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C IA\Iﬁgh’r School
Course Description

Session 2: Dynamics and Response

February 22, 2021

This lecture will focus on the dynamics and response to earthquakes. It
will include a review of single-degree-of-freedom dynamics. An
explanation of harmonic response spectra and a discussion of
earthquake response spectra and inelastic response will be discussed.
The lecture will include a review of factors affecting response reduction.

IA\Iﬁgh’r School

Learning Objectives

» Describe the basic dynamics of building structures.

» Describe seismic response spectra and the development of
generalized response spectrum.

» Describe inelastic response and effective stiffness.
» Describe energy dissipation and hysteretic behavior.
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Course outline

Seismology and earthquake effects
Dynamics and response

Building dynamics and response
Steel behavior

System ductility and seismic design
Steel systems

Building configuration

Building codes
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Session topics

Basic dynamics
Forced motion and response

Dynamic equilibrium and the equation of
motion

Response spectra
Seismic response spectra
Inelastic response
Ductility
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Basic dynamics Stiffness
. . . A
« Structures have dynamic characteristics *"
o Natural frequencies of vibration
o Modes of vibration ﬁ K=F/A
o Damping of movement
» Dynamic characteristics arise from F= force
o Mass A= displacement
o Stiffness K= stiffness
. Idealized system with
o Dampmg mass and stiffness
13 Codes treat buildings as simple, single-degree-of-freedom 14
oscillators for basic seismic calculations such as base shear

Energy, mass, and motion

Imposed displacement = A
Release at t=0

Ee= 14, KA2 E = Ee + Ek at ‘li::?:/x;;(zmax:A
E= "2 Kx(t)] 2 <

Elastic stored Elastic strain energy E=0

energy E= Vs Mv(t)] 2 at X=0, V=g

Ek= M Vmax2
E.=0

E, = VaMv?

Kinetic energy

. . X = displacement
Kinetic v = velocity

M = mass=W/g
energy w = weight

g = acceleration of gravity
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Harmonic motion

X function of time, t

vo= My
Solve differential equation:
E (t)+E\(1) = E4(0)
Yo KX(£)? + ¥ M(%™/4)? = V2 K A?
A cos[(K/y) 2]
at
0
21 (M )12
4n (M )12 etc.

X(t)
X

~ ~ ~
n n n

Fundamentals of Earthquake Engineering
Session 2: Dynamics and Response

time — — K natural circular
t ©=2n/T= /M frequency of vibration
Building period is a fundamental property used 18

in seismic design

Harmonic motion

-

natural period of
= 275 ‘JM/K vibration

displacement

Damping

5% damped

N
time
\ \ undamped

critically damped
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Friction

o Structural elements slipping

* Bolts

o Nonstructural items sliding, rubbing

Damage

o Less energy returned than goes in

o Non-structural damage
* Partition cracking

o Structural damage

Damping

Lateral force

-

Displacement

20
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Damping Energy, mass, and damped motion
» Displacement-dependent sources E= 14 KA2 at v=0

Acceleration-dependent sources

|dealized as velocity-dependent E=" MV? = Egamping 3t x=0

® EX ressed as a (y Of Critical dam in — Tp = damped natural period
p. ° - Ping TD = T/\/1 -8 T = undamped natural period
* Typical steel-framed buildings § = damping coefficient
(% of critical damping)
02-3% f & =5%

0 5% used to include some structural damage
o Low levels do not affect natural period

Codes use 5% damping to determine forces

Taampea = 1.001 T

21 22

P-Delta A= A P-Delta

2
A=A +A,,
A= A [1/(1= PAilg,)] Lot A

e | - I:N
& ‘

1 I ~T i
. :

F+ PA,

U
U

4

1

]
I
1

/@/ 1st order forces... ...cause displacement ...reaching equilibrium at A,
1 +PA, ...leading to 2" order effects

1st order forces... ...cause displacement... ...leading to 2" order effects

A, is equilibrium displacement 23

A= A [1(1= P/ )] >

Copyright © 2021
American Institute of Steel Construction 6



AISC Night School 25
February 22, 2021

Fundamentals of Earthquake Engineering
Session 2: Dynamics and Response

P-Delta stiffness

v
I'
& QY
///{.Q
Kp, = negative /

stiffness due S
o P
to P-Delta 3] &
i 8 4 Displacement
K = stiffness i A
)
- . © K -
K = effective - Pa S ~py,

stiffness

25

PA and Pd stiffness reduction

Sabelli, R., and Griffis, L.G. (Quarter 2, 2021), "Internal second-order stiffness: A refined approach
to the R, coefficient to account for the influence of P- on P-A," Engineering Journal, AISC.

P-Delta stiffness

P-Delta reduces effective stiffness

Reduced stiffness - longer period
o Typically small effect

o Not typically considered in design
P-Delta is a second-order effect

o Most significant for:

* Flexible structures
o Low lateral loads

27

Forced motion
and response

ATRY, | Smarter.
I@ i Stronger.
: Steel.
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Forced motion and response What is response?

* What is “response”™? * Any quantity of interest arising from the

+ Forced motion application of load

 Resonance o Displacements

- Effect of dampin o Internal Forces

J o Accelerations

o Velocities
o etc.

Forced motion

displacement

time

Response is a function of
both the applied load and
Response the dynamic characteristics
of the structure

Applied force

31 32
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Harmonic force Resonance

é-‘ - R : \‘ : : : : g- - | \ | | |
\\ \\
Response vibration Response magnified response
Dynamic equilibrium and the
equation of motion
» Basis of response spectra
g SO * Used explicitly in response-histor
Dynamic equilibrium and analysie g
the equation of motion « Conceptual relation between ground

motion and structural demands

RIS : Smarter.
i@ i Stronger.

: 36
ame : Steel.
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equation of motion

» Dynamic equilibrium
o External force balanced by

* Force lost to damping
o Heat energy
o Structural damage
o Strain energy not returned

* Acceleration of mass [Temporary storage]

Dynamic equilibrium and the

* Internal force (strain energy) [Temporary storage]
o May contribute to acceleration of mass or damping later

o May contribute to internal forces and damping later

37

Fundamentals of Earthquake Engineering
Session 2: Dynamics and Response

The equation of motion

. Ma(t)+Cv(t)+Kx(t) = - F(t)

*M =mass

+ C =damping coefficient

« K =stiffness

ot =time

* X(t) = displacement

 v(t) = velocity =y

» a(t) = acceleration
* F(t) = applied force

= dv = d*
= N o

38

The equation of motion

+ C = damping coefficient

* F(t) = applied force
o Inertial force
* F(t) =Mg(t)

* g(t) = ground acceleration
history

o Critical damping
«C, = [4KM]% j l’

Mass

Acceleration

Copyright © 2021
American Institute of Steel Construction

Inertial force

Force ,.‘
y 7 ( -/
Acceleration

40

10
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Forces

Stored kinetic energy

_Essiga‘je&)energy Ma(t) Input energy
—
=) (1)
VVANA O
Kx(t)

41

Response
spectra

AT, | Smarter.
i@ : Stronger.

e  Steel.

* Response history
» Period-dependent response

Response spectra

43

Response history
Response

VWL

Response

“Response” may be
Displacement
Acceleration
Velocity
Any quantity of

interest

e I i |
Input motion

44
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Period-depend

response

Fund
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I Input motion |

45

Response

Response spectrum

. Harmonic force

. I\ /  affects one period
: |1\ /| more than others
: —4
40 / [ \ /
. / \/
. /X
10 'K \

O | 2 PeriEOd 4 E Iqut mgtion 1

46

Multi-harmonic input

Wave 1

Wave 2

//Wave 3
/ /

Force

, /
, A“A'AWA'“A-B“A

b & & b o N A o ®

47

Multi-harmonic response

High response at
/ resonance with

ﬁ / wave 1 ‘

Lower response at

// resonance with
1 wave 2 and wave 3

-w-.—aq..u-.-.._

Low response at
— other periods

Copyright © 2021
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j
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48

12



AISC Night School 25

Fundamentals of Earthquake Engineering
February 22, 2021

Session 2: Dynamics and Response

Seismic response spectra

Earthquake response spectrum
General seismic response spectrum
Spectrum types

Tripartite spectrum

Seismic response
spectra

50

GRS i Smarter.
i@ : Stronger.
e : Steel.

Acceleration, velocity, and

Seismic response spectrum .
displacement spectra

Ground- g Earthquake spectra can be (Pseudo) -
motion recor ; seudo — .
s charactelrlzeq by how much acceleration o= Conlstar;_t .
[t they excite different periods response  PGA e acceleration
Spectral spectrum 1
o ﬁ Acceleration & )
P (Pseudo) Vs P
£ os- PGA = Peak velocity R S— ‘Constant
g Ground response ‘ _.a" Tme g velocity”
Acceleration ~ spectrum ) Perilll
: . Displacement
0 1 2 3 4 5 response - “Constant
Response spectrum spectrum O™ Sdyeldg | displacement”
(acceleration) Period

Acceleration response spectra are used in design

51 52
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Acceleration, velocity, and Acceleration, velocity, and
displacement spectra

displacement spectra
* Pseudo acceleration

» Spectral displacement
o Displacement of a damped harmonic isolator o Units of acceleration
o Derived from displacement

» One period on the displacement response
* PS, = o?S,
* Acceleration that results in displacement S,

spectrum
oSy
o M*PS,/ K= S,
o Good match to spectral acceleration
« PS,~ S,
* PS, < S, if high damping
Acceleration, velocity, and _ .
displacement spectra Tripartite spectrum
200/ f—ﬂj—w "— velocitly”'_ FC‘%
50 ‘ . ; Oo) 7

* Pseudo-velocity

o Units of velocity
o Derived from displacement 2
= >
° PSV = de % g 2
. (]
o Reasonable match for spectral velocity a>
« PS,~S,
This is not on
the exam! {

Period
56

55
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Generalized acceleration :
Elastic response spectrum
response spectrum
g/lca::gerllgigiigﬁna?f Acceleration Spectral
short periods s;ﬁn'Shes acceleration S,
s increasing 5
2 period E
Earthquake E;usgg:
Peak ground = records often F=M*S
acceleration oeriog share certain rod @
ere characteristics e
Generalized acceleration response spectra 57 58
are used in design
Inelastic response
» Concept
. » Types of nonlinear behavior
IneIaStlc  Effective stiffness and period
Res ponse . Energ?/ dissipation
* Damping
RIS : Smarter.
@ o .
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Inelastic response

Ground-
motion record

91 I
| e B T

N

AT Iy
PRPY

Response

1 1 1

61

Types of nonlinear behavior

ost
qwe © S
° Os;\‘\c i

Q
e . . Displacement
ke Elastic-plastic Lateral force |._
© N
o 5] -
£ Sla. g.a[/l'e
~ 2 e St Lo,
=
® ”ess

Displacement

62

Lateral force

Effective stiffness

X
O » g
o1& 20
Lﬁ’ £ ‘{\e:(?f"@%e :
& R i
RN i Displacement

: demand

Displacement

T =2n\M/,

natural period of
vibration

Increasing
displacement
—>Decreasing
effective stiffness
- Increasing
effective period

63

Effective stiffness

» “Effective stiffness” and “effective period”

o Concepts presented to aid understanding
+ Effect of inelasticity
* Reduction of response

o Not reflected in elastic response spectra
o Not typically used in design!

64

Copyright © 2021

American Institute of Steel Construction

16



AISC Night School 25

February 22, 2021

Fundamentals of Earthquake Engineering
Session 2: Dynamics and Response

Effective stiffness

T =2n W

P-A effect

First-order
stiffness

Lateral force

Displacement

Codes limit the flexibility of structures to

limit the P-A effect

T =2rM/,

natural period of
vibration

P-A effect further
reduces stiffness.

Positive post-yield
stiffness can offset P-
A effect

66

Q
g natural period of
= vibration
©
% Increasing
— displacement
->Decreasing
effective stiffness
- Increasing
effective period
Displacement
65
Inelasticity
— increases
ective .
period (at pe”Od
maximum
response)
IS Increased
s period
Response § reduces
red.uction.due to < i acceleratlon
period shift Elastic :
permits use .Of period ! 5 response
reduced design : :
forces
Period
67

Period elongation

Inelasticity increases

period

o Increased period
reduces acceleration
response

o Increased period
increases
displacement
response

Period

68

Copyright © 2021
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Smoothed elastic
response spectrum \

Period elongation

System strength

Elastic
period

0.8
0.7 \
« 7 A\ 7
£ VT
8 05 o
§ 0.4 : \\ Elastic-plastic system
] - \\ requires slight period
g 02 V\ elongation to escape spike

T —

1 2z 3 4 5

Period T, Seconds

Fundamentals of Earthquake Engineering

Session 2: Dynamics and Response

Reduced design spectrum

Elastic response spectrum

o Accelerations corresponding to elastic
response spectrum

o Uneconomical design
Inelastic response

o Accelerations corresponding to reduced
elastic response spectrum

o Implicitly allows for structural damage

69
Reduced response
spectrum \ System strength
0.8
o) [\
£ VS
S 05 :
§ 04 l \ \ Elastic-plastic system requires
3 03 , \ : \( significant period elongation for
g . ’,L—\‘é-\f- reduced strength
’ L : M
0 : ; : ; 5
Flastic / 1 2 3 4 :
erio
P Period T, Seconds
Codes use a reduced elastic response spectrum to approximate 7
the effects of period elongation and energy absorption

Copyright © 2021

American Institute of Steel Construction

70
Period elongation
Reduced response
spectrum System strength
o \\ increases with —
0.7 period elongation
i
g os
§ 0.4 I \ \ System with positive post-
= s ' Xy I % elastic stiffness requires less
g 02 ,——\ \ period elongation for reduced
0.1 ; :
0 : ' ‘ ' :
Elafstic 0/ 1 2 3 4 5
period
Period T, Seconds
72

18
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Reduced response
spectrum

Period elongation

period

\ System strength

v \ decreases with E—

0.7 A"\{\ period elongation
c 0.6
IRAWN /
§ 0.4 J \ \ / System with negative post-
= , \ : k / elastic stiffness cannot justify
= 02 S V this level of reduction in required
& | V< strength

i : e : :
Elastic 0/ 1 2 3 4 5

Period T, Seconds

73

Reduced response
spectrum

Period elongation

\ System strength
0.8
7 A
S (RAN
T 05
§ 0.4 \ \ A system designed for
= s \ )< : very short-period
*§ 02 \V—7\ \ L/ response may have.
& Y= H very large deformation
0.1 i demands.
Elarstic /920 1 2 3 4 5
period

Period T, Seconds

74

Energy dissipation

AF

The area under
the curve
corresponds to
energy
dissipated.

This is treated as
damping in the
equation of
motion.

75

Types of hysteretic behavior

‘I(a]

Energy dissipated is

a function of inelastic
m displacement and
/ force.
/‘é Each inelastic cycle
dissipates energy.

1 1 TE— L

“Full hysteresis”

76
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Types of hysteretic behavior

Energy dissipated is
iy a function of
hysteresis shape.

— 7 Pinched loops

| pere]
A .
/4 V7 : contain less area;
4 7 ...} lessenergy is

Damping and response

AT

“Pinched hysteresis”

dissipated.

77

Lightly damped .InelaStICIty
response Increases
spectrum damping
.§ Heavily damped
3 response
Q spectrum Increased
Response g d R
reduction due to amping
damping permits reduces
use of reduced response
design forces |

Period

78

Reduced response

Lightly damped
response
spectrum

.§ Heavily damped

g response

g spectrum - Effective
Response 2 period (at
reduction due to Elsife maximum
damping and = response)

period shift permit
use of reduced
design forces (R
factor)

period

Period

Codes use a reduced elastic response spectrum to approximate
the effects of period elongation and energy absorption

79

Reduced design spectrum

* Reduced elastic response spectrum
o Degree of reduction depends on system
characteristics
* Ductility
o Displacement capacity

» Post-elastic stiffness
» Hysteretic damping
* Cyclic degradation

o Approximates inelastic response spectrum
» Time-history response of inelastic oscillators

80
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Inelastic response

Completely elastic
response
1.0

Deformation, A

of ductility that can be tolerated

* Asrequired elastic strength goes down (i.e. larger R-
factor) required inelastic deformation increases

g T As elastic design load
< decreases, required
§ _{0.75 inelastic deformation

5 : increases
© 1
0.5 ;
S v SSYV=F= | v
e :
S 0.25 PR S
o | S -7 2
< (ke
% Ayield i Amax
w

Codes use a response reduction factor to represent the degree

81

Ductility

AT, | Smarter.
i@ : Stronger.

amw” | Steel.

Ductility

* Definition
o Capacity and demand
* Force reduction
* Inelastic response spectra

83

Ductility

Lateral force

Yield —

Displacement
capacity
Displacement
demand (from
loading)

Displacement

84
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Ductility Ductility
* Demand « That building « That specimen
op = Ay/A experienced a lot of exhibited a lot of
o Describes the inelastic deformation demand ductility (demand) ductility (capacity)

relative to elastic limit (@ ’
+ Capacity |
o = AY/A !

o Describes the inelastic deformation capacity
relative to elastic limit

» Both concepts employed in this course

85 86

Ductility Force reduction

Good to have it «V =C,W design base shear

- C,=CJR,
o C, W =reduced required lateral strength
o C, W =required strength of elastic system
oR, = reduction factor due to ductility

Bad to use it

87 88
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American Institute of Steel Construction 22



Fundamentals of Earthquake Engineering

AISC Night School 25
Session 2: Dynamics and Response

February 22, 2021

Force reduction

+ Constant displacement region

oR, = u (ductility capacity)
+ Constant velocity region
oR, = U

» Constant acceleration region
o It's complicated.
oR, =V2u-1
o Lower at very short periods

89

Force reduction

» The designer selects the building strength
o Based on earthquake demand
» To match ductility demand and ductility capacity
» Ground motion may occur
o May not match design assumptions
o Maximum building forces (primarily) due to
building strength
o Ductility demands due to earthquake intensity
and building strength (overload)

90

Force reduction

* Elastic structures
 Earthquake variability

o Uncertainty in force demand
* Inelastic structures

o Earthquake variability
» Uncertainty in ductility demand

91

Inelastic response spectrum

Elastic response
spectrum

Reduced design
spectrum

force

/ E Period

92

Copyright © 2021
American Institute of Steel Construction

23



AISC Night School 25 Fundamentals of Earthquake Engineering

February 22, 2021 Session 2: Dynamics and Response
“Equal displacement rule” “Equal displacement rule”
» Applies to long period » Elastic system
o “Constant displacement” region A = CWK
o “Constant velocity” region * Inelastic system
« Same displacement for all structures of the A = Cp[C W/K]
same elastic stiffness regardless of Cp = Displacement amplification factor
ductility = R,
A = C,WK  Short period:

A > CeW/K (equal displacement does not apply)

93 94

Summary

* Response to excitation depends on
o Mass

Summary o Stiffness

o Damping
o Ductility

+ Earthquake load can be expressed as a
response spectrum

 Ductility allows lower design strength

96

RIS : Smarter.
i@ i Stronger.

asse” : Steel.
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Parting thought

How do real structures compare to
the idealized single-degree-of-
freedom oscillator?

GRS i Smarter.
i@ : Stronger.

ame : Steel.

End of session 2

Next:

Session 3:
Building dynamics
and response

@D s

e  Steel.

EARTHQUAKE
DYNAMICS OF
STRUCTURES

A Primer

Additional resources

99

Question time

ATRY, | Smarter.
I@ i Stronger.
: Steel.

X
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Single-Session Registrants

CEU / PDH Certificates

e Reporting site (URL will be provided in the forthcoming email).
¢ Username: Same as AISC website username.

e Password: Same as AISC website password.

8-Session Registrants
CEU / PDH Certificates

One certificate will be issued at the conclusion of the course.

{ Smarter.
Stronger.
¥ i Steel.

8-Session Registrants
CEU / PDH Certificates

One certificate will be issued at the conclusion of the course.

8-Session Registrants
Attendance and PDH Certificates

¢ You have two options to receive credit for a given session.
Option 1: Watch the live session. Credit for live attendance will be displayed on the
Course Resources table within two days of the session.
Option 2: Watch the recording and pass the associated quiz.

Videos and Quizzes
e For each session, find access within two business days after the live air date. (An
email will be sent from nightschool@aisc.org.)
e Reasons for quiz:
EEU — You must take all quizzes and the final exam to receive EEU.
PDHs — If you watch a recorded session, you must pass quiz for PDHs.
Reinforce what you learn in the lectures and get more out of the course!

Distribution of Certificates
All certificates will be issued after the course is completed. Only the registrant will
receive a certificate for the course.

{ Smarter.
Stronger.
7 : Steel.
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8-Session Registrants
Course Resources

Find all your handouts, quizzes and quiz scores, recording access, and
attendance information in one place!

i Smarter.
Stronger.
i Steel.

8-Session Registrants
Course Resources

Go to www.aisc.org and sign in.

EDUCATION  PUBLICATIONS

8-Session Registrants

Course Resources

Go to www.aisc.org and sign in.

IN THIS SECTION MyAISC

MY PROFILE

Update your contact and address information.
EDIT PROFILE

MY PURCHASED DOWNLOADS

Access articles and documents that you have purchased.

VIEW DOWNLOADS.

VIEW RESOURCES

MY COURSE RESOURCES Ssmc Desion n el
4:Sesion Packaos-Desion ofFacade Altachmers
View online resources for Night School aYd Live Webinar package registrations. Y ot
N s
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DON'T HAVE AN ACCOUNT?

USERNAME
My AISC allows you to access
Enter your username Engineering Journal articles and
Design Guides you have
PASSWORD downlcaded from the bookstore.

Enter your password
REGISTER NOW

Remember Me

LOGIN Forgot Username? Forgot Password?

8-Session Registrants

Course Resources

AISC > MYACCOUNT > COURSE RESOURCES

Course Resources
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8-Session Registrants

Course Resources

AISC > MYACCOUNT > COURSE RESOURCES > NS24 8:SESSION PACKAGE RESOURCES

Night School 24: Modern Methods for Learning Structural Stability
8-SESSION PACKAGE RESOURCES

7=

N

N
N

j Stronger.

AISC | Thank you. a%” | Steel.

<
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