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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 USS 10 billion. However the
estimated losses between 2000-2010 are in excess of
USS 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.
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Number of EQs worldwide (2000-
2012)

Magnitude 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
80t 9.9 1 1 0 1 2 1 2 4 0 1 1 1 2
70to7.9 14 15 13 14 14 10 9 14 12 16 23 19 12
60t06.9 146 121 127 140 141 140/ 142 178 168 144 150 185 108

50t059| 1344 1224 1201 1203 1515 1693| 1712 2074 1768 1896 2209 2276 1401
40t04.9| 8008 7991 8541 8462 10888 13917|12838 12078 12291 6805 10164 13315 9534
3.0to3.9| 4827 6266 7068 7624 7932 9191| 9990 9889 11735 2905 4341 2791| 2453
20t0 29| 3765 4164 6419 7727 6316 4636 4027 3597 3860 3014 4626 3643 3111
1.0to 1.9| 1026, 944 1137| 2506, 1344 26 18 42 21 26 39 47 43
0.1t0 0.9 5 1 10 134 103 0 2 2 0 1 0 1 0

No Magnitude| 3120 2807 2938 3608 2939 864 828 1807 1922 17 24 11 3
Total 22256 23534 2745431419, 31194 30478 29568 29685 31777 14825 21577 * 22289/ 16667

Estimated|  231/21357 | 1685 33819 228802 88003 6605 712 88011 1790 320120 21953 768
Deaths
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Major Earthquakes (2000-2010)

Popular name

Japan
earthquake

Haiti
earthquake

Sichuan
earthquake

Java
earthquake

Kashmir
earthquake

South Asian
tsunami

Bam
earthquake

Gujurat
earthquake

Dr. Hazim Dwairi

Main countries

affected

Japan

Haiti

Indonesia

Pakistan

Indonesia, Sri
Lanka, India,
Thailand,
Malaysia,
Maldives,
Myanmar

Iran

India

Date of Type of Total

event hazard deaths

EQ and

11/5/2011 tsunami

5,178

12/1/2010 EQ 222,570

12/5/2008 EQ 87,476

27/5/2006 EQ 5,778

8/10/2005 EQ 73,338

EQ and

26/12/2004 tsunami

226,408

26/12/2003 EQ 26,796

26/1/2001 EQ 20,005

The Hashemite University

Total

number of number of

affected

N/A

3,400,000

45,976,596

3,177,928

5,128,000

2,321,700

267,628

6,321,812

Total
damages
uss

85 billion

3.1 billion

5.2 billion

9.2 billion

500 million

2.6 billion
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Global Seismic Hazard Map
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Major Tectonic Plates
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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?

Intro. To EQ Eng.
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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 X VULNERABILITY

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Earthquake Potential Damage

e Ground Shaking

Bhuj, India 2001

Loma Prieta, CA 1989
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Earthquake Potential Damage

e Ground Shaking

e

Pakistan 2005
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Earthquake Potential Damage

e Ground Shaking
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Earthquake Potential Damage

* Ground Shaking

Earthquake Potential Damage

e Ground Shaking
» Surface Rupture
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Earthquake Potential Damage

e Ground Shaking

* Surface Rupture
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Earthquake Potential Damage

e Ground Shaking
* Surface Rupture

Turkey.
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Earthquake Potential Damage

e Ground Shaking
 Surface Rupture
e Landslides

Pakistan 2005
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Earthquake Potential Damage

Ground Shaking

Surface Rupture
Landslides

Settlement & Liquefaction

g D Listan 2005
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Earthquake Potential Damage

Ea

. \'____,.

10/1/2014

10



Earthquake Potential Damage

Earthquake Pot

Ground Shaking
Surface Rupture
Landslides

Settlement & Liquefact

Izmit, Turkey 1999
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Earthquake Potential Damage

Ground Shaking
Surface Rupture
Landslides

Settlement &
Liquefaction

Tsunami

Dr. Hazim Dwairi The Hashemite University |

* Tsunamil * wave speed slows and
waves spread Its amplitude grows.

ntro. To EQ Eng.

What is Seismic Risk?

earthquake effect. Determined by
Reduced Through Seismic Design

Probability of the occurrence of damage
in a building when exposed to a particular

Man:

N

RISK = SEISMIC HAZARD x|VULNERABILITY

/

Probability of a potentially damaging earthquake
effect occurring at the site of planned construction
within its design life. Determined by Nature:
Cannot be Reduced.

Dr. Hazim Dwairi The Hashemite University
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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.

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

Dr. Hazim Dwairi
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Code-type zonation map

SYRIA

or 20—

* Official seismic zoning
map of Jordan (2005)

* UBC’97 based map.
* Courtesy of N. Armouti
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Code-type zonation map
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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 Intro. To EQ Eng.
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Historical Perspective of EQ Eng.
P e Farthquakes not explicitly considered
T
1 9260 e Structural survival tied to construction quality and
sound engineering fundamentals
® Lateral forces explicitly calculated
1920 ® Analogous to lateral loading due to wind
19 50_ ® Lateral force corresponds to a level of 0.1g (10% of]
building weight)
® Deflections generally not considered in design
1950- | ® Structural dynamics and response spectrum
1960 | e Significance of structural period on response
Dr. Hazim Dwairi The Hashemite University Ntro. 10 EWENG.

Historical Perspective of EQ Eng.
® Ductility concept was introduced
1960- | ® Prescriptive ductility requirements introduced to
1990 | building codes after 1971 San Fernando EQ
® Capacity design was introduced
® Capacity design more widespread
e Importance of displacement as primary design
1990 parameter gained prominence
current | © SEAOC publishes vision 2000 in 1996 laying out
tramework for PBSE
e SEAOC publishes first ‘Code-Based” PBSE
guidelines in 1999 blue book
DT N AV r——

10/1/2014
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Simple Design Criteria

* Choose an adequate load resisting system

e Maintain regularity in plan and elevation and
regularity of mass and stiffness distributions

e Ensure connection between structural elements
— Anchoring of reinforcement
— Use appropriate materials

e Avoid stress concentrations

e 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.
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Load Resisting Systems

(1) Moment Resisting Frames

Non braced once ally braced
D B R L R T T R R | T TR R T R

eccentrically braced eccentrically braced
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Load Resisting Systems

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

e Avoid stress concentrations

e Avoid pounding between buildings

» Adopt capacity design to control failure mode
* Damage potential of non-structural elements

1=
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Plan Regularity

N
28\
A

-

Torsional Vibration

Undesirable ,
Configurations

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

Preferred Configurations

Elevation Regularity

Preferred Configurations

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

Undesirable Configurations

11
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Elevation Regularity

Preferred Configurations Undesirable Configurations

foxs s e =
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Regularity in Elevation

e, A
Pakistan 2005

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Regularity in Elevation

Dr. Hazim Dwairi i Intro. To EQ Eng.

Elevation Regularity — Mass and Stiffness

Stiffness Irregularity Mass Irregularity

I
|

]
0 N N
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Soft-Storey Mechanism

Dr. Hazim Dwairi The Hashemite University
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Soft-Storey Mechanism

e ST 3
Pakistan 2005
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Soft-Storey Mechanism

The Hashemite University

Intro. To EQ Eng.
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Soft-Storey Mechanism

The Hashemite University
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Soft-Storey Mechanism

The Hashemite University

Intro. To EQ Eng.

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 Intro. To EQ Eng.

Poor Connection

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

The Hashemite University

Intro. To EQ Eng.
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Inappropriate Detailing

The Hashemite University
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Inappropriate Detailing

Dr. Hazim Dwairi The Hashemite University
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Inappropriate Detailing

Pakistan 2005

Dr. Hazim Dwairi The Hashemite Uiversity
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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

&

|| Pakistan 2005
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Simple Design Criteria

* Choose an adequate load resisting system

e Maintain regularity in plan and elevation and
regularity of mass and stiffness distributions

* Ensure connection between structural elements

— Anchoring of reinforcement
— Use appropriate materials

e Avoid stress concentrations
e Avoid pounding between buildings

* Adopt capacity design to control failure mode
* Damage potential of non-structural elements

Dr. Hazim Dwairi The Hashemite University
L
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Capacity Design

/-——-S‘, g w¢o - S

Ideal Strength
of the
Strong Links

Dynamic

Magnification ~ OVerstrength
Factor

CAPACITY DESIGN

The Hashemite University

Dr. Hazim Dwairi
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—
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Capacity Design Mechanisms

Unacceptable Suitable Dulrabl;

DISSIPATING MECHA}

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

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Capacity Design Approach

Smple application o plastic analysis of anelement-wisebasis | the case of the

o oo .|

— beam shown at left:
Y M ) M,
b __ab ol 1+ preferred ductile
S~ Plutic Monen . .
; T e — _J mode of failure is
o = flexure, while brittle
Assumed Sructure  — shear failure is to be
avoided.

* 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. l
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Bad Design
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Bad Design
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Simple Design Criteria

* Choose an adequate load resisting system

— Anchoring of reinforcement
— Use appropriate materials

* Avoid stress concentrations
* Avoid pounding between buildings

Dr. Hazim Dwairi The Hashemite University
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e Maintain regularity in plan and elevation and
regularity of mass and stiffness distributions

e Ensure connection between structural elements

* Adopt capacity design to control failure mode
* Damage potential of non-structural elements

=]

Intro. To EQ Eng. |
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Non-structural Elements

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

Base Isolation

Building without seismic isolator Building with seismic isolator

Severs

4 horizontal
shaking} | 18 L motion

1

|
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‘ 1| |
Slow |1
] 1
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I

|

1

Transtormation
i
L, ‘o -
In the case without MRE In the case with MRB
Response Acceleration of Response Receleration of

% . ‘Suver%rrrcture ! Superstructure
e X

(oD

Ground Receleration

o 00 150 200(sec) 50 100 150 200(ec.),
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Base Isolation
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Tuned-Mass Damper

. Taipei, Taiwan (Wind Damper )

Intro. To EQ Eng.
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Hashemite University
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The Hashemite University
Department of Civil Engineering

Introduction to Earthquake Engineering

Seismology

Dr. Hazim Dwairi
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Introduction

* Earthquakes may result of a number of natural
and human-induced phenomena, including:
— Meteoric impact
— Volcanic activity
— Underground nuclear explosions

— Rock stress changes due to filling large human-made
reservoirs

— 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 Into. To EQ Eng
_— - ————
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Introduction

* Relative deformations
between plates may )
reach several meters =75
before faulting occur L &

* Typically, the boundaries ~ = 274,
of plates do not consist il
of simple single-fault
surfaces. _ ;

* Its worth noting, that Lo St Yo
fault system maps are j ;«\ Mo
incomplete, with new h:\.)\\’i:“
faults being discovered Y T
continuously. : 7

3

-
| Afitcan Plai

Dr. Hazim Dwairi The Hashemite Universit Into. To EQ Eng.
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Fault Movement

B
A
(a) Strike-slip fault (b) Normal-slip fault
(left slip), AB = strike-slip AB = dip-slip

(d) Left-oblique-slip fault

(c) Reverse slip fault

(Thrust or Subduction) AB = oblique slip
AB = reverse slip
Dr. Hazim Dwairi The Hashemite Universit Into. To EQ Eng.
_—
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Fault Rupture
Chi EQ, Taiwan, 1999, M = 7.1)

Terminology

Hypocenter or focus or source: the rupture
point within the earth crust.

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

Focal depth: distance between hypocenter
and epicenter.

Focal distance: distance between hypocenter
and any reference point.

Dr. Hazim Dwairi The Hashemite Universit:
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_— DV YV YV

Seismic Waves

* Energy releases by earthquake propagates by
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
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 Into. To EQ Eng.
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Body Waves

P wave

rl:amlsresslans—-b /
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wave direction

SV wave

M/HW
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L 'Navelength_' Double Amplitude

Dr. Hazim Dwairi The Hashemite Universit Into. To EQ Eng.
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Locating Epicenter

* P and S waves have different
velocitiesvyandv. PandS | ¥y = VFATf(ﬁ_l)
waves at a given site are
proportional to the focal Recording
distance x.. Stat'o: X

e

* Recording of the P-S time
interval (AT)at three or more ~ ~%
nonlinear stations enables

Xz
the positioning of the X3
epicenter.
Dr. Hazim Dwairi The Hashemite Universit Into. To EQ Eng.
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Surface Waves

* When body waves reach the ground surface they
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
reduces with depth from surface.

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

Dr. Hazim Dwairi The Hashemite Universit Into. To EQ Eng.
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Surface Waves

Love wave

e ; f-rif{r " "“wf sftf
1) 1 g )18
Rayleigh wave
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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.

The accepted relationship between energy release (E) and

Richter magnitude (M) is:
Log, E=11.4+1.5M

r. Hazim Dwairi The Hashemite Universit:

Magnitude and Potential Damage

Magnitude Potential Damage

< M5 Rarely cause significant structural damage

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

100 km?

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

area = 2000 km?2

M7 ~ M8 | Causes damage over an area of = 10,000 km2. Tangshan

Earthquake, China, 1976.

> M8 Great Earthquakes, capable of causing damage over area

of = 100,000 km?2. (Alaska 1964 & Chilea 1960)

Dr. Hazim Dwairi The Hashemite University Into. To EQ Eng
_— - ————
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Mercalli Scale

* Acceptable measure of intensity is Mercalli scale.

* Developed by Mercalliin 1902 and modified by Wood and
Neumannin 1931

MM | Not felt
MM I Felt by persons at rest on upper floors
MM I Felt in doors. Hanging objects swing. Vibration like

passing light trucks

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

v !
v

MM Xl Damage nearly total.
Dr. Hazim Dwairi The Hashemite University Into. To EQ Eng
Seismometers

* Basic principle:

— 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

— Mass is damped to prevent
continued oscillation This limits
the frequency response of the ~ Schematic of mechanical
seismometer seismometer

Dr. Hazim Dwairi The Hashemite Universit Into. To EQ En
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Strong Motion Seismometer

Designed to pickup strong, high-amplitude
shaking close to quake source. Insensitive to weak
shaking.

Record horizontal and vertical ground
accelerations

Giralp Systems Ltd

These seismometers
ground

optical

time-history record

The Hashemite Universit Into. To EQ Eng.

Acceleration (cmfsecisec)
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1995 Aqgaba EQ Accelerations

i FPeaK Ground Acceleration (FGA)

20+ Longitudinal
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T 1 1 1 1 I

100 +
] [EPPYPTTRIITY 1O SUNIPY RrYY
el AN iy
100 +
} 4 } } 4
100 + 7 )
Vertical
| wmwmm.m 4 \
AN oy
-100 ¢ } b b +
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Transverse
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Accelerograph Stations in Jordan-Palestine Area

2005 Earthquakes

000E P,

0'0"] 40°1'0E
Distribution of Earthquakes in Jordan and Adjacent Area (2005)

Legend
180, Jordan Seismological Dbservatory
® lessThand © Less_Thand @ Less ThanS NI, Nowr al Resources Authority

The Hashemite Universit:
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Remarks

* Influence of soil stiffness: soft soils tend to
modify 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.

* Geographical amplifications: steep ridges may
amplify strong motion records.

Dr. Hazim Dwairi The Hashemite University Into. To EQ Eng
_— - ————

Direction of
fracture

propagation Fault line

Extensive damage

No damage 50m

Dr. Hazim Dwairi The Hashemite Universit: Into. To EQ En
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Department of Civil Engineering

Introduction to Earthquake Engineering

Dynamics of Structures

(Linear Analysis)

Dr. Hazim Dwairi

B U U

Dr. Hazim Dwairi

The Hashemite University

Free Vibration

Rigid Diaphragm u(t)  Mass =m
ftt N k!

f(t) —>

=1
1
1
Kic|,” Ll kecl|,” = Kec
/
TR TR =

Sinqle—deqree—of—freedom—dsciIlator (SDOF)

K, = stiffness of column (1) = 12EI,/L3, K =Y k;, ¢ = damping factor
Equation of Motion (Newton second law):

Inertia Forces + Damping Forces + Restoring Forces = Applied Forces

. . . d’u
Forced Vibration : Free Vibration : ==
mii + cu + ku = f(t) mii+cu+ku=0 P

dt

Dr. Hazim Dwairi
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Natural Frequency

e 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
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.

o |
Dr. Hazim Dwairi The Hashemite University

Undamped Free Vibration

mii +ku=0
u0)=u, & u0)=v,

vO

u(t)=u,cosw,t+—-smn o,t

Where: @,
Natural circular frequency =, =\/k/m;(radians/sec)

2
Natural period =T, = —”;(sec)
@

n

1
Natural cyclic frequency= f, = =

Dr. Hazim Dwairi The Hashemite University

Dr. Hazim Dwairi



Hashemite University

Dr. Hazim Dwairi

Dr. Hazim Dwairi The Hashemite Universit: Intro. To EQ Eng.
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Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Undamped Free Vibration

u(t‘)‘ T, =2r/w,

§Amp|it/de
c 4 t

>

3 i | ¥
1
el e e DN 3 B AN AT R ] R 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/m?2. All columns are W 8 x 24 sections where |, = 34.3 x
10°m*and I,= 7.6 x106 m*. e
1.2m €4— Roof truss




Hashemite University

3
Themass lumped at the roof is : m= L 6x9x15x107 =8256.9kg

g 9.81
(a)N - S Direction :

9 -6
kNS=4(12EIxj:48><200><10 x343x10° o o

3 (4.5)°
o, = Jk/m =[3.61x10°/8256.9 = 21rad / sec
T, =2—ﬂ=0.3sec R =;=3.33Hz

(a)E -W Direction :
12EI ) 48x200x10° x7.6x10°°
keyw =4 5 |T 3
h (4.5)
w, = \/k/m = \/0.801 x10°/8256.9 =9.85rad / sec

T :2l20.64sec N :i:1.56Hz
[0 T

=0.801x10°N/m

n

n
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
""" ———— ||

Viscous Damped Free Vibration

wt

Exponential decay ¢~
mii + cii + ku = 0;divide bym:  \u(t) P ve

ii+2(§a)nu+a)fu:0 \\‘é-\/f_ \\ I/ \\ .
VA i

where: & =damping ratio

c c N\ f.—- N
= =— N

2mw, ¢

cr

c, =2mw, =2\km =2k/w,
For £<1:

Damped

+&au

o v .
u(t) =e*"'[u, cosw,t +—- "2 sin @, t]
o

D

o, = Damped Frequency= w,/1-&*

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
_—
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Forced Vlbratlon Support Excitation
u(t)

m
K, c % ‘ ” l ’ n
EQ
mii,  +ci+ku=0 Solution for this equation is

evaluated numerically.

m(ii +ii,)+cu+ku=0 Methods like Newmark’s or

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
_— 0

mii + ci + ku = —mii,, central difference are
typically used.

i +28@ 0+ o u = —ii

8

Response Spectrum

* Solve the equation of motion for a specific EQ
record for a range of SDOF oscillators with
various 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) s
Lv VA I\V/\V/\v/ t

EQ Displacement Time-History

T=1,2,3,...
£=5%, 10%..

Dr. Hazim Dwairi The Hashemite Universit: Intro. To EQ Eng.
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EL CENTRO,

SO0E COMPOMENT,

£ -0.4g HAY 18, 1940
Q-
gET
fie ¢
CET 04g T T
= o o 20
TIME, sec

Dr. Hazim Dwairi

Displacement Spectra — Tabas EQ, Iran

10
Y max
— i) **MM-'—‘-W—W
SBC e
-10 | 1
= op
2
T-1 2 o4 6.6
= S5&cC = Umagw = LB1 in.
L =0.02 Z-10 I \ T
= 10 b
[=)

=]

The Hashemite Universit

= "’P‘“WWW
.02 -10 LA
0 10 20

TIME, sec

DEFORMATION

150 (OR DISPLACEMENT)
RESPONSE spEcTRuE,/,—f’Ph
are =2 Pffifj:”/ ]

5t - il

a

-

o]
0 1 2 3

NATURAL VIBRATION PERIOD, T, sec

1976

Damping Ratios ¢ = 0%

0.2m
T=4s ¢

0.50
0%
0.40 {— 5%
10%
£ 03015
~ —_—20%
& 0.20
0.10 1
0.00 A

Dr. Hazim Dwairi

Dr. Hazim Dwairi

2.0 3.0 4.0

Period (sec)

The Hashemite Universit
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Velocity Spectra — Tabas EQ, Iran 1976
pseudo —velocity=S§ = w,S,
0.70
0.601 - oo
N 0.50- Damping Ratios | 0%
»
¥ 0.401 15%
é 0.301 20%
? 0.20 W/ﬂ\_q/////—ﬁ
0.107
0.00 - - . .
0.0 1.0 2.0 3.0 4.0 5.0
Period (sec)
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.

Acceleration Spectra — Tabas EQ, Iran
1976
pseudo — acceleration=S, = @S,
100
— 0%
80 1 — 5%
— Damping Ratios 10%
@ 60
£ o
< 40 20%
(7))
TN ]
0 T T T T
0.0 1.0 2.0 3.0 4.0 5.0
Peak Ground .
Acceleration (PGA) Period (sec)
Dr. Hazim Dwairi The Hashemite Universit Intro. To EQ Eng.
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Four-way logarithmic plot of El-
centro, 1940, response spectra

Limiting Elastic Response

* AsT, tends to zero, i.e., very-short-period or
extremely rigid: u(t) = 0; u(t)=0; () =i,

* As T, tend to infinity, i.e., very-long-period or
extremely flexible: u()~u,; u(t)=0; ii(t)=0

m m u=ug—

100 T
2, /& S R
N A ,‘\"‘Q 2
50 P & 4 L
> \:"@“ 2y
K DAMP ING
I°)
a2 20 +
'\: 4
: L]
= 10 /
£ /4 ~
o >/
g N |
W
=
. >< Ve
" 2
) ) hsengif
(\ paN e
=V i
A X/ NN
0.05 0.1 0.2 0.5 1
FREQUENCY, Hz
Dr. Hazim Dwairi The Hashemite Universit Intro. To EQ Eng.
""" ———— ||

(S o)
k— k—0
T-0 T—eo
o 2
Dr. Hazim Dwairi The Hashemite Universit Intro. To EQ Eng.
_—— ]
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“RES” Program Example

C:\HASHIM~1\Teaching\INTROT~ 1\Response\RES.EXE

Enter acc. file name

Tabas. tut

Reading record #1642

Delta-t = 0.0200

Enter number of steps: 50

Enter integration timesTep: 0.1

Enter the displacement, velocily and acceleration scale factors:

Do vou wish to override damping ratios to be used? (v or n): vy

How many different damping ratios would you like to use? 3 —

Input dampvall@]: [0.05 .

Input dampvallll: (0. B RS05.0AT - Notepad
Input dampvall2]:

Dr. Hazim Dwairi The Hashemite University

£ setumosignal - C1\Program | lesiSotamotofTiselumotignalAccedrrogras o.ChiCh_trane.dat
Fie Edt Wew Toou fwb
=l hRs O =« 4F eWe8 File Edit Format View Help
Baseine Comectan snd Fiterrg T 5SS | Foner snd Fose: Soecn | Bertcfsters: fesoonse Soecrs | fround Moson Faraestens | The chichi (Taiwan) earthguake
Time[s] accellg]
0.00 0.0036
0.01 0.00232
0.02 0.0005
0.03 -0.0015
0.04 -0.0032
0.05 —-0.0041
0.06 -0.0041
0.07 -0.0035
0.08 -0.0020
0.09 -0.0021
010 -0.0012
E . k- u » » @
___,_.-'-—'_"
x m X 2 N oW m oW
Ao wion TSy Acoeier aton: § Velooty: ariees oot
Dr. Hazim Dwairi The Hashemite University
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SeismoSignal Software Example

L8 Sefsmertipnal - C:irogram | lles\SeismaSaft SelsmosignalAccelrograms ChiChi tramy. dat

Fie St Ven ook ten

FE hhd Qo HI & B8

Baseie Cormecoon ansd Fitermg | Time Senes | Foureer and Power Soestra | |

Diclacement | Vekoot | Acosieraton | Paedodiebcy | Pascdo-dccsiersbon /N | Resmonse Tie4tstores |

Acceleration
Spectra

Damping
vallgs-j| et

e s g

Faapones Accesrtion ig|

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
_——««—~>

Example

* Determine the maximum %% Tabas Disp. Spectra
5%

. 0.0251 10%
displacement and base 5,01 e
shear for the industrial E 0.015;
. . . . 5 i E /_\——'
building in the previous ¢ %01°
. . 0.0057 0.64
example if excited by 0,000 = 103sec _ [004sec

Tabas record. (let § = 5%) 00 02 04 06 08 14
Period (sec)

N-S Direction: E-W Direction:

T,=0.3 sec —» S, =4mm T,=0.64 sec —» S, = 12mm

Viax = kKX Sg= (3.61 x 108)x(0.004) | V, . = k x S4= (0.801 x 10%)x(0.012)
=14.44 kN =9.61kN

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
_—— ]
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Multi-degree-of-freedom system
(MDOF)

n m, AUp
kn! Cn
m
j 1
K;, C3
my
2 m2 ........
n-DOF’s
kz’ C2 m1 .
1 m, > i Uy n-natural frequencies
n-mode shapes
RS
Dr. Hazim Dwairi . I The Hashemite Universit Intro. To EQ Eng.

Equation of Motion: MU +CU +KU=-M {14},
For n=3, i.e., 3 degree of freedom system
m 0 0| Cy o Cp o G || ki ko k|

0 my, O ||il,|+|Ca Cn Cyul||ly|+]|ky ky kyl|lu,|=

0 0 my||us Cy €y Cyy || Uy kyy o ks, kyy || us
/ e m 0 071
Lumped Damping Stiffness -0 m, 01}
mass matrix matrix matrix ¢
0 0 my||l

Free Vibration Solution:
Let: U=®sin awr
[K-ao’M]® =0.........Eq.(])
Kramer'’s rule:

Frequency Equation: ‘K - COZM‘ =0 et Determinant =0

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
""" ———— ||
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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.
Ri%i(‘j Beams

Total response of the structure is a combination of all

Dr. Hazim Dwairi

Dr. Hazim Dwairi

" y // ///
@J ;> > ,{

Mode Shape 1 Mode Shape 2 Mode Shape 3
(wq, Pq) (W, B,) (w3, ®3)

03 03

mode shapes with different percentages. About 90% to
95% of the response is contributed to by mode shape 1.

The Hashemite Universit Intro. To EQ Eng.

Mode Shapes for 3-DOF Structure

P
s [P
I
¢2"| ¢2_2 ¢2,_3 =
Node «— Node
Dyl P
MODE 1 MODE 2 MODE 3
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Modal Analysis

* Formulate the eigenvalue problem and solve to obtain natural
frequencies (»,) and mode shapes (¢,,)

* For each of the natural periods T,=2n/® enter the response
spectra and obtain the maximum modal responses, i.e., Sy, S,,
andS,.

* The modal displacementare: ~ {U _ +={g [ S,

* The displacement yielded from n-mode shapes are combined to
give total response using the square root of the square of sums

rule: .
{Umax} = z]: {Ui,max}

T
M {R
* Where I is the modal participation factor ' = 19, }T[ iR}
0./ [M1{g,}

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 maximum
displacements, max. storey forces, and max. base
shear and base moment using the SRSS.

m DOE-4 My =1N.s%m
3m K, m K, m, =2 N.s?/m
DOF-2  k, =12EI/L3 =25 N/m
3m ks ko k, = 12EI/L3 = 50 N/m
X R R R PR Use & = 5% for all modes

Dr. Hazim Dwairi
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SAP2000 — modal analysis

Dr. Hazim Dwairi The Hashemite University

SAP2000 — output

* Natural frequencies and mode shapes
T,=126s 4 _ 0.8165 05574
T, =0.62s " 10.4083 b, = —0.5574

1 1
normalized mode shapes : ¢, = {0 5} ;B ={ }

1 0 1,
* Lumped Mass Matrix = L) 2} K
* Modal participation factors: Ly
I —

AN 1. =t

14
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Mode (1): T,=126s ; £&=5%

. 1 01
v, =14} [M{R} = {1 0-5}[0 Hl}=2

. , 1 0]f1
m, ={4} [M {4} =11 0-5}{0 HO 5}21.5

[ =y, /m =2/15=1.333

Enter the displacement Kocaeli Spectrum
spectraforT=1.26s, & %
and = 5%, then S, =26 § 40 £=5%
cm. §. 301 Sg=26cm

2

® 20 1

8 €101, 8cm

= T=1.26s

0.0 050628 1 15 2.0
Period (s)

S, = @S, = (2n/T,)2 S, = (2n/1.26)2 (0.26m) = 6.465 m/s?

Hence, the modal responses are:

U =111, = {”11} = {015}(1 .333)(260mm) = {T47mm}

)1 73mm

Fy=tigins, =17 =t O L sssyeass) =1
{F}=IMH43S, = f 1o 2 0.5(' )(6.465) = 8.62N

Mode (2): 7,=0.62s ; & =5%
1 01
V.= () MR} = 1 -1}{0 H }=_1

. 1 o0lf1
= (6 M 116,) = -1}{0 2}{4}:3

I, =y,/m, =-1/3=-0.333

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
""" ———— ||
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Enter the spectra for T = 0.62 s, and & = 5%, then S; = 8 cm.
S, = @%S, = (2r/T,)? S4 = (21/0.62)2 (0.08m) = 8.216 m/s?

Hence, the modal r

esponses are:
1 —26.64mm
= (—0.333)(80mm) =
-1 +26.64mm

{

ulz
{Uz} = {¢2 }FZSdZ =
Fy=inigars, =17 =D O Loy aie = 20N
1" lo 2[-1 5472N
862N 347mm 2736 N -26.64mm
> ’ ’Il 4——\ .
862N | / 173mm | / 5.472N [\ 26.64mm [\
/' Mode (2) |/
N+——

1
I
i s -~ S A b “ e ":
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
""" ———— ||

Vi =8.62+8.62=17.24N
V, e =5.472-2.736 =2.736N
M, .. =8.62(6)+8.62(3)="77.58N.m
=5.472(3) - 2.736(6) = 0

MZ,Imx
Finally, the total responses are:

) e = (347)7 +(=26.64)° =348mm

Uy o =/ (173)> +(26.64)> =175mm

V... =+(17.24)* +(2.736)* =17.45N

M, =4/(77.58)> +(0)* =77.58N.m

Dr. Hazim Dwairi

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
""" ———— ||
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Modal Analysis Homework
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Problem Statement

A three story shear building can be idealized as
3-DOF structure. If the structure is excited by
Tabas earthquake which took place in Iran
1976. Determine the maximum displacement for
each story and maximum base shear using
modal analysis and SRSS combination rule.
(Use 5% viscous damping for all mode shapes)

Dr. Hazim Dwairi The Hashemite University WWWUMWWWMNWWWM




Frame Building

m,=175,127 kg

—r— (|
3m K,/col. = 5,250 kN/m
m,= 262,690 kg
—— |
3m K,/col. = 10,500 kN/m
m,;= 350,235 kg
—¥—
3m K./col. = 15,750 kN/m

Dr. Hazim Dwairi %WNMWWMWMWWW
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Department of Civil Engineering

SAP2000 V12 - Modal
Analysis Example

Dr. Hazim Dwairi

WWNJMWWWMWWMW

The Hashemite University

Modal Analysis Example

» The frame shown has very stiff beams,
which can be idealized as 2-DOF.
Determine the modal properties of the
structure (i.e. natural frequencies and
mode—sgapes) using SAP2000 software

m; =1 N.s?/m
sm k N m, = 2 N.s?m
m, 2 )
ky = 12EI/L® = 25 N/m
Bm |k ko ks = 12EI/L3 = 50 N/m

The Hashemite University




Create anew model

8 552000 v12.0.0 Advanced - Lintitied)

U P e b s i e sl

Dr. Hazim Dwairi The Hashemite University ”’""V\""""‘*"’NV“WLIMM[“W{N“;WWMWWWWWW

Select 2D Frames

2 . Z x|

Dr. Hazim Dwairi The Hashemite University MAVWMWMU[WWMMWWWMWWWM”




Input Geometry Data

C : - [=]%]

U P Mo b Ernan o Cpn Mol

Dr. Hazim Dwairi The Hashemite University MJVMMNV”WWLW\W{NM'MNWWM‘W’W«WW”"‘MW

Define Material

[ 5452000 ¥12.0.0 Advanced - Lintitied)

30 Ve —

. T T
Dr. Hazim Dwairi The Hashemite University MAVWMWMUW‘W“MWWWMWWWM”




Define Material

B -  [=]x]

00 Y000 0

Dr. Hazim Dwairi The Hashemite University MJ\”M“"’NWWVJM‘\J%W{NWWWMMWWWWW

Define Frame Section 1

00 Y000 200

MAVWMWWWW(“MMMW@@MWW

30 Ve

Dr. Hazim Dwairi The Hashemite University




Add General Section

- [= %]

000 Vi 20

“”W“”V“WMWWWWWMMQWW

Dr. Hazim Dwairi The Hashemite University

Input Moment of Inertia

e ! - = x|

000 Vi 20

v R e

Dr. Hazim Dwairi The Hashemite University




Change Section Name & Material

B e _ [=[x]

00 Y000 200

Dr. Hazim Dwairi The Hashemite University M«/"J\AMM"‘WWWWWW{W"WWMWMMVWW%WWW

Define Frame Section 2

B e _ [=[x]

000 VR 201

v | R ——

Dr. Hazim Dwairi The Hashemite University




Define Link Section 1

30 Ve X000 000 0

Dr. Hazim Dwairi The Hashemite University MJ\”M“"’NWWVJM‘\J%W{NWWWMMWWWWW

Add New Link 1

00 Y000 20

Dr. Hazim Dwairi The Hashemite University MAVWMWMUIWWMMWWWMWWWM”




Add Link 2

B _ S

00 Y000 200

Dr. Hazim Dwairi The Hashemite University ”’""V\""""‘*"’NV“WLIM‘\J%W{N“;WWMWWWWWW

Delete Beam Elements

FLp——

pasane o et =
Dr. Hazim Dwairi The Hashemite University MAVWMWHJM{“\WWMMWWWMWWWM”




Draw Link Elements

42 P 710 1 0m ae

»«JV»M»WWMMLNW(WWW@ et

Dr. Hazim Dwairi
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Draw Link 2 Element

1 542000 ¥12.0,0 Adwanced - intitied)

BR Dum et feon Aot Dmim Dwen (s Do o
CACE RGN RN Y- B Nt 8] R -

2 P 00

| \szﬁwwmmeWWW
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Select Top Story Columns

2 Foames St

Dr. Hazim Dwai e [ Wi Wit

The Hashemite University

Assign K1 Frame Section

® yem Cem DI D Jeed Gen ek Dager Cwep Gpmos Dek teb
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Assign K2 Frame Section

- [= %]

= [OX]

TFiames St

Dr. Hazim Dwairi
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Assign Fixed Supports

8 542000 ¥1.2.0,0 Adwanced - Lintitied)

& Y Qsive O Oy Selet | g | dotvew Owiey Omtn (st

P Lt

Dr. Hazim Dwairi
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Assign Supports’Degrees of
Freedom

[ T ————
i e J & PRBPRE P My O b3 NB R, O il g

- [=]%]

& (=3

hhhhhhhh

Pt Lt

e et

. Hazim Dwairi The Hashemite University

Assign Degrees of Freedom

E - [=]%]
Dr LR gem [sfre UM D Gt puoh M D Dy eow e e
LA RN Y YN 1-a
& (=3
1
~
~
’
af
“
i
o
£l

Py Lt

‘ e -
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Run Software

42 P 710 WA o xa

»««/v\mwwn]wpWMWM«MMMMW

Dr. Hazim Dwairi The Hashemite University

Mode-Shape 1

I3 5472000 12,00 Advanced - Wadat dnsirsh

n -

or | 98] 85108 -
Dr. Hazim Dwairi The Hashemite University MAVWMWMWWW“MWWWMWWWM”




Mode-shape 1

sttt

n

Dr. Hazim Dwairi The Hashemite University

Mode-shape 2

B : = 5 x|

2 Plre B0

FELTET)
i
Dr. Hazim Dwairi The Hashemite University MAVWMWMUW‘W“MWWWMWWWM”




Mode-shape 2

n -

e o | ] =
Dr. Hazim Dwairi The Hashemite University MJVM”WWMWWWWWMWWWWWW

Mode-shape 2

T T ——

Dr. Hazim Dwairi

The Hashemite University MAVWMWMU ;M{“MWMMWMWWWM”




Modal Properties

» Natural Periods and Mode Shapes

T, K =126s 4 = 25.8199 —18.2574
T,=0.62s "' ]12.9099 h = {18.2574 }
* Normalized Mode Shapes

s 4ol

Dr. Hazim Dwairi The Hashemite University WWWWWWWWWWW
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Ground Disp.

Dr. Hazim Dwairi

F
Factored seismic
Ti elastic strength |77
ime
demand

The Hashemite University
Department of Civil Engineering

Dynamics of Structures —
Nonlinear Analysis

Dr. Hazim Dwairi

MWWWWWMMMMW

The Hashemite University Intro. To EQ Eng.

Behavior under Seismic Excitation

(Elastic Response)

Factored wind |- 3

In general, it is not economically
feasible to design structures to
respond elastically to earthquake
ground motions.

The Hashemite University Intro. To EQ Eng.
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Behavior under Seismic Excitation
(Inelastic Response)

S ¢ F
2
gi Time
o u
1 Loading
| u
I
i
ji /" a7,
HAAT

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

Behavior under Seismic Excitation
(Inelastic Response)
&
5[ F
2
8 Time
u .
o
u
\ 1 11 Deformation
\‘ '|i 'l‘ \\ reversal
s, OO — |
= Y
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Behavior under Seismic Excitation
(Inelastic Response)

AR A A F
Time /“

.. /

'

Ground Disp.

—

]
1
’ u
[ =
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Basic Definition of Ductility

Stress or force or moment

i Strain
: or displacement
U,, orrotation

Hysteresis

Bl avr=Y
Ui ve

The Hashemite University Intro. To EQ Eng.
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Definition of Energy Dissipation

Stress or force or moment

Area = ® = energy dissipated

Units = force x displacement

Strain
or displacement
or rotation

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

Inelastic Dynamic Analysis

e Equation of Motion for SDOF oscillator:

mii +cu+ f (u,u) =—mii,

e f_:is the restoring (resisting) force; for elasto-plastic
system is shown below:

Corresponding linear system

Elasto-plastic system

Un

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

Displacement Ductility : H=—"
u

y

. F, u,
Force Reduction Factor : R = =

Fy I/ly

Inelastic Displacement C - U
ratio : Y

#=R

— Linear
—— Nonlinear

u, Upn

(a) Equal Displacement

(b) Equal Energy

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

(R-p-T) Relationship

R=1 when T < 0.03s
e Newmark and Hall,
during 70’s R=\2u—-1 when012sec<T <1s
R=u when T > 1s

in 1990 R=u when T >0.7s

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.

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Typical Hysteretic Models

(a) Ring-Spring (RS)

unbounded post-tensioned
concrete system

(b) Large Takeda (LT)

Ap
F’ il ; FK| A
¥ / ¥
Previous Ku=Ki (m}
Yield K
Am _\,I Ap
t — A 5y i B
Ki R FD 4 /{ A
u No Yield
/
f Kl__ F_' rK| ’/__ F_
| y [ y
rK|

reinforced concrete
beams

Dr. Hazim Dwairi

The Hashemite University

Intro. To EQ Eng.

Typical Hysteretic Models

E | A F
F-;,— | rK;
Ky= k() K
P - U= AI’TI (LAY}
wfﬂ"”s}(l A . .
By Am A Am
K No Yield ¥
K +1F,
(c) Small Takeda (ST) (d) Elasto-Plastic (EP)
Reinforced concrete Steel members
columns and walls
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Substitute Structure Concept

e lItis an approximate method used to determine the
maximum response of a nonlinear system by an equivalent
linear system with a reduced stiffness and equivalent
viscous damping value.

e First Proposed by Gulkan and Sozen in 1974.

4 ru—r+1
R+ b = k{ u j
F, 4 i —_— i

y . Nonlinear system Fu
K, Equivalent linear y
o : ru—r+1
— — - system (substitute H
structure) _u,
> H=—
uy Uy, u,

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

Equivalent Viscous Damping

e First proposed by Jacobsen in 1930

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

e The equivalent linearization approach defined by
Jacobsen’s damping (&,,) and the secant stiffness
(ko) is referred to as the JDSS approach
(Jacobsen’s Damping Secant Stiffness)

e Equivalent viscous damping has two parts:
e Elastic viscous damping (&,)
e Hysteretic damping due to energy dissipation (&)

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
_—
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JDSS Approach

e The equivalent structure is defined by two parameters:
e Effective stiffness (secant stiffness to max. response)
e Equivalent damping

. F geq = 5\1 + ghyst

i P!
./ hyst —

: A,
|
: [Um For Bilinear system:
[ 2 (u-Dd-r)
I Bilinear 58’1 - é:" T £ _
I 7 ud+ru—r)
|

Ay

Intro. To EQ Eng.

Equivalent Damping Relationships

e Modified damping equations (Dwairi et. al, 2007):

(1) Unbounded post-

_ p—1
tensioned concrete system ) |C,, =¢, +30 —

TH
2) Reinforced concrete -1
ggams ) Geg = 6y T05 £
U
(3) Reinforced concrete B u—1
Columns and Walls “- feq =¢, +30 U
u—1
(4) Steel members: - Soy =6, T8 ——
TH

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

e An SDOF structure is excited by an earthquake with
elastic response spectra as shown. If the structure follows
a bilinear response. (a) find the elastic demands (b) find

the actual (nonlinear) demands. S,(m) £=5%
d m
5 Force 4 /
M=1500 kN.s?/m F,=2000kN / .185%
0.20 .‘ ssssdunnnn -;
® /2 IR
k | £,=5% / 010 s £-25%
/ Disp ) g/
/ 0.05 &
uy=25mm R
F,= - 2000kN 1 2 3 4 T(S)
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
. [
(1)Elastic Response 4000 kN
F 2000 80,000 kN/m
ki=—y=—=80000kN/m
u, 25/1000 u

0.05m

®,, = [k, /m =/80000/1500 = 7.3rad / s

T, =2r/w, =27/7.3 =0.86s

Enter response spectra with:T, =0.86s and & =5%

=8, =0.05m;S, =w,S, =0.365m/s;S, =w’S, =2.665m/s]
Thus,

u, =0.05m and

F, =mS, =k,u, =80000x0.05 = 4000kN

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
_—
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(2)Nonline ar (Inelastic ) Response

Since max . displacement is unknown at this stage, iterative

procedure is required. Assume initial di spalcement and loop
over the force until it converges:

Trial 1:start with u,, =u, =0.05m

ky =FE, u,, =2000/0.05 = 40,000kN / m

T, =2 mfk,, =27/1500/40000 =1.225 > T, = 0.865

Ductility = p=u,, [u, =0.05/0.025 =2

Equivalent Damping =&, + SS(ﬂ—_IJ =5% + SS[E)%
U 2

S &oy =5% +13.5% =18.5%

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

Enter the spectra with 7 =122sand &, =18.5%
Interpolat e between & = 5% and & = 25% NOT OK

m

58y =0.065m=u,; F,=k,;u, =40,000x0.065=2600kN

Trial 2 :start with u, =0.07m
ky =F,/u, =2000/0.07=28571kN/m

T, =2rfmlk, =271500/28571 =1.44s
p=u,lu, =0.07/0.0025=2.8

2.8-1
=5+85
Sor ( 2871

Enter the spectra with T =144sand &, =22.4% OK

"8y =00Tm=u,; F,=k,u, =28571x0.07

) =22.4%

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

9/26/2012
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Force (kN)

4000

2000

Elastic vs. Inelastic Response

Elastic response
Inelastic response

Equivalent oscillator

Displacement (mm)

Dr. Hazim Dwairi

0

25

50 70

The Hashemite University

Intro. To EQ Eng.
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Member Strength and Ductility
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Strength and Ductility

Strength (F) High strength = no ductility

4 Elastic response

. i Esse.ntially
— elastic response
%\ Medium gtrength - medium ductility Response with
&.l limited ductility
N
[ u
e T (Y A S | G T8, S
Al dro D. i
(odod) Low strength = High ductility Fully ductile
oresponse
””””””””””””” qu 8’””’"”"""””"""”””’:’.’""”””””
Large ductility demand
Displacement (A)
Dr. Hazim Dwairi The Hashemite University
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Bridge Column - Static Cyclic Test

L

i, < 1 (Elastic) e,

ey il

1ms

The Hashemite University
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After a Full Cycle |

ik missss .

1. Ties yielded

2. Longitudinal reinforcement
buckled

Load — Deformation Curve

on
(]

— — [ S |
[wn] [} O
| | 1

A
I

-14 -10 -6 -2 2 6 10 14
Displacement (in)

The Hashemite University NWWWWWWMWWWM

Load (kips:) -

()
o
1

1
87
o

Dr. Hazim Dwairi




RC Wall - static cyclic test

EaNET R
Tap displacemeant [mm]
Load —Deformation Response
©Alessandro D.

Dr. Hazim Dwairi The Hashemite University

Inelastic Behavior of Structures

From material

A 4

to cross section

A 4

to critical region

A 4

to structure

Dr. Hazim Dwairi The Hashemite University _JWMAMM’WWWWWMWW”
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\
i

From Material

Stress

Idealized Inelastic Behavior

&

The Hashemite University

¥ Strain

— e[ e

TA

dE ;"ZE IIHE
i/

Stress-Strain Relationship for Steel

Dr. Hazim Dwairi

4 ' €
/4E :I-J“_,/Em&hhgerE‘M
. | -—
is s o ‘!E

(a)

The Hashemite University

(b)
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Stress-Strain Relationship for
Concrete (confined and unconfined)

Adcn - i
o T i =
e | 1 L Lineenfi 5
Stress, ksi [ % St i | “concreis
== fynd s Sl
ta) ki ] o
Confinement  Forces aching on Lonfinement from
from spiral  one-hoff spiral or a square hoop
6 - or circufar circular hoop
hoop
4r Confined
2 |
Unconfined
0.002 0.004 0.006 0.008 0.010

Strain, inf/in

Dr. Hazim Dwairi The Hashemite University
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Confinement of Concrete

L
/
?’ 4

{c | Overiapping
recfangular hoops

{bJ Rectangular hoops
with cross fies.

fal Circulgr hoops
or spiral

Unconfined
concrefe

L

bl
7
7
l.l‘i'
7
o
1
7
o
g

(&) Confinement by
longitudinal bars

MWMWMWWWWWWWWM

id] Confinement by
transverse bars

Dr. Hazim Dwairi The Hashemite University




FORCE, kH
Unconfined
) Poorly confined column
PORCE, kN
Confined
b)) Well confined column
Dr. Hazim Dwairi The Hashemite University M’WWJ‘WWNWWWWWMW

Benefits of Confinement

h == g ."'. A?j -'" - . : vy B :
Olive View Hospital, 1971 San Fernando Valley earthquake

Dr. Hazim Dwairi The Hashemite University NWMMVWMWMWWWMWW”




Idealized Inelastic Behavior
to Section
Strain Stress Moment
¢'"1 F ELASTIC
[ |
& O, M,
Strain Stress Moment
T §y
P, . INELASTIC
| g -
8” O-N M“

Idealized Inelastic Behavior
to Member

M

i

Moment

¢1.‘

\L Curvature

Area = 0,
INELASTIC

Dr. Hazim Dwairi The Hashemite University WMMWWWWWMWW”
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strain €y

- . = rotation
ductility No— —*N He e

ductility

m( /] h DM
/1 I\

curvature _ 9y | displacement
ductility .f‘ 1 1 Mo = o_v ductility
ol '
L |
Ductility L Momont
Concept
M
—= L

EI

A, = -

g 3
©Alessandro D.

Dr. Hazim Dwairi The Hashemite University

N
oL Y.
A

Plastic Hinge Model

Moment Curvature A,
A B
Fo 1
L, = plastic hinge _'__bi /
h,, = plastic zone Ly 4
hy, = strain penetration : if ,’
il [
L [ ;‘ i
h ¥4

Lp ©Alessandro D.
Ap = (¢u _¢))Lp(L_7)

r L,
Au =Ay +Ap =¢y?+(¢u _¢y)Lp(L_7)

Dr. Hazim Dwairi The Hashemite University _JWMMKMWWWWWMWW%
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Local and Global Ductility

A
F [ F

Reality

Approximation

|

|

|

|

|

' :
Ay A, A,

©Alessandro D.
Displacement Ductility (Global):
Ay _yy G 9)L,(L- L,/2) ., (Mo =DL, (L~ L,/2)

Uy =—=1

A, (p,L*)/3 /3

y

Dr. Hazim Dwairi The Hashemite University “'WWMMMWMM}MWWWWMWM
e —————————————————

Hence, Curvature Ductility (Local):
My —1

L L
¢y 37 (1- 71’)

L 2L

Plastic hinge length is calculated in a way such that
the integration of the plastic curvature (¢,) over the
plastic hinge length is equal to the plastic deformation
(Ap) in reality.

Pauly and Priestley (1992) proposed:
L,=0.08L+0.022d,f, [mm]
where . d p = bar diameter in[mm]

f, = yield strength in[MPa]

Dr. Hazim Dwairi The Hashemite University _JWMMKWMX“WMWWWMWW%
e —————————————————




Ductility and Energy Dissipation
Capacity

e System ductility of 4 to 6 is required
for acceptable seismic design

e Good hysteretic behavior requires
ductile materials. However, ductility
in itself is insufficient to provide
acceptable seismic behavior.

e Cyclic energy dissipation capacity
is a better indicator of performance.

Dr. Hazim Dwairi The Hashemite University “'WWMMMWMMMMWWWWMWM
e —————————————————

Ductility and Energy Dissipation
Capacity

e The structure should be able to sustain
several cycles of inelastic deformation
without significant loss of strength.

e Some loss of stiffness is inevitable, but
excessive stiffness loss can lead to
collapse.

e The more energy dissipated per cycle

the behavior of the structure.

without excessive deformation, the better

Dr. Hazim Dwairi The Hashemite University MWMMMWWWWWMW”
e —————————————————
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Ductility and Energy Dissipation
Capacity

e The art of seismic-resistant design is in the
details.
e With good detailing, structures can be

designed for force levels significantly lower
than would be required for elastic

response.
Dr. Hazim Dwairi The Hashemite University “'WWMMNMMM}MWWWWMWM
e —————————————————

Example 1

The R.C. column shown is subjected to an earthquake. The
inelastic dynamic analysis results in terms of hysteretic
response are shown as well.

e Compute the global ductility demand
e Compute the local ductility demand

f_=30 MPa
f,=414 MPa , ,
£, = 0.004 [

The Hashemite University MWMMKMMX‘WMWWWMWW%

—_————————F-———VDF—F—"-""-—r———-——==—-—=—==—1

13



Example 2

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

loading, F, and constant axial load,

e Compute the yield curvature, and moment
e Compute the ultimate curvature and moment

e Compute local ductility demand
e Compute global ductility demand

f.= 30 MPa
f,=414 MPa
£, = 0.004

P = 1000 kN.

650 mm

400 mm

800 mm \

Dr. Hazim Dwairi The Hashemite University
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What do you think?

Dr. Hazim Dwairi The Hashemite University

—wam»\MWMMWMWM

14



Hashemite University

The Hashemite University

Department of Civil Engineering

Lecture 6 — Design Response
Spectrum

Dr. Hazim Dwairi

MMWW%WWWW

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

1940 El Centro, 0.35 g, N-S

For a given earthquake,

small variations in structural

| | frequency (period) can produce
significantly different results.

— (% Damping
= 5% Damping
== 10% Damping
—20° Damping

Pseudo Velocity, In/Sec

& FEMA . Period, Seconds

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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5% Damped Spectra for Four

California Earthquakes — scaledto 0.4 ¢
(PGA)

Different earthquakes
will have different spectra.

| —Elcentro |

Loma Prieta
— North Ridge
— San Fernando
— Average

Pseuso Velocity, in/sec

¥ FEMA
0.10 1.00 10.00

Period, seconds

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

Smoothed Elastic Response Spectra —
Newmark-Hall Spectra

-+ 0% Damping
= 5% Damping
= 10% Damping

Observations

V— maxﬂ
v 0 atshort T

Displacament {in)

V — maxv,
V=0

atlong T

o.M 3 Perlad (sec)

& FEMA

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

» Actual spectra not used in
design.

* Rough in shape.
+ Specific to ground motion.

Spectral Acceleration (g)

T T T T T
0 05 10 15 20 25 3.0
Period (sec)

Represents many EQs.

Smooth shape.

Guidelines for calculation in
building codes - UBC, IBC.

K Older codes: Little change in

O o e e T e shape, only magnitude.

Period (sec)

[N

i

Spectral Acceleration (g)

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

Code-based Design Spectrum

* |s a uniform hazard spectrum based on
probabilistic and deterministic seismic
hazard analysis

* Design spectra considered in this course:
—IBC 2000 Design Spectrum
— UBC’97 Design Spectrum
—Jordan Seismic Code (JSC) Design Spectrum

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

Dr. Hazim Dwairi



Hashemite University

IBC2000 Design Response
Spectrum

International
Building

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

Design Response Spectrum -
Fig 1615.1.4

7))
=]
77

wn
2

Spectral Response
Acceleration (S,)

e AT
S, =0.6S,¢ T_ +0.4Sp Period (T)

[0}

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Design Spectrum Procedure

Determine basic ground motion parameters
(Sqs Sy) — Zonation map

Determine site classification (A — F) — Table
1615.1.1

Determine site coefficient adjustment factors
(F,, F,) — Tables 1615.1.2(1) & 1615.1.2(1)

Determine design ground motion parameters
(Spbs: Sp1)

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

1. S, and S,

0>x—

Rweished
L]

S, 113 .
S, 45, ]! sa ; (Se 30)
gy ra \ "'.31 12/
) [ | o | -
WEST /] /
BANK
SAUDI
ARABIA
(85 75Y
'S4 30/
===

o Jafer

/*® Maan

S,: mapped spectral acceleration for short
period

S;: mapped spectra acceleration for 1-sec

ARABIA period

GULF OF AQABA

Note: this map is still unofficial Intro. To EQ Eng.
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2. Site Classes

Hard rock
Rock

Very dense soil
or soft rock

Stiff soil
Soft soil

v, > 5000 ft/s
2500 < v, <5000 ft/s
1200 < v, < 2500 ft/s

600 < v, < 1200 ft/s
Vv, < 600 ft/s

F Site specific requirements

Note: v, = soil shear wave velocity

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

3. Site Coefficients F, & F,

TABLE 1613.3.3(1)
VALUES OF SITE COEFFICIENT F,*

MAPPED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIOD

CHIE CLASS 5, <075 5, = 0.50 5, =075 5,=1.00 5, >1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 0 1.0 1.0
C 12 1.2 11 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 25 1.7 L2 0.9 0.9
F Note b Note b Note b Note b Note b

A Use straight-line interpolation for intermediate values of mapped spectral response acceleration at short period, 5,
b, ¥alues shall he determined in accordance with Section 11.4.7 of ASCE 7

Dr. Hazim Dwairi

ﬂ Dr. Hazim Dwairi

The Hashemite University

TABLE 1613.3.3(2)
VALUES OF SITE COEFFICIENT F,*
MAPPED SPECTRAL RESPONSE ACCELERATION AT 1-SECOND PERIOD
SITE CLASS
5,01 5,=02 5,=03 5,=04 5,205

A (i1 0.8 08 08 0.8

B 1.0 1.0 1.0 1.0 L0

C 1.7 1.6 1.5 1.4 1.3

D 24 2.0 1.5 1.6 1.5

E 35 32 28 24 24

F Note b Note b MNote b Note b Note b
a. Use siright-line mierpolation for mtermediate values of mapped spectral respense acceleration at 1-secnnd period, §;
b. Values shall be determined in accordance with Section 11.4.7 of ASCE 7,

Intro. To EQ Eng.
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4. Ground Motion Parameters

« Maximum expected earthquake coefficients:
SMS = FaSs
Swu1 = F,S;

» Design earthquake coefficients:
Sps = 2/3Sy5
Spi1 = 2/3S),4
 Period:
T,=0.2 Sp,/Sps
Ts = Sp1/Sps

JSCDesign Response Spectrum
(Uniform Building Code UBC 1997)

~ 1997

UNIFORM
" BUILDING
- CODE'

VoLuME 1

Dr. Hazim Dwairi Intro. To EQ Eng.
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Design Response Spectrum -
Figure 2-3

N

(2]

O
Y

T, = 0.2T,
T, = C,/2.5C,

O
c
o €
28

o O
L'Cgca
T O
E§
(3]

o <
Q
(79}

Period (T)

The Hashemite University Intro. To EQ Eng.

Design Spectrum Procedure

1. Determine seismic site category — Zonation
map

2. Determine seismic zone factor (Z) —Table 2-2

3. Determine site classification (S, — Sg) — Table
2-1

4. Determine site coefficient adjustment factors

5. Determine design ground motion parameters
(TO’ Ts)

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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1. Seismic Site Category

By o
| ’Jarash

J.a| » Zarqa
o/ é. Amman

v/ l‘n‘ Madaba
i | —

ARABIA

GULF OF AQABA
Dr. Hazim Dwairi . Intro. To EQ Eng.

2. Seismic Zone Factor

Zone: 1 2A 2B 3

Z= 0.075 0.15 0.20 0.30

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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3. Site Classes

Hard rock ve> 1500 m/s
Rock 760 < v, < 1500 m/s

Very dense soil 360 < v, < 760 m/s
or soft rock

Stiff soll 180 <v <360 m/s
Soft soll Vo< 180 m/s
Site specific requirements

Note: v, = soil shear wave velocity

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

4. Site Factors — C

a
TABLE 16-Q—SEISMIC COEFFICIENT C,
SEISMIC ZONE FACTOR, Z

SOIL PROFILE TYPE Z=0.075 Z=0.45 Z=02 Z=03 Z=04
Sy 0.06 0.12 0.16 0.24 0.32N,
Sp 0.08 0.15 0.20 0.30 040N,
Sc 0.09 0.18 0.24 0.33 040N,
Sp 0.12 0.22 0.28 0.36 0.44N,
Sg 0.19 0.30 0.34 0.36 0.36N,
SF See Footnote 1

ISite-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Soil Profile Type Sp

TABLE 16-S—NEAR-SOURCE FACTOR N,

CLOSEST DISTANCE TO KNOWN SEISMIC SOURCEZS
SEISMIC SOURCE TYPE = 2km 5km = 10km
A 15 12 1.0
B 13 1.0 1.0
C 10 1.0 10

IThe Near-Source Factor may be based on the linear interpolation of values for distances other than those shown in the table.

The location and type of seismic sources to be used for design shall be established based on approved geotechnical data (e.g.. most recent mapping of active Faults by
the United States Geological Survey or the California Division of Mimes and Geology)

3The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the vertical projection of the source on the
surface (1 e, surface projection of fankt plane). The surface projection need not include portions of the source at depths of 10 km or greater The largest value of the
Near-Source Factor considering all sources shall be used for design.

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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4. Site Factors — C,

TABLE 16-R—SEISMIC COEFFICIENT C,

SOIL PROFILE TYPE

SEISMIC ZONE FACTOR, Z

Z=0.18

Z=045

7=02

Z=03

7=04

5

0.06

0.12

0.16

024

0328,

5

0.08

0.15

020

030

040,

Sc

013

025

032

045

056N

5D

0.18

032

040

054

0.64Ny

S

0.26

050

0.64

0.84

0.96N,

b

See Footnote 1

TABLE 16-T—NEAR-SOURCE FACTOR N,

SEISMIC SOURCE TYPE

ISite-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Sotl Profile Type S¢

CLOSEST DISTANCE TO KNOWN SEISMIC SOURCEZY

= 2km

5km

10 km

=15km

20

16

12

10

16

12

1.0

1.0

1.0

10

1.0

10

I The Near-Source Factor may be based on the linear interpolation of values for distances other than those shown in the table

The location and type of seismic sources to be used for design shall be established based on approved geotechnical data (e.z.. most recent mapping of active faults by
the United States Geological Survey or the California Division of Mines and Geology)

3The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the vertical projection of the source on the
surface (1.e., surface projection of fault plane). The surface projection need not include portions of the source at depths of 10 km or greater. The largest value of the
Near-Source Factor considering all sources shall be used for design.

Example

Utilizing the IBC-2000 and JSC’05 codes, determine
design response spectra for Amman
Note: Assume soft soil site class

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Amman IBC Spectrum

0579 & S; =0.23¢g
1.56 & F, =3.08

2/3 x F, x S = 0.593¢
2/3 x F, xS, = 0.472¢g
0.2 Spy/ Spg =0.16 sec

Sb1/ Sps

T

=0.80 sec

S, =0.68ps ——+0.48; =0356g @T =0.0sec

0o

Intro. To EQ Eng.

Period
(sec)

0.00
0.16
0.80
1.00
2.00
3.00

Dr. Hazim Dwairi

Amman IBC Spectrum

Acc. (9)

0.356
0.593
0.593
0.472
0.236
0.157

Acceleration (g)

0.593 |----

0.472

0.356

0.236
0.157

0.16 0.80 1.00 2.00 3.00

Period (T)
The Hashemite University Intro. To EQ Eng.
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Amman UBC Spectrum

Seismic Zone 2A
Z =0.15
0.30g
0.50g
C,/2.5C, =0.67 sec
0.2T, =0.13 sec

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

Amman UBC Spectrum

Period  Acc. (g) Acceleration (g)
(sec)
0.00  0.300 0.69
0.13 0.690
0.67 0.690
100 0.500 0.50
2.00 0.250
0.30
3.00 0.167 4%
0.167|
0.13 0.67 1.00 2.00 3.00
Period (sec)
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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ASCE7-2010 &IBC2012
Design Response Spectrum

ASCLR 7.0
R
£t s

INTERNATIONAL
BUILDING

CODE’

American Socloly of Civil Enginvers
Minimum Design Loads
for Buildings and
Other Structures

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

Design Response Spectrum -
Figure 11.4-1

/i 0.2‘?ﬂ

DS

~ D1
Ty =200

Sps

celeration S (g)

Spectral Response Ac

8l {U.4+0.6;J

0

T; T, L T,
Period, T {sec)

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

T, = long-period transition period (s) shown in
Figs. 22-12 through 22-16.

CHAPTIZ 71 SISMIC GROUND MOTION 1.0NG PERIDD TRANSTTION ANI) RISK COEFFICIENT MAVS S ———

FIGURE 2212 (Continsed)

TMite Linverany mwu. 1u e CNg.

EuroCode 8, 1998-2003
Design Response Spectrum

EUROPEAN STANDARD prEN 1888-1 : 2003
Otober 30 2003

Eurocode § | Design of structures. for sarthguake resistance
Pan 1: Geneni rules, seismic Denons and nules for Duiings
Cams e T P W WA X Y O s g PR

Bacsm | R s i T 5 Snndagen Ertmeessartoge w
e g 12 P

Stage 48 drak

Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Design Response Spectrum

Sdla, [

2,551

Tp

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

Table 3.2: Values of the parameters describing the recommended Type 1 elastic response spectra

Ground type N T (s) Tc (s) T (s)
A 1.0 0,15 0.4 2.0
B 1.2 0.15 0.5 2.0
C 1.15 0.20 0.6 2.0
D 1.35 0.20 0.8 2.0
E 1.4 0.15 0.5 2.0

Table 3.3: Values of the parameters describing the recommended Type 2 elastic response spectra

Ground type S Tz (s) Tc (s) In(5)
A 1.0 0.05 0.25 1.2
B 1,35 0,05 0,25 1.2
C 1.5 0.10 0.25 1.2
D 1.8 0.10 0.30 1.2
E 1.6 0.05 0.25 1.2
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Dr.

T

Figure 3.2: Recommended Type 1 elastic response spectra for ground types A to E (5% damping)

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

Se:ﬂ'g
e mog

0 1
T (s)

Figure 3.3: Recommended Type 2 elastic response spectra for ground types A to E (5% damping)

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

» Construct the [ IBC-based & UBC-based |
spectra for North Shouna , assuming soil type C

Intro. To EQ Eng.

North Shouna IBC Spectrum

* Ss=1.13g & S51=0.45g

* Fa=10 & FK=135

* Sps= %x 1x1.13=0.753

* So1= Zx1.35x0.45 = 0.41

* To=0.2x0.41/0.753 = 0.11 sec
« T5=0.41/0.753=0.54

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

Dr. Hazim Dwairi
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North

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

Shouna IBC Spectrum

Acceleration (g)

Period (T)

The Hashemite University Intro. To EQ Eng.

North Shouna UBC Spectrum

Zone({3)
Z2=0.3g

Cy

Ca=0.33g & Cv=0.45g
To=0.2Ts =0.2x 0.54 =0.11 sec

* Ts

Dr. Hazim Dwairi

245 _=0.54 sec

= 25Ca 2.5+0.33

The Hashemite University Intro. To EQ Eng.

Dr. Hazim Dwairi
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North Shouna UBC Spectrum

T (sec)
0.0
0.11
0.54
1.0
2.0
3.0

Dr. Hazim Dwairi

Dr. Hazim Dwairi

Sa (9)
0.33
0.825
0.825
0.45
0.225
0.15

Acceleration (g)

1
Period (T)

The Hashemite University Intro. To EQ Eng.
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The Hashemite University

Department of Civil Engineering

Lecture 7 — Seismic Load
Analysis

Dr. Hazim Dwairi

MWW&/’WMWWNWMMW

The Hashemite University

Credit:

Most of the sketches used in this
presentation were acquired from the
instructional material complementing

FEMA 451, published by

O roa s A
R I'LIVIA

e
wEs

Dr. Hazim Dwairi The Hashemite University MNWWMWWWWMWM
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Current Model Codes

UBC, IBC:

v" Provide minimum
provisions for design and =
construction of structures S5
to resist effects of seismic g
ground motions.

“...to safeguard against
major structural failures &8
and loss of life, not to limit |
damage or maintain

function.” (usc 97, Section
1626)

Dr. Hazim Dwairi The Hashemite University

Load Analysis Procedure, IBC2000

Determine building occupancy category
Determine design response spectrum
Determine seismic design category
Determine importance factor

. Select structural system and system
parameters (R, Cg, Q,)

Examine system for configuration irregularities

Determine diaphragm flexibility (flexible, semi-
rigid, and rigid)

NOoO oo~

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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Load Analysis Procedure
(continued)

8. Determine redundancy factor (p)
9. Determine lateral force analysis procedure
10. Compute lateral loads

11. Add torsional loads, as applicable

12. Add orthogonal loads as applicable
13. Perform analysis

14. Combine results

15. Check strength, deflection, and stability

The Hashemite University WVMWWMPWWWWWM

1. Occupancy Category (IBC2000)

I.  Normal Hazard Occupancy: except those
listed in categories I, IllI, IV

II.  Substantial Hazard Occupancy:

= High occupancy (more than 300 people in one
room)

=  Schools and Universities

= Health care more than 50 patient residents
= Jails and detention facilities

=  Power stations

=  Water treatment plant

=  Waste water treatment plants

Dr. Hazim Dwairi The Hashemite University WWMWWWWWM
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1. Occupancy Category (IBC2000)

lll.  Essential Facilities:
Hospitals and emergency facilities with surgery
Fire, rescue, ambulance, police stations
Designated emergency shelters
Aviation control towers
Critical national defense facilities
IV. Low hazard Occupancy:
= Agricultural facilities
=  Temporary facilities
=  Minor storage facilities

The Hashemite University WVMWMMPWWWWW

2. Design Response Spectrum

Recall Lecture 6

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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3. Seismic Design Category — Short
Period Acceleration

Value of Spqg Seismic Use Group
I I M

Sps <0.167g
0.167g < Spg <0.33g B Cc
0.33g < Sps <0.50g c D
0.50g < Sps D D

Value of Spg mic Use Group
I Il

Sps 2 0.75g F

The Hashemite University WVMWMMPWWWWW

3.Seismic Design Category —
1-second Period Acceleration

Value of Sp, Seismic Use Group
I I 1]
Sp1 <0.067g
0.067g < Sp; <0.133¢g B B C
0.133g < Sp; <0.20g Cc Cc D
0.20g < Sp;4 D D D
Value of Sp, Seismic Use Group
I I 1]
Sp1 2 0.75g E E F
Dr. Hazim Dwair The Hashernite University MNWWWMMMWWWWNMWMW
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4. Importance Factor (Iy)

Seismic Occupancy Importance factor (Ig)
Category

I 1.00
I 1.25
M 1.50
\Y 1.00

*using IBC2000 — Table 1604.5

The Hashemite University "NVMWWMMWWWWW

S. Structural System and System
Parameters (R, C;, Q)
Bearing wall systems

Building frame systems
Moment-resisting frame system (MRF)
Duel systems with special MRF

Duel systems with intermediate MRF
Inversed pendulum system

ook wbd-~

System Parameters:
Response (strength) modification coefficient = R

System over-strength parameter = Q,

Deflection amplification factor = C s

Dr. Hazim Dwairi
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Structural Systems

TABLE 1617.6
FOR BASIC

2

SYSTEM
STRENGTH
FAGTOR,
g8
2

14211
1910.24
1910.2.3
191022
-19102.1
2106.1.1.5
2106.1.14
2106.1.12
2106.1.13
J. i 2106.1.1.1
K. Light frame walls with shear panels—wood 23064.1/
structural ls/sheet steel 2211
L. Light frame walls with shear panels—all 230645
other materials

2|z

55335555

&

2. Building Frame Systems
A. Steel eccentrically braced frames, moment-resisting, (15 a
connections at columns away from links B
B. Steel eccentrically braced frames, nonmoment. 2
resisting, connections at columns away from links
C. Special steel concentrically braced frames 2
[ D. Ondinary seel concenuically brsced frames 2
E. Special rei ls 2h
F. Ordinary reinforced : L 2z
G. Detailed plain concrete shear walls iz

Dr. Hazim Dwairi The Hashemite University

5|5|;;; zz| = Fﬁ%é‘%%%%kﬁiﬁ .

ﬁJﬁEFF E|E||E|E[EEEEEEEHEE

Special Moment Steel Frame

R 8
55

A P E—

=3
=

Normalized Shear
=)
o

=]
n

| N /S W

]
e

T 1
20 30 40 50 60 70 80 90
Normalized Displacement

Advantages:

Architectural simplicity, relatively low base shear
Disadvantages:

Drift control, connection cost, connection testing

Dr. Hazim Dwairi The Hashemite University MMWWWMWM
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Special Steel Concentrically Braced
Fame

12

— =Design
+-|= = =Elastic
o E xpected

=)
@

Normalized Shear
o
o

=
=

Normalized Displacement

Advantages:
Lower drift, simple field connections

Disadvantages:
& Higher base shear, high foundation forces,
height limitations, architectural limitations

s s sy Sugp

Special Reinforced Concrete Shear
Wall

12

1 '
' '

6 -_ -‘DES\ n :
5 g L e
2.

= Expected
T 1

Cc

NL

Normalized Shear

20 30 40 50
Normalized Displacement

Advantages:
Drift control
Disadvantages:

* Lower redundancy (for too few walls)

Dr. Hazim Dwairi The Hashemite University T v T’*V'WU]W"W LR LA pue heblaeng
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Response Modification Factor R

» Account for:
— Ductility (inelastic action)
— Overstrength
— Redundancy
— Damping
— Past behavior
* Maximum =8
— Eccentrically braced frame with welded connections
— Buckling restrained brace with welded connections
— Special moment frame in steel or concrete

* Minimum = 1.5 (for cantilever systems)
— Ordinary plain masonry shear walls

Dr. Hazim Dwairi The Hashemite University WVNWWMMPWWWWWW

Overstrength Factor Q,

1. Sequential yielding 3. Strength enhancement
of critical regions due to strain hardening
2. Materials strength 4. Capacity reduction (¢)
greater than specified factors
values
d—o -
offset
]
Elements must be designed
USing load combination
with factor €2,

Al oo

Hashemite University
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Deflection Amplification Factor C,

Strength

C, = Ratio of maximum inelastic
displacement to maximum
displacement of corresponding
elastic oscillator

Displacement

The Hashemite University WVNWWMMPWWWWW

6. Structure Irregularity

» Buildings shall be classified as regular or
irregular based on the criteria in section 1616.5

* Plan Irregularity: buildings have one or more of
the features listed in Table 1616.5.1

» Vertical Irregularity: buildings having one or
more of the features listed in Table 1616.5.2

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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Horizontal Structural Irregularity
la) and 1b) torsional irregularity

B !

I

L/,L/‘T

1a) >1.2%
1b) Opmax > 1.4 8,4 Irregular

The Hashemite University WVNWWMMPWWWWWW

Irregular

8max avg

Horizontal Structural Irregularity
2) Re-entrant Corner Irregularity

Px

s

L,

Irregularity exists if p, > 0.15L, and p,> 0.15L,

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM

Hashemite University
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Horizontal Structural Irregularity
3) Diaphragm Discontinuity Irregularity

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.

Dr. Hazim Dwairi The Hashemite University WVNWWMMPWWWWWW

Horizontal Structural Irregularity
4) Out of Plane Offsets

A

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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Horizontal Structural Irregularity
5) Non Parallel Systems Irregularity

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.

Dr. Hazim Dwairi The Hashemite University WVNWWWM[WWWWWW

Vertical Structural Irregularity
la) & 1b) Stiffness (Soft Storey) Irregularity

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
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.

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
SDCEorF.

Dr. Hazim Dwairi The Hashemite University “MWWWMWWWWM
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Vertical Structural Irregularity
2) Weight (Mass) Irregularity
Irregularity exists if the effective

mass of any story is more than 150%
of the effective mass of an adjacent

story.

A roof that is lighter than the floor

before need not be considered.

Exception: Irregularity does not
exist if no story drift ratio is
greater than 1.3 times drift ratio
of story above.

The Hashemite University WVNWWMMPWWWWWW

Vertical Structural Irregularity
3) Vertical Geometric Irregularity

Irregularity exists if the dimension
of the lateral force resisting
system at any story is more than
130% of that for any adjacent
story.

The Hashemite University MNWWWWWWMWM
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Vertical Structural Irregularity
4) In-plane Discontinuity Irregularity

Irregularity exists if the offset is
greater than the width (d) or there
exists a reduction in stiffness of
the story below.

offset

The Hashemite University WVNWWWM[WWWWWW

Vertical Structural Irregularity
5) Capacity (Weak-Storey) Irregularity

a) Irregularity exists if the lateral
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)

Irregularities (a) and (b) are
NOT PERMITTED in SDC E or

F. Irregularity (b) not permitted
in SDC D.

Dr. Hazim Dwairi The Hashemite University MNWWMWWWWMWM
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7. Diaphragm Flexibility

Diaphragms must be considered as semi-rigid
unless they can be classified as FLEXIBLE or
RIGID.

» Untopped steel decking and untopped wood structural
panels are considered FLEXIBLE if the vertical seismic force
resisting systems are steel or composite braced frames or are
shear walls.

» Diaphragms in one- and two-family residential buildings may
be considered FLEXIBLE.

+ Concrete slab or concrete filled metal deck diaphragms are
considered RIGID if the width to depth ratio of the diaphragm
is less than 3 and if no horizontal irregularities exist.

Dr. Hazim Dwairi The Hashemite University

Rigid versus Flexible Diaphragms

FI3 FI3 FI3 - Fi4 Fi4 Fi4 F/4
RIGID FLEXIBLE

Center Wall Shear = F/3 Center Wall Shear = F/2

Based on lateral stiffness ratios Based on tributary area ratios

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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Diaphragm Flexibility

MAXIMUM DIAPHRAGM
DEFLECTION (MDD)

AVERAGE DRIFT OF VERTICAL ELEMENT
(ADVE)

Note: Diaphragm is flexible if MDD > 2(ADVE).

Diagram taken from ASCE 7-05

The Hashemite University WVMWMMPWWWWW

8. Redundancy factor (p)
» Seismic Design Categories A,B,C p=1.0

» Seismic Design Categories D, E, F compute p;
for each storey and use the maximum:

pi =2 = 6.1/r . VA

A, = the floor area in m? of the diaphragm level
immediately above the story in consideration

r; = the ratio of the design story shear resisted
by the most heavily loaded element to the total
story shear for a given direction of loading.

Dr. Hazim Dwairi The Hashemite University
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Structural r
system

Braced Lateral load in the heavily loaded
frames brace/story shear

Moment Shear in two adjacent columns/story shear.

frames In two bay frames multiply columns shear
by 0.7

Shear walls | Wall shear x 3.3/L,,

Dual Multiply calculated p for all elements by
systems 80% and use maximum

p 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 p=1.2 for SDC D and p=1.1 for SDCE & F

Dr. Hazim Dwairi The Hashemite University

9. Lateral Force Analysis Procedure

» The equivalent lateral force (ELF) method is
allowed for all buildings in SDC B and C. ltis
allowed in all SDC D, E, and F buildings
EXCEPT:

— Any structure with T > 3.5 T,

— Structures with T < 3.5 T and with Plan Irregularity 1a
or 1b or Vertical Irregularity 1, 2 or 3.

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.

Dr. Hazim Dwairi The Hashemite University NJ\N‘”"’WJ’WW FEMA 450
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9.1 Minimum Lateral Force

» Allowed for structures in SDC A

» Provide lateral force resisting system design to
resist F, applied at each floor level

F,=0.01w,

F, = design lateral force applied at each floor

w; = portion of the total effective seismic gravity
load of the structure, W, assigned to level i’

Dr. Hazim Dwairi The Hashemite University "NVMWWMMWWWWW

9.2 Simplified Analysis Procedure

» Allowed in the following cases:
— Seismic use group |
— Light frame building for up to three stories
— Two story buildings
» The total design base shear, V, is given as:

V =1.2S,W/R

W = Total effective seismic gravity load of the structure
Sps = Design spectral acceleration for short period
R = Response modification factor

Dr. Hazim Dwairi The Hashemite University MNWWWWWWWM
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9.2 Simplified Analysis Procedure

F, = 1.2SpsW/R

w; = portion of the total effective seismic gravity load of the
structure, W, assigned to level ¥’

>
>

Design Drift: unless exact
analysis is provided, 1% of the
storey height shall be assigned as
relative inter-storey drift

The Hashemite University WVNWWMMPWWWWWW

Procedure (ELF)

SeismicDesignBase Shear :
Vg =C,W ; Where
I Cs,min = 0'044|E'SDS
=ES — I
°* R ps Cs,max = R.ETnSDl

For Structures in SDC = E or F and Structures with S, > 0.6g

Cs,min - ? Sl

C

9.3 Equivalent Lateral Force

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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Effective Seismic Weight, W

All Structural and nonstructural elements (Total
dead load)

25% of the reduced storage live load, except in
open parking structures and public garages it
need not be considered.

500 N/m2 minimum partition allowance
Total weight of permanent equipments

20% of snow load when “flat roof’ snow load
exceeds 1.44 kN/m?2

The Hashemite University "NVMWWMMWWWWW

Approximate Period of Vibration, T

Tn = Ct (hn)3l4

C, = 0.085 for steel moment frames

C, = 0.073 for concrete moment frames and steel
eccentrically braced frames

C, = 0.049 for all other buildings
T.=0.1N

Buildings ONLY: For moment frames < 12 stories in
height, minimum story height of 3 m. N = number of
stories.

Dr. Hazim Dwairi The Hashemite University MNWWWWWWWM
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What to use as the height above the
base of the building?

f

| ()

When in doubt use the lower (reasonable) value of h,

The Hashemite University WVNWWMMPWWWWWW

10. Distribution of Forces along
Height

|:x — CVXVB

K
thx

Cvx —
ZWih:(
-1

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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k Account for Higher Mode Effects

k=05T+0.75
(sloped portion only)
k \
2.0 |
/
1.0

N C o N =~
u.J £.J

Period, Sec

The Hashemite University
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11. Torsional Effects

ALL Induce inherent and accidental
torsion effects

B Ignore torsional amplification

C, D, E, F Include torsional amplification
where Type 1a or 1b irregularity
exists

Hashemite University
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Accidental Torsion
0.05L,

|

Fyl 1 T,=F,(0.05L,)

_i_

Uncertainty in the location of center
of mass and center of rigidity
The Hashemite University

Dr. Hazim Dwairi

Am plification to Accidental Torsion

2
A <20
1.28,5,4

The Hashemite University MNWWMWWWWMWM
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Why Am plifying Accidental Torsion?

Center of

rigidity _|_

Ty

New center
of rigidity

Added torsional
eccentricity

The Hashemite University

N [ I e

12. Orthogonal Load Effects

Earthquake can produce inertia forces in any

direction

Structures should be investigated for forces that
act in the direction that causes the “critical load

effect”

Since this direction is not easily defined, seismic
codes allow loading the structure with 100% of
the seismic force in one direction and 30% of the
force acting in the orthogonal direction.

Dr. Hazim Dwairi The Hashemite University

NAAMNWWM[WWWMMMWM
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Orthogonal Load Effects, Qg

30% 100%|
|

1000/.0_ ‘ l

* Applicable to S.D.C. C, D, E,and F

* Affect primarily column, especially
corner columns

The Hashemite University WVNWWMMPWWWWWW

Nonsymmetrical Building Example

T

=
Orthogonal loading effects

and accidental torsion |
P P (P

[l

+ ¥ ]
‘I:"+ +“:|‘ + + j
m

] ] ¥
et e + + :|:
Dr. Hazim Dwairi The H
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14. Basic Load Combinations

U=1.2D +1.0E + 0.5L + 0.2S
U=0.9D + 1.0E

Note: 1.0L instead of 0.5L may be used when
L,=4.79 kN/m? or in case of public assembly or
parking garages.

Dr. Hazim Dwairi The Hashemite University WVNWWMMPWWWWWW

Combination of Load Effects

In load combinations, substitute the following for
earthquake effect, E:

E—E, +E,

Resulting load combinations:
U=(12+0.2S,,)D+ pQ, +0.5L+0.2S
U=(0.9-0.2S,) D+ pQ,

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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Maximum Seismic Load Effect

» Special combination for special members
requires by the code:

E-E,_ +E,
Emh = QOQE EV = OstsD

Resulting load combinations:
U=(12+0.25,,)D+Q 0, +0.5L+0.2§
U=(0.9-0.2S,)D+Q 0,

The Hashemite University WMMNMM[WWWMWW

Special Members

Elements must be designed
using load combination
with factor (2,

The Hashemite University %WWWWWW“WMWWM

Hashemite University
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15. Storey Drift

Strength
— level forces

modified

by Rand /

Drift reported by analysis
with strength level forces:

e

N
h

Inelastic Drift (amplified drift):
A=CyA,

A
Ap., =——
R

Drift computed at center of mass of story ‘

)

Dr. Hazim Dwairi The Hashemite University TR

Drift Limits

Building Seismic Use Group

Structures other than masonry 0.025h,, | 0.020h, | 0.015hg,
4 stories or less with system

Designed to accommodate drift
Masonry cantilever shear wall buildings | 0.010hg, | 0.010h, | 0.010h,

Other masonry shear wall buildings 0.007hg, | 0.007hg, |0.007hg,

Masonry wall frame buildings 0.013hg, | 0.013hg, | 0.010hg,

All other buildings 0.020h,, | 0.015h,, |0.010h,,

h,, is the story height below level x ‘

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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15. Overturning

The overturning moment at level x:

IVIX = TZFi(hi _hx)
i=1

F, = portion of Vg induced at level i
h, and h, are the heights from the base to levels i and x
1 = the overturning moment reduction factor
= 1.0 for the top 10 stories
= 0.8 for the 20t storey from the top and below
= linear interpolation between 1.0 and 0.8 for the

stories between the 10" and the 20" fr%WWwWwwwm
Dr. Hazim Dwairi The Hashemite University

15. Building Separation to Avoid
Pounding

Oyt = \/ (Bw)” + (S )?

Exterior damage to the back (north side)
of Qviatt Library during Northridge Earthquake
(attributed to pounding).

Se pa rat |0n Source: http:/fibrary.csun.edu/mfinley/eqexdam1.htmi

Dr. Hazim Dwairi The Hashemite University WWWWWWWWM
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Hashemite University

15. P-Delta Effects

AO

" Without
gravity
loads

The Hashemite University

P-Delta Effects
PA

For each story compute : 0=———

V.h.C,

X 8X

P, = total vertical design load at story above level x
A = computed story design level drift (including C,)
V, = total shear in story

h,, = story height

If & < 0.1, ignore P-delta effects

The Hashemite University %WWWWWW“WMWWM
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P-Delta Effects

If &> 0.1 then check:

0 =93 _go5

max ﬂ Cd

* where B is the ratio of the shear demand to the
shear capacity of the story in question
(effectively the inverse of the story overstrength).
B may conservatively be taken as 1.0 [which

gives, for example, 6., = 0.12%

P-Delta Effects

If 6 > 0.1 and less than 0,

Multiply all computed element forces and
displacements by: 1

a=—
1-6

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

Note: P-delta effects may also be automatically
included in the structural analysis. However,

limit on 0 still applies.
Dr. Hazim Dwairi The Hashemite University WVWWWWWMWM
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Advanced Methods of Analysis

1. Modal response spectrum analysis

2. Time-history analysis

The Hashemite University WVMWMMPWWWWW

Modal Response Spectrum Analysis

1. Compute modal properties for each mode
— Frequency (period)
— Shape
— Modal participation factor
— Effective modal mass

2. Determine number of modes to use in analysis.

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

3. Using general spectrum (or compatible ground
motion spectrum) compute spectral
accelerations for each contributing mode.

Dr. Hazim Dwairi The Hashemite University MNWWWWWWWM
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Modal Response Spectrum Analysis

. Multiply spectral accelerations by modal
participation factor and by (I/R)

. Compute modal displacements for each mode
. Compute element forces in each mode

. Statistically combine (SRSS or CQC) modal
displacements to determine system
displacements

. Statistically combine (SRSS or CQC)
component forces to determine design forces

The Hashemite University WWMWWWWWWWW

Modal Response Spectrum Analysis

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

10.Add accidental torsion as a static loading and
amplify if necessary.

11.For determining drift, multiply the results of the
modal analysis (including the I/R scaling but not

the 85% scaling) by C/I. I PO

Hashemite University 34
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Analytical Modeling for Modal
Response Spectrum Analysis

Use three-dimensional analysis

For concrete structures, include effect of cracking

For steel structures, include panel zone deformations
Include flexibility of foundation if well enough defined
Include actual flexibility of diaphragm if well enough
defined

Include P-delta effects in analysis if program has the
capability

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

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

results.
Dr. Hazim Dwairi The Hashemite University WWMWWWWWWWW

Time-history Analysis

» Follow procedures given in previous slides for
modeling structure. When using modal response
history analysis, use enough modes to capture
90% of the mass of the structure in each of the
two orthogonal directions.

* Include accidental torsion (and amplification, if
necessary) as additional static load conditions.

» Perform orthogonal loading by applying the full
recorded orthogonal horizontal ground motion
simultaneous with the principal direction motion.

Dr. Hazim Dwairi The Hashemite University MWWWWMPWWWWWWW
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Hashemite University

Time-history Analysis

« Ground motions must have magnitude, fault
mechanism, and fault distance consistent with
the site and must be representative of the
maximum considered ground motion

Where the required number of motions are not
available simulated motions (or modified
motions) may be used

A suite of not less than three ground
motions shall be used.

The Hashemite University WVMWWMPWWWWWM
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The Hashemite University

Department of Civil Engineering

Lecture 8 — Code Application
Examples (UBC-97)

Dr. Hazim Dwairi

—nmwwﬁmp«wwmwmmww

The Hashemite University

Code Application Examples
by
Structural Engineers Association
of California (SEAOC)

Copyright © 1999

Dr. Hazim Dwairi The Hashemite University MNWWWWWWWMWM
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Vertical Irregularity Type 1

« A five-story concrete special moment-resisting
frame is shown below. The specified lateral
forces F, has been applied and the
corresponding floor level displacements A, at the
floor center of mass have been found and are
shown below

Determine if a Type 1 vertical irregularity—
stiffness irregularity-soft story—exists in the
first story.

The Hashemite University WVMWWMPWWWWWM

Vertical Irregularity Type 1

Fi+ Fs5
» Ass=51.31 mm
3m ‘
/1
F4 }’ :
-+ —» L@ Asi=4445mm
3m Triangular _"r /
shape / !
F T /
%"‘— —> —;,’ Asz =36.83 mm
: '
3m I3 f"f /
f_ E I
, K — 7—® As2=27.43mm
m i 4
Fi ,'/ f’r
’
-+ > /@ Asi=18.03mm
3.65m s
.fl/
. 4
7 7 7Y
Dr. Hazim Dwairi The Hashemite University WWMWWWWWM
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Vertical Irregularity Type 1

* To determine if this is a Type 1 vertical
irregularity—stiffness irregularity-soft
story—here are two tests:

1. The story stiffness is less than 70 percent of
that of the story above.

2. The story stiffness is less than 80 percent of
the average stiffness of the three stories above.

+ If the stiffness of the story meets at least one of the
above two criteria, the structure is considered to have a
soft story, and a dynamic analysis is generally required
under §1629.8.4 Item 2, unless the irregular structure is
not more than five stories or 20-m in height

Dr. Hazim Dwairi The Hashemite University

Vertical Irregularity Type 1

In terms of the calculated story drift ratios, the soft story occurs when one of the
following conditions exists:

A Aey —A
1. When 70 percent of I—SI exceeds —2—SL
I 12

or

A
2. When 80 percent of —2L exceeds
I
l (AS;’ _ASI) _’_(AS_? _AS;’) + (AS4 _ASB)
3 hy hy hy

2

Dr. Hazim Dwairi The Hashemite University WWMWWWWWM
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Vertical Irregularity Type 1

The story drift ratios are determined as follows:

Asi _(18.03-0) _ 0.00493
I 3650

A —A 27.43-18.03
52 s1 _ (27.43-18.03) _ 0.00313
B 3000

Ass —Agy  (36.83-27.43) _
hs 3000

0.00313

- 44.45 - 36.
Asy —Asy _ (4445-3683) o,

hy 3000

1
5(0.00313 +0.00313 + 0.00254 ) = 0.00293

Dr. Hazim Dwairi The Hashemite University ”MWWWWWMWWWWW

Vertical Irregularity Type 1

Checking the 70 percent requirement:

A
0.70[}—51 ]: 0.70 (0.00493 )= 0.00345 > 0.00313
Gl

.. Soft story exists

Checking the 80 percent requirement:

As | AL
0.80 o =0.80 (0.00493 )= 0.00394 > 0.00293

I

.. Soft story exists

Dr. Hazim Dwairi The Hashemite University MNWWMWWWWMWM
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Vertical Irregularity Type 1

» Typically in practice, the check must be done for
all stories.

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

51.31 6.86 0.00229 0.00160 0.00183 --- No
44.45 7.62 0.00254 0.00178 0.00203
36.83 9.4 0.00313 0.00219 0.00251
27.43 9.4 0.00313 0.00219 0.00251 0.00265

18.03 18.03 0.00494 0.00346 0.00395 0.00294

Dr. Hazim Dwairi The Hashemite University WVMWMMPWWWWW

Vertical Irregularity Type 2

* The five-story special moment frame office building has
a heavy utility equipment installation at Level 2. This
results in the floor weight distribution shown below:

el 3 W, = 400 kN
4 W, = 490 kN
3 W, = 490 kN
2 W, = 750 kN
! W, = 445 kN
e e
Dr. Hazim Dwairi B Wi bt
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Vertical Irregularity Type 2

A weight, or mass. vertical irregularity 1s considered to exist when the effective mass
of any story 15 more than 150 percent of the effective mass of an adjacent story.
However, this requirement does not apply to the roof if the roof is lighter than the
floor below.

Checking the effective mass of Level 2 against the effective mass of Levels 1 and 3

AtLevel 1

1.5 x W, = 1.5 (445) kN = 668 kN

At Level 3

1.5 x W, = 1.5 (490) kN = 735 kN

W, =750 kN > 668 kN > 735 kN

. Weight irregularity exists

Dr. Hazim Dwairi The Hashemite University

Vertical Irregularity Type 3

The lateral force-resisting system of the five-story special moment frame bulding
shown below has a 7 5m setback at the third, fourth and fifth stonies.

' 4@7.5m = 30m
Level § QI
4
3
2
1
-
Dr. Hazim Dwairi The Hashemite University “MWWWWWW“WWWMW
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Vertical Irregularity Type 3

A vertical geometric iregulanty 1s considered to exist where the horizontal
dimension of the lateral force-resisting system in any story 1s more than 130 percent
of that 1n the adjacent story. One-story penthouses are not subject to this requirement.

In this example, the setback of Level 3 mmust be checked. The ratios of the two
levels is

Width of Level 2 30m

= =133
Width of Level 3 22.5m

133 percent = 130 percent

.~ Vertical geometric irregulanty exists

Dr. Hazim Dwairi The Hashemite University

Vertical Irregularity Type 4

A concrete building has the building frame system shown below. The shear wall between
Lines A and B has an in-plane offset from the shear wall between Lines C and D.

-
/'l

3@ 7.5m =22.5m

Lewel |—\
3.65m

Shear wall

3.65m 7.5m

[ 15m Shear wall

385m o

e ~.In - plane discontinuity exists
/ 7

Dr. Hazini uwanm 1S 1 @S SIS UIver ity
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Vertical Irregularity Type 4

» Columns under wall A-B shall be designed for:
12D + fiL + 1.0E, (12-17)

09D + 10E, (12-18)
WHERE:
/1 = 1.0 for floors in places of public assembly, for live loads

in excess of 100 psf (4.79 kN/m?2), and for garage live
load.

= (1.5 for other live loads.

Collector element B-C at E=p bk +E
level 2 shall be designed E.=QF
according to 1633.2.6 m =L F,

Dr. Hazim Dwairi The Hashemite University WVNWWWM[WWWMWWW

L3
Plan Irregularity Type 1
A three-story special moment resisting frame building has rigid floor diaphragms.
Under specified seismic forces, including the effects of accidental torsion, 1t has the
following displacements at Levels 1 and 2:

O, =33mm &, = 48mm

871 =25mm Oz =30mm
br2
__________________ >
Lewel

3¢

T
Level 2

1
Level 1

Dr. Hazim Dwairi The Hashemite University T TR W g e e R
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Plan Irregularity Type 1

EI Determine if a Type 1 torsional irregularity exists at the second story.
If 1t does:

[2.]  compute the torsional amplification factor A, for Level 2.

Referring to the above figure showing the displacements & due to the prescribed
lateral forces, this irregularity check is defined in terms of story drift

Ady =(8, —8,_,) atends R (right) and Z (left) of the structure. Torsional
irregularity exists at level x when

I-E(A rx TA I.x)

Apar =Bp x > =

ma

=12(a,,,)

Dr. Hazim Dwairi

MMWMWWWWMWHWN%

The Hashemite University

where
Adp,=8;,-8;,
A‘SRJ = 6&: = 6}2.1
A, + +AD
Asmax - ASR.X" A8a1=g = M

Determining story drifts at Level 2

A;,= 33-25 = 8mm - —
Checking 1.2 criteria
— A8 - 30 = 18 mm
AR2 o R Amax:AR2:£:14>12
8+18 Am‘g Am"g 13
Apvg = s = 13mm
.. Torsional irregularity exists

Dr. Hazim Dwairi

NAAMNWWM[WWNWMMMWM
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Hashemite University

Compute amplification factor A, for Level 2.
When torsional irregularity exists at a level x, the accidental eccentricity, equal to 5
percent of the building dimension, must be increased by an amplification factor 4, .
This must be done for each level. and each level may have a different 4 value. In
this example, 4, is computed for Level 2.

) = = = =51 mm _

) 8 ¥
y = :1_2<1_
2 12x51 0.62<1.0

souse 4, =1.0

Dr. Hazim Dwairi The Hashemite University

Reliability/ Redundancy Factor

Evaluate the reliability/redundancy factor, p, for the three structural systems shown
below. Given information for each system includes the story shears 7; due to the
design base shear V. and the corresponding element forces Ej;, . The p factor is
defined as

p;=2-6.1/r,,, VAg

max,i

where 7, 1s the largest of the element-story shear ratios, s, that occurs in any of the
story levels at or below the two-thirds height level of the building: and 4 is the
ground floor area of the structure in m2 . Once p has been determined, it is to
be used in Equation (30-1) to establish the earthquake load £ for each element of the
lateral force-resisting system.

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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Braced frame structure.

Dr. Hazim Dwairi

The Hashemite University

The following information is given:

Total Story Brace Force Horizontal r=
Storyi | Shear V.(kN) E,(kN) Component F_(kN) F/V,
1 4235 1215 972 0.230
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

Ag = 14.5m x 30.m = 435 m?, where 30m is the building width

Horizontal component in each brace is

F,=4/5E,

where E; is the maximum force in a single brace element in story 1.

For braced frames, the value of 5, is equal to the maximum horizontal force

component F, in a single brace element divided by the total story shear 7.
Fmax = 0.320 2>
p=2-6.1/(0.32435) = 1.09

NAAMNWWM[WWWMMMWM

Dr. Hazim Dwairi The Hashemite University
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@ Moment frame structure.

—» 33kN

> 73kN

> 114kN

> 137kN |

> 205KN
e

Dr. Hazim Dwairi The Hashemite University WVNWWMMPWWWMWWW

Building first floor area:
Ag =22.5m x 36.5m = 821.25 m?

Column shears are given above.
E, =V 4.Vg.Ve. Vp incolumn lines A. B. C. D. respectively.
Column Lines B and C are common to bays on opposite sides.

For moment frames. 7, is maximum of the sum of
Vy+0.7Vg. or 0.7(Vg +Vc). or 0.7V +Vp divided by the story shear V.

Section 1630.1.1 requires that special moment-resisting frames have redundancy such
that the calculated value of p does not exceed 1.25.

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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The story shears and 7, evaluations are:

r

Dr. Hazim Dwairi

Vi
kN

V, +0.7V,
kN

0.7V, +0.7V,

kN

1726

385.5

436.8

1361

285.6

336.7

1014

221.3

267.4

672

156.8

180.6

Not required above 2/3 height level

.. =0.269 >

p=2-6.1/(0.269 V821.25) = 1.21 < 1.25 o.k.

The Hashemite University
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Building frame system with shear walls.

ONO,

©

®

3.0m 6.0m 6.0m 6.0m
=5 S

5

3.65m
A

3.65m
3

3.65m
2

3.65m
1

3.65m

The Hashemite University

PV AV AN S SV AV Y oV 7 —

NJWMNMMMWWWWMMWWMM

Hashemite University
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Ag =21.5m x 36.5m = 784.75 m?2

E, is the wall shear V,,

For shear walls, r; is the maximum of (V,/V,)(3.3/L,,)

The following information is given for the walls:

Wall A-B Wall C-D-E and C-D

Vi Lwi Vi Lwi
(kN) (kN) (m) (kN) (m)
1615 152 3 411 12
1281 120 3 335
925 162 3 308
467 88 3 177

Not required above 2/3 height level

Dr. Hazim Dwairi The Hashemite University WVMWMMPWWWWW

Vi

Wall A-B Wall C-D-E and C-D

Story i Vi ; . f
(Vwi/Vi) (3.3/Ly) | (Vwi/Vi) (3.3/Ly)
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

Fmax = 0.208 >

max

p=2-6.1/(0.208 V784.75) = 0.953 < 1.0
> USEp=1.0

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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P-D Effect

A 15-story building has a steel special moment-resisting frame (SMRF). The
following information 1s given:
Zone 4
R=85

At the first story.
D =W = 38,446 kN

XL = 17,126 kN

V, =V =0.042% = 1,615kN

hy = 6.0m

Story drift= Ag, =0.0034, = 0.018 m

Deternune the following:
[1.] P criteriafor the building.
Izl Check the first story for PA requirements.

Dr. Hazim Dwairi The Hashemite University
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Hashemite University

PA criteria for the building.

PA effects must be considered whenever the ratio of secondary moments to primary
moments exceed 10 percent. As discussed in Section C105.1.3 of the 1999 SEAOC
Blue Book Commentary. this ratio is defined as a stability coefficient 9

2A

g —_x—sx

¥ V,h,

6, = stability coefficient for story x

P, =total vertical load (unfactored) on all columns in story x
A, = story drift due to the design base shear

V. = design shear in story X

h, =height of story x

PA effects must be considered when 6> 0.10

15
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Section 1630.1.3 requires that the total vertical load F; at the first story be considered
as the total dead (ED) plus floor live (EL) and snow (S) load above the first story.
These loads are unfactored for determination of PA effects.

AB=ED+ZXEL+5

using § =0 for the building site

P, = 38,446 + 17,126 = 55,572 kN

P A i
i (55,572) (0.018)  _ o
Vih (1,615) (6.0)

.. PA effects must be considered

Dr. Hazim Dwairi The Hashemite University WVW\MNMMIWWMWWW

Elements Supporting
Discontinuous Systems

A reinforced concrete building has the lateral force-resisting system shown below.
Shear walls at the first floor level are discontinuous between Lines A and B and Lines
C and D. The following information is given:

Zone 4
Concrete shear wall building frame system: R=55and Q =28

Office building live load: f{ =0.5
Axial loads on column C: D =178 kN L= 90kN E, =445kN

Dr. Hazim Dwairi The Hashemite University %WWWWWW“WMWWM

Hashemite University
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Shear wall

Column C
0.6m x 0.6m
fe=28 MPa

Determine the following for column C:

El Required strength.
@ Detailing requirements.

The Hashemite University

Required strength.

Because of the discontinuous configuration of the shear wall at the first story. the first

story columns on Lines A and D must support the wall elements above this level.

Column “C™ on Line D is treated in this example. Because of symmetry. the column

on Line A would have identical requirements.

Section 1630.8.2 requires that the colummn strength be equal to or greater than
F,=12D+ fL+1.0E,

P, =09D+10E,,

E,, = Q,E, = 2.8 (445) = 1246 kN

Substituting the values of dead. live and seismic loads

P, =1.2 (178) + 0.5 (90) + 1246 = 1505 kN compression, and

P, = 0.9 (178) - 1.0 (1246) = -1067 kN tension

Dr. Hazim Dwairi The Hashemite University MWWWWWWWWMWM
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El Detailing requirements.

The concrete column must meet the requirements of §1921.4.4.5. This section
requires transverse confinement tie reinforcement over the full column height if

2
A e _(0.6m)(28MPa)

=1008 kN

" 10 10
P, = 1505 kN > 1008 kN

~.Confinement is required over the full height

Dr. Hazim Dwairi The Hashemite University WVNWWMMPWWWMWWW

Vertical Irregularities

1. Discontinuous shear wall. The
wall at left has a Type 4 vertical

structural irregularity. 0000 |=m=m————— )
e ——H— Column
VA AT A A A ey £ s 4
2. Discontinuous column. This frame | || || |
has a Type 4 vertical structural
irregularity. | || || |

Transfer
girder

Dr. Hazim Dwairi The Hashemite University NMMWWWWWWWM
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Vertical Irregularities

3. Out-of plane offset. The wall on
Line A at the first story is
discontinuous. This structure has a
Type 4 plan structural irregularity.
and §1620.8.2 applies to the
supporting columns. The portion
of the diaphragm transferring Discontinued

shear (1.e., transter diaphragm) to
the offset wall must be designed
for shear wall detailing Transfer

. . diaphragm
requirements, and the transter
loa_ds must use the Offset wall S—~ Supporting columns
reliability/redundancy factor p for
the vertical-lateral-force-resisting
system.

Dr. Hazim Dwairi The Hashemite University

Story Drift

A four-story special moment-resisting frame (SMRF) building has the typical floor
plan as shown below. The elevation of Line D is also shown, and the following
information 1s given:

As Deflected shape
© Level
B N
3.65m
: 3 n
| 3.66m
* 2 -
i [~ Seismic force 3.65m
1
‘I: ! 7+
i 3.65m
]
! Zone 4 77T 7 TI7 —
I=1.0 " .
: Elevation of Line D
Typical floor plan R-8%5
Q,=28
T =0.60sec

Dr. Hazim Dwairi The Hashemite University MNWWWWWWMWM
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The following are the design level response displacements Ag (total drift) for the

frame along Line D. These values include both translational and torsional (with
accidental eccentricity) effects. As permitted by §1630.10.3. Ag has been determined

due to design forces based on the unreduced period calculated using Method B.

Level As
4 38 mm
26mm
16mm
7.6mm

For the frame on Line D, determine the following:

\Iu Maximum inelastic response displacements A, .

\Zu Story drift in story 3 dueto A,,.
[3.] check story 3 for story drift limit.

Dr. Hazim Dwairi The Hashemite University WVNWWWM[WWWMWWW

[1.] Maximum inelastic response displacements A, .

These are determined using the A values and the R-factor

Ay =0.7RA5 =0.7(8.5)(A5)=5.95A;

Therefore
Level As Aw
4 38 mm 226mm
3 26mm 155mm
2 16mm 95mm
1 7.6mm 45mm

lil Story drift in story 3dueto A,,.

Story 3 1s located between Levels 2 and 3. Thus

A, drift = 155 - 95 = 60 mm

Dr. Hazim Dwairi The Hashemite University MNWWWWWWWMWM
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Check story 3 for story drift limit.

For structures with a fundamental period less than 0.7 seconds. §1630.10.2
requires that the A, story drift not exceed 0.025 times the story height.

For story 3
Story drift using A, = 60 mm
Story drift limit = 0.025x (3.65m) x 1000 =91.3mm> 60 mm

.. Story drift is within limits

Dr. Hazim Dwairi The Hashemite University WVNWWWM[WWWMWWW

Story Drift Limits

For the design of new buildings. the code places limits on story drifts. The limits are
based on the maximum inelastic response displacements and not the design level
response displacements determined from the design base shear of §1630.2.

In the example given below. a four-story steel special moment-resisting frame
(SMRF) structure has the design level response displacements A ¢ shown. These

have been determined according to §1630.9.1 using a static. elastic analysis.

Zone 4 Q @
_ Deflected
T= 0.6.0 sec. Level shape As
R=85
4 T 244 in.
3 I 1.91
2 1.36
1 0.79
fFF7 ST S5 T 0

Dr. Hazim Dwairi N .
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Determine the following:

‘Il Maximum inelastic response displacements.

El Compare story drifts with the limit value,

@ Maximum inelastic response displacements.

Maximum inelastic response displacements. A, . are determined from the following:
A M= OTRA 5

s Ay =078.5)As =595A

IZH Compare story drifts ith the limit value.

Using A, story displacements. the calculated story drift cannot exceed 0.025 times
the story height for structures having a period less than 0.7 seconds.

Check building period.

T =.60sec <.70sec

Dr. Hazim Dwairi The Hashemite University ”MMWWWWMWWWWW

Therefore. limiting story drift is 0.025 story height.
Determine drift limit at each level.
Tevels 4. 3. and 2

Ay drift €.025h =025 (12 fix12in/ft)=3.60in.
Level 1

Ay, drift <0257 =025 (16ft x 12 in/ft )= 4.80in

For Ay, diift = Ay — Ayp . check actual story drifts against limits:

Level i As Ay Ay dri Limit Status
4 2.441in. 14.52 in. 3.16in. 3.60 in. ok
3 1.91 11.36 3.27 3.60 ok
2 1.36 8.09 3.39 3.60 ok
1 0.79 470 4.70 4.80 o.k.

Therefore, the story drift limits of §1630.10 are satisfied.

Dr.Hazim C....... B o
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The Hashemite University
Department of Civil Engineering

Introduction to Earthquake Engineering

Equivalent Lateral Force

According to UBC-97

Dr. Hazim Dwairi

At g e

The Hashemite University

Simplifies Equivalent Lateral Force

v’ Building with light frames & stories equal to 3.0 or
less excluding basement .

v’ All other buildings of 2 stories .

—3.0€Ca
Ve= = WD

Vertical Distribution

Fx= —3'%&' Wx

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

e Applicable only for:

v'Regular & Irregular buildings in seismic zonel
and normal occupancy building in zone 2A, 2B

v’ Regular buildings 70m height or less.

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

Dr. Hazim Dwairi The Hashemite Universit;

Equivalent Lateral Force

= Base shear

* VBmn =D.1CalWo

. VB,ma:= 2.5:a1w°

= Vertical Distribution
VB =Fi+ ¥, Fx « Ft=0.07TaVs

« Ft=0.0if Ta<0.7 sec

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

Fx = (V5 —Fr )Wxhs
Top=1 Wahx

* Natural Period Ta = C; (hy)"/+

Ct=, steel MRF
Ct=2, Re-MRF
Bearing wall or MRF with infill panels

1
Cit= 257
Other building

1
C't-ﬁ,

For shear wall :
Ct=—2

135 JA, 2 l, : length of shear walls in first floor
Ae=J Ay (0.2+(b/hn) A, : Area of shear wall in first floor

Dr. Hazim Dwairi The Hashemite University

Example 1

*» A two story building with story height = 3.0m, lies in seismic
zone 2B on soil type So. The structural system consists of four
RC-RMF in each direction . The interior columns have double
the stiffness of exterior columns .

» The 1%t & 2™ floors carry a total weight of gp= 10 kN/m?2 &

7 kN/m? respectively.

* Find the seismic force for each of the four frames if the EQis
in the direction shown .

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

Dr. Hazim Dwairi The Hashemite University

Example 1

» Use simplified Method :

» 2B, Sp > C,=0.28g.

» Ordinary RC-MRF > R=3.5.

» Seismic weight :
Area per floor = 12x9=108 m?2.
Wt. of 15 floor = 108x10=1080 kN.

Wit. of 2™ floor = 108x7 = 756 kN.
Total = 1,836 kN.

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

» Vp=2fawp=""""(1836) = 440.6 kN.

> Fy= % (1080) = 259.2 kN.

> Fy= % (756) = 181.4 kN.

1x181.4 —

Exterior frame 1x259.2 ——

1x181.4—

Interior frame 2x259.2 —

Dr. Hazim Dwairi The Hashemite University

Example 2

*» An eight story building weight story height =3m lies in siesmic
zone 2B on soil type Sp. The structural system consists of light
MRF for gravity loading & seven shear walls {ordinary)} for
lateral load resisting.

» The first seven floors carry atotal load welight of 10 kN/m?2 ,
while the eighth floor carry 7 kN/m?2.

* Find the siesmic force for each of the 3 shear walls marked
(1,2,3) if the EQ is along walls . Stiffness of the walls is equal.

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

35m

Dr. Hazim Dwairi The Hashemite University

Example 2

. ca’ 0.28g F) ap= 0-45 ’ R=4.0
* Appraximate Perliod Ta :

Ae=3 A, [o.z + ('_;l-hn)z] = (axAx6) [0.2 + (2)"] = 5.49m2.

1 1
ct= 135./A;, 135549 0.032

Ta =0.023 (8x3)%/4 = 0.343 sec.

¢ Mass weight:
1# seven floor = 25x35x10 = 8750 kN.
2™ floor = 25x35x7 = 6125 kN.
Total =7x8750 + 6125 = 67,375 kN.

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

C.l = _04x1
Wp= S osas ¥67:375 = 19,645 kN

o = B - 20 ool L Locion

Vaamm = 0. 11 G I Wp = 2075kN. 8750 319.7
> Vp=11791kN. 8750 6 639.3

Ta< 0.7sec = F=0.0 8750 9 959

8750 12 1278.7
1* floor Stotal ¥V =V

V1=V2=V3 = 1x 11,791 - 3930.2 kN S
8750 18 1918

8750 21 2237.7
8125 24

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

Introduction to Earthquake Engineering

Structural Walls

(Shear Walls)

Dr. Hazim Dwairi

WMWWWW

Dr. Hazim Dwairi The Hashemite University

Structural Walls

* Also known as Shear Walls .

* Term “shear” refers to historical perspective on how
such walls behave.

* |t 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.

* 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 Intro. To EQ Eng.
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Structural Walls

Building braced by structural walls are stiffer than framed
structures, 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
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 Universit

Layout Distribution

¢ Torsionally Unstable :

* Torsionally Stable:

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

| ——

— —1

Dr. Hazim Dwairi The Hashemite University

Vertical Variation & Coupling Of
Walls

Lw

Lw
hw

hw

P A A A

VA S S S A G A
Flexural walls Squatwalls ;"™/, <3

* For Squat walls, according to NZ code magnify lateral load on the
wall by Z1 factor.

10< [2Z1=25 -053] <20

Dr. Hazim Dwairi The Hashemite University

Intro. To EQ Eng.
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Vertical Variation & Coupling Of

* Optimized Design :

A

Coupling Of Walls :

Dr. Hazim Dwairi

Walls

The Hashemite University

Stay away from
Comp. field

Intro. To EQ Eng.

Vertical Variation & Coupling Of

Walls

Dr. Hazim Dwairi

The Hashemite University

¢ It works as a Frame..

* “Weak Beam, Strong Col “

Intro. To EQ Eng.
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Distribution of story inertia forces
between walls

* CM : center of mass
* CR: Centerof rigidity
= Fx, Fy : Story shear in the (X,Y) - directions.

" . e o g
Dr. Hazim Dwairi The Hashe - €x* ec;entr|5|ty inthe X dlrectlpn. B

Distribution of story inertia forces

between walls

s Under direct transition , story force Is distributed propotional to wall
stiffness .
Ve=% Fx ; walls 4,5,6,7

* Qut of plane stiffness of walls 1,2,3 Is Neglected.
‘;F Y Fy.

*» In General:
K K
* V= ET‘:! Fx , Vy= Z_J:'i Fy

» |f torsion exists ; CM=CR ; then torsion in the building will alter the shear
forces distribution.

» Note : even if CM=CR in design , we still assume e=0.05L in each
direction , SO = Torsion always exists.

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

CR:
- _ Ky Xy +Kya Xy + Ky X3

Ky1+Kya+Kys

In General :

M X Kyp Xy ¥ ZKx Vi

LKy T Kxi

Ky, Ky: wall stiffness In X-Y direction .
X, ¥ : coordinates of center of wall “1*.

Dr. Hazim Dwairi The Hashemite University

* Mp=Fye,

Al
* AN =——=0;
X—x;

very small angle

\ ,. (-x;) 0\ N .CIM

’ et EB/ \\ » A=8(X—x)
L AL M, Fy : * Vi=ky A
;-' 3 ﬂlf=u.}

s =L _
F1™ Ryl M b bt |
Dr. Hazim Dwairi The Hashemite University Intro. To EQ Eng.
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Effect of Eccentricity

* Moment about CR for wall #1 :
mi=¥, [f—-‘ﬂ)=k71 e[f—x;)z

» Similar ror wall #4:
ma =Ky 8 (¥ — 3)?

* For all walls to mention equilibriums :
MT =E mi
=0 [T hyute-xf + Tk ty-ni]
=8 Jr ; Ir: torslonal stiffness

Mr
Ir

8=

Dr. Hazim Dwairi The Hashemite University

Effect of Eccentricity

» Torsional shear on each wall :
V "~ = ky]_ (f - ) Fye:

Via" = ey (F — ) 7

» Note that V* may be +ve or -ve

» Wall shear:
W _ =17 fL1Fr "
Vy-l — Vyt e Vy-l

Dr. Hazim Dwairi The Hashemite University
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General Case

; Vyey—V, =
S Ve + Mfﬁx(%— )

Kiy v+ (Veey—Vyey)

SKiy 'Y o Ky = %)

Dr. Hazim Dwairi The Hashemite University

-Vl.y=

General Case

*» Where:
{Veey — We,) : torsional moment of V about CR.

Jr : torsional stiffness = [Zkyi{® — 2112 + Tk (¥ — 312
€y, &y : eccentricities measured from CR to CM

for example : e, , positive & ey, negative
V:isthe story shear = X tasrtis forces from top to siory under considsrution

» Note : in Kx calculations use ly
in Ky calculations use Ix

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

. A=V | Vhy
&'am,,.+ AgG

* Ag= A,{%, G=0.4E
» Flexural Stiffness :

=

{470 | E—

lw

= Py : Gravity load cobination
Axizl load to 2ct on the wall during an EQ
» Ay effective shear Ares
A 094,

Dr. Hazim Dwairi The Hashemite University

Example

A five story building with story height equal to 3m as shown.
The building lies in a seismic zone of Sg=1.0g , $,=0.3g & soil
type C. The structural system of the building consists of five
ordinary shear walls spaced as shown in plane.

Each floor carry a total mass weight intensity equal to 10
kN/m2.

It Is required to find the design seismic force for each wall if
the EQ direction is in the X-direction.

Ignore accidental eccentricities & orthogonal loading &
assume a light moment frames for gravity loading.

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

D(6,12), 1K (2)(18,12), 1K

Dr. Hazim Dwairi The Hashemite University

Example

Base shear calculatlon:
Fa= 1.0....Table 1615.1.2{1) ,
Fv=15.....Table 1615.1.2(2) ,

Response modHlcation factor R=5 ; ordinary shear wall {Tsbls 1617.5).

Total mass welght of the bullding = [12x24){10){5}= 14,400 kN.
Assume Ig= 1.0

Va=3BS fpw = 2£3(1){14400)= 1930 kN.
Vasum= 0.044 Spe W = 0.044 x 0.67 % 14,400 = 425 kN <V -> Okay

Tn=Ct h¥4= 0,049 x(523)%% = 0.37 sec
Vamar= 2L W= 522 (14,400) = 2335 kN > V; -> Okay

2 V¥, = 1930 kN.

Dr. Hazim Dwairi The Hashemite University
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Example

» Distribution of forces along height :

wi = (12x24]{10]= 2880 kN
Th=0.37sec > K=1.0
¥ wi hi* = 2880 ( 3+6+9+12+15) = 129600

2880x 31
Fl="Toson {1930) =128.7kN

2880x 61
F2 =" (1930) =257.3kN

F3=386 kN
F4= 514.7 kN.
F5= 643.3 kN

Dr. Hazim Dwairi The Hashemite University

Example

* Horizontal Distribution :

Center of mass :
CM { 12,6)

Center of Rigldity:

X = 12m "symm.”

§= (&Sxﬂ)ﬂ:m ,CR{12,4.4)
,=0, e,=6-4.4=16m

Fx =1930 kN, Fy = 0.3x1930 = 579 kN

My = Fce, — F,e, = (1930x1.64] - (579x0)= 3165.2 kN.m

Dr. Hazim Dwairi The Hashemite University
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- % )? 57.76 57.76

(x — x;)?

+ Jr= [z kyﬂf— 1’;)2 + z kxt UT_H')z]
= [1{4.4 — 12%]+ [1{4.4 - 12)%]+ [3.5 (4.4 — 0F%]+ [1022 — 0]+ [1{12-24]%]
=47L3kN.m

Dr. Hazim Dwairi The Hashemite University

Example

s Wall#1:
Vi = g5(1930) + 332112 — 44) = 351 + 51.3 = 402.3 kN

-~ wall#3:
Vy = 33(1930) + 3152(3.5)|(0 — 4.4)| = 1228 — 102.4 = 1125.8 kN
= Wall#is:

Vs = 5(579) + 33822(1)(24 — 12) = 289.5 — B0.6 = 209 kN

« Wall#2:
V,=402.3 kN.

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

Department of Civil Engineering

Lecture 8 — Load
Combination Example

Dr. Hazim Dwairi
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Problem Statement

y
AY
s o
(8) T
! 8m >
5m c4 7"57' X
Ao Ay  E
/ECQy :
ISOMETRIC PLAN
Qo=20kN/m?,  including own weight of columns
q. = 10 kN /m?’, |
qs = 2 kN /m’ o

Hashemite University
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x- and y- EQ Forces

152 kN

152kN A7

—_— ¥
186 kN L

T

Ay Lo R

Ex7.Fig 2 Frame Forces

Dr. Hazim Dwairi The Hashemite University

8m ’
866N T ¢ / 465 kN.m

5m . C4 _465
[ pa— < . ‘
116 ¥ P 116 9? |

(a) Reactions - (b) Moments

Ex7.Fig 3 Frame B Forces and Moments

Direction X: Pg, =116 kN, Vg, = 93 kN, Mg, = 465 kN.m

Direction Y:  Pg, =116 kN, Vg, =93kN, Mg, =465 kN.m

Dr. Hazim Dwairi The Hashemite University NA/VW“’WMLWWWWM
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Directional Effect:

(a) Ex Effect

.

P=116

(b) E, Effect

Ex7.Fig 4 Internal Actions due to Separate Excitation

Dr. Hazim Dwairi

The Hashemite University WVNWWMMPWWWWWW

Case (1):

Case (2):

Dr. Hazim Dwairi

P Pg, +0.3 PEy
V, = Ve, +0.3 Vg,
V, = Ve +0.3V,,
M, =Mg +0.3 MEy

M, = Mg, + 0.3 Mg,

P =0.3Pg +Pg,

Vx =03 VEx + vEy_

V, =0.3 Ve, + Vg,
M, = 0.3 Mgy + Me,
My =03 Mg + MEy

=116 + 0.3 (116) = 151 kN
=93 +0.3(0) =93kN
=0 +0.3(93) =28kN
=0 +0.3(465) =140 kN
=465+0.3(0) =465kN

=0.3(116) + 116 = 151 kN
=0.3(93) +0 =28kN
=0.3(0) +93 =93kN
=0.3(0) +465 =465kN
=0.3(465)+0 =140 kN

The Hashemite University MNWWW‘LWWWWWM
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y Ay
V, =28 e ivy=93

M, = 465 M, =140"

V=93 V=28
N o —>—>>

M, = 140 p=151 | M«=465 x

(a) Eny Effect (b) En, Effect

Ex7.Fig 5 Directinal Combination of Excitation

Dr. Hazim Dwairi The Hashemite University MWMMMPWWWWWWW

(7) Dead load: (9)rame = (Go)sias (4m) = 20 (4) = 80 kN /m’

Frame-B +in____4
Share o (b) Frame-B
(a) Load Distribution Loads and Reactions

Ex7.Fig 6 Dead Load Distribution to Frames

Dr. Hazim Dwairi The Hashemite University NA/VW“’WMLWWWWM
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P =160+ 160 = 320 kN
V, = 20 kN M, =100 kN

V, =20 kN M, =100 kN
The effect of live load and snow loads will be proportional to the effect of

the dead load since the load distribution will take the same path with
different intensity, consequently,

Due to live load: multiply by a factor of (10 /20 = 0.5), hence

frame-B P =80 kN, V, =10 kN, M, = 50 kN.m
frame-2 P =80 kN, V, =10kN, M, =50 kN.m

Due to snow load: multiply by a factor of (2 /20 = 0.1), hence

frame-B P=16kN, V., =2kN,  M,=10kN.m
frame-2 P=16kN,  V, =2kN,  My=10kN.m

) The final gravity load effects are shown graphically in Ex7.Fig. 7.

y y - y
v, = 20 V, =10 V, =2
M, = 100 M, = 50 M, = 10

I V=20 | . I ' V=10 | Vi=2
X X X

p=320 |M=100 " |p=160 | Mx=50 p=32 | M=10

(a) Dead Load Effect (b) Live Load Effect (c) Snow Load Effect

Ex7.Fig 7 Gravity Load Effects in Column-C4

Dr. Hazim Dwairi The Hashemite University NA/VW“’WMLWWWWM
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(8) Vertical earthquake excitation:

E,=05C,ID =05(0.28) (1) D =0.14D
It must be noted that the vertical component of earthquake induces shears
and moments in the structure, and not only verticai forces as usually is the
general perception. Results are shown in Ex7.Fig. 8

y

Ex7.Fig. 8 E, Effect

Dr. Hazim Dwairi The Hashemite University MWMMMPWWWWWWW

(9) Horizontal and vertical combination of earthquake effect:

E=pE,+E, since p<1, p=1

Vy=28" V, =93 v, =3
My=4'65 My"-"li‘- My=14
Vx=93 V_x=28 Vi=3
> x P> —>—>
P=151 My = 140 P=151 M, =465 P =45 My =14
En Effect En Effect E, Effect

(a) Separate Effect of Earthquake Components,

Dr. Hazim Dwairi The Hashemite University NA/VW“’WMLWWWWM
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E1 =1.0 Em + Ev

E,=10Ep, +E,
y R N 4
V, = 31 : V, =96
M, = 479 |

|‘ Vx=96 . - VX=31
X X

P =151 M,=154 M, =479

E; Combination , E> Combination

(b) Combined Effect of Earthquake Components

Dr. Hazim Dwairi The Hashemite University MWMMMPWWWWWWW

(10) Load Combinations:

U,;=1.2D+1.0L+02S+E,
Up=1.2D+1.0L+0.2S+E,

Accordingly, case U;:

P=12 (320) + 1.0 (160) + 0.2 (32) + 151 =701 kN

V,=1.2(20) + 1.0 (10) + 0.2 (2) + 96 - = 130 kN
V, = 1.2 (20) + 1.0 (10) + 0.2 (2) + 31 =65 kN
M, = 1.2 (100) + 1.0 (50) + 0.2 (10) + 154 = 326 kN.m
M, = 1.2 (100) + 1.0 (50) + 0.2 (10) + 479 = 651 kN.m

and, case Uz
P = 1.2 (320) + 1.0 (160) + 0.2 (32) + 151 = 701 kN
V, = 1.2 (20) + 1.0 (10) + 0.2 (2) + 31 =65 kN
V,.= 1.2 (20) + 1.0 (10) + 0.2 (2) + 96 =130 kN
M, = 1.2 (100) + 1.0 (50) + 0.2 (10) + 479 = 651 kN.m
M, = 1.2 (100) + 1.0 (50) + 0.2 (10) + 154 = 326 kN.m
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