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Credits

This slide collection was developed by Dr. Hazim Dwairi, The Hashemite 
University, Jordan, 2007. 

This presentation is based upon a seminar presentation prepared by EEFIT 
Team & Oxfam and presented by Dr Tiziana Rossetto at Chadwick Lecture 
Theatre, Dept of Civil and Environmental Engineering, University College 
London (UCL), after the Pakistan earthquake, 2006. The pictures 
concerning Turkey earthquake, 1999, are courtesy of Dr. Amr El Nashai, 
University of Illinois Urbana Champagne (UIUC). The rest of the pictures 
were taken from the files of Dr. Nigel Priestley, University of California San 
Diego (UCSD) and Dr. Mervyn Kowalsky, North Carolina State University 
(NCSU). 
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General Notes

• In the past century over One Million people have died 
due to earthquakes and earthquake related disasters.

• The economic losses estimated for the period 1929‐
1950 are in excess of US$ 10 billion. However the 
estimated losses between 2000‐2010 are in excess of 
US$ 600 billion.  

• For more developed countries the economic loss due to 
an earthquake can be enormous even if the death toll is 
fairly low

• Earthquakes cannot be prevented nor accurately 
predicted.

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Number of EQs worldwide (2000‐
2012)

The Hashemite UniversityDr. Hazim Dwairi
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Major Earthquakes (2000‐2010)

Dr. Hazim Dwairi The Hashemite University

Popular nam e
Main countr ies 

affected
Date of 
event

Type of 
hazard

Total 
num ber of 

deaths

Total 
num ber of 

affected

Total 
dam ages 

US$

Japan 
earthquake

Japan 11/ 5/ 2011
EQ and 

tsunam i
5,178 N/ A N/ A

Hait i 
earthquake

Hait i 12/ 1/ 2010 EQ 222,570 3,400,000 N/ A

Sichuan 
earthquake

China 12/ 5/ 2008 EQ 87,476 45,976,596 85 billion

Java 
earthquake

I ndonesia 27/ 5/ 2006 EQ 5,778 3,177,923 3.1 billion

Kashm ir 
earthquake

Pakistan 8/ 10/ 2005 EQ 73,338 5,128,000 5.2 billion

South Asian 
tsunam i

I ndonesia, Sri 

Lanka, I ndia, 

Thailand, 

Malaysia, 

Maldives, 

Myanm ar

26/ 12/ 2004
EQ and 

tsunam i
226,408 2,321,700 9.2 billion

Bam  
earthquake

I ran 26/ 12/ 2003 EQ 26,796 267,628 500 m illion

Gujurat  
earthquake

I ndia 26/ 1/ 2001 EQ 20,005 6,321,812 2.6 billion

Intro. To EQ Eng.

Global Seismic Hazard Map

Dr. Hazim Dwairi The Hashemite University
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Major Tectonic Plates

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Are Earthquakes Predictable?
• Many geophysicists believe that earthquake 
prediction is hopeless or plain wrong.

• prediction or forecasting must still have an 
important part to play in earthquake hazard 
mitigation: seismologists can and must predict 
how earthquakes can affect particular structures 
in specific locations.

• Answer the following:
– When?

– Where?

– How big?
– How often?

Dr. Hazim Dwairi The Hashemite University
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What’s Earthquake Engineering?

• The application of Civil Engineering concepts 
to reduce/prevent life and economic losses 
due to earthquakes, i.e., mitigate seismic risk.

• Seismic Risk: the probability of losses 
occurring due to earthquakes within the 
design lifetime of a structure; these losses can 
include human lives, social and economic 
disruption as well as material damage.

SEISMIC RISK = SEISMIC HAZARD × VULNERABILITY

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Earthquake Potential Damage

• Ground Shaking

Bhuj, India 2001 Loma Prieta, CA 1989

Dr. Hazim Dwairi The Hashemite University
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Earthquake Potential Damage

• Ground Shaking

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5

Intro. To EQ Eng.

Earthquake Potential Damage

• Ground Shaking

Dr. Hazim Dwairi The Hashemite University

Izm it , Turke y 19 9 9
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Earthquake Potential Damage

• Ground Shaking

Dr. Hazim Dwairi The Hashemite University

Izm it , Turke y 19 9 9

Intro. To EQ Eng.

Earthquake Potential Damage

• Ground Shaking
• Surface Rupture

Dr. Hazim Dwairi The Hashemite University
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Earthquake Potential Damage

• Ground Shaking
• Surface Rupture 

Dr. Hazim Dwairi The Hashemite University

Faultin g at Go lcuk Naval Base , Turke y

Intro. To EQ Eng.

Earthquake Potential Damage

• Ground Shaking
• Surface Rupture 

Dr. Hazim Dwairi The Hashemite University

Faultin g, Ne ar Fo rd Facto ry, Turke y
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Earthquake Potential Damage

• Ground Shaking
• Surface Rupture
• Landslides

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5

Intro. To EQ Eng.

Earthquake Potential Damage

• Ground Shaking
• Surface Rupture
• Landslides
• Settlement & Liquefaction

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5
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Earthquake Potential Damage

• Ground Shaking
• Surface Rupture
• Landslides
• Settlement & Liquefaction

Dr. Hazim Dwairi The Hashemite University

Adapazari, Turke y 19 9 9
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Earthquake Potential Damage

• Ground Shaking
• Surface Rupture
• Landslides

• Settlement & Liquefaction

Dr. Hazim Dwairi The Hashemite University

Adapazari, Turke y 19 9 9
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Earthquake Potential Damage

• Ground Shaking
• Surface Rupture
• Landslides

• Settlement & Liquefaction

Dr. Hazim Dwairi The Hashemite University

Adapazari, Turke y 19 9 9
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Earthquake Potential Damage

• Ground Shaking
• Surface Rupture
• Landslides

• Settlement & Liquefaction

Dr. Hazim Dwairi The Hashemite University

Izm it, Turke y 19 9 9
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Earthquake Potential Damage

• Ground Shaking
• Surface Rupture
• Landslides

• Settlement & 
Liquefaction

• Tsunami

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

What is Seismic Risk?

RISK = SEISMIC HAZARD × VULNERABILITY

Dr. Hazim Dwairi The Hashemite University

Probability of a potentially damaging earthquake 

effect occurring at the site of planned construction 

within its design life. Determined by Nature: 

Cannot be Reduced.

Probability of the occurrence of damage 

in a building when exposed to a particular 

earthquake effect. Determined by Man: 

Reduced Through Seismic Design
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Design Sequence
• Engineers require seismic hazard assessment 
provided by seismologists.

• This assessment provides a description of the 
likely seismic loads (ground shaking) to be 
experienced by an engineering structure.

• Probabilities of occurrence are attached to these 
earthquake loads. 

• Seismic loads are input into complicated dynamic 
inelastic time‐history analysis to estimate 
possible damage to engineering structures. 

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Code‐type zonation map

• Official seismic zoning 
map of Jordan (2005)

• UBC’97 based map.

• Courtesy of N. Armouti

Dr. Hazim Dwairi The Hashemite University
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Code‐type zonation map

Dr. Hazim Dwairi The Hashemite University

Tentative seismic 
zoning map of 
Jordan (2006)
IBC  based map.

Courtesy of  N. 
Armouti

Intro. To EQ Eng.

Seismic Design Philosophy
• Modern building codes specify design EQs 
corresponding to a return period of 100 to 500 year 
for ordinary structures, such as offices.

• The corresponding design forces are too high, and if 
the structure is designed to behave elastically, the 
cost would be prohibitive.

• Thus, the structure is designed for a strength up to 
15% ~ 25% of its elastic strength.

• The structure is expected to survive an earthquake 
by large inelastic deformations and energy 
dissipation corresponding to material distress.

Dr. Hazim Dwairi The Hashemite University
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Historical Perspective of EQ Eng.

Pre 

1920

Earthquakes not explicitly considered

Structural survival tied to construction quality and 

sound engineering fundamentals

1920-

1950

Lateral forces explicitly calculated

Analogous to lateral loading due to wind

Lateral force corresponds to a level of  0.1g (10% of  

building weight)

Deflections generally not considered in design

1950-

1960

Structural dynamics and response spectrum

Significance of  structural period on response

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Historical Perspective of EQ Eng.

1960-

1990

Ductility concept was introduced

Prescriptive ductility requirements introduced to 

building codes after 1971 San Fernando EQ

Capacity design was introduced

1990-

current

Capacity design more widespread

Importance of  displacement as primary design 

parameter gained prominence

SEAOC publishes vision 2000 in 1996 laying out 

framework for PBSE

SEAOC publishes first ‘Code-Based’ PBSE 

guidelines in 1999 blue book
Dr. Hazim Dwairi The Hashemite University
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Simple Design Criteria
• Choose an adequate load resisting system
• Maintain regularity in plan and elevation and 
regularity of mass and stiffness distributions

• Ensure connection between structural elements
– Anchoring of reinforcement

– Use appropriate materials

• Avoid stress concentrations
• Avoid pounding between buildings
• Adopt capacity design to control failure mode

• Damage potential of non‐structural elements

Dr. Hazim Dwairi The Hashemite University

Load Resisting Systems

Dr. Hazim Dwairi The Hashemite University

(1) Moment Resisting Frames

Concentrically braced

eccentrically bracedeccentrically braced

Non braced
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Load Resisting Systems

Dr. Hazim Dwairi The Hashemite University

(2) Structural (Shear) Walls (3) Duel (Hybrid) Systems

Intro. To EQ Eng.

Simple Design Criteria
• Choose an adequate load resisting system
• Maintain regularity in plan and elevation and 
regularity of mass and stiffness distributions

• Ensure connection between structural elements
– Anchoring of reinforcement

– Use appropriate materials

• Avoid stress concentrations
• Avoid pounding between buildings
• Adopt capacity design to control failure mode

• Damage potential of non‐structural elements

Dr. Hazim Dwairi The Hashemite University
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Plan Regularity

Dr. Hazim Dwairi The Hashemite University

CMCR

F

R

Torsional Vibration

Undesirable 

Configurations

Preferred Configurations

Intro. To EQ Eng.

Elevation Regularity

Dr. Hazim Dwairi The Hashemite University

Preferred Configurations Undesirable Configurations
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Elevation Regularity

Dr. Hazim Dwairi The Hashemite University

Preferred Configurations Undesirable Configurations

Intro. To EQ Eng.

Regularity in Elevation

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5
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Regularity in Elevation

Dr. Hazim Dwairi The Hashemite University
Turke y 19 9 9

Intro. To EQ Eng.

Elevation Regularity – Mass and Stiffness 

Dr. Hazim Dwairi The Hashemite University

Stiffness Irregularity Mass Irregularity

M

M

M
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Soft‐Storey Mechanism

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5 Pakis tan  2 0 0 5

Intro. To EQ Eng.

Soft‐Storey Mechanism

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5
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Soft‐Storey Mechanism

Dr. Hazim Dwairi The Hashemite University

Turke y 19 9 9

Intro. To EQ Eng.

Soft‐Storey Mechanism

Dr. Hazim Dwairi The Hashemite University

Turke y 19 9 9
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Soft‐Storey Mechanism

Dr. Hazim Dwairi The Hashemite University

Turke y 19 9 9

Intro. To EQ Eng.

Soft‐Storey Mechanism

Dr. Hazim Dwairi The Hashemite University

Turke y 19 9 9
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Simple Design Criteria
• Choose an adequate load resisting system
• Maintain regularity in plan and elevation and 
regularity of mass and stiffness distributions

• Ensure connection between structural elements
– Anchoring of reinforcement

– Use appropriate materials

• Avoid stress concentrations
• Avoid pounding between buildings
• Adopt capacity design to control failure mode

• Damage potential of non‐structural elements

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Poor Connection

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5
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Poor Connection

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5 Pakis tan  2 0 0 5

Intro. To EQ Eng.

Inappropriate Detailing

Dr. Hazim Dwairi The Hashemite University

Ko be  , Japan  19 9 5
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Inappropriate Detailing

Dr. Hazim Dwairi The Hashemite University

Ko be  , Japan  19 9 5

Intro. To EQ Eng.

Inappropriate Detailing

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5
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Simple Design Criteria
• Choose an adequate load resisting system
• Maintain regularity in plan and elevation and 
regularity of mass and stiffness distributions

• Ensure connection between structural elements
– Anchoring of reinforcement

– Use appropriate materials

• Avoid stress concentrations
• Avoid pounding between buildings
• Adopt capacity design to control failure mode

• Damage potential of non‐structural elements

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Pounding

Dr. Hazim Dwairi The Hashemite UniversityPakis tan  2 0 0 5 Pakis tan  2 0 0 5
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Simple Design Criteria
• Choose an adequate load resisting system
• Maintain regularity in plan and elevation and 
regularity of mass and stiffness distributions

• Ensure connection between structural elements
– Anchoring of reinforcement

– Use appropriate materials

• Avoid stress concentrations
• Avoid pounding between buildings
• Adopt capacity design to control failure mode

• Damage potential of non‐structural elements

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Capacity Design

Dr. Hazim Dwairi The Hashemite University
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Capacity Design Mechanisms

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.

Capacity Design Approach

• Explicitly considers determining the failure 
mechanism of members

• Force the member to fail in a ductile manner 
by making the capacity of the member in 
other possible failure modes greater

• Often, beams have significant overstrength in 
flexure which must be taken into account in 
order to determine what the actual plastic 
moments might be

The Hashemite UniversityDr. Hazim Dwairi
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Capacity Design Approach
• In the case of the 
beam shown at left:

• preferred ductile 
mode of failure is 
flexure, while brittle 
shear failure is to be 
avoided.

The Hashemite UniversityDr. Hazim Dwairi

• The shear corresponding to the plastic moment in 
the beam is the design shear.

• The beam is then designed so that its nominal 
shear strength is greater than this shear.

Intro. To EQ Eng.

Bad Design 

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5
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Bad Design

Dr. Hazim Dwairi The Hashemite University

Pakis tan  2 0 0 5

Intro. To EQ Eng.

Simple Design Criteria
• Choose an adequate load resisting system
• Maintain regularity in plan and elevation and 
regularity of mass and stiffness distributions

• Ensure connection between structural elements
– Anchoring of reinforcement

– Use appropriate materials

• Avoid stress concentrations
• Avoid pounding between buildings
• Adopt capacity design to control failure mode

• Damage potential of non‐structural elements

Dr. Hazim Dwairi The Hashemite University
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Non‐structural Elements

Dr. Hazim Dwairi The Hashemite University
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Intro. To EQ Eng.

Base Isolation

Dr. Hazim Dwairi The Hashemite University
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Base Isolation

The Hashemite UniversityDr. Hazim Dwairi

Intro. To EQ Eng.

Mechanical Dampers

The Hashemite UniversityDr. Hazim Dwairi
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Tuned‐Mass Damper

The Hashemite UniversityDr. Hazim Dwairi

Taipei, Taiwan (Wind Damper )
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Introduction to Earthquake EngineeringIntroduction to Earthquake Engineering

Seismology

Introduction to Earthquake EngineeringIntroduction to Earthquake Engineering

Into. To EQ Eng.

Dr. Hazim Dwairi

Dr. Hazim Dwairi The Hashemite University

Introduction

• Earthquakes may result of a number of natural 
and human induced phenomena including:and human‐induced phenomena, including:
– Meteoric impact

– Volcanic activity
– Underground nuclear explosions
– Rock stress changes due to filling large human‐made 
reservoirs

Into. To EQ Eng.

– Relative deformations at the boundaries of crustal 
tectonic plates

• The vast majority of damaging EQs originate at or 
adjacent to the boundaries of tectonic plates.

Dr. Hazim Dwairi The Hashemite University
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Introduction
• Relative deformations 
between plates may 
reach several metersreach several meters 
before faulting occur

• Typically, the boundaries 
of plates do not consist 
of simple single‐fault 
surfaces.

• Its worth noting that

Into. To EQ Eng.

• Its worth noting, that 
fault system maps are 
incomplete, with new 
faults being discovered 
continuously.

Dr. Hazim Dwairi The Hashemite University

Fault Movement

A

A

B

B

(a) Strike-slip fault

(left slip), AB = strike-slip

(b) Normal-slip fault

AB = dip-slip

Into. To EQ Eng.

A

B B
A

Dr. Hazim Dwairi The Hashemite University

(c) Reverse slip fault

(Thrust or Subduction) 

AB = reverse slip

(d) Left-oblique-slip fault

AB = oblique slip
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Fault Rupture                                       (Chi 
Chi EQ, Taiwan, 1999, M = 7.1)

Into. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Terminology

• Hypocenter or focus or source: the rupture 
i t ithi th th tpoint within the earth crust.

• Epicenter: the point on the earth’s surface 
above the hypocenter.

• Focal depth: distance between hypocenter 
and epicenter

Into. To EQ Eng.

and epicenter.
• Focal distance: distance between hypocenter 
and any reference point.

Dr. Hazim Dwairi The Hashemite University
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Seismic Waves

• Energy releases by earthquake propagates by 
different types of body waves:different types of body waves:
– P waves (primary or dilatation waves): arrive first 
which involve particle movement in the direction of 
propagation. 

P waves can travel though solids, liquids, and gases
– S waves (secondary or shear wave) arrive second 

hi h i l ti l t di l t th

Into. To EQ Eng.

which involve particle movement perpendicular to the 
direction of propagation.

S waves don’t travel through liquids or gases since these 
don’t have any shear strength.

Dr. Hazim Dwairi The Hashemite University
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Body Waves

Into. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Locating Epicenter

• P and S waves have different 
velocities v and v P and Svelocities vp and vs. P and S 
waves at a given site are 
proportional to the focal 
distance xf.

• Recording of the P S time

x1

Recording 
Station

Into. To EQ Eng.

• Recording of the P‐S time 
interval (T)at three or more 
nonlinear stations enables 
the positioning of the 
epicenter.

Dr. Hazim Dwairi The Hashemite University

x2
x3

Epicenter
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Surface Waves

• When body waves reach the ground surface they 
reflect, but also generate surface waves which reflect, but also generate surface waves which 
include:
– Love waves (L waves): produce horizontal motion 
transverse to the direction of propagation.

– Rayleigh waves (R waves): produce a circular motion 
analogous to the motion of ocean waves.

• In both cases, the amplitude of these waves 

Into. To EQ Eng.

, p
reduces with depth from surface.

• Because surface wave velocities are low, they 
arrive after body waves.

Dr. Hazim Dwairi The Hashemite University

Surface Waves

Into. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Magnitude and Intensity
• Magnitude: is a measure of the energy released during and 

earthquake, thus defines the size of the seismic event.
• Intensity: is a subjective assessment of the effect of the 

earthquake at a given location and is not directly related to 
magnitude.

• The accepted measure of magnitude is Richter scale. The 
magnitude (M) is related to the maximum trace deformation 
at a distance of 100 km from the epicenter.

Into. To EQ Eng.

p

• The accepted relationship between energy release (E) and 
Richter magnitude (M) is:

Dr. Hazim Dwairi The Hashemite University

Magnitude and Potential Damage

MagnitudeMagnitude Potential DamagePotential Damage

< M5< M5 Rarely cause significant structural damage< M5< M5 Rarely cause significant structural damage

M5 ~ M6M5 ~ M6 Cause structural damage over quite small area. 1986, 
M5.4, San Salvador EQ, caused damage over an area of = 
100 km2

M6 ~ M7M6 ~ M7 The area of potential damage is quite large. 1971 San 
Fernando EQ (M6.4) caused structural damage over an 
area = 2000 km2

Into. To EQ Eng.

M7 ~ M8M7 ~ M8 Causes damage over an area of = 10,000 km2 . Tangshan 
Earthquake, China, 1976.

> M8> M8 Great Earthquakes, capable of causing damage over area 
of = 100,000 km2. (Alaska 1964 & Chilea 1960)

Dr. Hazim Dwairi The Hashemite University
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Mercalli Scale

• Acceptable measure of intensity is Mercalli scale.
• Developed by Mercalli in 1902 and modified by Wood andDeveloped by Mercalli in 1902 and modified by Wood and 

Neumann in 1931

MM IMM I Not felt

MM IIMM II Felt by persons at rest on upper floors

MM IIIMM III Felt in doors. Hanging objects swing. Vibration like 
passing light trucks

Into. To EQ Eng.

MM IVMM IV Hanging objects swing. Vibration like passing heavy 
trucks, ….. 

MM XIIMM XII Damage nearly total.

Dr. Hazim Dwairi The Hashemite University

Seismometers

• Basic principle:
mass attached to a moveable– mass attached to a moveable 
frame, when frame is shaken by 
seismic waves the inertia of the 
mass causes it’s motion to lag 
behind relative motion 
recorded on rotating drum, on 
magnetic tape or digitally

Into. To EQ Eng.

g p g y

– Mass is damped to prevent 
continued oscillation This limits 
the frequency response of the 
seismometer

Dr. Hazim Dwairi The Hashemite University

Schematic of mechanical 
seismometer
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Strong Motion Seismometer

• Designed to pickup strong, high‐amplitude 
h ki l t k I iti t kshaking close to quake source. Insensitive to weak 
shaking.

• Record horizontal and vertical ground 
accelerations

• These seismometers                                      record  Güralp Systems Ltd

Into. To EQ Eng.

ground                                     accelerations in 
optical                                          or digital form as a        
time‐history record 

Dr. Hazim Dwairi The Hashemite University

1995 Aqaba EQ Accelerations
Peak Ground Acceleration (PGA)

Into. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Accelerograph Stations in Jordan‐Palestine Area

Into. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

2005 Earthquakes

Into. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Remarks

• Influence of soil stiffness: soft soils tend to 
modify the characteristics of strong motionmodify the characteristics of strong motion 
record by amplification in long period range.

• Directional effect: fracture initiates at a point 
and propagates in one or both directions. A 
building in the direction of propagation may 
experience enhanced peak accelerations

Into. To EQ Eng.

experience enhanced peak accelerations.
• Geographical amplifications: steep ridges may 
amplify strong motion records.

Dr. Hazim Dwairi The Hashemite University

Fault line

Direction of 
fracture 
propagation

Extensive damage

Into. To EQ Eng.

200m 1000m

50mNo damage

Dr. Hazim Dwairi The Hashemite University
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Free Vibration
f(t)

Rigid Diaphragm Mass = m

f(t)
cf(t)

u(t)

u(t)u(t)

k2 ,c2K1, c1 K, c= = m

k
L

K1 = stiffness of column (1) = 12EI1/L
3, K = ∑ ki , c = damping factor

Equation of Motion (Newton second law):

Single-degree-of-freedom-oscillator (SDOF)

Intro. To EQ Eng.

ForcesAppliedForcesRestoringForcesDampingForces Inertia 

dt

du
u

dt

ud
u








2

2

f(t)kuucum  

:Vibration Forced

0

:Vibration Free

 kuucum 

Dr. Hazim Dwairi The Hashemite University
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Natural Frequency
 Natural frequency is the frequency at which a system naturally 

vibrates once it has been set into motion. So, natural frequency 
is the number of times a system will oscillate (move back and is the number of times a system will oscillate (move back and 
forth) between its original position and its displaced position, if 
there is no outside interference. For example, consider a 
simple beam fixed at one end and having a mass attached to its 
free end. If the beam tip is pulled downward, then released, 
the beam will oscillate at its natural frequency.

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Undamped Free Vibration

vuuu

kuum

)0(&)0(

0








t
v

tutu

vuuu

n

n

o

no

oo




 sincos)(

)0(   &   )0(



2

ec)(radians/s;mkfrequency circular Natural
n


 

Where:
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)(;
2

1

(sec);
2

Hz
T

ffrequency cyclic Natural

Tperiod Natural

n

n

n

n

n










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Undamped Free Vibration
u(t)

vO
nnT 2

b

tuo

Amplitude

a
c

d

e
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a b c d e

Example 1.2, Chopra, pp. 16 (modified)

A small one storey industrial building 6m x 9m in plan. With moment 

frames in the N-S and E-W directions. The weight of the structure can be 

idealized as 1.5kN/m2. All columns are W 8 x 24 sections where Ix = 34.3 x 

10-6 m4 and Iy= 7.6 x10-6 m4.

x

y

9 m

4.5m

1.2m

9m

Roof truss

y

zN

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

6 m 6m4.5m

1.2m

x

z
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mN
h

EI
k

:Direction S-N (a)
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Viscous Damped Free Vibration

2 02
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nn
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mby dividekuucum
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Forced Vibration – Support Excitation
m

K, c

u(t)
u¨g

t

g

tot

kuucuum

kuucum








0)(

0

EQ

Solution for this equation is 

evaluated numerically. 

Methods like Newmark’s or 

Intro. To EQ Eng.

gnn

g

uuuu

umkuucum








22 
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central difference are 

typically used.

Response Spectrum
� Solve the equation of motion for a specific EQ 
record for a range of SDOF oscillators with 

i i d ( 1 5 ) d fvarious periods, (say, 1 s to 5 s), and range of 
damping ratios (say 0% to 20%)

� Determine the absolute maximum displacement 
for each oscillator and plot it versus the period.

u(t) u(t) Sd

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

T=1,2,3,… 



EQ

t

Displacement Time-History



Hashemite University

Dr. Hazim Dwairi 6

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

How to Generate 
a Response 
Spectrum?

Displacement Spectra – Tabas EQ, Iran 
1976

0.50
0%

0.2 m
T=4 s

0.10

0.20

0.30

0.40

S
d

 (
m

)

5%

10%

15%

20%

Damping Ratios

T 4 s

 = 0%

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

0.00

0.0 1.0 2.0 3.0 4.0 5.0

Period (sec)
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Velocity Spectra – Tabas EQ, Iran 1976

dnv SSvelocitypseudo 
0 70

0.20

0.30

0.40

0.50

0.60

0.70

S
v
 (
m

/s
)

0%

5%

10%

15%

20%

Damping Ratios
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0.00

0.10

0.0 1.0 2.0 3.0 4.0 5.0

Period (sec)

Acceleration Spectra – Tabas EQ, Iran 
1976

dna SSonacceleratipseudo
2

100

20

40

60

80

100

S
a

(m
/s

2
)

0%

5%

10%

15%

20%

Damping Ratios
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0

20

0.0 1.0 2.0 3.0 4.0 5.0

Period (sec)
Peak Ground 
Acceleration (PGA)
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Four-way logarithmic plot of El-
centro, 1940, response spectra

A l ti Velocity Di l t

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Acceleration 

sensitive

Velocity  

sensitive
Displacement  

sensitive

Limiting Elastic Response

� As Tn tends to zero, i.e., very‐short‐period or 
extremely rigid: utututu   )(;0)(;0)(extremely rigid:

� As Tn tend to infinity, i.e., very‐long‐period or 
extremely flexible:

gutututu  )(   ;0)(   ;0)(

0)(    ;0)(    ;)(  tutuutu g


m u = ug

k

m

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

k→0

T→∞

k→∞

T→0
u=0
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“RES” Program Example

Output

Period (s)

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Displacement (m)

Velocity (m/s)

Acceleration (m/s2)

Period (s)

SeismoSignal Software Example

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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SeismoSignal Software Example

A l ti

Damping 

values

Acceleration 

Spectra

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Example

� Determine the maximum 
displacement and base  0.020

0.025

0.030
5%

10%

15%

TabasTabas Disp. SpectraDisp. Spectra

shear for the industrial 
building in the previous 
example if excited by 
Tabas record. (let  = 5%)

0.000

0.005

0.010

0.015

0.0 0.2 0.4 0.6 0.8 1.0

Period (sec)

S
d
(m

) 20%

0.64 sec0.3 sec

N-S Direction: E-W Direction:

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

N-S Direction:

Tn=0.3 sec → Sd = 4mm

Vmax = k x Sd= (3.61 x 106)x(0.004)

= 14.44 kN

E-W Direction:

Tn=0.64 sec → Sd = 12mm

Vmax = k x Sd= (0.801 x 106)x(0.012)

= 9.61 kN
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Multi‐degree‐of‐freedom system 
(MDOF)

n unmn

kn, cn

mn

2

j

u2

uj

m2

mj

kj, c3

m2

mj
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1

2

u1

2

m1

2

k1, c1

k2, c2 m1

n-DOF’s

n-natural frequencies

n-mode shapes
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Equation of Motion:

For n=3, i.e., 3 degree of freedom system
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Lumped 
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Damping 
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Stiffness 
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Free Vibration Solution:
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02  MK Frequency Equation:

Kramer’s rule:

Set Determinant = 0

tsinΦU   :Let 
)1.(..........0[ 2

Eq M]ΦK 
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The solution for the eignevalue problem yields ‘n’ natural 
frequencies and ‘n’ mode shapes (). Each frequency is 
associated with its mode shape. The Lowest frequency is 
called the fundamental frequency. 

m/2
Rigid Beams

m/2

m

m

M d Sh 1 M d Sh 2 M d Sh 3

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Mode Shape 1 Mode Shape 2 Mode Shape 3

(ω1, Φ1) (ω2, Φ2) (ω3, Φ3)

Total response of the structure is a combination of all 
mode shapes with different percentages. About 90% to 
95% of the response is contributed to by mode shape 1. 

Mode Shapes for 3‐DOF Structure

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Modal Analysis
� Formulate the eigenvalue problem and solve to obtain natural 

frequencies (n) and mode shapes (n)
� For each of the natural periods T =2/enter the response� For each of the natural periods Tn=2/enter the response 

spectra and obtain the maximum modal responses, i.e., Sd, Sv, 
and Sa.

� The modal displacement are:
� The displacement yielded from n‐mode shapes are combined to 

give total response using the square root of the square of sums 
l

dnnnn
SU  }{}{

max,


Intro. To EQ Eng.

rule:

� Where  is the modal participation factor


n

max,nmax
}U{}U{

1

2
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}]{[}{

}]{[}{

n

T

n

T

n

M

RM






Modal Analysis Example
� The frame shown has very stiff beams, which can 
be idealized as 2‐DOF. If the structure is excited by 
Kocaeli Earthquake find the maximumKocaeli Earthquake, find the maximum 
displacements, max. storey forces, and max. base 
shear and base moment using the SRSS.

3m

m1

k1 k1

m1 = 1 N.s2/m

m2 = 2 N.s2/m

DOF-1

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

3m

3m

m2

k1 k1

k2 k2

2 s /

k1 = 12EI/L3 = 25 N/m

k2 = 12EI/L3 = 50 N/m

Use  = 5% for all modes

DOF-2
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SAP2000 – modal analysis

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

SAP2000 – output
� Natural frequencies and mode shapes

sTn 26.11 




 5574.0








8165.0



� Lumped Mass Matrix =

sTn 62.02  






5574.0

2


                : shapesmode normalized


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

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


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
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1
;

5.0

1
21
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
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
20
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
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4083.0
1


1
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umped Mass Matrix

� Modal participation factors:

Dr. Hazim Dwairi The Hashemite University
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Enter the displacement 
spectra for T = 1.26 s, 
and  = 5%, then Sd = 26 
cm.
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Sd = 26 cmcm.

0.62 s

8 cm

Sa = 2Sd = (2/T1)
2 Sd = (2/1.26)2 (0.26m) = 6.465 m/s2

Hence, the modal responses are: 
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Enter the spectra for T = 0.62 s, and  = 5%, then Sd = 8 cm.

Sa = 2Sd = (2/T2)
2 Sd = (2/0.62)2 (0.08m) = 8.216 m/s2

Hence, the modal responses are: 
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173mm8.62 N

Mode (1)

26.64 mm5.472 N

Mode (2)

17.24 N 2.736 N

M

mNM

NV

NV

0)6(7362)3(4725

.58.77)3(62.8)6(62.8

736.2736.2472.5

24.1762.862.8

max,1

max,2

max,1









Finally, the total responses are:
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Problem StatementProblem StatementProblem StatementProblem Statement

A three story shear building can be idealized as A three story shear building can be idealized as 
33--DOF structure. If the structure is excited by DOF structure. If the structure is excited by 
TabasTabas earthquake  which took place in Iran earthquake  which took place in Iran 
1976. Determine the maximum displacement for 1976. Determine the maximum displacement for 
each story and maximum base shear using each story and maximum base shear using 
modal analysis and SRSS combination rule. modal analysis and SRSS combination rule. 
(Use 5% viscous damping for all mode shapes)(Use 5% viscous damping for all mode shapes)
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Frame BuildingFrame BuildingFrame BuildingFrame Building
m1= 175,127 kg

K1/col. = 5,250 kN/m3m K1/col.  5,250 kN/m
m2= 262,690 kg

K2/col. = 10,500 kN/m
m3= 350,235 kg

3m

K3/col. = 15,750 kN/m3m
3
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Mo dal An alys is  Exam pleMo dal An alys is  Exam ple

•• The frame shown has very stiff beams, The frame shown has very stiff beams, 

which can be idealized as 2which can be idealized as 2--DOF. DOF. 

Determine the modal properties of the Determine the modal properties of the 

structure (i.e. natural frequencies and structure (i.e. natural frequencies and 

modemode--shapes) using SAP2000 softwareshapes) using SAP2000 software

3m

3m

m1

m2

k1 k1

k2 k2

m1 = 1 N.s2/m

m2 = 2 N.s2/m

k1 = 12EI/L3 = 25 N/m

k2 = 12EI/L3 = 50 N/m
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Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

sT

sT

n

n

62.0

26.1

2

1

=
=

⎭
⎬
⎫

⎩
⎨
⎧−

=
2574.18

2574.18

2
φ

⎭
⎬
⎫

⎩
⎨
⎧

=
9099.12

8199.25

1
φ

⎭
⎬
⎫

⎩
⎨
⎧−

=
1

1

2
φ

⎭
⎬
⎫

⎩
⎨
⎧

=
5.0

1

1
φ



Hashemite University 9/26/2012

Dr. Hazim Dwairi 1

The Hashemite UniversityThe Hashemite University

Department of Civil EngineeringDepartment of Civil Engineering

Dynamics of Structures Dynamics of Structures ––

Nonlinear AnalysisNonlinear Analysis

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Dr. Hazim DwairiDr. Hazim Dwairi

Be havio r un de r Se ism ic Excitatio n  Be havio r un de r Se ism ic Excitatio n  

(Elas tic Re spo n se )(Elas tic Re spo n se )

u

u

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

ug



Hashemite University 9/26/2012

Dr. Hazim Dwairi 2

Be havio r un de r Se ism ic Excitatio n  Be havio r un de r Se ism ic Excitatio n  

( In e las tic Re spo n se )( In e las tic Re spo n se )

u

u

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

ug

Be havio r un de r Se ism ic Excitatio n  Be havio r un de r Se ism ic Excitatio n  

( In e las tic Re spo n se )( In e las tic Re spo n se )

u

u

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

ug



Hashemite University 9/26/2012

Dr. Hazim Dwairi 3

Be havio r un de r Se ism ic Excitatio n  Be havio r un de r Se ism ic Excitatio n  

( In e las tic Re spo n se )( In e las tic Re spo n se )

u

u

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

ug

Bas ic De fin itio n  o f DuctilityBas ic De fin itio n  o f Ductility

m
u

umuy

y
u

m

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University



Hashemite University 9/26/2012

Dr. Hazim Dwairi 4

De fin itio n  o f En e rgy Dis s ipatio nDe fin itio n  o f En e rgy Dis s ipatio n

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

In e las tic Dyn am ic An alys isIn e las tic Dyn am ic An alys is

 Equation of Motion for SDOF oscillator:Equation of Motion for SDOF oscillator:

 ffss: is the restoring (resisting) force; for elasto: is the restoring (resisting) force; for elasto--plastic plastic 

system is shown below:system is shown below:

gs umuufucum   ),(

Corresponding linear system

fs

Fe
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Elasto-plastic system
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Fy

uy ue um
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y

m

u

u
Displacement Ductility :

y

e

y

e

u

u

F

F
R Force Reduction Factor :

e

m

u

u
C 

Inelastic Displacement 

ratio :

R

Fe

2

1R 2 
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Fe
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
Fe/R

uy um

2
Fe/R

uy um um

(a) Equal Displacement (b) Equal Energy

Linear
Nonlinear

(R(R–– –– T)  Re latio n sh ipT)  Re latio n sh ip

 Newmark and Hall, Newmark and Hall, 

duringduring 7070’s’s sT.whenR

sTwhenR

1sec12012

03.0             1





during during 7070 ss

 Paulay and Priestley, Paulay and Priestley, 

in in 19901990

sTwhenR

sT.when R

1               

1sec120  12








sT  when                          R

sT  when     1)T/0.7-( R

7.0

7.01






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Note: the previous equations ignore the effect of 

hysteretic model as well as the effect of soil type. Other 
researchers introduced modified equations based on 

hysteretic model and type of soil.
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Typical H ys te re tic Mo de lsTypical H ys te re tic Mo de ls
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unbounded postunbounded post--tensioned tensioned 

concrete systemconcrete system

reinforced concrete reinforced concrete 

beamsbeams

Typical H ys te re tic Mo de lsTypical H ys te re tic Mo de ls
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Reinforced concrete Reinforced concrete 

columns and wallscolumns and walls

Steel membersSteel members
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Subs titu te  Structure  Co n ce ptSubs titu te  Structure  Co n ce pt

 It is an approximate method used to determine the It is an approximate method used to determine the 

maximum response of a nonlinear system by an equivalent maximum response of a nonlinear system by an equivalent 

linear system with a reduced stiffness and equivalent linear system with a reduced stiffness and equivalent 

viscous damping value.viscous damping value.

 First Proposed by Gulkan and Sozen in First Proposed by Gulkan and Sozen in 19741974..

   
1







 



 rr

kk ieff

Nonlinear systemFy

Fu

rki
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1


rr

F
F u

y 

y

m

u

u


Nonlinear system

umuy

Fy

ki

i

Keff Equivalent linear 
system (substitute 
structure)

Equivale n t Visco us  Dam pin gEquivale n t Visco us  Dam pin g

 First proposed by Jacobsen in First proposed by Jacobsen in 19301930

 Jacobsen equated the energy dissipated by theJacobsen equated the energy dissipated by the Jacobsen equated the energy dissipated by the Jacobsen equated the energy dissipated by the 
nonlinear system to that dissipated by equivalent nonlinear system to that dissipated by equivalent 
linear system during one cycle of responselinear system during one cycle of response

 The equivalent linearization approach defined by The equivalent linearization approach defined by 
Jacobsen’s damping (Jacobsen’s damping (eqeq) and the secant stiffness ) and the secant stiffness 
(k(keffeff) is referred to as the JDSS approach ) is referred to as the JDSS approach 
(J b ’ D i S t Stiff )(J b ’ D i S t Stiff )

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

(Jacobsen’s Damping Secant Stiffness)(Jacobsen’s Damping Secant Stiffness)

 Equivalent viscous damping has two parts:Equivalent viscous damping has two parts:
 Elastic viscous damping (Elastic viscous damping (vv))

 Hysteretic damping due to energy dissipation (Hysteretic damping due to energy dissipation (hysthyst))
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JDSS Appro achJDSS Appro ach

 The equivalent structure is defined by two parameters:The equivalent structure is defined by two parameters:

 Effective stiffness (secant stiffness to max. response)Effective stiffness (secant stiffness to max. response)

E i l t d iE i l t d i Equivalent dampingEquivalent damping

hystveq  

2

12

A

A
hyst 

 
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)1(

)1)(1(2

rr

r
veq 










For Bilinear system:

Equivale n t Dam pin g Re latio n sh ipsEquivale n t Dam pin g Re latio n sh ips

 Modified damping equations (Dwairi Modified damping equations (Dwairi et.et. al, al, 20072007):):

(1) Unbounded post- 



  1(1) Unbounded post

tensioned concrete system 





  1












 1

30veq








 



 1

65veq

(2) Reinforced concrete 
beams 

(3) Reinforced concrete
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






 



 1

85veq












 1

50veq

(3) Reinforced concrete 
Columns and Walls

(4) Steel members:
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Exam pleExam ple

 An SDOF structure is excited by an earthquake with An SDOF structure is excited by an earthquake with 

elastic response spectra as shown. If the structure follows elastic response spectra as shown. If the structure follows 

a bilinear response. (a) find the elastic demands (b) find a bilinear response. (a) find the elastic demands (b) find 

the actual (nonlinear) demands. the actual (nonlinear) demands. 

M=1500 kN.s2/m

k  =5%

Force
Fy=2000kN

uy=-25mm

Sd(m)

0.15

0.20

=5%

=25%

18.5%

22.4%
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max

Response )(Inelasticar (2)Nonline

ges: it converorce untilover the f

 and loopspalcementinitial did. Assume is requireprocedure 

 iterativehis stage,known at tment is un. displaceSince 
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Elas tic vs . In e las tic Re spo n seElas tic vs . In e las tic Re spo n se

Force (kN)

2000

4000 Elastic response

Inelastic response

Equivalent oscillator
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Displacement (mm)

50 7025
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Member Strength and DuctilityMember Strength and Ductility

Dr. Hazim DwairiDr. Hazim Dwairi

The Hashemite UniversityThe Hashemite University

Department of Civil EngineeringDepartment of Civil Engineering
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Stre n gth  an d DuctilityStre n gth  an d Ductility

Displacement (Δ)

Strength (F) High strength no ductility

Medium strength medium ductility

Low strength High ductility

ΔuΔy

µΔ=1

µΔ ≈ 1.5

µΔ ≈ 3.5

µΔ≈ 8

Elastic response

Essentially 

elastic response

Response with 

limited ductility

Fully ductile 

response

Large ductility demand

© Alessandro D. 

(modified)
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Bridge  Co lum n  Bridge  Co lum n  –– Static Cyclic Te s tStatic Cyclic Te s t

µΔ < 1 (Elastic) µΔ = 1 (yielding)

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

µΔ = 2 µΔ = 3
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µΔ = 4 µΔ = 5

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

µΔ = 6 µΔ = 7
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Afte r a Fu ll Cycle  Afte r a Fu ll Cycle  

1. Ties yielded

2. Longitudinal reinforcement 

buckled

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Lo ad Lo ad –– De fo rm atio n  CurveDe fo rm atio n  Curve
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RC W all RC W all –– s tatic cyclic te s ts tatic cyclic te s t

©Alessandro D. 

Load –Deformation Response
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In e las tic Be havio r o f Structure sIn e las tic Be havio r o f Structure s

to cross section

to critical region

to structure

From material
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Ide alize d In e las tic Be havio rIde alize d In e las tic Be havio r

From MaterialFrom Material

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Stre s sStre s s --Strain  Re latio n sh ip fo r Ste e lStrain  Re latio n sh ip fo r Ste e l
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Stre s sStre s s --Strain  Re latio n sh ip fo r Strain  Re latio n sh ip fo r 

Co n cre te  Co n cre te  (co n fin e d an d un co n fin ed)(co n fin e d an d un co n fin ed)

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Co n fin e m e n t o f Co n cre teCo n fin e m e n t o f Co n cre te
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Be n e fits  o f Co n fin e m e n tBe n e fits  o f Co n fin e m e n t

Olive View Hospital, 1971 San Fernando Valley earthquake
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Ide alize d In e las tic Be havio r                Ide alize d In e las tic Be havio r                

to  Se ctio nto  Se ctio n

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Ide alize d In e las tic Be havio r                Ide alize d In e las tic Be havio r                

to  Me m be rto  Me m be r
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Ductility Ductility 

Co n ce ptCo n ce pt

©Alessandro D. 
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Plas tic H in ge  Mo de lPlas tic H in ge  Mo de l
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Lo cal an d Glo bal DuctilityLo cal an d Glo bal Ductility
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Displacement Ductility (Global):
©Alessandro D. 
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+== Δµ
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φ
µφ

Hence, Curvature Ductility (Local):

Plastic hinge length is calculated in a way such that 

the integration of the plastic curvature (φp) over the 
plastic hinge length is equal to the plastic deformation 

(Δp) in reality.

Pauly and Priestley (1992) proposed:
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Ductility an d En e rgy Dis s ipatio n  Ductility an d En e rgy Dis s ipatio n  

CapacityCapacity

System ductility of 4 to 6 is required System ductility of 4 to 6 is required 

for acceptable seismic designfor acceptable seismic design

Good hysteretic behavior requires Good hysteretic behavior requires 

ductile materials. However, ductility ductile materials. However, ductility 

in itself is insufficient to provide in itself is insufficient to provide 

acceptable seismic behavior.acceptable seismic behavior.

Cyclic energy dissipation capacity Cyclic energy dissipation capacity 

is a better indicator of performance.is a better indicator of performance.

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Ductility an d En e rgy Dis s ipatio n  Ductility an d En e rgy Dis s ipatio n  

CapacityCapacity

The structure should be able to sustain The structure should be able to sustain 

several cycles of inelastic deformation several cycles of inelastic deformation 

without significant loss of strength.without significant loss of strength.

Some loss of stiffness is inevitable, but Some loss of stiffness is inevitable, but 

excessive stiffness loss can lead to excessive stiffness loss can lead to 

collapse.collapse.

The more energy dissipated per cycle The more energy dissipated per cycle 

without excessive deformation, the better without excessive deformation, the better 

the behavior of the structure.the behavior of the structure.
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Ductility an d En e rgy Dis s ipatio n  Ductility an d En e rgy Dis s ipatio n  

CapacityCapacity

The art of seismicThe art of seismic--resistant design is in the resistant design is in the 

details.details.

With good detailing, structures can be With good detailing, structures can be 

designed for force levels significantly lower designed for force levels significantly lower 

than would be required for elastic than would be required for elastic 

response.response.

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Exam ple  1Exam ple  1

The R.C. column shown is subjected to an earthquake. The The R.C. column shown is subjected to an earthquake. The 

inelastic dynamic analysis results in terms of hysteretic inelastic dynamic analysis results in terms of hysteretic 

response are shown as well. response are shown as well. 

Compute the global ductility demandCompute the global ductility demand

Compute the local ductility demandCompute the local ductility demand

3m

f’c=30 MPa

fy = 414 MPa

εcu = 0.004
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Exam ple  2Exam ple  2

The R.C. column shown is subjected to lateral monotonic The R.C. column shown is subjected to lateral monotonic 

loading, F, and constant axial load, P = 1000 loading, F, and constant axial load, P = 1000 kNkN..

Compute the yield curvature, and momentCompute the yield curvature, and moment

Compute the ultimate curvature and momentCompute the ultimate curvature and moment

Compute local ductility demandCompute local ductility demand

Compute global ductility demandCompute global ductility demand

3m

f’c = 30 MPa

fy = 414 MPa

εcu = 0.004
800 mm

400 mm

650 mm

6φ25

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

What do you think?
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The  H ashe m ite  Un ive rs ity

De partm e n t o f Civil En gin e e rin g

Le cture  6  Le cture  6  –– De s ign  Re spo n se  De s ign  Re spo n se  

Spe ctrumSpe ctrum

Dr  Hazim DwairiDr  Hazim Dwairi

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Dr. Hazim DwairiDr. Hazim Dwairi

19 4 0  El Ce n tro , 0 .35 g, N19 4 0  El Ce n tro , 0 .35 g, N--SS

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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5% Dam pe d Spe ctra fo r Fo ur 5% Dam pe d Spe ctra fo r Fo ur 

Califo rn ia Earthquake s  Califo rn ia Earthquake s  –– scale d to  0 .4  g s cale d to  0 .4  g 

(PGA)(PGA)

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Sm o o the d Elas tic Re spo n se  Spe ctra Sm o o the d Elas tic Re spo n se  Spe ctra ––

Ne w m arkNe w m ark--H all Spe ctraH all Spe ctra

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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De s ign  Spe ctraDe s ign  Spe ctra

•• Actual spectra not used in Actual spectra not used in 

design.design.

Rough in shapeRough in shape

2

3

e
le

ra
ti

o
n
 (

g
)

•• Rough in shape.Rough in shape.

•• Specific to ground motion.Specific to ground motion.

•• Represents many EQs.Represents many EQs.

•• Smooth shape.Smooth shape.
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•• Guidelines for calculation in Guidelines for calculation in 

building codes building codes -- UBC, IBC.UBC, IBC.

•• Older codes: Little change in Older codes: Little change in 

shape, only magnitude.shape, only magnitude.0.0 0.5 1.0 1.5 2.0 2.5 3.0
Period (sec)

0

1

2

S
p

e
c
tr

a
l 
A

c
c
e
le

ra

Co deCo de --base d De s ign  Spe ctrumbase d De s ign  Spe ctrum

•• Is a uniform hazard spectrum based on Is a uniform hazard spectrum based on 
b bili ti d d t i i ti i ib bili ti d d t i i ti i iprobabilistic and deterministic seismic probabilistic and deterministic seismic 

hazard analysishazard analysis

•• Design spectra considered in this course:Design spectra considered in this course:

–– IBC 2000 Design SpectrumIBC 2000 Design Spectrum

–– UBC’97 Design SpectrumUBC’97 Design Spectrum

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

UBC 97 Design SpectrumUBC 97 Design Spectrum

–– Jordan Seismic Code (JSC) Design SpectrumJordan Seismic Code (JSC) Design Spectrum
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IBC 2 0 0 0  De s ign  Re spo n se  IBC 2 0 0 0  De s ign  Re spo n se  

Spe ctrumSpe ctrum
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De s ign  Re spo n se  Spe ctrum  De s ign  Re spo n se  Spe ctrum  ––
Fig 16 15.1.4  Fig 16 15.1.4  
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De s ign  Spe ctrum  Pro ce dureDe s ign  Spe ctrum  Pro ce dure

1.1. Determine basic ground motion parameters Determine basic ground motion parameters 

(S(S SS )) ZonationZonation mapmap(S(Sss, S, S11) ) –– ZonationZonation mapmap

2.2. Determine site classification (A Determine site classification (A –– F) F) –– Table Table 

1615.1.11615.1.1

3.3. Determine site coefficient adjustment factors Determine site coefficient adjustment factors 

((FFaa, F, Fvv) ) –– Tables 1615.1.2(1) & 1615.1.2(1) Tables 1615.1.2(1) & 1615.1.2(1) 

44 D t i d i d ti tD t i d i d ti t

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

4.4. Determine design ground motion parameters Determine design ground motion parameters 

(S(SDSDS, S, SD1D1))

1. S1. S ss an d San d S11

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite UniversityNote: this map is still unofficial

Ss: mapped spectral acceleration for short 

period

S1: mapped spectra acceleration for 1-sec 

period
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2 . Site  Clas se s2 . Site  Clas se s

AA Hard rockHard rock vvs s > 5000 ft/s> 5000 ft/s

BB RockRock 2500 < v2500 < v  5000 ft/s5000 ft/sBB RockRock 2500 < v2500 < vs s  5000 ft/s5000 ft/s

CC Very dense soilVery dense soil 1200 1200 < v< vs s  2500 ft/s2500 ft/s

or soft rockor soft rock

DD Stiff soilStiff soil 600 600  vvs s  1200 ft/s1200 ft/s

EE Soft soilSoft soil vv < 600 ft/s< 600 ft/s

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

EE Soft soilSoft soil vvs s < 600 ft/s< 600 ft/s

FF Site specific requirementsSite specific requirements

Note: vNote: vss = soil shear wave velocity= soil shear wave velocity

3 . Site  Co e fficie n ts  F3 . Site  Co e fficie n ts  Faa & F& Fvv

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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4 . Gro un d Mo tio n  Param e te rs4 . Gro un d Mo tio n  Param e te rs

•• Maximum expected earthquake coefficients:Maximum expected earthquake coefficients:

SS FF SSSSMSMS = F= FaaSSss

SSM1M1 = F= FvvSS11

•• Design earthquake coefficients:Design earthquake coefficients:

SSDSDS = 2/3S= 2/3SMSMS

SSD1D1 = 2/3S= 2/3SM1M1

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

D1D1 M1M1

•• Period:Period:

TToo = 0.2 S= 0.2 SD1D1/S/SDSDS

TTss = S= SD1D1/S/SDsDs

JSC De s ign  Re spo n se  Spe ctrumJSC De s ign  Re spo n se  Spe ctrum
(Un ifo rm  Buildin g Co de  UBC 19 9 7)(Un ifo rm  Buildin g Co de  UBC 19 9 7)

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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De s ign  Re spo n se  Spe ctrum  De s ign  Re spo n se  Spe ctrum  ––
Figure  2Figure  2 --33
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To Ts

Period (T)

S
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e
c A

De s ign  Spe ctrum  Pro ce dureDe s ign  Spe ctrum  Pro ce dure

1.1. Determine seismic site category Determine seismic site category –– Zonation Zonation 

mapmapmapmap

2.2. Determine seismic zone factor (Z) Determine seismic zone factor (Z) ––Table 2Table 2--22

3.3. Determine site classification (SDetermine site classification (SAA –– SSFF) ) –– Table Table 

22--11

4.4. Determine site coefficient adjustment factors Determine site coefficient adjustment factors 

(C(C CC )) T bl 2T bl 2 3 & 23 & 2 44

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

(C(Caa, C, Cvv) ) –– Tables 2Tables 2--3 & 23 & 2--4 4 

5.5. Determine design ground motion parameters Determine design ground motion parameters 

(T(T00, T, Tss))
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1. Se ism ic Site  Cate go ry1. Se ism ic Site  Cate go ry

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

2 . Se ism ic Zo n e  Facto r2 . Se ism ic Zo n e  Facto r

Zone:Zone: 11 2A2A 2B2B 33

Z =Z = 0.0750.075 0.150.15 0.200.20 0.300.30

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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3 . Site  Clas se s3 . Site  Clas se s

SSAA Hard rockHard rock vvs s > 1500 m/s> 1500 m/s

SS RockRock 760 < v760 < v  1500 m/s1500 m/sSSBB RockRock 760 < v760 < vs s  1500 m/s1500 m/s

SSCC Very dense soilVery dense soil 360 360 < v< vs s  760 m/s760 m/s

or soft rockor soft rock

SSDD Stiff soilStiff soil 180 180  vvs s  360 m/s360 m/s

SSEE Soft soilSoft soil vv < 180 m/s< 180 m/s

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

SSEE Soft soilSoft soil vvs s < 180 m/s< 180 m/s

SSFF Site specific requirementsSite specific requirements

Note: vNote: vss = soil shear wave velocity= soil shear wave velocity

4 . Site  Facto rs  4 . Site  Facto rs  –– CCaa

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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4 . Site  Facto rs  4 . Site  Facto rs  –– CCvv

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Exam pleExam ple

Utilizing the IBCUtilizing the IBC--2000 and JSC’05 codes, determine 2000 and JSC’05 codes, determine 

design response spectra for Ammandesign response spectra for Amman

Note: Assume soft soil site classNote: Assume soft soil site class

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Am m an  IBC Spe ctrumAm m an  IBC Spe ctrum

•• SSss = = 0.57g    &    S0.57g    &    S11 = 0.23g= 0.23g

FF 1 56 & F1 56 & F 3 083 08•• FFaa = = 1.56     &    F1.56     &    Fvv = 3.08= 3.08

•• SSDS DS = = 2/3 x 2/3 x FFaa x Sx Sss = 0.593g= 0.593g

•• SSD1 D1 = = 2/3 x F2/3 x Fvv x Sx S11 = 0.472g= 0.472g

•• TToo = = 0.2 S0.2 SD1 D1 / S/ SDS DS == 0.16 sec0.16 sec

•• TTss = = SSD1D1 / S/ SDSDS == 0.80 sec0.80 sec

Intro. To EQ Eng.Intro. To EQ Eng.

ss D1 D1 DSDS

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

sec 0.0@T   356.00.4S
T

T
0.6SS

DS

o

DSa
 g

Am m an  IBC Spe ctrumAm m an  IBC Spe ctrum

Period 
(sec)

Acc. (g)
0.593

Acceleration (g)

0.00 0.356

0.16 0.593

0.80 0.593

1.00 0.472

2.00 0.236

3.00 0.157

0.472

0.356

0.236
0.157

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

0.16 0.80

Period (T)

1.00 2.00 3.00
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Am m an  UBC Spe ctrumAm m an  UBC Spe ctrum

•• Seismic Zone 2A  Seismic Zone 2A  

ZZ 0 150 15•• Z Z = 0.15= 0.15

•• CCaa = = 0.30g        0.30g        

•• CCvv = = 0.50g0.50g

•• TTss = = CCvv / 2.5C/ 2.5Ca a == 0.67 sec0.67 sec

•• TToo = = 0.2T0.2Tss == 0.13 sec0.13 sec

Intro. To EQ Eng.Intro. To EQ Eng.

oo s s 

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Am m an  UBC Spe ctrumAm m an  UBC Spe ctrum

Period 
(sec)

Acc. (g) Acceleration (g)

0.69

0.30

0.00 0.300

0.13 0.690

0.67 0.690

1.00 0.500

2.00 0.250

3.00 0.167

0.50

0.25

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

0.13 0.67

Period (sec)

1.00 2.00 3.00

0.167
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ASCE7ASCE7--2 0 10  & IBC 2 0 12          2 0 10  & IBC 2 0 12          

De s ign  Re spo n se  Spe ctrumDe s ign  Re spo n se  Spe ctrum

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

De s ign  Re spo n se  Spe ctrum  De s ign  Re spo n se  Spe ctrum  ––

Figure  11.4Figure  11.4 --11

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Euro Co deEuro Co de 8 , 19 9 88 , 19 9 8 --2 0 0 3                 2 0 0 3                 

De s ign  Re spo n se  Spe ctrumDe s ign  Re spo n se  Spe ctrum

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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De s ign  Re spo n se  Spe ctrum  De s ign  Re spo n se  Spe ctrum  

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Exam ple  Exam ple  

•• Construct the [ IBCConstruct the [ IBC--based & UBCbased & UBC--based ] based ] 

spectra for Northspectra for North ShounaShouna assuming soil type Cassuming soil type Cspectra for North spectra for North ShounaShouna , assuming soil type C , assuming soil type C 

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

No rth  No rth  Sho un aSho un a IBC Spe ctrumIBC Spe ctrum

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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No rth  No rth  Sho un aSho un a IBC Spe ctrumIBC Spe ctrum

T (sec) Sa (g)

0.0 0.3

0.11 0.753

0.54 0.753

1.0 0.41

2 0.205

3 0.14

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

No rth  No rth  Sho un aSho un a UBC Spe ctrumUBC Spe ctrum

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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No rth  No rth  Sho un aSho un a UBC Spe ctrumUBC Spe ctrum

T (sec) Sa (g)

0.0 0.33

0.11 0.825

0.54 0.825

1.0 0.45

2.0 0.225

3.0 0.15

Intro. To EQ Eng.Intro. To EQ Eng.Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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The  H ashe m ite  Un ive rs ity

De partm e n t o f Civil En gin e e rin g

Le cture  7 Le cture  7 –– Se ism ic Lo ad Se ism ic Lo ad 

An alys isAn alys is

Dr  Hazim DwairiDr  Hazim Dwairi

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Dr. Hazim DwairiDr. Hazim Dwairi

Cre dit:Cre dit:

Mo s t o f the  ske tche s  use d in  th is  Mo s t o f the  ske tche s  use d in  th is  Mo s t o f the  ske tche s  use d in  th is  Mo s t o f the  ske tche s  use d in  th is  

pre se n tatio n  w e re  acqu ire d fro m  the  pre se n tatio n  w e re  acqu ire d fro m  the  

in s tructio n al m ate rial co m ple m e n tin g in s tructio n al m ate rial co m ple m e n tin g 

FEMA 4 51, publishe d by FEMA 4 51, publishe d by 

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Curre n t Mo de l Co de sCurre n t Mo de l Co de s

UBC, IBC:UBC, IBC:

 Provide minimum Provide minimum 
provisions for design and 
construction of structures 
to resist effects of seismic 
ground motions.

 “…to safeguard against 
j t t l f il

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

major structural failures 
and loss of life, not to limit 
damage or maintain 
function.” (UBC ’97, Section 
1626)

Lo ad An alys is  Pro ce dure , IBC 2 0 0 0Lo ad An alys is  Pro ce dure , IBC 2 0 0 0

1.1. Determine building occupancy categoryDetermine building occupancy category

22 D t i d i tD t i d i t2.2. Determine design response spectrumDetermine design response spectrum

3.3. Determine seismic design categoryDetermine seismic design category

4.4. Determine importance factorDetermine importance factor

5.5. Select structural system and system Select structural system and system 

parameters (R, Cparameters (R, Cdd, , oo))

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

6.6. Examine system for configuration irregularitiesExamine system for configuration irregularities

7.7. Determine diaphragm flexibility (flexible, semiDetermine diaphragm flexibility (flexible, semi--

rigid, and rigid)rigid, and rigid)
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Lo ad An alys is  Pro ce dure  Lo ad An alys is  Pro ce dure  

(co n tin ue d)(co n tin ue d)

8.8. Determine redundancy factor (Determine redundancy factor ())

99 D t i l t l f l i dD t i l t l f l i d9.9. Determine lateral force analysis procedureDetermine lateral force analysis procedure

10.10. Compute lateral loadsCompute lateral loads

11.11. Add torsional loads, as applicableAdd torsional loads, as applicable

12.12. Add orthogonal loads as applicableAdd orthogonal loads as applicable

13.13. Perform analysisPerform analysis

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

yy

14.14. Combine resultsCombine results

15.15. Check strength, deflection, and stabilityCheck strength, deflection, and stability

1. Occupan cy Cate go ry ( IBC 2 0 0 0 )1. Occupan cy Cate go ry ( IBC 2 0 0 0 )

I.I. Normal Hazard Occupancy: except those Normal Hazard Occupancy: except those 
listed in categories II III IVlisted in categories II III IVlisted in categories II, III, IVlisted in categories II, III, IV

II.II. Substantial Hazard Occupancy:Substantial Hazard Occupancy:
 High occupancy (more than 300 people in one High occupancy (more than 300 people in one 

room)room)

 Schools and UniversitiesSchools and Universities

 Health care more than 50 patient residentsHealth care more than 50 patient residents

J il d d t ti f ilitiJ il d d t ti f iliti

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

 Jails and detention facilitiesJails and detention facilities

 Power stations Power stations 

 Water treatment plantWater treatment plant

 Waste water treatment plantsWaste water treatment plants
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1. Occupan cy Cate go ry ( IBC 2 0 0 0 )1. Occupan cy Cate go ry ( IBC 2 0 0 0 )

III.III. Essential Facilities:Essential Facilities:

Hospitals and emergency facilities with surgeryHospitals and emergency facilities with surgery Hospitals and emergency facilities with surgeryHospitals and emergency facilities with surgery

 Fire, rescue, ambulance, police stationsFire, rescue, ambulance, police stations

 Designated emergency sheltersDesignated emergency shelters

 Aviation control towersAviation control towers

 Critical national defense facilitiesCritical national defense facilities

IVIV Low hazard Occupancy:Low hazard Occupancy:

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

IV.IV. Low hazard Occupancy: Low hazard Occupancy: 

 Agricultural facilitiesAgricultural facilities

 Temporary facilitiesTemporary facilities

 Minor storage facilitiesMinor storage facilities

2 . De s ign  Re spo n se  Spe ctrum2 . De s ign  Re spo n se  Spe ctrum

Recall Lecture 6Recall Lecture 6

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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3 . Se ism ic De s ign  Cate go ry 3 . Se ism ic De s ign  Cate go ry –– Sho rt Sho rt 

Pe rio d Acce le ratio nPe rio d Acce le ratio n

Value of SValue of SDSDS Seismic Use GroupSeismic Use Group

II IIII IIIIII

SSDSDS << 0.167g0.167g AA AA AA

0.167g 0.167g  SSDSDS << 0.33g0.33g BB BB CC

0.33g 0.33g  SSDSDS << 0.50g0.50g CC CC DD

0.50g 0.50g  SSDSDS DD DD DD

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Value of SValue of SDSDS Seismic Use GroupSeismic Use Group

II IIII IIIIII

SSDSDS ≥ 0.75g≥ 0.75g EE EE FF

3 . Se ism ic De s ign  Cate go ry 3 . Se ism ic De s ign  Cate go ry ––

11--s e co n d Pe rio d Acce le ratio nse co n d Pe rio d Acce le ratio n

Value of SValue of SD1D1 Seismic Use GroupSeismic Use Group

II IIII IIIIII

SSD1D1 << 0.067g0.067g AA AA AA

0.067g 0.067g  SSD1D1 << 0.133g0.133g BB BB CC

0.133g 0.133g  SSD1D1 << 0.20g0.20g CC CC DD

0.20g 0.20g  SSD1D1 DD DD DD

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Value of SValue of SD1D1 Seismic Use GroupSeismic Use Group

II IIII IIIIII

SSD1D1 ≥ 0.75g≥ 0.75g EE EE FF
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4 . Im po rtan ce  Facto r ( I4 . Im po rtan ce  Facto r ( IEE))

Seismic Occupancy Seismic Occupancy Importance factor (IImportance factor (IEE))p yp y

CategoryCategory

p (p ( EE))

II 1.001.00

IIII 1.251.25

IIIIII 1.501.50

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

IVIV 1.001.00

*using IBC2000 – Table 1604.5

5. Structural Sys te m  an d Sys te m  5. Structural Sys te m  an d Sys te m  

Param e te rs  (R, CParam e te rs  (R, Cdd,  ,  oo)  )  
1.1. Bearing wall systemsBearing wall systems

2.2. Building frame systemsBuilding frame systems

3.3. MomentMoment--resisting frame system (MRF)resisting frame system (MRF)

4.4. Duel systems with special MRFDuel systems with special MRF

5.5. Duel systems with intermediate MRFDuel systems with intermediate MRF

6.6. Inversed pendulum systemInversed pendulum system

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

System Parameters:

Response (strength) modification coefficient = R

System over-strength parameter = 0

Deflection amplification factor = Cd
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Structural Sys te m sStructural Sys te m s

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Spe cial Mo m e n t Ste e l Fram eSpe cial Mo m e n t Ste e l Fram e

ft

SDC

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University



Dr. Hazim Dwairi

Hashemite University 8

Spe cial Ste e l Co n ce n trically Brace d Spe cial Ste e l Co n ce n trically Brace d 

Fam e  Fam e  

ft

SDC

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Spe cial Re in fo rce d Co n cre te  She ar Spe cial Re in fo rce d Co n cre te  She ar 

W allW all

160 ft

SDC

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Re spo n se  Mo dificatio n  Facto r RRe spo n se  Mo dificatio n  Facto r R

�� Account for:Account for:
–– Ductility (inelastic action)Ductility (inelastic action)

–– OverstrengthOverstrength

–– RedundancyRedundancy

–– DampingDamping

–– Past behaviorPast behavior

�� Maximum = 8Maximum = 8
–– Eccentrically braced frame with welded connectionsEccentrically braced frame with welded connections

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Eccentrically braced frame with welded connectionsEccentrically braced frame with welded connections

–– Buckling restrained brace with welded connectionsBuckling restrained brace with welded connections

–– Special moment frame in steel or concreteSpecial moment frame in steel or concrete

�� Minimum = 1.5 (for cantilever systems)Minimum = 1.5 (for cantilever systems)
–– Ordinary plain masonry shear wallsOrdinary plain masonry shear walls

Ove rs tre n gth  Facto r Ove rs tre n gth  Facto r oo

1. Sequential yielding 

of critical regions
3. Strength enhancement 

due to strain hardeningof critical regions

2. Materials strength 

greater than specified 

values

due to strain hardening 

4. Capacity reduction () 

factors

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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De fle ctio n  Am plificatio n  Facto r De fle ctio n  Am plificatio n  Facto r CC
dd

Strength

Cd = Ratio of maximum inelastic

FE

FE/R

Cd  Ratio of maximum inelastic 

displacement to maximum 

displacement of corresponding 

elastic oscillator

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Displacement
E CdE

6 . Structure  Irre gu larity6 . Structure  Irre gu larity

�� Buildings shall be classified as regular or Buildings shall be classified as regular or 

irregular based on the criteria in section 1616 5irregular based on the criteria in section 1616 5irregular based on the criteria in section 1616.5irregular based on the criteria in section 1616.5

�� Plan IrregularityPlan Irregularity:: buildings have one or more of buildings have one or more of 

the features listed in Table 1616.5.1the features listed in Table 1616.5.1

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

�� Vertical IrregularityVertical Irregularity: buildings having one or : buildings having one or 

more of the features listed in Table 1616.5.2more of the features listed in Table 1616.5.2
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H o rizo n tal Structural Irre gu larity   H o rizo n tal Structural Irre gu larity   
1a)  an d 1b)  to rs io n al irre gu larity1a)  an d 1b)  to rs io n al irre gu larity

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

1a) max > 1.2 avg Irregular

1b) max > 1.4 avg Irregular

H o rizo n tal Structural Irre gu larity   H o rizo n tal Structural Irre gu larity   
2 )  Re2 )  Re --e n tran t Co rn e r Irre gu laritye n tran t Co rn e r Irre gu larity

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Irregularity exists if px > 0.15Lx and py > 0.15Ly
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H o rizo n tal Structural Irre gu larity   H o rizo n tal Structural Irre gu larity   
3)  Diaphragm  Disco n tin u ity Irre gu larity3 )  Diaphragm  Disco n tin u ity Irre gu larity

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Irregularity exists if open area > 0.5 times floor 

area OR if effective diaphragm stiffness varies 

by more than 50% from one story to the next.

H o rizo n tal Structural Irre gu larity   H o rizo n tal Structural Irre gu larity   
4 )  Out o f Plan e  Offse ts4 )  Out o f Plan e  Offse ts

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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H o rizo n tal Structural Irre gu larity   H o rizo n tal Structural Irre gu larity   
5)  No n  Paralle l Sys te m s  Irre gu larity5)  No n  Paralle l Sys te m s  Irre gu larity

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Nonparallel System Irregularity exists when the 

vertical lateral force resisting elements are not 

parallel to or symmetric about the major orthogonal 

axes of the seismic force resisting system.

Ve rtical Structural Irre gu larity    Ve rtical Structural Irre gu larity    
1a)   & 1b)  Stiffn e s s  (So ft Sto re y)  Irre gu larity1a)   & 1b)  Stiffn e s s  (So ft Sto re y)  Irre gu larity

Irregularity (1a) exists if stiffness of any story 

is less than 70% of the stiffness of the story 

above or less than 80% of the average

Exception: Irregularity does not exist if

above or less than 80% of the average 

stiffness of the three stories above.

An extreme irregularity (1b) exists if stiffness 

of any story is less than 60% of the stiffness 

of the story above or less than 70% of the 

average stiffness of the three stories above.

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Exception: Irregularity does not exist if 

no story drift ratio is greater than 1.3 

times drift ratio of story above.

Irregularity 1b is NOT PERMITTED in 

SDC E or F.
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Ve rtical Structural Irre gu larity    Ve rtical Structural Irre gu larity    
2 )  W e ight (Mass )  Irre gu larity2 )  W e ight (Mass )  Irre gu larity

Irregularity exists if the effective 

mass of any story is more than 150%

Exception: Irregularity does not

of the effective mass of an adjacent 

story.

A roof that is lighter than the floor 

before need not be considered.

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Exception: Irregularity does not 

exist if no story drift ratio is 

greater than 1.3 times drift ratio 

of story above.

Ve rtical Structural Irre gu larity    Ve rtical Structural Irre gu larity    
3 )  Ve rtical Ge o m e tric Irre gu larity3 )  Ve rtical Ge o m e tric Irre gu larity

Irregularity exists if the dimension 

of the lateral force resisting 

system at any story is more than 

130% of that for any adjacent 

story

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

story.
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Ve rtical Structural Irre gu larity    Ve rtical Structural Irre gu larity    
4 )  In4 )  In --plan e  Disco n tin u ity Irre gu larityplan e  Disco n tin u ity Irre gu larity

Irregularity exists if the offset is g y

greater than the width (d) or there 

exists a reduction in stiffness of 

the story below.

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Ve rtical Structural Irre gu larity    Ve rtical Structural Irre gu larity    
5)  Capacity (W e ak5)  Capacity (W e ak--Sto re y)  Irre gu laritySto re y)  Irre gu larity

a) Irregularity exists if the lateral 

strength of any story is less than 80%strength of any story is less than 80%

of the strength of the story above.

b) An extreme irregularity exists If the 

lateral strength of any story is less than 

65% of the strength of the story above. 

(FEMA 450)

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Irregularities (a) and (b) are 

NOT PERMITTED in SDC E or 

F. Irregularity (b) not permitted 

in SDC D.
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7. Diaphragm  Fle xibility7. Diaphragm  Fle xibility

Diaphragms must be considered as semiDiaphragms must be considered as semi--rigid rigid 

unless they can be classified as unless they can be classified as FLEXIBLEFLEXIBLE or or 

RIGIDRIGID..
�� Untopped steel decking and untopped wood structural Untopped steel decking and untopped wood structural 

panels are considered panels are considered FLEXIBLEFLEXIBLE if the vertical seismic force if the vertical seismic force 

resisting systems are steel or composite braced frames or are resisting systems are steel or composite braced frames or are 

shear walls.shear walls.

�� Diaphragms in oneDiaphragms in one-- and twoand two--family residential buildings mayfamily residential buildings may

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Diaphragms in oneDiaphragms in one and twoand two family residential buildings may family residential buildings may 

be considered be considered FLEXIBLEFLEXIBLE..

�� Concrete slab or concrete filled metal deck diaphragms are Concrete slab or concrete filled metal deck diaphragms are 

considered considered RIGIDRIGID if the width to depth ratio of the diaphragm if the width to depth ratio of the diaphragm 

is less than 3 and if no horizontal irregularities existis less than 3 and if no horizontal irregularities exist..

Rigid ve rsus  Fle xible  Diaphragm sRigid ve rsus  Fle xible  Diaphragm s

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Based on lateral stiffness ratios Based on tributary area ratios
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Diaphragm  Fle xibilityDiaphragm  Fle xibility

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Diagram taken from ASCE 7-05

8 . Re dun dan cy facto r (8 . Re dun dan cy facto r ())

�� Seismic Design Categories Seismic Design Categories A, B, CA, B, C  = 1.0= 1.0

�� Seismic Design Categories Seismic Design Categories D, E, FD, E, F compute compute ii

for each storey and use the maximum:for each storey and use the maximum:

ii = 2 = 2 –– 6.1/r6.1/rmax,imax,i√A√Aii

AAii = the floor area in m= the floor area in m22 of the diaphragm level of the diaphragm level 

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

immediately above the story in considerationimmediately above the story in consideration

rrii = the ratio of the design story shear resisted = the ratio of the design story shear resisted 

by the most heavily loaded element to the total by the most heavily loaded element to the total 

story shear for a given direction of loading.story shear for a given direction of loading.
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Structural Structural 

systemsystem
rrii

Braced Braced 

framesframes

Lateral load in the heavily loaded Lateral load in the heavily loaded 

brace/story shearbrace/story shear

MomentMoment Shear in t o adjacent col mns/stor shearShear in t o adjacent col mns/stor shearMoment Moment 

framesframes

Shear in two adjacent columns/story shear.Shear in two adjacent columns/story shear.

In two bay frames multiply columns shear In two bay frames multiply columns shear 

by 0.7by 0.7

Shear wallsShear walls Wall shear x 3.3/LWall shear x 3.3/Lww

Dual Dual 

tt

Multiply calculated Multiply calculated  for all elements by for all elements by 

80% d i80% d i

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

systemssystems 80% and use maximum80% and use maximum

 shall not be less than 1.0 and need not exceed 1.5

Special moment resisting frames need to be arranged in away  

such that = 1.2 for SDC D and = 1.1 for SDC E & F

9 . Late ral Fo rce  An alys is  Pro ce dure9 . Late ral Fo rce  An alys is  Pro ce dure

�� The equivalent lateral force (ELF) method is The equivalent lateral force (ELF) method is 
allowed for all buildings in SDC B and C It isallowed for all buildings in SDC B and C It isallowed for all buildings in SDC B and C. It is allowed for all buildings in SDC B and C. It is 
allowed in all SDC D, E, and F buildings allowed in all SDC D, E, and F buildings 
EXCEPT:EXCEPT:
–– Any structure with Any structure with T > 3.5 TT > 3.5 Tss

–– Structures with Structures with T < 3.5 TT < 3.5 Tss and with Plan Irregularity and with Plan Irregularity 1a 1a 
or 1bor 1b or Vertical Irregularity or Vertical Irregularity 1, 2 or 31, 2 or 3..

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

When the ELF procedure is not allowed, analysis 

must be performed by the response spectrum 

analysis procedure or by the linear (or nonlinear) 

response history analysis procedure.

FEMA 450
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9 .1 Min im um  Late ral Fo rce9 .1 Min im um  Late ral Fo rce

�� Allowed for structures in SDC Allowed for structures in SDC AA

P id l t l f i ti t d i tP id l t l f i ti t d i t�� Provide lateral force resisting system design to Provide lateral force resisting system design to 

resist Fresist Fii applied at each floor levelapplied at each floor level

FFii = 0.01 w= 0.01 wii

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

FFii = design lateral force applied at each floor= design lateral force applied at each floor

wwii = portion of the total effective seismic gravity = portion of the total effective seismic gravity 

load of the structure, W, assigned to level ‘i’load of the structure, W, assigned to level ‘i’

9 .2  Sim plifie d An alys is  Pro ce dure9 .2  Sim plifie d An alys is  Pro ce dure

�� Allowed in the following cases:Allowed in the following cases:

Seismic use group ISeismic use group I–– Seismic use group ISeismic use group I

–– Light frame building for up to three storiesLight frame building for up to three stories

–– Two story buildingsTwo story buildings

�� The total design base shear, V, is given as:The total design base shear, V, is given as:

V = 1 2SV = 1 2SDSDSW/RW/R
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V = 1.2SV = 1.2SDSDSW/RW/R

W = Total effective seismic gravity load of the structureW = Total effective seismic gravity load of the structure

SSDSDS = Design spectral acceleration for short period= Design spectral acceleration for short period

R = Response modification factorR = Response modification factor
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9 .2  Sim plifie d An alys is  Pro ce dure9 .2  Sim plifie d An alys is  Pro ce dure

FFii = 1.2S= 1.2SDSDSwwii/R/R

ww portion of the total effective seismic gravity load of theportion of the total effective seismic gravity load of thewwii = portion of the total effective seismic gravity load of the = portion of the total effective seismic gravity load of the 

structure, W, assigned to level ‘i’structure, W, assigned to level ‘i’

F2

F3

w2

w3

Design Drift: unless exact 
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F1

w1

V

analysis is provided, 1% of the 

storey height shall be assigned as 

relative inter-storey drift

9 .3  Equivale n t Late ral Fo rce  9 .3  Equivale n t Late ral Fo rce  

Pro ce dure  (ELF)Pro ce dure  (ELF)

:ShearBaseDesignSeismic

1

0440

Si hSdFESDCiSF

S
T.R

I
C

S.I.C

            S
R

I
C

Where    ;    WCV

:ShearBase Design Seismic

D

n

E
max,s

DSEmin,s

DS
E

s

sB







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D


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Effe ctive  Se ism ic W e ight, WEffe ctive  Se ism ic W e ight, W

�� All Structural and nonstructural elements (Total All Structural and nonstructural elements (Total 

dead load)dead load)dead load)dead load)

�� 25% of the reduced storage live load, except in 25% of the reduced storage live load, except in 

open parking structures and public garages it open parking structures and public garages it 

need not be considered.need not be considered.

�� 500 N/m500 N/m22 minimum partition allowance minimum partition allowance 

T t l i ht f t i tT t l i ht f t i t

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

�� Total weight of permanent equipments Total weight of permanent equipments 

�� 20% of snow load when “flat roof” snow load 20% of snow load when “flat roof” snow load 

exceeds 1.44 kN/mexceeds 1.44 kN/m22

Appro xim ate  Pe rio d o f Vibratio n , TAppro xim ate  Pe rio d o f Vibratio n , Tnn

Tn = Ct (hn)3/4

Ct = 0.085 for steel moment frames

Ct = 0.073 for concrete moment frames and steel  

eccentrically braced frames

Ct = 0.049 for all other buildings

T 0 1 N

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Tn = 0.1 N

Buildings ONLY: For moment frames < 12 stories in 

height, minimum story height of 3 m. N = number of 

stories.
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W hat to  use  as  the  he ight abo ve  the  W hat to  use  as  the  he ight abo ve  the  

base  o f the  bu ildin g?base  o f the  bu ildin g?
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When in doubt use the lower (reasonable) value of hn

10 . Dis tributio n  o f Fo rce s  alo n g 10 . Dis tributio n  o f Fo rce s  alo n g 

H e ightH e ight

 VCF






n
k

k
xx

vx

Bvxx

h

hw
C

VCF
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
i

k
iihw

1
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kk Acco un t fo r H ighe r Mo de  Effe ctsAcco un t fo r H ighe r Mo de  Effe cts
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11. To rs io n al Effe cts11. To rs io n al Effe cts

ALLALL Induce inherent and accidental Induce inherent and accidental 

torsion effectstorsion effects

BB Ignore torsional amplificationIgnore torsional amplification

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

CC, , D, E, FD, E, F Include torsional amplificationInclude torsional amplification

where Type 1a or 1b irregularitywhere Type 1a or 1b irregularity

existsexists
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Accide n tal To rs io nAccide n tal To rs io n
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Uncertainty in the location of center 

of mass and center of rigidity

Am plificatio n  to  Accide n tal To rs io nAm plificatio n  to  Accide n tal To rs io n

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

03
21

2

.
.

A
avg

max
x 













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W hy Am plifyin g Accide n tal To rs io n ?W hy Am plifyin g Accide n tal To rs io n ?

Center of 

rigidity
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12 . Ortho go n al Lo ad Effe cts12 . Ortho go n al Lo ad Effe cts

�� Earthquake can produce inertia forces in any Earthquake can produce inertia forces in any 

directiondirectiondirectiondirection

�� Structures should be investigated for forces that Structures should be investigated for forces that 

act in the direction that causes the “critical load act in the direction that causes the “critical load 

effect”effect”

�� Since this direction is not easily defined, seismic Since this direction is not easily defined, seismic 

codes allow loading the structure with 100% ofcodes allow loading the structure with 100% of

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

codes allow loading the structure with 100% of codes allow loading the structure with 100% of 

the seismic force in one direction and 30% of the the seismic force in one direction and 30% of the 

force acting in the orthogonal direction.force acting in the orthogonal direction.
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Ortho go n al Lo ad Effe cts , QOrtho go n al Lo ad Effe cts , QEE

A li bl t S D C C D E d F

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

� Applicable to S.D.C. C, D, E, and F

� Affect primarily column, especially 

corner columns

No n sym m e trical Bu ildin g Exam pleNo n sym m e trical Bu ildin g Exam ple

Orthogonal loading effects 

and accidental torsionand accidental torsion
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14 . Bas ic Lo ad Co m bin atio n s14 . Bas ic Lo ad Co m bin atio n s

U = 1.2D + 1.0E + 0.5L + 0.2SU = 1.2D + 1.0E + 0.5L + 0.2S

U = 0.9D + 1.0EU = 0.9D + 1.0E

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Note: Note: 1.0L1.0L instead of instead of 0.5L0.5L may be used when may be used when 

LLoo≥ 4.79 kN/m≥ 4.79 kN/m22 or in case of public assembly or or in case of public assembly or 

parking garages.parking garages.

Co m bin atio n  o f Lo ad Effe ctsCo m bin atio n  o f Lo ad Effe cts

In load combinations, substitute the following for In load combinations, substitute the following for 

earthquake effect E:earthquake effect E:

DS.E         QE

EEE            

DSvEh

vh

20



earthquake effect, E:earthquake effect, E:

Resulting load combinations:Resulting load combinations:
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gg

E

EDS

QD

SLQDS







)0.2S-(0.9U

2.05.0)2.0(1.2 U

DS
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Maxim um  Se ism ic Lo ad Effe ctMaxim um  Se ism ic Lo ad Effe ct

�� Special combination for special members Special combination for special members 

requires by the code:requires by the code:requires by the code:requires by the code:

DS.E         QE

EEE            

DSvEomh

vmh

20



Resulting load combinations:Resulting load combinations:
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gg

Eo

EoDS

QD

SLQDS




)0.2S-(0.9U

2.05.0)2.0(1.2 U

DS

Spe cial Me m be rsSpe cial Me m be rs
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15. Sto re y Drift15. Sto re y Drift

Drift reported by analysis 

with strength level forces:

h

I
    e

e




Inelastic Drift (amplified drift):
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Inelastic Drift (amplified drift):









1

-P

edC

Drift computed at center of mass of story

Drift Lim itsDrift Lim its

BuildingBuilding Seismic Use GroupSeismic Use Group

II IIII IIIIII

Structures other than masonryStructures other than masonry

4 stories or less with system4 stories or less with system

Designed to accommodate driftDesigned to accommodate drift

0.025h0.025hsxsx 0.020h0.020hsxsx 0.015h0.015hsxsx

Masonry cantilever shear wall buildingsMasonry cantilever shear wall buildings 0.010h0.010hsxsx 0.010h0.010hsxsx 0.010h0.010hsxsx

Other masonry shear wall buildingsOther masonry shear wall buildings 0.007h0.007hsxsx 0.007h0.007hsxsx 0.007h0.007hsxsx
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Masonry wall frame buildingsMasonry wall frame buildings 0.013h0.013hsxsx 0.013h0.013hsxsx 0.010h0.010hsxsx

All other buildingsAll other buildings 0.020h0.020hsxsx 0.015h0.015hsxsx 0.010h0.010hsxsx

hsx is the story height below level x
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15. Ove rturn in g15. Ove rturn in g

The overturning moment at level x: The overturning moment at level x: 

n





i

xiix )hh(FM
1

FFii = portion of V= portion of VBB induced at level induced at level ii

hhii and and hhxx are the heights from the base to levels are the heights from the base to levels ii and xand x

the overturning moment reduction factorthe overturning moment reduction factor
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 = the overturning moment reduction factor= the overturning moment reduction factor

= 1.0 for the top 10 stories

= 0.8 for the 20th storey from the top and below

= linear interpolation between 1.0 and 0.8 for the 

stories between the 10th and the 20th from top 

15. Bu ildin g Se paratio n  to  Avo id 15. Bu ildin g Se paratio n  to  Avo id 

Po un din gPo un din g

2

2

2

1 )()(    MMMT 

M1 M2
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MT
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15. P15. P–– De lta Effe ctsDe lta Effe cts
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With 

gravity 

loads

Without 

gravity 

loads

PP–– De lta Effe ctsDe lta Effe cts

For each story compute :For each story compute :y py p

Px = total vertical design load at story above level x

∆ = computed story design level drift (including Cd)

Vx = total shear in story

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

hsx = story height

If < 0.1, ignore P-delta effects



Dr. Hazim Dwairi

Hashemite University 32

PP–– De lta Effe ctsDe lta Effe cts

If If  > 0.1 then check:> 0.1 then check:

� where β is the ratio of the shear demand to the 

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

β
shear capacity of the story in question 

(effectively the inverse of the story overstrength). 

β may conservatively be taken as 1.0 [which 

gives, for example, max = 0.125 when Cd = 4].

PP–– De lta Effe ctsDe lta Effe cts

If If  > 0.1 and less than > 0.1 and less than maxmax::

M lti l ll t d l t f dM lti l ll t d l t f dMultiply all computed element forces and Multiply all computed element forces and 

displacements by: displacements by: 

Check drift limits using amplified drift
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Design for amplified forces

Note: P-delta effects may also be automatically 

included in the structural analysis. However, 

limit on θ still applies.
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Advan ce d Me tho ds  o f An alys isAdvan ce d Me tho ds  o f An alys isAdvan ce d Me tho ds  o f An alys isAdvan ce d Me tho ds  o f An alys is

1. Mo dal re spo n se  spe ctrum  an alys is1. Mo dal re spo n se  spe ctrum  an alys is

2 . Tim e2 . Tim e --h is to ry an alys ish is to ry an alys is

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Mo dal Re spo n se  Spe ctrum  An alys isMo dal Re spo n se  Spe ctrum  An alys is

1.1. Compute modal properties for each modeCompute modal properties for each mode
–– Frequency (period)Frequency (period)–– Frequency (period)Frequency (period)

–– ShapeShape

–– Modal participation factorModal participation factor

–– Effective modal massEffective modal mass

2.2. Determine number of modes to use in analysis.Determine number of modes to use in analysis.

Use a sufficient number of modes to capture at Use a sufficient number of modes to capture at 
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least 90% of total mass in each directionleast 90% of total mass in each direction

3.3. Using general spectrum (or compatible ground Using general spectrum (or compatible ground 
motion spectrum) compute spectral motion spectrum) compute spectral 
accelerations for each contributing mode.accelerations for each contributing mode.
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Mo dal Re spo n se  Spe ctrum  An alys isMo dal Re spo n se  Spe ctrum  An alys is

4.4. Multiply spectral accelerations by modal Multiply spectral accelerations by modal 

participation factor and by (I/R)participation factor and by (I/R)participation factor and by (I/R)participation factor and by (I/R)

5.5. Compute modal displacements for each mode Compute modal displacements for each mode 

6.6. Compute element forces in each modeCompute element forces in each mode

7.7. Statistically combine (SRSS or CQC) modal Statistically combine (SRSS or CQC) modal 

displacements to determine system displacements to determine system 

di l tdi l t

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

displacementsdisplacements

8.8. Statistically combine (SRSS or CQC) Statistically combine (SRSS or CQC) 

component forces to determine design forcescomponent forces to determine design forces

Mo dal Re spo n se  Spe ctrum  An alys isMo dal Re spo n se  Spe ctrum  An alys is

9.9. If the design base shear based on modal If the design base shear based on modal 
analysis is less than 85% of the base shearanalysis is less than 85% of the base shearanalysis is less than 85% of the base shear analysis is less than 85% of the base shear 
computed using ELF (and T = Tcomputed using ELF (and T = TaaCCuu), the ), the 
member forces resulting from the modal member forces resulting from the modal 
analysis and combination of modes must be analysis and combination of modes must be 
scaled such that the base shear equals 0.85 scaled such that the base shear equals 0.85 
times the ELF base shear.times the ELF base shear.

1010 Add accidental torsion as a static loading andAdd accidental torsion as a static loading and
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10.10.Add accidental torsion as a static loading and Add accidental torsion as a static loading and 
amplify if necessary.amplify if necessary.

11.11.For determining drift, multiply the results of the For determining drift, multiply the results of the 
modal analysis (including the I/R scaling but not modal analysis (including the I/R scaling but not 
the 85% scaling) by Cthe 85% scaling) by Cdd/I./I.
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An alytical Mo de lin g fo r Mo dal An alytical Mo de lin g fo r Mo dal 

Re spo n se  Spe ctrum  An alys isRe spo n se  Spe ctrum  An alys is

�� Use threeUse three--dimensional analysisdimensional analysis

�� For concrete structures, include effect of crackingFor concrete structures, include effect of crackingFor concrete structures, include effect of crackingFor concrete structures, include effect of cracking

�� For steel structures, include panel zone deformationsFor steel structures, include panel zone deformations

�� Include flexibility of foundation if well enough definedInclude flexibility of foundation if well enough defined

�� Include actual flexibility of diaphragm if well enough Include actual flexibility of diaphragm if well enough 
defineddefined

�� Include PInclude P--delta effects in analysis if program has the delta effects in analysis if program has the 
capabilitycapability
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capabilitycapability

�� Do not try to include accidental torsion by movement of Do not try to include accidental torsion by movement of 
center of mass center of mass 

�� Include orthogonal load effects by running the fill 100% Include orthogonal load effects by running the fill 100% 
spectrum in each direction, and then SRSSing the spectrum in each direction, and then SRSSing the 
results.results.

Tim eTim e --h is to ry An alys ish is to ry An alys is

�� Follow procedures given in previous slides for Follow procedures given in previous slides for 

modeling structure When using modal responsemodeling structure When using modal responsemodeling structure. When using modal response modeling structure. When using modal response 

history analysis, use enough modes to capture history analysis, use enough modes to capture 

90% of the mass of the structure in each of the 90% of the mass of the structure in each of the 

two orthogonal directions.two orthogonal directions.

�� Include accidental torsion (and amplification, if Include accidental torsion (and amplification, if 

necessary) as additional static load conditionsnecessary) as additional static load conditions
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necessary) as additional static load conditions.necessary) as additional static load conditions.

�� Perform orthogonal loading by applying the full Perform orthogonal loading by applying the full 

recorded orthogonal horizontal ground motion recorded orthogonal horizontal ground motion 

simultaneous with the principal direction motion.simultaneous with the principal direction motion.
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Tim eTim e --h is to ry An alys ish is to ry An alys is

�� Ground motions must have magnitude, fault Ground motions must have magnitude, fault 

mechanism and fault distance consistent withmechanism and fault distance consistent withmechanism, and fault distance consistent with mechanism, and fault distance consistent with 

the site and must be representative of the the site and must be representative of the 

maximum considered ground motionmaximum considered ground motion

�� Where the required number of motions are not Where the required number of motions are not 

available simulated motions (or modified available simulated motions (or modified 

motions) may be usedmotions) may be used
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motions) may be usedmotions) may be used

A suite of not less than three ground 

motions shall be used.
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Ve rtical Irre gu larity Type  1Ve rtical Irre gu larity Type  1

•• A fiveA five--story concrete special momentstory concrete special moment--resisting resisting 

frame is shown below The specified lateralframe is shown below The specified lateralframe is shown below. The specified lateral frame is shown below. The specified lateral 

forces forces FFxx has been applied and the has been applied and the 

corresponding floor level displacements corresponding floor level displacements xx at the at the 

floor center of mass have been floor center of mass have been found and are found and are 

shown belowshown below

•• Determine if a Type 1 vertical irregularityDetermine if a Type 1 vertical irregularity——Determine if a Type 1 vertical irregularityDetermine if a Type 1 vertical irregularity

stiffness irregularitystiffness irregularity--soft storysoft story——exists in the exists in the 

first story.first story.
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Ve rtical Irre gu larity Type  1Ve rtical Irre gu larity Type  1

51.31 mm

3m

44.45 mm

36.83 mm

27.43 mm

3m

3m

3m
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18.03 mm

3.65m
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Ve rtical Irre gu larity Type  1Ve rtical Irre gu larity Type  1

•• To determine if this is a Type 1 vertical To determine if this is a Type 1 vertical 

irregularityirregularity——stiffness irregularitystiffness irregularity--soft soft 

storystory here are two tests:here are two tests:storystory——here are two tests:here are two tests:

1.1. The story stiffness is less than 70 percent of The story stiffness is less than 70 percent of 

that of the story above.that of the story above.

2.2. The story stiffness is less than 80 percent of The story stiffness is less than 80 percent of 

the average stiffness of the three stories above.the average stiffness of the three stories above.

f ff f ff ff f f•• If the stiffness of the story meets at least one of the If the stiffness of the story meets at least one of the 

above two criteria, the structure is considered to have a above two criteria, the structure is considered to have a 

soft story, and a dynamic analysis is generally required soft story, and a dynamic analysis is generally required 

under under §§1629.8.4 Item 2, unless the irregular structure is 1629.8.4 Item 2, unless the irregular structure is 

not more than five stories or 20not more than five stories or 20--m in heightm in height
Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Ve rtical Irre gu larity Type  1Ve rtical Irre gu larity Type  1

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Ve rtical Irre gu larity Type  1Ve rtical Irre gu larity Type  1

(18.03 – 0 )

3650

0.00313
(27.43 – 18.03 )

3000

0.00313
(36.83 – 27.43 )

3000

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

0.00254
(44.45 – 36.83 )

3000

(0.00313 + 0.00313 + 0.00254 ) = 0.00293

Ve rtical Irre gu larity Type  1Ve rtical Irre gu larity Type  1

0.00313

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

0.00293
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Ve rtical Irre gu larity Type  1Ve rtical Irre gu larity Type  1

•• Typically in practice, the check must be done for Typically in practice, the check must be done for 

all storiesall storiesall stories.all stories.

Story Story Drift 0.7x (Story 0.8x (Story Avg. Story Drift Ratio Soft Story
Level Displacement Story Drift Ratio Drift Ratio) Drift Ratio) of Next 3 Stories Status

5 51.31 6.86 0.00229 0.00160 0.00183 ‐‐‐ No

4 44.45 7.62 0.00254 0.00178 0.00203 ‐‐‐ No

3 36.83 9.4 0.00313 0.00219 0.00251 ‐‐‐ No

2 27 43 9 4 0 00313 0 00219 0 00251 0 00265 N

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

2 27.43 9.4 0.00313 0.00219 0.00251 0.00265 No

1 18.03 18.03 0.00494 0.00346 0.00395 0.00294 Yes

Ve rtical Irre gu larity Type  2Ve rtical Irre gu larity Type  2

•• The fiveThe five--story special moment frame office building has story special moment frame office building has 

a heavy utility equipment installation at Level 2. Thisa heavy utility equipment installation at Level 2. Thisa heavy utility equipment installation at Level 2. This a heavy utility equipment installation at Level 2. This 

results in the floor weight distribution shown below:results in the floor weight distribution shown below:

W5 = 400 kN

W4 = 490 kN

W3 = 490 kN

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

W2 = 750 kN

W1 = 445 kN
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Ve rtical Irre gu larity Type  2Ve rtical Irre gu larity Type  2

1.5 x W1 = 1.5 (445) kN = 668 kN

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

1.5 x W3 = 1.5 (490) kN = 735 kN

W2 = 750 kN > 668 kN > 735 kN

Ve rtical Irre gu larity Type  3Ve rtical Irre gu larity Type  3

4 @ 7.5m = 30m

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Wesam
Rectangle

Wesam
Text Box
7.5m
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Ve rtical Irre gu larity Type  3Ve rtical Irre gu larity Type  3

30 m

22.5 m

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Ve rtical Irre gu larity Type  4Ve rtical Irre gu larity Type  4

3.65 m

3.65 m

3 @ 7.5m  = 22.5m

7 5

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

3.65 m

3.65 m

3.65 m

7.5 m

15 m
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Ve rtical Irre gu larity Type  4Ve rtical Irre gu larity Type  4

•• Columns under wall AColumns under wall A--B shall be designed for:B shall be designed for:

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Collector element B-C at 

level 2 shall be designed 

according to 1633.2.6

Plan  Irre gu larity Type  1Plan  Irre gu larity Type  1

33 4833mm 48mm

25mm 30mm

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Plan  Irre gu larity Type  1Plan  Irre gu larity Type  1

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

33 - 25 8 mm

48 - 30 18 mm

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

48 - 30 18 mm

8 + 18
13 mm

18

13
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48 mm

33 + 48
51 mm

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

51 mm

48

1.2 x 51
0.62 < 1.0

Re liability/ Re dun dan cy Facto rRe liability/ Re dun dan cy Facto r

i = 2 – 6.1/rmax,i√AB

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

m2
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5m 5m 5m

3.65m

3.65m

3.65m

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

3.65m

3.65m

Total Story Brace Force  Horizontal  ri = 
Story i Shear Vi (kN) Eh(kN) Component Fx (kN) Fx/Vi

1 4235 1215 972 0.230

2 3250 1300 1040 0 320

The following information is given:

2 3250 1300 1040 0.320

3 2300 500 400 0.174

4 1420 400 320 0.225

5 Not required above 2/3 height level

AB = 14.5m x 30.m = 435 m2, where 30m is the building width

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Fx = 4/5 Eh

rmax = 0.320 
 = 2 – 6.1 /(0.32 √435) = 1.09 
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7.5m 7.5m 7.5m

3.65m

3.65m

3.65m

3 65m

26kN

70kN

96kN

51kN

124kN

179kN

58kN

134kN

203kN

33kN

73kN

114kN

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

3.65m

3.65m

126kN

172kN

228kN

305kN

253kN

319kN

137kN

205kN

AB = 22.5m x 36.5m = 821.25 m2

Building first floor area:

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Story i Vi VA + 0.7VB 0.7VB + 0.7VC 0.7VC + VD ri
kN kN kN kN

1 1726 385.5 436.8 428.3 0.253

2 1361 285.6 336.7 314.1 0.247

3 1014 221.3 267.4 256.1 0.264

4 672 156.8 180.6 166.8 0.269

5 Not required above 2/3 height level

rmax = 0.269 

√

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

 = 2 – 6.1 /(0.269 √821.25) = 1.21 < 1.25 o.k.

3.0m 6.0m 6.0m 6.0m

3.65m

3.65m

3.65m

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

3.65m

3.65m
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AB = 21.5m x 36.5m = 784.75 m2

Eh is the wall shear Vw

For shear walls, ri is the maximum of (Vwi/Vi)(3.3/Lw)

The following information is given for the walls:

Story i Vi

Wall A‐B Wall C‐D‐E and C‐D

Vwi Lwi Vwi Lwi
(kN) (kN) (m) (kN) (m)

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

1 1615 152 3 411 12

2 1281 120 3 335 12

3 925 162 3 308 6

4 467 88 3 177 6

5 Not required above 2/3 height level

Story i Vi

Wall A‐B Wall C‐D‐E and C‐D
ri

(Vwi/Vi) (3.3/Lw) (Vwi/Vi) (3.3/Lw)
1 1615 0.104 0.070 0.104

2 1281 0.103 0.072 0.103

3 925 0.193 0.183 0.193

4 467 0.207 0.208 0.208

5 Not required above 2/3 height level

rmax = 0.208 

√

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

 = 2 – 6.1 /(0.208 √784.75) = 0.953 < 1.0 

 USE  = 1.0
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PP--D Effe ctD Effe ct
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Ele m e n ts  Suppo rtin g Ele m e n ts  Suppo rtin g 

Disco n tin uo us  Sys te m sDisco n tin uo us  Sys te m s

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Ve rtical Irre gu laritie sVe rtical Irre gu laritie s
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Ve rtical Irre gu laritie sVe rtical Irre gu laritie s

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University

Sto ry DriftSto ry Drift

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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Sto ry Drift Lim itsSto ry Drift Lim its

Dr. Hazim DwairiDr. Hazim Dwairi The Hashemite UniversityThe Hashemite University
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The Hashemite University
Department of Civil Engineering

Introduction to Earthquake EngineeringIntroduction to Earthquake Engineering

Equivalent Lateral Force Equivalent Lateral Force 
According to UBCAccording to UBC--9797

Introduction to Earthquake EngineeringIntroduction to Earthquake Engineering

Intro. To EQ Eng.

Dr. Hazim Dwairi

Dr. Hazim Dwairi The Hashemite University

Simplifies Equivalent Lateral Force

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Equivalent Lateral Force 

• Applicable only for:

Regular & Irregular buildings in seismic zone1 
and normal occupancy building in zone 2A , 2B 

 Regular buildings 70m height or less.

Intro. To EQ Eng.

 Irregular buildings of 7 stories or 25m in 
height or less.

Dr. Hazim Dwairi The Hashemite University

Equivalent Lateral Force 

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

• Ft = 0.07 Ta VB

• Ft = 0.0 if Ta < 0.7 sec
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Equivalent Lateral Force 

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

lw : length of shear walls in first floor
Aw : Area of shear wall in first floor

Example 1

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Example 1

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Example 1

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Example 1

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Example 2

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Example 2

25m
6

6m x 0.4m

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

35m

Example 2

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Example 2

floor Wi hi Fx (kN)

1 8750 3 319.7

2 8750 6 639.3

3 8750 9 959

4 8750 12 1278.7

5 8750 15 1598.3

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

6 8750 18 1918

7 8750 21 2237.7

8 8125 24 2557.3
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The Hashemite University

Department of Civil Engineering

Introduction to Earthquake EngineeringIntroduction to Earthquake Engineering

Structural W allsStructural W alls

(She ar W alls )(She ar W alls )

Introduction to Earthquake EngineeringIntroduction to Earthquake Engineering

Intro. To EQ Eng.

Dr. Hazim Dwairi

Dr. Hazim Dwairi The Hashemite University

Structural Walls

• Also known as Shear Walls .
T “ h ” f t hi t i l ti h• Term “shear” refers to historical perspective on how 
such walls behave.

• It also can be designed to behave as flexural walls.
• For buildings up to 20 stories , the use of structural 
walls is a matter of choice.

Intro. To EQ Eng.

• For buildings over 30 stories , structural walls may 
become imperative from the point of view of 
economy and deflection control.

Dr. Hazim Dwairi The Hashemite University
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Structural Walls

• Building braced by structural walls are stiffer than framed 
structures , which reduces the possibility of excessivestructures , which reduces the possibility of excessive 
deformations under small EQs.

• Necessary strength to avoid structural damage under 
moderate EQs can be achieved by properly detailed 
longitudinal & transverse reinforcement. Durable ductile 
response can be achieved under major EQs.

• The position of structural walls within a building are usually

Intro. To EQ Eng.

The position of structural walls within a building are usually 
dictated by functional requirements . These may or may not 
suit structural planning .

• Building sites , architectural interests , or clients desires may 
position wall in undesirable location .

Dr. Hazim Dwairi The Hashemite University

Layout Distribution
• Torsionally Unstable :

• Torsionally Stable:

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Common wall section
“top view”

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Vertical Variation & Coupling Of 
Walls

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Vertical Variation & Coupling Of 
Walls

• Optimized Design :

• Coupling Of Walls :

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Vertical Variation & Coupling Of 
Walls

It k F• It works as a Frame .

• “ Weak Beam , Strong Col “

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Distribution of story inertia forces 
between walls

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Distribution of story inertia forces 
between walls

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Distribution of story inertia forces 
between walls

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Effect of Eccentricity

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Effect of Eccentricity

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Effect of Eccentricity

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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General Case

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

General Case

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Wall Flexural Stiffness

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Example

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University



Hashemite University

Dr. Hazim Dwairi 10

Example

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Example

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Example

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

Example

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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Example

Wall 1 2 3 4 5

Xi 6 18 12 0 24

Yi 12 12 0 6 6Yi 12 12 0 6 6

1 1 3.5 0 0

0 0 0 1 1

‐7.6 ‐7.6 4.4 ‐ ‐

‐ ‐ ‐ 12 ‐12

57.76 57.76 19.36 ‐ ‐

‐ ‐ ‐ 144 144

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University

144 144

Example

Intro. To EQ Eng.Dr. Hazim Dwairi The Hashemite University
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x- and y- EQ Forces
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