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Review of Dynamic Response of single — degree- of — freedom system

Dynamic equilibrium Equation

fitfat 1 =)

2
f; =inertia force = mii = md—?
dt
f, = damping force (dissipative force) = cu = c‘—Z};-

J, = spring force = ku
p(t) =time dependent applied force

mii+ cu + ku = p(t)
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Friction-free surface mg
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EQ ground motion

,m(ii+iig)+ci4+ku=0 : - .

mii + cu + ku = —mii, = p,(t) = effective time-dependent force
utotal =u+ ug '
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Undamped free vibration
. _ . 2 - 2 k
mii+ku=0 or #W(t)+ou)=0 o _Aa

u(t)= Asinwt + Bcos ot T:———=27r\[%=

mii and ku have the same phase angle

u (0) b

u(0) T ) AmpliIude,' u,

Damped free vibration
mii+cu+ku=0

Y2 Cfawm 2 crivied demprg
mii and ku have different phase angle from cu rar o

Critically damped, { =1

Overdamped, { =2

< » t/T,

u(t) / u(0)

Underdamped, { =0.1
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EQ Response Spectra
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EQ Response Spectra
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Figure 6.6.1 (a) Ground acceleration; (b) deformation response of three SDF systems with { = 2%
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and T, = 0.5, 1, and 2 sec; (c) deformation response spectrum for { = 2%.

S, =u(?),, = spectral displacement
S, =oS, = spectral pseudo velocity

2 — .
S,, =@"S, = spectral pseudo acceleration
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Figure 6.6.2 Response spectra (¢ = 0.02) for El Centro ground motion: (a) deforma-

C ) tion response spectrum; (b) pseudo-velocity response spectum; (c) pseudo-acceleration
response spectrum.
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C Figure 6.6.3 “Combined D-V-A response spectrum-for El Centro ground motion; t =2%.
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At small frequencies, the spectral displacement approaches the peak ground
(\\ displacement, indicating that for very flexible systems (systems with small frequencies
or long periods) the maximum displacement is equal to the ground displacement. At
large frequencies, such as 25-30 Hz, the acceleration approaches the peak ground
acceleration, indicating that for rigid systems the absolute acceleration of the mass is the
same as that of the ground.

mii+cz't+ku=—miig
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Figure 6.8.1 Response spectrum (¢ = 0. 2, 5, and 10%) and peak values of ground
acceleration, ground velocity, and ground displacement for El Centro ground motion.
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Figure 6.9.3 Construction of elastic design spectrum.
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Time history Analysis of a SDF system -

®
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Mii+Cd+Ku=-—Miig(t) 8]
If we use the central difference method,
0= Ui — Ui, 9
' 2A¢
iio=| M T W U 1 _ W, — 2w+, 3)
’ At At )N A?

From Eqns. (1), (2), and (3)

M(um —2u; +u,, )+C(ui+l U J+Kui — _Mii

Ar? 2At &

M C 2M M C ..
Ug| =zt |[tu| K—— |[+tu,| ———=—— |=-Mii,,
A 2N 2At A" 2Me &
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With known values of #, and u,_,, u,, can be calculated.
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Basic Principles of Earthquake-Resistance Design

Because earthquake motions are much less predictable than other kinds of lateral loads, and
because strong earthquakes can produce very large forces in linear elastic structures, it is

impractical to design a structure for a single design earthquake.

Instead, we design for several selective limit states:

a) service limit state (operational) : building continues to function

b) damage limit state (immediate occupancy): damage is limited.

¢) Collapse limit state (Life safety or collapse prevention) : building remains standing

Any or all of these limit states could control, depending on the type of building.

Hospital : must function under strong EQ.

Office Tower : must continue functioning under light EQ. ligd

Bafetly critical
1

Very rare EQ

_Rare EQ

must limit damage under moderate EQ.

must not collapse under strongEQ. |/t Froquent EQ

Single Family Home : can stop functioning under light EQ.

damage permitted under moderate EQ.

R aa, akale it | it

Damage fimit ‘Collapse limit state

Lateral displacement

must not collapse under strong EQ.

Relationship Between Performance Objectives and Earthquake
Probability

Performance objective
Earthquake .
Probabili . Immediate . Coliapse
y operational Life safety ps
occupancy prevention
L]
Frequent ‘e, .
. ., e, Basic facilities
Occasional 4, Cag
Y 2y |
s, e,
", Fea, ‘ .I.."a.
Rare Te, Essential v,
e Te,
. 5 LS
Safety control 1, oy o,
L4 L § L]
Very Rare | LI Ya,, ta,,
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Performance limit States
Operational

Immediate occupancy

Life Safe

Collapse prevention

Occupancy types

Safety Critical Facilities:

Large quantities of hazardous materials (toxins, radioactive materials, explosives) with

Continuous service. Negligible structural and non-structural damage

Most operations and functions can resume immediately. Structure
safe for occupancy. Essential operations protected, non-essential
operations disrupted. Repair required to restore some non-essential

services. Damage is light.

Damage is moderate, but structure remains stable. Selected building
systems, features or contents may be protected from damage. Life
safety is generally protected. Building may be evacuated following

earthquake. Repair possible, but may be economically impractical.

Damage severe, but structural collapse prevented. Non-structural

elements may fall.

significant external effects of damage to building.

Essential/Hazardous Facilities

Critical post-earthquake facilities (hospitals, communications centers, police, fire stations,

etc.)

Hazardous materials with limited impact outside of immediate vicinity of building.

(Refineries, etc.)
Basic Facilities

All other structures.
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Earthquake Probability

Drectatask | eumperodgeny | gty of
Light (frequent) 10 1
Moderate (occasional) 48 5
Strong (rare) 475 50

Sample Calculation

S
7

Let T = return period in years

Then the probability that the event will be exceeded in a single year is 1/T

The probability that the event will not be exceeded in n years is (1-1/T)"
The probability that the event will be exceeded in n years is 1-(1-1/T)"

Loy (annued Prob.)

For T =475 years and n = 50 years 7
) 50 ferste st} EPaA
I-(1-1/T)" = 1-(1-1/475y" = 0.10

In a highly seismic area, each type of earthquake would have about the following maximum

ground acceleration:

Light EQ : a=0.1g
Moderate EQ : a=02g
Strong EQ : a=04~05¢g

Corresponding values of Vs, and dpax Will depend on the earthquake frequency content.

d
California fl———z— ~6
v

If ame = 3864in/sec® = 1g=981 cm/sec’
Vmax =48 in/sec X am, = 122 cm/sec X apax = 122 cm / sec

Qoo =6 Vinax 2/ 8max =36in =92 cm

. ad
Chile —-=~6,
v
. oad . . : .
Mexico City ——~1  Unusual soft soil conditions produce nearly harmonic motion.
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Linear Elastic Design Response Spectra

Given values of apax Vimax dmax, hOW can we get response spectra for design in the linear, elastic

range (service limit state) ? One of the most widely used procedures is that of Newmark &
Hall :

Newmark, N. M. and Hall, W. J., “Procedures and criteria for earthquake resistant design,”
Building Practice for Disaster Mitigation, Building Science Series 45, National Bureau of

Standards, Washington, D. C. Feb. 1973, pp 209-236.

After plotting the lines corresponding to ground motion maxima on tripartite log paper, the

response spectrum ordinates are obtained by multiplying these by factors which depend on the

structure’s damping

Tripartite log spectrum

Sq=S,/® S.=wS,

logS¢=logS,—log® or log$S,=logSs+logm Doy 54 )5 proportamel o
logS,=logS,+logw® or logS,=log$,-logw (,éa; S+ 2y T) =

log S, :xaxis 485 ° Axrs

log ® : y axis T=2n/w®
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(f‘ ™ Damping ratio Amplification factors for
N é" Amax Vmax Qinax
0 6.4 4.0 2.5
0.5 5.8 3.6 2.2
1 5.2 3.2 2.0
2 4.3 2.8 1.8
3 3.7 2.5 1.7
5 2.6 1.9 1.4
7 1.9 1.5 1.2
10 1.5 1.3 1.1
20 1.2 1.1 1.0
Then modify shape at ends :
~ with knowry (o and T,
PSu Te _ T=
C D B
. T3 To
4 AN
3 7/ £
C | o \ Ta e
/I \
A / F
l 7
T B8 Te T Te Tr

Example :

Using the procedure of Newmark & Hall, compute linear elastic design response spectra

(LEDRS) for a structure on rock or firm soil, with the following ground motion parameters and

2 % damping :
amx = 040g
Vmax = 19.2 in/sec
dpax = 144 in.

Samx = 040g x 43

SVimax 192 x

Sdmax = 144 x

C Plot these on a tripartite graph.

2.8
1.8

1.72 g
53.8 in/sec
259 in
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Elastic design ‘ Olyii
spectrums - re _d

Peak ,%'round acceleration,
velocify, and displacement

<

Pseudo—velﬁéity (log scale)

1/33 séc 1/8 sec 7 10sec 33 sec
33 Hz 8 Hz 1/10Hz 1/33 Hz

Natural vibration period (log scale)

Figure 6.9.3  Construction of elastic design spectrum.

TABLE 6.9.1 . AMPLIFICATION FACTORS: ELASTIC DESIGN SPECTRA

Median (50th percentile) One Sigma (84.1th percentile)

. Damping, ¢
. g (%) » oA ay dp - QA ay op
-1 321 231 1.82 438 338 273
2 274 203 163 . 366 292 242
5 2.12 165 139 271 230 201
. 10 1.64 137 120 199 1.84 1.69
20 1.17 1.08 1.01 1.26 137 1.38

Source: N. M. Newmark and W. J. Hall, Earthquake Spectra and Design, Earth-
quake Engineering Research Institute, Berkeley, Calif., 1982, pp. 35 and 36.

TABLE 6.9.2 AMPLIFICATION FACTORS: ELASTIC DESIGN SPECTRA?

Median (50th percentile) Qne Sigma (84.1th percentile)

@s  321-068 In¢ 4.38—1.04 In ¢
ay  231-0411n¢ 338-0.671n¢
ap  1.82-027In¢ 273-045In ¢ P

Source: N. M. Newmark and W. J. Hall, Earthquake Spectra and
Design, Earthquake Engineering Research Institute, Berkeley, Calif.,
1982, pp. 35 and 36. .

“Damping ratio in percent.
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Figure 6.11.1 Design spectrum defined as the envelope of design spectra for earthquakes
originating on two different faults.
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" Figure 245 Design spectra for horizontal motion for 5% damping. [After Mohraz (2-33).]
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Figure 2-47 Comparison of spectral shapes for 5% damping proposed by Mohraz Vwi'th those recommended by

SEAOQC.




