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Lecture outline

8.1 Time-history response of linear SDOF systems.

8.2 Elastic response spectra.

8.3 Time-history response of inelastic SDOF systems.



Seismic action

= Ground acceleration: accelerogram
El Centro 1940, Imperial Valley, SOOE
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= Properties of a SDOF system (m, c, k) + i (t) =
mil + cu + ku = —mil,
= Relative displacement, velocity and acceleration of a
SDOF system



Seismic action

North-south component of the El Centro, California
record during Imperial Valley earthquake from 18.05.1940
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Determination of seismic response

Equation of motion: mii + cu + ku = —mi,,

. . 2 .
Im: U+26w,u+wu=—u,
Numerical methods

— central difference method = U=EU (ta]; af)
— Newmark method

Response depends on:

— natural circular frequency o, (or natural period T,)
— critical damping ratio &

— ground motion ijg



Deformation u, in.

-10-
0 10 20 30

Seismic response

T,=0.5sec, {=0.02

2.67 in.

T,=1sec, {=0.02

T,=2sec, {=0.02

7.47 1n.

T

Time, sec

T,=2sec, (=0
9.91 1n.

i

:AAAAF
Ay

UuJU\UJVVVV

T,=2sec, {=0.02

7.47 in.

T, =2 sec, {=0.05

5.37 in.

0 20 30
Time, sec



Elastic response spectra

= Response spectrum: representation of peak values of
seismic response (displacement, velocity, acceleration)
of a SDOF system versus natural period of vibration, for a
given critical damping ratio

U (Tn,f) — Mmax u(t,Tn,ﬁ)
U, (Tn,f) :mtaX zi(t,Tn,ﬁ)
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Elastic displacement response spectrum: D=u,

Vrancea 1977, INCERC, NS
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Elastic displacement response spectrum: D=u,
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Elastic displacement response spectrum: D=u,

Vrancea 1977, INCERC, NS
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Elastic displacement response spectrum: D=u,
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Elastic displacement response spectrum: D=u,
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Elastic displacement response spectrum: D=u,
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Pseudo-velocity and pseudo-acceleration

= Spectral pseudo-velocity:

— units of velocity V=owD-= 2_7TD
— different from peak velocity 7:1
2
I ku;  kD* k(V/w,) mp?
= Strain energy Egy=—= —~ =

2 2 2 2

= Spectral pseudo-acceleration: i
27
fSOZkuOmequ:mA ‘ A:a)ju():a)jD: T D

n
H H max = Sde(T, max = Sde(T
— units of acceleration () = Sce(T) u(®)lmax = Sie(T)

— different from peak acceleration

\\
:kXSde(T) \\‘F/l
=mxSae(T) |
|
|




Pseudo-velocity and pseudo-acceleration
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Combined D-V-A spectrum

= Displacement, pseudo-velocity and pseudo-acceleration
spectra:
— same information
— different physical meaning

A _yewD or ta-y=-2p
o, 27 T

(Tn/27z)A=V mmp 07 +lgA—-Ig2n=1gV

= Aline inclined at +45° for IgA - Ig27 = const. = spectral
pseudo-acceleration: an axis inclined to -45°

= Similarly, spectral displacement: an axis inclined to +45°
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Combined D-V-A spectrum
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Characteristics of elastic response spectra
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Characteristics of elastic response spectra

Spectral Regions
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Characteristics of elastic response spectra
For T, <T, u!

— pseudo-acceleration A is close to iigo
— spectral displacement D is small

For T>T;
— spectral displacement D is close to U/,
— spectral pseudo-acceleration A is small

Between T,and T,= A> i,
Between T, and T_. = A can be considered constant

Between T,and T,= D > U,
Between T,and T, = D can be considered constant

Between T and T;= V>u
Between T_and T,= V can be considered constant
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Characteristics of elastic response spectra

I.>T,= response region sensible to displacements
I.<T.= response region sensible to accelerations
I.<T,<T,=> response region sensible to velocity

Larger damping:
— smaller values of displacements, pseudo-velocity and pseudo-
acceleration

— more "smooth" spectra

Effect of damping:
— insignificant for T, > 0 and T,, > o,
— important for T, <T <T,

16



Elastic design spectra

= Spectra of past ground motions:
— jagged shape
— variation of response for different earthquakes
— areas where previous data is not available

17



Elastic design spectra

* jdealized "smooth" spectra

= based on statistical interpretation (median; median plus
standard deviation)
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Pseudo-velocity (log scale)
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Elastic design spectra
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PSA

Elastic design spectra
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PSA

Elastic design spectra
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PSA

Elastic design spectra
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PSA

Elastic design spectra
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PSA

Elastic design spectra
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PSA

Elastic design spectra
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Inelastic response of SDOF systems

* Most structures designed for seismic forces lower than
the ones assuring an elastic response during the design
earthquake

— design of structures in the elastic range for rare seismic events
considered uneconomical

— in the past, structures designed for a fraction of the forces
necessary for an elastic response, survived major earthquakes
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Inelastic response of SDOF systems

= Elasto-plastic system:
— stiffness k
— Yyield force f,
— Yyield displacement u,

= Elasto-plastic idealization:
equal area under the actual

and idealised curves up to
the maximum displacement u,,

= Cyclic response of the elasto-pl:

Idealized

+y
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Corresponding elastic system

= Corresponding elastic system:

— same stiffness
— same mass

— same damping

= |nelastic response:

the same period
of vibration (at

small def.)

— Yyield force reduction factor R,

R =Joto
fy l/ly

— ductility factor
u

—_ m
,Ll—_
uy

fs*

Jo

, Corresponding linear system

/

Elastoplastic system
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Equation of motion

» Equation of motion: mii +cii + f (u,i) = —mii,

" Im = i+ 28w+ o, fi (u,i) =—ii

fs (u,u) =Js (u’u)/fy

g

= Seismic response of an inelastic SDOF system depends
on.
— natural circular frequency of vibration @,
— critical damping ratio &
— Yyield displacement u, 3
— force-displacement shape f; (u,u)



Effects of inelastic force-displacement relationship

= 4 SDOF
systems
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Elastic < inelastic

= Design of a structure responding in the elastic range:
fo<foy

= Design of a structure responding in the inelastic range:
Up S Upg K= HRy

~

ductility demand ductility capacity

fs ) o
, Corresponding linear system
/
Jo
// Elastoplastic system
Sy

> U
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= E| Centro
ground motion
— E=5%
- R,=1,2,4,8
T >T;
—u,, independent
of R,
-U, = U,

o T,>T

n Cc
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T <T,
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R, - prelationship: idealisation

= T, in the displacement- and velocity-sensitive region:
— "equal displacement” rule u,/u=1= R ~u

= T,in the acceleration-sensitive region:
— "equal energy" rule u,/u,>1 = R, =2u—1

= T, <T.:
— small deformations, elastic response = R =1
1 T <T
/s /s R =4\2u-1 T,<T <T,
H L, >1,

.
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R, - prelationship: idealisation
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