all buildings of thgroup. The latter case esgially describes the original
development of damaggate fragilitycurves for generic model building that were based on
capacity variability,bc = 0.3, and damagestatiereshold variability,br ¢s = 0.3 (Structure),
bras= 0.5 (NSD) andbr gs = 0.6 (NSA). The generic model building types represent large

populations of buildings for which properties aie well known.
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Table 10: Low-Ri s e

Buil ding

Fragility

Bet ads

Post-Yield Degradation of Structural System’

Minor Degradation

Major Degradation

Extreme Degradation

Building (K>=009) (K=10.5) (k<=0.1)
System” | Damage Variability* (. ,) | Damage Variability* (B ,) | Damage Variability* (B )
Small | Mod. | Large | Small | Mod. | Large | Small | Mod. | Large
0.2) 04) | (06) | (0.2) | (04 | (0.6) | (0.2) (0.4) (0.6)
Structural Systems with Very Small Capacity Curve Variability’ (B.=0.1)

Structure| 0.70 0.80 0.90 0.85 0.90 1.00 0.95 1.00 1.10
NSD 0.65 0.75 0.90 0.85 0.90 1.00 0.95 1.00 1.10
NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Small Capacity Curve Variability’ (B. = 0.2)

Structure| 0.70 0.80 0.90 0.85 0.90 1.00 0.95 1.05 1.15
NSD 0.70 0.75 0.90 0.85 0.90 1.00 0.95 1.00 1.10
NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Moderate Capacity Curve Variability’ (B = 0.3)

Structure] 0.75 0.80 0.95 0.85 0.95 1.05 1.00 1.05 1.15
NSD 0.70 0.80 0.90 0.85 0.95 1.05 1.00 1.05 1.15
NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Large Capacity Curve Variability’ (B¢ = 0.4)

Structure] 0.80 0.85 0.95 0.90 1.00 1.10 1.05 1.10 1.20
NSD 0.75 0.85 0.95 0.90 1.00 1.05 1.00 1.05 1.15
NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

1. Building Systems include the Structure, Nonstructural Drift-Sensitive Components (NSD)
and Nonstructural Acceleration-Sensitive (NSA) components.
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Table 11: Mid-Rise BuildingF agi | ity Bet abds

Post-Yield Degradation of Structural System®

Minor Degradation Major Degradation Extreme Degradation
Building (K>=10.9) (k=10.5) (k<=0.1)

System® | Damage Variability* (Pr4) | Damage Variability* (B; ,) | Damage Variability* (B} ;)

Small | Mod. | Large | Small | Mod. | Large | Small | Mod. | Large
(0.2) (0.4) (0.6) (0.2) (0.4) (0.6) (0.2) (04) (0.6)

Structural Systems with Very Small Capacity Curve Variability’ Be=0.1)

Structure| 0.60 0.70 0.80 0.70 0.80 0.90 0.85 0.95 1.05

NSD 0.60 0.70 0.80 0.80 0.85 0.95 0.90 1.00 1.10

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Small Capacity Curve Variability’ (B.=0.2)

Structure| 0.65 0.75 0.85 0.75 0.85 0.95 0.95 1.00 1.10

NSD 0.65 0.70 0.85 0.80 0.85 1.00 0.95 1.00 1.10

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Moderate Capacity Curve Variability’ (B.. = 0.3)

Structure] 0.65 0.75 0.85 0.80 0.85 0.95 0.95 1.00 1.10

NSD 0.65 0.75 0.85 0.80 0.90 1.00 0.95 1.05 1.15

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Large Capacity Curve Variability’ (Be. = 0.4)

Structure] 0.70 0.75 0.90 0.80 0.90 1.00 1.00 1.05 1.15

NSD 0.70 0.75 0.90 0.85 0.90 1.00 1.00 1.03 1.15

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

1. Building Systems include the Structure. Nonstructural Drift-Sensitive Components (NSD)
and Nonstructural Acceleration-Sensitive (NSA) components.



Table12 High-Ri se Buil ding Fragility Betads

Post-Yield Degradation of Structural System®

Minor Degradation Major Degradation Extreme Degradation
Building (Kk>=0.9) (Kk=10.5) (k<=0.1)

System” | Damage Variability* (Br4) | Damage Variability* (B, ;) | Damage Variability* (B )

Small | Mod. | Large | Small | Mod. | Large | Small | Mod. | Large
(0.2) (04) | (0.6) | (0.2) | (0.4) | (0.6) | (0.2) (04) | (0.6)

Structural Systems with Very Small Capacity Curve Variability’ (B, = 0.1)

Structure| 0.55 0.65 0.80 0.65 0.75 0.85 0.80 0.90 1.00

NSD 0.55 0.65 0.80 0.75 0.80 0.95 0.90 0.95 1.05

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Small Capacity Curve Variability’ (B = 0.2)

Structure| 0.60 0.65 0.80 0.70 0.80 0.90 0.90 0.95 1.05

NSD 0.60 0.70 0.80 0.75 0.85 0.95 0.95 1.00 1.10

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Moderate Capacity Curve Variability’ (8. = 0.3)

Structure| 0.60 0.70 0.80 0.70 0.80 0.90 0.95 1.00 1.10

NSD 0.60 0.70 0.85 0.80 0.85 0.95 0.95 1.05 1.15

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

Structural Systems with Large Capacity Curve Variability’ (B.. = 0.4)

Structure| 0.60 0.70 0.85 0.75 0.80 0.95 0.95 1.00 1.10

NSD 0.60 0.70 0.85 0.80 0.90 1.00 1.00 1.05 1.15

NSA 0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65

1. Building Systems include the Structure. Nonstructural Drift-Sensitive Components (NSD)
and Nonstructural Acceleration-Sensitive (NSA) components.



2 Features of Territorial Movement in Near Field Seismic

Stimulation

2.1 Introduction

The ground motions @ a fault can be significantlyifferent from hose who are away from

the seismic source. Theoretically, the rald zore faults defined approximate®0 - 60km

of a fault. Within this zone, the ground motions are significantly affected by the rupture
mechanism, the propagation direction of ruptumerelation to the area and possible
permanent ground displacements as a result of the fault slip. These factors feadlts
which are called as rupture directivity and fling step

2.1.1 The effect of directionality

The forward directivityis the phenomenoim which thepropagatiorof ruptureand direction
of the fault slip are in the same arebhis is because theelocity of rupturein the fault is
nearly identical to the shear wave velocity of tbek near the sourcés illustrated inFigure
17 for horizontally sliding mechanism wherethe front burstpropagates away frorhe
hypocenter and to a regiothe energy accumukd near thefront burstof each successive
zone of sliding along the fauliThe front of the wave reacheas a large pulse of motion

characterized by a large range between long periods and short duration.

In the caseof the propagation of rupture opposite to the studied area, the arrival of each
pulse at individual seismic ruptur@ccurs at the end of the previous. This phenomeson i
calledbackward directivityand is characterized by movements with relatively Idagation
andsmall rangeThe neutral directivitypccurs when the ruptuig neither towarénd neither

away from the area.
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Figure 17. Schematic effects of rupture directivity on horizontal slip fault. Rupture begins from the
hypocenter and propagates with a speed approximately equal to 80% of the speed of shear wakéegure

shows a snapshot of the front rupture at given time(Somerville et al 1997a)

An example ofkoil displacements that are affected from directiaity the displacements that
recorded during the Loma Prieta earthquake in9188d presented ifigure 18 At the
epicenter of the earthquake tharizontal soil movements are moderate in both perpendicular
and parallel to the fault component iain is attributed to the backwadlirectvity. At the
ends of the fault theofward directivitycauses the horizontground motions in the vertical
direction of the fault to be pulse@nd much largerthan themovements of the parallel
componerd of the fault, which are similar to those near the epicerntarge pulsations

movements appeamly perpendicular to the fault component (fault normal) and only away

from the epicenter.
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Figure 18 Results of rupture directivity of the recorded time-histories movements of earthquakd.oma

Prieta 1989 for the vertials (up) and the parallels (down) on the fault componens. (EERI, 1995)

In modern digital recordings of neafield ground motions obseed permanent ground
movementsThese static displacements are cafledy stepand is the result of the total slip

of the fault. These movements appear parallel to sliding direction and not directly related to
the aforementioned dyrmdac movements called pulse directivity rupture At horizontal slip
faultsthe directivity pulse appears on the vertical component ancgthaining movement in
parallel At vertical immersiorfault the remaining movement and the pulse directivity appear
in the vertical component.he orientations of the remaining movement and pulse directivity
for faults horizontal slip and vertical immersion presenteignire 19 and the timehistories

in which they appear together and individually are presentEajure 20

54



STRIKE SLIP DIP SLIP

(Map View) {Cross Section)
Fault Fiing Step
v '*‘
R Ground

1 L Directivity Pulse Bk

: Fi \ / Directivity

: ng Step Pulse

Y. Fault

Figure 19 Schemati c orientation of the rupture directivit
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Figure 20: Schematic diagram of the time-histories for the horizontal slip fault and the vertical

immersion fault which the fling step and directivity pulse show together and separate.
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2.1.2 Customization of nearfield ground motions

The Somerville et al (1997a) studied the conditions leading to the forwartbamhavard

directivity. The recordings are affected by the phenomenon of forward directivity show
enhancement of spectral values to the arehe medium and long periodsith this increase

to be more pronounced the larger the portion of the crack internal elapsed between the
outbreak and the recording sitds shown in Figure 1.5, the difference in the effect of
directivity depends on two factors, the angle between the direction of propagation of the
ruptureand the direction of the waves traveling from the fault in the @ré i the horizontal

slip fault and G f oand frenethetparcodthe surfacem euptige obthe f a u
fault lying between the hypocenter and the test region (X for horizontal slip fault and Y for

vertical immersion fault).

To take into accent the results of the directivity Somerville et al (1997a) correlated the
converted to an average range of valwdsresponse spectra (5% damping) with the
geometrical parameters definedFigure 21 The results are shown kigure 22 Theground

motion parameters that modified are the average horizontal response spectra and the ratio of

response spectra for the perpendicular and parallel to the fault component.

Strike Slip Dip Slip

site site

Vertical

Section
hypocentes
facic
-
| tite
I prmmnnn .’
/
o /
s Iy
= . J x=a

Figure 21: The parameters used to interpret rupture directivity conditions (Somerville et al 1997a)
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Figure 22 Predictions from the relation of Somerville et al (1997a) between different conditions

directivity

Research on the response of structures to earthquakefetetahowed that a representative

time history of movements is preferred by a representation of a response spectrum (eg
Somerville (1998), Alavi and Kranwinkler (2000), Sasani and Bertero (2000), Rodriguez
Marek (2000)).This is because the ground motiaféected by the phenomena ofelitivity

and remaining movementhe energy is concentrated in one or more pulses by a simple form

in the time historyelocity.

Studies of Kranwinkler and Alavi (1998) and Sasani and Bertero (2000) have shown that
simplified visa pulse speed can "capture" the salient features of response of structures

subjected to nedield ground motions. Some simplified pulses are showkigare 23.

Table 13provides definitions of parameters né@id ground motions, which are illusted

in Figure 24 A simple characterization is possible using the maximum horizontal speed
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(PHV), the approximate period of the dominant pulse (Tv) and the number of significant

semipulsesof motion in the vertical direction at greater fault.
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(a) Kruwinkler and Alavi (b) Sasani and Bertero

Figure 23; Simplified pulses have been used by researchers

The determination of the pulse period using either the time needed to pass theotiees
zero axis (zero crossing time) or the time at which the velocity ed0a#s of the maximum
speed for this pulseCertainly there is a degree of uncertainty in estimates of Tv, but the
uncertainty associated with predicting of Tv from seismological variables is much larger than
the errors in the calculation tfe nulls.Kranwinkler and Alavi (1998) define the pulse speed

of a clear and comprehensitep peakin the spectrunresponse speed of ground motion
Therefore, this estimate of the equivalent pulse periodp{Te relatively clearFor single

pulse movements these diffent definitions of pulse period provide roughly equivalent
results.Overall, the ratio between the Tv and-pvs 0.84 with a standard deviation of 0.28
(RodriguezMarek 2000). The coincidence of a Tv for earthquake ground motion shows that

the speed pudscontains energy in a particular zone periods.
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Parameter

Abbreviation

Methedology to oblain parameter

Mumber of significant pulses.

Pulse period.

Predominant period from pseudo-
velocity response spectra.

Pulse amplitude.

Peak grournd velocity

Ratio of fault parallel to fault
normial amplitude

Time delay between fault rormal
and fault parallel pulse

PHY gy

L

Mumber of half-cycle pulses in the velocity-time
higtory with amplitudes at least 50% of the peak
ground wvelocity of the record.

For each half sine pulse, Ty, = 2 (fz — 1), where 1,
and to arg either the zero-crassing time, or the time
at which velocity is equal to 10% of the peak welocity
for the pulse if this time is significantly different than
the zero crossing time. T, comesponding to the
pulse with maximum amplitude is the overall
representative velocity pulse pericd.

Period corresponding te a clear and global peak in
the pseudc-velocity response spectra at 5%
damping.

For each half sine pulse, the peak ground wlocity in
the time irteral [f4.12].

Maximum velocity, defined by the maximum value of
A, Mate, howsver, that in very few exceptions, the
maximum value of A; inthe fault parallel direction
doss not occur concumently with the fault nomal
pulse.

Defined by the ratic of maximum A g divided by
maximum Ay, whers the subscripts £ and N dencte
fault-parallel and fault-normal motions respectively .

Time of initiation of faut parallel pulse minus the time
of initiation of fault normal pulse.

Table 13: Factors used to determine the simplified ground motion of sine puld®odriguez-Marek 2000)
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Figure 24: Factors that needed to establish the parallel and perpendiculartthe fault component for
simplified velocity pulses.N, P correspond to the vertical and parallel motiors relative to the direction of

the fault respectively(Rodriguez-Marek 2000).
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Figure 26: Simplified representation sine pulse for near field ground motions PHV (Peak Horizontal
Velocity) for parallel to the fault component corresponds to 50% of PHV vertical to the fault component
(Rodriguez-Marek 2000).

The studies of the responoéstructures in nediield movements have focused on the results
of the largest vertical component of the fault ( eg Alavi and Kranwinkler 2G0®)ever ,
there are applications for which the parallel componernheffault may also be important
Nonlinear analyzes of soil response by Rodriguelarek (2000) show that local soil
conditions can affect the values of PHV and Tv in both directibws. nearfield movements
with significantly different movements of the parallel component of the fault showigure

25. Additional research allows to distinguish the effects of vibration in two directions of
response of soil and structures in Rdlault zone where the two components of horizontal

ground motion can vary significanthyBy examining recorded aefield movements
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showing the forward directivity RodriguezaMarek (2000), found that simplified movements
presented inFigure 26could be used to investigate the importance of vibration at two
directions in future studiesf they are important to thbehavior of the structures then the

vertical movements of the nebeld area can also be calculated.

2.2 Simulation models for nearfield earthquakes

Spectral acceleration

The Somerville et al (1997a) and Abrahamson (2000) presented models for the mimdlifica
ofr esponse spec t=r5& thwough damgirzg metaiionsbip of Abrahamson and
Silva (1997). The models were developed with regression variables of this damping
relationship at geometrical parameters of the Hfiedd of the fault(Figure 23. The models
presented for the modification of the geometric mean of the two horizontal components and
the ratio of vertical to horizontal average spectral component. The details of the models

shown in the first two rows dffable 14.
Duration and equal number of similar cycles

The Somerville et al (1997a) presented a model for amending % of considerable
duration from the damping relationship Abrahamson and Silva (199&). model was
developed with regression variables of this damping relationshipoatefrical parameters of

the neatfield of the fault(Figure 21).The model is valid for the duration of the geometric
mean of both horizontal components. A similar model was developed by Liu (2001) for the
equivalent number of similar cycles (N). The detaf models duration and number (N)

shown in the last two rowsf Table 14.
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Table 14: Ground motion parameter changes on the assessment of the effects of directiviBarameters
X,Y,d,i declared at Figure 21. Changes present at Figure 22.

Ground
Maotion
Parameter
i Reference)

Description

Equation

Range of Applicability

Spectral
Acceleration:
Fatio of

data' model
(Somerville et
al.. 1997a;
Abrahamson,
20007

v=Bias in average
hornzontal response
spectral acceleration (In
wits) with respect o
Abrahamson and Silva
(1997)

Strike-Slip fauls:

v=ct1.88c; Xeosd

[(MoosE = 0.4)
¥ =cpH). T5e,
(Meosd = 0.4)

Dip-Slip Taulis:
v =crtc; Feosg

m= 65

Form < 6.5, replace v with Txy
Where T, =0 for m=6 and

To= 14+im-6.5)0.5 for 6.5=m=6

rz 30 km

For r= 30, replace v with Taxy
Where T;= 0 for r=60 and

Ta= 1-(r-300/30 for 60z=r=30 km

Spectril
Awcceleration:
Ratio of Strike
Mormal/Average
Amplitude
(Somerville et
al., 19974

Matural loganthm of the
ratio of strike normal to
average honzontal

spectral acceleration

_".' = l.'l.1h_l:': lC; +
Glnir+ 1+
Cyim-01]

GO0=Zm=75

0=r=50km

&= Alor strike-slip, ¢ for dip-
slip. 0 < £ 90°

Oy, Oy C; function of period.
Criven separately for cases in
which dependence on §is
included. and cases in which
dependence on & is ignored,

5-T5% sig.
duration: Ratio
of data/model
{Somerville et
al.. 1997 a)

Bias in duration of
acceleration with
respect to Abrahamson
and Silva { 1996G)

Strike-Slip faulis:
v =C0; Xeosd

Dip-Slip faules:
v=0C0; Yeosg

6Hi<m=T5
0=rZ20km

Mumber of
Cycles (N): Ratio
of data/model
(Law et al., 2000 )

Bias in N with respect
o L et al. (2001 5

Strike-Slip faults:
¥= C.I'PCE Xcose

Dip=Slip Taulis:
¥ = C.I'PCE Yeozg

B i=ms=T75

0=r=20km

Maximum horizontal velocity (PHV)

The PHV is significantly ifluenced by thenagnitudeof the earthquake , the distance from
the fault and the soil conditions of the examination afdae.Somerville (1998) proposed the
use of a bilinear relationship between the logarithm PHVnthgnitudeand the logarithm of

the distance.The Somerville (1998) performed a regression analysis using data from 15
recorded timehistories which have increased from 12 artificial tihistories.The records
correspond to magnitudes m = &.2and distance r =-00km. To avoid unrealistic
predictions of PHV at short distances, Somerville (1998) used a minimum distance of 3km.

The relationship of Somerville (189for the PHV near the fault:is
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In(PHV)=-2.31+1.15m0.5In(r) (17)

where r is the mimum distance from the faubut is limited in at least 3km.

A similar study correlates the PHV, the magnitude and distance presented by Alavi and
Kranwinkler (2000) based on the same set of data that used by Somerville (1998). The
relationship of the PHV by Alavi and KranwinklerQ@0) are:

In(PHV)=-5.11+1.59m0.58In(r) (18

The RodrigueaMarek (2000) were performed regression analyzes usingel8city time
histories of 11 eventsThe data were for areas with distances r <20km and m 7.8.1
Separate analyzeseve performed for the motions recorded on rock and Baged on the
analysis of this records suggested the following relationship for PHV:

I n(PHV) = U+b m +c In(rad2)+di +0i j

where the PHV is in units of cm /' s, the a, b, ¢, d are parameters, r is the minimum distance

from thefault, m is themagnitudeandli and Uij are the error ter

The valueof model parameters RodrigueMarek 000) are presented in Table. 15

Data Setl] 4 B e d ‘ .
Al

wWothons L | 1] nal 3 ) 4 (LY 1T
Kok bl [ AN 1] I 8% s 13 500
il 1] [ 1] ! v ) 473 141 ]

mode |

f

or

PHYV

Table 15: Parameters of RodriguezMar ek ( 2000) 6 s

Figure 27compares the relationship proposed by Rodrigudarek (2000) with the relations
developed by Somervill€1998) and Alavi and Kranwinkler (2000). Relations particularly
differ in effect of magnitude m . The differences are likely due to a larger amount of data

contained in a recent study.
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In(PFH¥ ) =-2.31 + L15 m—10.5 ln(r)

Alavi and Erawinkler (20007
In(PFH¥) =-3.11 + L339 m—10.58 In(r)

Figure 27: Compare of the results of analysis for assessing the PHV with relationships suggested by
various researchers with data from databases earthquakes neéield and with the phenomenon of

forward directivity (Rodriguez -Marek 2000)

Pulse Period
The relationship of SomervillEl998) for the pulse period is:
Log10Tv=-2.5+0.425m (20)

where Tv is the period of greatest circle of speed and m is the size. In a larger study of slip
distributions using slip models for 15 earthquakes by Somervilld €989) provide the

following equation:

log10Tv=3.0+0.5m (21)
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The period of the pulse speed associated with the time duration of the fault slip tR, which
measures the duration of slip at a specific point in the fauhle. rElationship between the
pulse period and the time duration tR is (Somerville 1998):

g3=2.2 tR (22)

The relationship between the pulse period and time duration tR can also be derived from the
natural phenomenon ofipture If a fault is formed as a point (point source) and directivity
effects are ignored, the duration of the motioil Wwe equal to the time duration tR
(Somerville 1998)The finite dimensions of the fault amide directivity effects contribute to

the widening of the pulsd@he time duration of the fault slip tR is then a lower limit of the
pulse.

The Alavi and Kranwikler (2000) determined the pulse period as dominant period in
response spectrum velocity (By. The relationship that uses this definition for the pulse
period is:

Log10Tv-p=-1.76+0.31m (23
RodriguezMarek (2000) develogd the following relationship for the pulse period:
ln(Tv)ij=a+b m +di+0i2p
wherdTv)ij is the period of the pulse of record j by the fact i, a and bher@arameters of

the model,d andU iare error conditions.

Estimates are provatl for the period of the pulse, Tv, and the dominant period of velocity
spectrum Tv-p. The valuesof model parameters are presented a@ble 16 The relation is
valid for m = 6.17.4 and r <20km.

Figure 28compares the relation recently proposed by Ro@z - Marek (2000) with the
relations developed by Somerville (1998) aNldvi and Kranwinkler (2000)Relationships
Rodriguez - Marek (2000) for the Tv and Tp give smaller pulse periods than the
relationships developed by Somerville (1998) for the ahd by Alavi and Kranwinkler
(2000) for the Twp. The differences are not so great for large earthquake magnitude m> 7,

where there are uncertainties in the estimation of the pulse period.
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Table 16: Parameters of RodriguezMar ek ( 2000) 6 s model for pulse period

a) Tv b) Tv-p
hata Set . b ) | O Lau Set 3 b 0 ¢ Oy
All Movons 433 33 % | 040 | 05 All Motons &N B | 048 | 045 6
Rock J1 7 i 04 )51 Rock 553 $2 | 037 | 06) 7
S Sh )97 R100| 05 Sar S66 | 09 41 | 045 6

Alaw and
Kmwirklar (2000)
= == Somoralls [19G8)

— [y Hogression
Cunc
Tvp, Regressicn
Cune

Pulse Poriod (g)
(]

T
Momcnt Magritude (My)

Figure 28 Compare of the RodriguezMar ek ( 2000) 6 s mo d ehaveween developed byt i on s
Somerville(1998) for Tv and fom Alavi and Kranwinkler(2000) for Tv -p (Rodriguez-Marek 2000)

The effect of soil conditions can be investigated through the use of relationships Roédriguez
Marek (2000) for the pulse period for rock and sbig(re 29) The difference between the
valuesof the pulse period for rock and soil is small for large magnitude events (m> 7), but
the period of the pulse is greater over land than for rock sites for events with lower
magnitude. The examination of paired stations rock and soil and the effentsrtnear

response analyzes confirm this observation (Rodridgl&zk 2000).
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Figure 29: Rodriguez-Ma r e k ( 2 0 0 (for thesassessnoest bf pulse period for rocks and ground. Bold

curves represent the mean and lightezd curves the standard deviationgRodriguez-Marek 2000)

Number of significant pulses

The number of pulses of motion ( called as number of significant pulses Nv) is defined as the
number of half cycles velocity having amplitudes at least 50 % of the maxivelocity of
ground motion Table 14 . To calculate the number of significant velocity pulses only the
vertical component of the fault motion is examinélthe number of significant pulses to the
vertical component 48 recdings presented iffable 17 Most records contain two major
pulses (ie a full circle of ground motionThe Somerville (1998) suggests the number of sine
pulses in the time history of velocity linked to the number of heterogenemisres
(asperities) on a fault, which is then coateel to distribution fault slipThere is no model
available for predicting the number of significantgad in the timdnistory of velocity For

most cases, the Nv will vary between 1 and 3 with Nv = 2 as a good value used for

earthquakes.
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Table 17: Number of pulses (Nv) for 48near field movements. RodriguesMar ek ( 2000) 6's

mo d e |

period. The values in the bracketare the numbersof semicycles of velocity pulse which have ranges at
least 33% of PHV(Rodriguez-Marek 2000)

Number Number of Records with given number of half-
Earthquake | Year H “_' . cycle pulses (N,)
of Records
1 pulse 2 pulses 3 pulses | > 3 pulses

Parkfield 66 2 00 [ (1) 0 () Lil)
San Fernando 71 | L) 00y il 0o
Imperial Valley | 79 13 L () L0 (1) L (7) I (5)
Morgan Hill 54 2 00 O L () 1(2)
Superstition &7 2 L) 1(1) O () Ol
Hills(B)
Loma Prieta 80 B 0 (0 4 (0 1(1) 3T
Erzincan, 92 1 0 0 (0 [ (1) 0oy
Turkey
Landers 02 1 L (D 01 0y 00y
MNorthridge 94 10 30 44y 3(2) 04
Kobe 95 4 0 1 {0 0l 3(3)
Kocaeli.Turkey | 99 4 00 302 0 (0 Li(2)
Totals 48 T (0 24 (1 7(13) 10 (25)

2.3 Effects of Fling Step

The effecs of fling step of territorial motion in response to the construction were considered
less important than the influence of the directivity. The recent earthquakes in Turkey (Izmit
1999) and Taiwan (CHChi 1999), sressed the importance of residual deformation associated

with the rupture surface in the response of buildings. The distinct territorial shifts, differential

settlements and ground deformation are some aspects of this phenomenon.

The fling stepas aresut of static displacemer#oil is characterized by a unidirectional pulse
velocity and a monotonic step in the time history of displacemdihts. step in the time

history of displacements occurs along the direction of fault slip (ie along the rupture).

Forall types of faults, the maxium displacement (MD) of fauilh m may be associated with

the earthquake magnitude (m) of that facthmsy equation:
log10(MD)=-5.46+0.82m (25)

valid for earthquake magnitude range= 5.28.1 and range from MD.01m b 14.6m.
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The mean displacement (AD) fault for all types of faults is:
log10(AD)=4.80+0.69m (26)
valid for earthquake magnitude range m =8.8.

The fling step of surface as a result of rupture faults can vary significantly with distance from
the trace of fault. The tectonic shift away from the fault can be detected in trace quadratic
faults and other discontinuities.
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3 Presentation and Description of the Building

3.1 General Description of the Building

The building has been stied in this thesis is of reinforced concrete, has eight (8) floors with
pilotis. The height of the pilas is 2,55m and height of all other floors is 2,75 Whe specific
weight of the concrete has taken 25,0 kN /

Some assumptions which have been usedtudy the building are shown below:

Loads:

General coatings 2.0 KkN/ m)

Live Loads for Plates 2.0 kN/ mj

Live Loads for Balconies 5.0 kN/ m)]
Live Loads for Scales 3.5k N/ m]

Live Loads for Ground Floor 5.0 kN/ m]
Materials:

Concrete quality: C 20/25
Quiality steel: S 500
Quiality steel fasteners: S 500

The characteristic strength of concrete is fc = 20 MPa and the characteristic value of the yield
for the steel is fy = 5D MPa (these are the strengths of the materials that also defined in the
program). The elastic modulus of materials defined@mgek Regulation for Reinforced
Concrete 20004.7 .q . 2000 is as follows: Ec = 29 GPa for concrete and Es = 200 GPa for

steel.

Concerning the seismic activity, the building has been constructed in an area of seismic
hazard | (a = 0,16 g), the importance class has defined eaégory of foundatiosoil is B

(T1 = 0,15 sec, T2 = 0.6sec) the seismic behavior factor is g = 3,5 and temtpge of
critical damping iss = 0.05.

Figure 30 shows the plan view of the building with the dimensions and Figure 31 the 3D

view of the building.
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Figure 30: Plan View of the building with dimensions
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Figure 31: 3D view of the building
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Other assumptions which had used to simulate the building are as follows:

1
1

At the base oéll the columns defined anchors.

The mass of the structure is set by the mass q@uneling to the load combinatidnO
L G + b wldch the d@ad loads are multiplied by factor of 1.0 while the live
loads by reduction factor of 0.3.

The constructions considered symmetrical iX-axis and for this reason during

seismic loading is not developed torsion, ie there are no bends iretkie Z
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4 Eigen periods, PuskOver Curve, Capacity Curve and

Fragility Curve s

4.1 Fundamental eigenperiods of the building

The eigenperiods of the building under investigation are computed through Modal Analysis,
which has been performed using SAP2000 softwa@he first two eigenmodes are:

f T1=1.165sec
T T2=1.113ec

4.2 Push-Over Curve

The structure is subjemi to nonlinear static analysis (pusbver analysis) using the
SAP2000 software. In particular, plastic hinges were used in the model to simulate-the non
linear behaviour of both columns and beams of the reinforced concrete building under
incremental hodontal seismic loading in the-Airection. In both cases (column and beam

plastic hinges) a fully elastoplastic behavior was assumed with no hardEmgjage 32).

11':;
J'H‘ ) |

ffﬂ

Figure 32. Non-linear elastoplastic behaviour considereddr structural elements

More specifically, in the case of beams, plastic hinges were applied at both edges of the

horizontal frame elements, by defining a simple monnetdtion relationship (M3), as
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described above and pr ovwhtth corgespond ®© thé damage pt ar
limit states of each plastic hinge, according to FEMA 356. In the case of columns a different
type of plastic hinge was used that takes into account the interaction of both bending
moments of the column with the axial lod@NI2-M3). Different acceptance criteria were
provided for columns. The values of element rotation for each damage stage are provided in
Table B.

Table 18 Acceptance Criteria (Plastic rotation values) for frame hinge properties sed in SAP2000

Damage level Beam Column
Immediate Occupancy (I0) | 0.01 0.003
Life Safety (LS) 0.02 0.012
Collapse Prevention (CP) | 0.025 0.018

The pushkover curve, i.e. the total base shear of the building in terms of the horizontal

displacement of joit 340 of top (8) floor of the building, is provided iRigure 3.

6.00E+06

5.00E+06

4.00E+06

3.00E+06

Base Shear [N]

2.00E+06

1.00E+06

0.00E+00

] 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Horizontal Displacement at Joint 340 [m)]

Figure 33: Push over curve, obtained from the nodinear static analysis of the 8storey building in the X-
direction (1° mode)
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4.3 Capacity Curve

In order toconvert pushover coordinates lzdse shear force and control poidifit 340 at
the 8" floor) displacement to spectral acceleration apdctral displacement, respectively.
The conversion of pushover to capacitylescribed irsectionl.3 in this thesis and HAZUS
(Section 5.2.13nd the procedure is based on the calculation of two nemters’, a n d: U

-~

{.Z ( w 1 ¢1p )"g}

1=1

G =Tw N
1=1 ‘1:1‘
\ bl f
> (Wihe)/g
1 1=1 ‘
"2 7 N
Q. 5 e
PY pp |:ZT (wW.0.) 2}) .
Where: wilg = mass assigned to tHedegree of freedom
dp = amplitude of pushover mode &tdegree of freedom
Ucpp = amplitude of pushover mode at control pdiidint 340)

The spectral acceleration can be computedhfthe normalised base shear, V, by the total

weight of the building, W, as follows:
|4

The spectral displacement can be computed in terms of thgotopdisplacement (control

point), U, as follows:

S;,=a,=U

X

I



The assigned masses for each floor are taken from @APdsing the ability to export the
Assembled Joint Masses in the form of table and summarise the masses of the corresponding
joints at each floor. The amplitudes of the first eigenmode, which corresponds to the push
over load pattern, at each floor areaataken from SAP2000 output and the following table
(Table 19)is formed:

Table 19: Data for the calculation of the modal factorU,

Floor Level m ai p m*ai g m* 0i
[m] (Kg)
1 255 269729 5.36E05 0.00077 14.45
2 5.30 240130 1.70e04 0.00694 40.82
3 8.05 239649 3.06E04 0.02237 73.21
4 10.80 239208 4.34£04 0.04499 103.74
5 13.55 238111 5.60r04 0.07464 133.32
6 16.30 237962 6.66E04 0.10542 158.39
7 19.05 237819 7.42E04 0.13090 176.44
8 21.80 247831 7.88eE04 0.15397 195.34
Sum: | 1950440 --- 0.540 895.71
Sothemodal fimctor U
895.71°
“1~ To504a0~-054 /oY
andthemodal fimactor U

0.54

t, = = 0.765
“ 7.88=10"*%89571

Using the above values of the two modal factors the -push curve is converted to the

capacity curve, shown fRigure 34
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Figure 34: Capacity curve of the 8sory building in the X-direction

4.4 Development of Fragility Curves

4.4.1 Structural damage states

For the development of the fragility curves of the building, it is necessary to define the
structural damage states on the push over curves, in terms of top horizspkatement.
HAZUS provides the average intstorey drift ratios (us) of structural damage states of
generic building types. The building under consideration is a concrete moment frame high
rise building, so according tdable 1 (Table 2.1 in HAZUS)it is labelled as C1H. Using
Table8 (Table 6.3 in HAZUS)nd assumin@/loderateCode design level the average inter
storey drift ratios for the case of Lowise buildings are obtained for each damage state. The
corresponding drift ratios for the case of Higée buildings are computed by multiplying
those values with 0.5. Ehaverage intestorey drift ratios are then multiplied with the total
height of the building, i.e. 21.80m to give the corresponding damage state limit in terms of
horizontal displacement of the top flosee Table20). Figure 35 shows the corresponding
damage states on the push over curve of the buijlditngje Figure 36shows the damage

states on the capacity curve.
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Table 20: Structural damage states of the considered building in terms of average intatorey drift ratios

and top-floor displacement.

Damage state Qs Ux = gH
Slight 0.0025 0.0545 m
Moderate 0.0045 0.0981 m
Extensive 0.0115 0.3270 m
Complete 0.03 0.6540 m
6.O0E+06  Frma M R r 1
5.00E+05 L ——————— L ——————— L —————————————— 1 ———————
— 4.00E+06 booo- boooooo e B oo
=) | : i |
= | : i |
£ 3.00E+05 il sl L LiEllen St g
w i : : i
@ 1 1 1 1
T ; : : :
© 200E+06 bomoooe- bomeooes T doooooo-
1.00E+06 | bomenoo- gmmmmo- 4-m-o dmmmee-
0.00E+00 : : : :
0.2 0.3 0.4 0.5 0.6 0.7 0.3 0.9
Horizontal Displacement atJoint 340 [m]
= PO ClFVe  sSlight Moderate ———Extencive =—Complete

Figure 35: Damage limit-states on the push over curve of the-8torey building
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Figure 36: Damage limit-states on thecapacity curveof the 8-storey building

Moreover Figures37-40 show the deformation

of the building and the states of the

hinges in different colours, for ela damagdimit-state, as have been obtained from the push

over analysi s, using

some Yyielding occurs for the beams of the lower flggigure37). 1 n

SAP2000. I

t i obser v

t he

S

case of (

D a ma g e dmber bfdoeam hinges that have been yielded reased and spread to upper

storeys, while some yielding occurs to columns of the internal frame at YXFEigure 38).

Figure39s hows t hat in the

case

of O0Ext ensisve Da

fail (d > 0.025), as well as some column hinges of the internal frame at Y=11m. Moreover,

yielding occurs to beam hinges of the upper floors, to the base of the columns at the ground

floor, as well as to the columns of th® 61 oo r .

Il n mhpeetasPamdg e«

nearly all the beams of the first four floors have failed, as well as the column hinges at the

base and the"5floor of the building. Failure is also observed at the columns of the internal

frame at Y=11n{Figure 40, while the wholestructure seems to become a mechanism.
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4.4.2 DamageState Variability (Beta)

Lognormal standard deviation (Beta) values describe the total variability of fragiltse
damage states, which depends on the variability associated with the capacity ¢udme
the variability associated withgthe discret

+ (o)

Pas = '-.‘l'll(ﬁ: ]_
Where:

Dds is the lognormal standard deviation parameter that describes the total
variability of damage statels

bc is the lognormal standard deviation paeder that describes the variability of
the capacity curve,

bras is the lognormal standard deviation parameter that describes the variability of
the threshold of damage statis,

The values of bds can be obt ai n&2qTabdler6dim HAZU
HAZUS) which represents the group of Higise buildings and gives the Beta values in

terms of the posyield degradation of the structure (Kappa factor), the Dardgte
Threshold Variability and the Capacity Curve Variability.

The Kagpa ( 3) fact or s Table® (Table 5.2 in MAZWS),based on the

Seismic Design Level Designation and the Construction Quality of the building. For the
particular case, Moderate Code (MC) requirements are considered and Ordinary (O)
constructionquality. Therefore the values of the Kappa factors are: 0.9 at yield, 0.7 at short
postyield response, 0.5 at moderate pgsid response and 0.3 at long at pgsid
response. Moder at e val uesg =004) and capacityd @nvea g e\
variakrl 0t 8) (r e as s umegdaftheSragility tuevesvondachere o f

of the damage states are obtained from Tahles follows:
Slight damage curve:

Degradation Al=070el d: 8=0.9

Moderate damage curve:

Degradab n at YilAebd07509=0.7
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Extensive damage curve:
Degradation Alk=080el d: 8=0.5
Complete damage curve:

Degradation Allg=09el d: a8=0. 3

The beta values for Kappa factors 8=0.7 and

4.4.3 Fragility curves in terms of the top-floor displacement

Building fragility curves are lognormal functions that describe the probability of reaching, or
exceeding, structural and nstructural damage states, given median estimates of structural
responsegin this case the tefoor displacement. The conditional probability of being in, or

exceeding, a particular damage stalg, gi ven t h efloobdisplacememild,Gss t o p

defined by:
Plds|U,] = ¢[ ! 1 ( U )]
o = * I
J@ds U:r,ds
where:

Uxds IS the median value of tefioor displacemenat which the building reaches the

threshold of damage statis

a is the standard normal cumulative distribution function.

So, the fragility curves are obtained by substituting the valuék @f given inTable 20, in
the above equation, along withet standard deviation (Beta) values that are calculated above.

Figure 41shows the fragility curves in terms of tfipor displacement of the building.
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Figure 41. Fragility curves of the 8-storey building, in terms d the top-floor displacement
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5 Selected neaiffault ground motions

A set of seismic records have been selected for the assessment-stahey&uilding, based
on their neaffault characteristic and their relatively large value of maximum tsplec
displacement (SDmax), as displayedTiable 21 which is provided by a large database of
seismic records. The set includes, in total, 18 greagwbleration timdnistories, since each
seismic recording consists of two orthogonal seismic components.isithe description of
the header of each columndble A:

FIM: Fault Mechanism:
SS:Strike slip,
RV: Reverse,
OB: Obverse.
S/C Site Code:

HR: hard rock,
SR:sedimentary and conglomerate rock,

SL: soil and alluvium.

DIR/TY: Directivity:
F: forward,
N: neutral,
B: backward.
C/D: Closest distance:

Normal distancdérom fault trace for events: 2, 4,5, 7
Normal distance from fault plane for events: 3, 6
COMP.: Direction of seismic components (angle with north)

SDmax: Maximum speatal displacementfor both components)
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Table 21: Characteristics of the selected neafault ground motions

D
|
F/ R| C/
#| LOCATION DATE Mw M STATION S/C / b COMP. | SDmax
T
Y
1| Tabas, Iran 16/9/1978 | 7.1 | RV | Tabas (TAB) SL | N| 12 | 74-344 | 243.73-131.32
El Centro Array 4,
SL | F| 6.0 230 123.84
Anderson Rd (E04)
El Centro Array 5, 140 7
SL |F |27 112.33- 127.06
James Rd (EO05) 230
Imperial El Centro Array 6,
15/10/197 SL |F |03 230 155.55
2| Valley, 9 6.4 | SS | Huston Rd (E06)
CA,USA
El Centro Array 7,
Imperial Val. ClI| SL | F | 1.8 230 117.6
(EO7)
Meloland Route|
SL |F |12 270 111.05
Overpass (EMO)
Jensen Filtration
SL | F| 5.2 | 221 292 | 109.88- 72.43
Plant (JFA)
Northridge, Sylmar  Converter
3 17/1/1994 | 6.7 | RV . SL | F| 5.1 | 527 142 | 131.88-87.25
CA, USA Station (SG)
Sylmar  Converter
. SL |F|5.0 11 97.63
Station East (SCH)
Takatori (TAK) SL |F |11 |07i90 114.89- 95.42
Hanshin
4 b 17/1/1995 | 6.8 | SS | Kobe Port
(Kobe), Japan Island,Surface SL | F| 3.2 0 77.52
(KPI)
Yarimca Petkim
SL |F |26 | 0-270 107.42- 145.02
(YPT)
5| Izmit, Turkey | 17/8/1999 | 7.4 | SS
Arcelik Arge Lab 14.
SR | F 270 78.02
(ARC) 0

9(



CHY101 SL | F| 7.7 | 907 360 | 107.61- 223.06
TCUO053 SL |F |46 | 360 166.76
TCUO065 SL | F| 0.1 | 90i 360 | 248,53 182.93
g| CFCN 20/9/1999 | 7.6 | RV
i ' 597.22 i
Taiwan TCU068 st | F|o2 | 90i360
768.98
TCU102 sL |F|o6 90 199.98
TCU103 SL | F |44 90 180.67
180 i
Duzce (DZC) L [N|83 | 145.65- 159.53
Duzce, 12/11/199
7.1 | oB
Turkey 9 19
Bolu (BOL) SL | F o ' 0 49.54

The fdlowing figures(Figure 42i Figure59) present some seismological information about
the selected ground motions, including thap of epicentreherupture extent anthe station
location Some parameters that are related to directivity effects arepatsaded in the
figures(Shahi and Baker, 2012).

91



48

36

24

12

33°N

48

57°E

12'

Directivity parameters:

X=0.6

s =53.92 km
d = 12.6
Y =0.32
d=11.27 km
i = 0.6
IDP =0.8

Rowshandel parameter = 0.28

7r Epicenter
1 Surface projection of rupture
+  Recording station

Figure 42 Map of epicentre, rupture extent and station location for: 1978 Tabas, Iran, Tabas
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Figure 43 Map of epicentre, rupture extent and station location for: 1979 Imperial Valley, El CentroA#4
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Figure 44: Map of epicentre, rupture extent and station location for: 1979 Imperial Valley El Centro A#5
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Figure 45: Map of epicentre, rupture extent and station location for: 1979 Imperial Valley, El CentroA#6
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Figure 46. Map of epicentre, rupture extent and station location for: 1979 Imperial Valley, El CentroA#7
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Figure 47: Map of epicentre, rupture extent and station location for:Northridge 1994, Jensen Filter Plant

Station
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Figure 48. Map of epicentre, rupture extent and station location for:Northridge 1994, SylmarConverter
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Figure 49: Map of epicentre, rupture extent and station location for:Northridge 1994, Jensen Filter Plant

Station East
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Figure 50: Map of epicentre, rupture extent and station location for:1995 Kobe, Japan, Takatori
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Figure 51: Map of epicentre, rupture extent and station location for:1995 Kobe, Japan, Port Island
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