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ABSTRACT

Sets of duration-dependent artificial strong ground motions are

used to investigate the sources of variability in inelastic response

spectra, namely, strong ground motion duration, ductility level, and

viscous damping ratio. From time history analysis, it is concluded

that the Newmark inelastic response spectra for elasto-plastic systems

are unconservative for 5% damping, and conservative for 2% damping. By

comparing the lIinelastic response ratios,lI new inelastic response spec

tra are proposed for different ductility factors and damping ratios.

Based upon simulation studies, semi-empirical modifications to an

elasto-plastic random vibration model are suggested. The resulting

probabilistic predictions of the inelastic responses are quite compat

ible with those obtained by the time history analysis.

Three steel moment-resisting frames are analyzed to assess the

validity of the modal analysis-based inelastic frame design procedure.

The results indicate that this design procedure, based upon modal anal

ysis using the proposed inelastic acceleration response spectrum, yields

better frame designs than those based upon the Newmark inelastic spec

trum. However, the procedure results in conservative design for interior

columns and girders, and unconservative design for upper story exterior

columns.

The results also indicate that the maximum story displacement pre

dicted directly by the SRSS modal analysis using the inelastic displace

ment response spectrum is too conservative. The conservatism is more

pronounced at top stories.
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PREFACE

This is the twelfth report prepared under the research project en
titled "Evaluation of Seismic Safety of Buildings," supported by National

Science Foundation Grant ATA 74-06935 and its continuation Grant ENV 76
19021. This report is derived from a thesis written by Shih-sheng Paul
Lai in partial fulfillment of the requirements for the degree of Master of
Science in the Department of Civil Engineering at the Massachusetts Insti
tute of Technology.

The purpose of the supporting project is to evaluate the effective
ness of the total seismic design process, which consists of steps begin

ning with seismic risk analysis through dynamic analysis and the design of
structural components. The project seeks to answer the question: "Given

a set of procedures for these steps, what is the actual degree of protec
tion against earthquake damage provided?" Alternative methods of analysis
and design are being considered. Specifically, these alternatives are
built around three methods of dynamic analysis: (1) time-history analysis,
(2) response spectrum modal analysis, and (3) random vibration analysis.

The formal reports produced thus far are:

1. Arnold, Peter, Vanmarcke, Erik H., and Gazetas, George, "Frequency
Content of Ground Motions during the 1971 San Fernando Earthquake,"
M.I.T. Department of Civil Engineering Research Report R76-3, Order
No. 526, January 1976.

2. Gasparini, Dario, and Vanmarcke, Erik H., "Simulated Earthquake Motion
Compatible with Prescribed Response Spectra," M.LT. Department of
Civil Engineering Research Report R76-4, Order No. 527, January 1976.

3. Vanmarcke, Erik H., Biggs, J.M., Frank, Robert, Gazetas, George. Arnold,
Peter, Gasparini, Dario A., and Luyties, William, "Comparison of Seis
mic Analysis Procedures for Elastic Multi-degree Systems,'! M.I.T.
Department of Civil Engineering Research Report R76-5, Order No. 528,
January 1976.

4. Frank, Robert, Anagnostopoulos, Stavros, Biggs, J.M., and Vanmarcke,
Erik H., "Variability of Inelastic Structural Response Due to Real and
Artificial Ground Motions," M.LT. Department of Civil Engineering
Research Report R76-6, Order No. 529, January 1976.
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5. Haviland, Richard, "A Study of the Uncertainties in the Fundamental
Translational Periods and Damping Values for Real Buildings," Super
vised by Professors J.M. Biggs and Erik H. Vanmarcke, M.I.T. Depart
ment of Civil Engineering Research Report R76-12, Order No. 531,
February 1976.

6. Luyties, William H. III, Anagnostopoulos, Stavros, and Biggs, John M.,
"Studies on the Inelastic Dynamic Analysis and Design of Multi-Story
Frames," M.LT. Department of Civil Enqineerinq Research Report
R76-29, Order No. 548, July 1976. - -

7. Gazetas, George, "Random Vibration Analysis of Inelastic Multi-Degree
of-Freedom Systems Subjected to Earthquake Ground Motions," Super':'
vised by Professor Erik H. Vanmarcke, M.I.T. Department of Civil
Engineering Research Report R76-39, Order No. 556, August 1976.

8. Haviland, Richard W., Biggs, John M., and Anagnostopoulos, Stavros A.,
"Inelastic Response Spectrum Design Procedures for Steel Frames,"
M.I.T. Department of Civil Engineering Research Report R76-40, Order
No. 557, September 1976.

9. Gasparini, Daria A., "On the Safety Provided by Alternate Seismic
Design Methods," Supervised by Professors J. M. Biggs and Erik H.
Vanmarcke, M.I.T. Department of Civil Engineering Research Report
R77-22, Order No. 573, July 1977.

10. Vanmarcke, Erik H., and Lai, Shih-sheng Paul,"Strong Motion Duration
of Earthquakes," M. 1. T. Department of Ci vil Engineeri ng Research Re
port R77-16, Order No. 569, July 1977.

11. Robinson, James H. Jr., "Inelastic Dynamic Design of Steel Frames tc
Resist Seismic Loads," Supervised by Professors J. M. Biggs and Erik H.
Vanmarcke, M.I.T. Department of Civil Engineering Research Report
R77-23, Order No. 574, July 1977.

The project is supervised by Professors John M. Biggs and Erik H.

Vanmarcke of the Civi 1 Engineering Department. They have been assisted by
Dr. Stavros Anagnostopoulos, a Research Associate in the Department. Re-
search assistants, in addition to Mr. Lai, who contributed to the work re
ported herein were Peter Arnold, Robert Frank, William Luyties, Dario
Gasparini, Richard Haviland, George Gazetas, James Robinson, and Ricardo

Binder.
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CHAPTER 1
I NTRODUCTI ON

1.1 SCOPE

In aseismic engineering, it is often impractical, or at least un-

economical, to design a structure so that it will remain completely

elastic. For years, researchers and designers have been trying to model

the nonlinear behavior of structures. Various methods of differing com-

plexity have been developed for the structural dynamic analysis. There

are three main approaches currently used for seismic dynamic analysis,

namely: a) time history analysis, b) random vibration analysis, and

c) response-spectra-based modal analysis.

The time history analysis involves step-by-step time integration of

the system motion equations for an ensemble of ground-motion accelero-

grams. Although the method is generally applicable, it is too expensive

and time-consuming to be attractive for practical design. The random

vibration analysis treats the earthquake ground motions as random pro

cesses. Based on random vibration theory, the probabilistic structural

response can be directly predicted. Unfortunately, an exact random vibra-

tion solution for inelastic systems has not yet been derived. Hence the

application of random vibration analysis to practical design has been

1imited.
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The response-spectra-based modal analysis is considered by many

to be the most practical approach. The structural response is computed

for each normal mode of vibration. The total response is obtained by

superimposing the responses of the contributing modes. Due to the use

of modal superposition, the method is theoretically strictly limited

to linear-elastic systems. However, because of its straightforward

nature. the inelastic response-spectra-based modal analysis has been con

sidered a potential method for inelastic structural design.

Studies (3, 12, 15, 18, 19) have been conducted to investigate the

adequacy of this inelastic design procedure which is based on the modal

analysis using inelastic response spectra. The general conclusion was

that the inelastic design procedure would yield unconservative design.

The unconservatism might come from the modal analysis itself, or the

inelastic response spectrum used, the determination of member strength,

the strong ground motion used for time history analyses, etc.

In this study, based on the widely accepted Newmark-Hall basic design

spectrum (17), sets of strong ground motion duration-dependent artificial

motions were generated. Inelastic response spectra of maximum absolute

acceleration and maximum relative displacement were computed by the time

history analyses using the sets of motions. Hence, the variabilities of

inelastic response spectra on strong ground motion duration, ductility

level, damping ratio, etc. were investigated. New inelastic response

spectra for 2% and 5% damped elasto-plastic systems were proposed. Then

the validities of the inelastic response-spectra-based inelastic design

procedure were assessed. Also in this study the random vibration pre

dictions of the inelastic response were evaluated. Based on the simula-
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tion studies, the random vibration analysis was modified for single

degree-of-freedom elasto-plastic systems.

1.2 OUTLINE OF THESIS

Brief descriptions of the time history analysis for elasto-plastic

single-degree-of-freedom (SDOF) systems are presented in Chapter 2.

Background introductions of the random vibration model used in this

study are also included.

In Chapter 3, the widely accepted Newmark approach of constructing

inelastic response spectra from the elastic spectrum is presented. Brief

descriptions of the input parameters for the generation of artificial

motions are also included. This is followed by discussions on the ef

fects of strong ground motion duration on the elasto-plastic SDOF re

sponses. Inelastic response ratios are defined next. The results of

elasto-plastic responses by time history analyses are presented in terms

of the inelastic response ratios. These are compared with the results

predicted by the Newmark approach. The results of inelastic responses

based on a set of real ground motions are also reported and compared.

Finally, inelastic response ratios for 5% and 2% damped elasto-plastic

systems are proposed. The corresponding inelastic response spectra are

presented.

Chapter 4 contains the modifications of the random vibration model

used in this study. The inelastic response ratios predicted by the new

random vibration model are presented.

In Chapter 5, brief descriptions of the modal analysis using the

inelastic response spectrum are presented. A simple shear beam model is
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tested with the new proposed inelastic response spectra. This is fol

lowed by brief descriptions of the structural frames used in this study.

The inelastic-frame design procedure based on modal analysis using the

inelastic-acceleration response spectrum is outlined. The method of

time history inelastic dynamic analysis for frames used in this study

is briefly discussed. Relationship between the rotational ductility

and the moment ductility is investigated. Results of inelastic dynamic

analyses for frames designed by the modal analysis using inelastic re

sponse spectra are reported and compared. Finally, conclusions drawn

from the discussion in this Chapter are summarized.

Chapter 6 contains conclusions reached from this study and recom

mendations for further research.
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CHAPTER 2
MODELS FOR INELASTIC RESPONSE ANALYSIS (SDOF)

2.1 INTRODUCTION

In this Chapter, brief descriptions of the time history analysis

for elasto-plastic single-degree-of-freedom (SDOF) systems are pre

sented. This contains the recurrence formulas, time integration scheme

used, and notes on the overshooting problem. The time history model

will be used to compute the inelastic responses. The resulting inelas

tic response spectra for acceleration and displacement are presented

in Chapter 3.

Background introductions to some pertinent statistical parameters

of elastic SDOF systems by random vibration analysis are also included.

This is followed by detailed descriptions of the elasto-plastic random

vibration model used in this study. Based on the model, the probabilis

tic predictions of elasto-plastic response of SDOF systems can be approx

imately assessed.
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2.2 TIME HISTORY ANALYSIS OF SDOF SYSTEMS

2.2.1 Basic Model Descriotions. 1 _

The conventional simple elasto-p1astic spring-mass-dashpot sys-

tem was used for the computation of single-degree-of-freedom time his

tory response. The model consists of a mass M, an idealized elasto-

plastic spring with stiffness K, and a viscous damper with damping C as

shown in Fig. 2.1. The basic motion equation is:

MU + CU + KU = - MYs

where U relative horizontal displacement of the mass

Ys horizontal ground acceleration.

(2-1 )

Step-by-step time integration of the differential motion equation

was employed to obtain elasto-plastic response. Anagnostopoulos (1),

in his doctoral dissertation, compared different numerical integration

schemes. He concluded that lithe constant velocity method II , though sim-

ple, was numerically stable for the computations of structural response.

The only restriction was that the integration time interval should be

kept below 1/5 - 1/10 of the natural period of the system. Since the

shortest natural period of interest was 0.1 sec, 0.02sec has been selec-

ted as the integration time interval in this study.

The fundamental recurrence formulas for the constant velocity method

of time integration are: (Biggs,S):

=
U(s+l) _ U(s-l)

211t (2-2)

where superscript s represents time step s.

(2-3)
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M U = y - y

K l::~ c

s

----'\1--.--
Ys

FIG. 2.1 - BASIC DAMPED MASS-SPRING SYSTEM

U
_----lJ.l.lol.l,\~__...,......-+------I"----+_-L---..."",..Jl---_U

- Rm

FIG. 2.2 - ELASTO-PLASTIC FORCE-DEFOR~1ATION RELATIONSHIP
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The well-known force-deformation relationship for elasto-plastic

systems is shown in Fig. 2.2. Yielding behavior can be modelled for five

stages. Relative acceleration of time step s for each of the stages

can be expressed as a function of relative displacements in time step s

and s-l as follows:

a) stage 1 - elastic

U(s) : M_Y.:::...~s_)_----.:K-=..::U=(s_)_-~c~(u,.,.(s_)__...:::-U_(s_-_1)-L)I..-:.:./t:,=-:..t
M+ C t:,t/2

b) stage 2 - positive plastic

u(s) =- t'1,Y ~ s ) - Rm - C(U ( s) - U(s -1) )/ t:, t

M + C t:,t/2

(2-4-a)

(2-4-b)

c) stage 3 - positive rebound

.. ( ) _Mii (s )_ R + K(u - u(s )) - C(U (s) _ U( s-1) ) / t:, t
US = 'S m max (2-4-c)

M+ C 6t/2

d) stage 4 - negative plastic

.. (s ) - t~y ~ s) + R
m

- C(U ( s) - U(s-1) ) /6. t
U = M + C t:,t/2 (2-4-d)

e) stage 5 - negative rebound
, " (s )

.. ( s ) - ;~ys + Rm +
U =-

where Umax is the maximum relative displacement when the elasto-plastic

system starts to rebound as shown in Fig. 2.2.
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2.2.2 Overshooting

Due to the finite small time interval, the problem of overshoot-

ing will always arise during time integration. This means that when the

elasto-plastic system starts to yield, the computed spring force will

exceed the maximum resisting force R of the spring. The amount of thism
overshot resisting force is (U 2 - Ul)K, as shown in Fig. 2.3.

Several approaches have been proposed to improve the overshooting

problem. The usual way is to decrease the integration time interval.

However, this is very expensive to implement. Luyties et al. (15) sug

gested that to balance the overshot deformation, an input force be applied

to the system in the next time step.

In this study, a new simple scheme has been implemented. The cor-

recting scheme is based on the argument that the strain energy due to

elastic action when the resisting force in the spring exceeds Rm should

be dissipated by inelastic deformation 6U. As shown in Fig. 2.3:

Therefore:
(2-5)

where Ue = yielding displacement of the elasto-plastic system

U2 uncorrected displacement

U3 = corrected displacement.

Numerical examples have been tested for this correcting scheme. The

results are quite compatible with those obtained by reducing time integra

tion intervals. Hence, it can be concluded that the new approach to im-

proving the overshooting problem is quite satisfactory.
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2.3 RANDOM VIBRATION ANALYSIS OF SDOF SYSTEMS

2.3.1 Background

As mentioned in Chapter 1, time history analysis is generally too

expensive to implement. Besides, one does not grasp the statistical

sense of structural behavior. In view of the fact that a seismic activ

ity is indeed a random phenomenon, the random vibration analysis seems

to be a more desirable approach.

Unfortunately, to the author's knowledge, exact random vibration

solution of elasto-plastic single-degree-of-freedom oscillating systems

has not been derived. Several approximate approaches for small inelas

tic deformations have been suggested. But most of the models are ex

tremely difficult to incorporate. Vanmarcke and Veneziano (24) suggested
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an approximate stochastic model for inelastic response of elasto-plastic

oscillators. The mean, variance, and probability distribution of the

inelastic response can be approximately predicted by the model.

In this section, brief descriptions of the statistical parameters

of a simple linear elastic oscillating system are presented. This is

followed by detailed discussions of the elasto-plastic model proposed

by Vanmarcke et al., which was used in this study.

2.3.2 Statistical Parameters of Elastic Systems

It is a well-known fact that strong ground motion--in fact, any

periodic function, can be expressed in terms of a series of sinusoidal

waves as follows:
n

X(t) = ) Ai sin
1"'1

(w. t + <p.)
1 1

(2-6)

where Ai is the amplitude and <Pi is the phase angle of the i th contribut

ing sinusoid with frequency w•. The power spectral density function
1

(PSD), Gx(w), which reveals the information of relative importance of

sinusoids, is defined as:

2G (w. )l1w = A./2
x 1 1

(2-7)

From random vibration theory (Crandall and Mark, 8), when a linear

elastic system is subjected to a stochastic ground motion, the spectral

density function of relative displacement Gy(w) can be directly expressed

in terms of the input PSD as follows:

(2-8)
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v~here H((u) is the so-called "transfer function," and l;; is the damping

2ratio of the system. The variance of the response, 0y' equals the total

area under Gy(w);

2

fa
foo 20y G (w)dw = G (w) IH(w) I dw

y 0 x

Vanmarcke (22) has derived an approximate formula 2
for 0y:

2 fa Gx(w)IH(w)1
2 dLu0y =

Gy(wn) Tf
u)

++f n
"" - (-- - 1) Gy(w) dw3 4l;;w wn 0n

(2-9)

(2-10)

The moment of the PSD, i.e., A., and the bandwidth measure q can also be
1

evaluated:

(2-11)

(2-12)

Fig. 2.4 shows a typical elastic response of a lightly damped linear-

elastic system subjected to zero-mean stationary random process of ground

shaking. It has been observed that the exceedances of a given level of

threshold + a tend to arrive in clumps. (Karnopp and Scharton, 13). A

clump is defined as a series of barrier impacts occurring every half-

cycle of the system transient response. The observation suggests that

the consrciltive peRks of the response tend to be highly correlated. Hence,

the expected value of the random number of successive exceedances, Na,

for response threshold a can be approximately expressed as: (Vanmarcke,

21,24)
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E[Na] = [1 - exp (1ir/2 r q)r
l (2-13)

where r = a/a is the normalized factor of the threshold level a divided
y

by the standard deviation of the response. As will be shown later, r is

a very important parameter in predictinq the inelastic response.
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The mean rate of up-crossings of the response threshold a, va' is

expressed as follows:

2
= Vo exp (-r /2)

where v = __1 (\ /\ )1/2 = mean rate of zero crossings.o 27T 2 0

(2-14)

The average n~m-

ber of clumps per unit time has been approximately derived as:

2va
]l = ----------=-----..--a 2E[NaJ[l - exp (-r /2)J

(2-15)

2va[1 - exp (- 1IT72 r q)J
. 2"

exp (r /2) - 1

Based on the above-mentioned statistica"1 parameters for an elastic

system, detailed descriptions of the e1asto-p1astic random vibration

model used in this study are presented next.

2.3.3 ELASTO-PLASTIC RANDOM VIBRATION MODEL

As shown in Fig. 2.2, the e1asto-plastic SDOF system behaves linear

elastically between plastic actions. Based on the work by Karnopp and

Scharton (13), Vanmarcke (21) argued that the elasto-p1astic response

could be divided into two components: a component of permanent set and

an equivalent elastic response component as illustrated in Fig. 2.5. He

further suggested that the nonlinear effect could be modelled as a

first threshold passage problem for the associated linear elastic system.

The yielding level Ue of the e1astoplastic system was taken to be the

threshold response a as indicated in Fig. 2.5.c.
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It has been stated previously that for elastic systems, the exceed

ances of a threshold tend to arrive in clumps. Vanmarcke observed that

yield level crossings of the elasto-plastic response also would arrive

in clumps. From simulation studies of white noise Gaussian excitations,

Yanev (26) concluded that for high thresholds the rate of zero crossings

Vo of the elasto-plastic systems should approximately remain the same as

for the associated elastic systems. Hence, the time between clumps for

elasto-plastic systems can be approximately assumed to have an exponen-

tial distribution with mean l/~ .
a

Karnopp &Scharton (13) have derived the expected amount of inelas-

tic deformation, denoted as 0 (an absolute value), for a single crossing

of the yield level Ue • This was based On the principle of conservation of

energies. When an elasto-plastic system starts to yield, the kinetic

energy MU 2/2 will be dissipated by yielding action Rm O. 0 is the plas

tic deformation as illustrated in Fig. 2.5.b for a single excursion of

the yielding deformation Ue . Hence

RmD = t M U2

E[O] = -lL E[U 2] = ---11_ E[U 2]
2Rm 2KU e

For high thresholds, E[u2] can be repl aced 2 2 (13) .by w crn y
2

E[D] = 8 =
cry cry

2U 2re

For a lower threshold, E[U2] may itself depend on r (11).

This leads to:

(2-16)

Hence,
E[O] = 0 = f(r) cry' (2-17)

Based on simulation studies and time history analysis, a new semi-empir-



27

l.....----.-----.-----~---~I -----,-----,----..---.....-,

') .

:r:::
u
z

~ 0
UJ
:2:
w

~-1
-I
0..
t/)

0-2

- 3'-0-----1---*2----...JL.---4-r----L-----!----L-...:..-.---!

TIME HISTORY (Sec.)

a) TOTAL ELASTO-PLASTIC DEFORr~ATION

3,----..---.,-----.----,----.----r-----.-----,

2
:r:::
CJ
z:.....,

r
:::::::
~ Ol------...+=t-
UJ
u
o::r.:
~ -1
V)

0_ 2

2 4 6 8

TIME HISTORY (Sec. )

b) PEW~ANENT SET
* Crossings

* * * * * * * * *

2
Ue

- 3
0
!':-__---l ~--....L.._--I:---.-L.---.l..----l.------l

:r:::
u
z
>-<

I
z:
w
'=,-
w
u
S -1 -Lr-------- * --* -~--------*- * ------- *
e, e
;:; - 2 _---' ----l. -.L. --J

o 2 4 6 8

c) ELASTIC COMPONENT OF RESPONSE
FIG. 2.5 - TYPICAL ELASTO-PLASTIC RESPONSE



28

ical function of r, f(rl, is suggested in this study and will be presented

in detail in Chapter 4.

It is assumed that the random number of plastic deformation contri-

butions has a Poisson distribution with mean ].l 5 (21, 22,24). The proba-a
bility density function for threshold d is fD(d) = (2 0)-1 exp(-jdl/o).

Thus, the mean and variance for the random process of the total inelastic

deformation 0(5) can be expressed as follows:

E[0(5)] = ].laS E[Oi] = 0

2 2Var[O(S)] = ].laS(Var[Di] + E [D i ]) = 2].laS 0 (2-18)

].l is the average number of clumps per unit time.a

where O(S) = L D., D. is the contribution of inelastic deformation due
. 1 1
1

to a single excursion.

The peak inelastic deformation Dp will be less than or equal to the

threshold d, if there is no crossing existing in period S. Hence,

(2-19)

where vd(t) = ].la Pd(t) =mean rate of up-crossing threshold d in time t.

Pd(t) = probability of a plastic set resulting in an upcrossing of response

threshold d in time t.

As shown in Fig. 2.6, an up-crossing of the barrier level d will oc-

cur, provided that 0i >d-D(t). O(t) is the permanent set at time t,

while O. is the contribution of inelastic deformation. Therefore,
1

Pd(t) = 2 fdp[Oi > d-x] f (x) dx (2-20)
;.IX) 0

Since

f
oo 1

P[O. > d-x] = (28)- exp (-Ixl/o) dx =
1 d-x
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this leads to
d

Pd(t) =e-
j

/
o lwex/ofD(X) dx

=e-d/ o E [ex/oJ. (2-21 )

From applied probability theory, the exponential transformation (or s

transformation) of any PDF f(x) can be expressed as (9):

f:(S).- E [e- sx ] = f~-sx fx(x) dx

= e-sE(x) + s20 ;/2 (2-22)

Here, E [x] = 0, 0
2 = 2~ t 02 (Eq. 2-18), and s = -1/0.
x a

Substituting these values into Eqs. (2-22 and 2-21),

t-d/o ~a
""e e . (2-23)



30

Eq. (2-19) now becomes

f
s jJ t

P [0 < d] = exp [- lJae-d/Q e a dt]
p -

o

jJ S
= exp [(1 - e a ) e-d/ o]

This result is given in Ref. 22.

(2-24)

(2-25)

Finally, one arrives at the expected total inelastic peak displace-

ment d with probability P of not being exceeded:

d = o{tn[l - exp (jJaS)] - tn(- tn P) }

Based on Eq. (2-25), the probabilistic predictions of inelastic ac-

tion in terms of ductility factors or maximum inelastic displacement can

be approximately assessed.

2.4 SUMMARY

A strong ground motion can be expressed either in the time domain

or in the frequency domain. In the time domain, the motion can be repre-

sented as an acceleraogram. The structural response can be computed by

time integration analysis as described in Sec. 2.2. In the frequency

domain, the strong motion is expressed as a power spectral density func-

tion. As mentioned in the previous section, the probabilistic structural

response can be predicted.

In a given excitation and a particular damping value, it has been

common practice to plot the single-degree-of-freedom response versus the

undamped natural period of the system. The plot is the widely-used re

sponse spectrum. Based on the time history model described in this Chap

ter, variabilities of the inelastic response spectra for acceleration and
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displacement can be investigated. Results are presented in the next Chap

ter. Probabilistic predictions of the inelastic response by the random

vibration model described in Sec. 2.3 will be discussed further in Chap

ter 4.
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CHAPTER 3
INELASTIC RESPONSE SPECTRA BASED ON TIME HISTORY ANALYSIS

3. 1 INTRODUCTION

The use of a "response spectrum" to characterize the maximum struc

tural response has been well established in aseismic engineering. The

Applied Technology Council (3) has recommended that the shape of a design

response spectrum should be proportional to the shape based on site seis

mic parameters. The parameters, i.e., maximum ground acceleration,

velocity, and displacement, are determined by an appropriate site response

study. In this study, the assessment of general validity of the response

spectra-based design procedure was the major objective. Hence, no attempt

was made to cope with local geological conditions.

To best represent a variety of site conditions, Newmark and Hall (17)

suggested a maximum ground acceleration value of 1.OG, maximum ground

velocity of 48 in/sec, and maximum ground displacement of 36 inches. They

also suggested that for 5% damping coefficient the amplification factors

of 2.6,1.9, and 1.4 for acceleration, velocity, and displacement should

be used. Fig. 3.1 shows the resulting basic design response spectrum for

5% damping.

An approximate procedure to construct the inelastic response spectra

for displacement and acceleration from the basic elastic design spectrum
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has been proposed by Newmark and Hall (17). Brief descriptions of the

procedure are presented herein.

As illustrated in Fig. 3.1, for intermediate and high natural period

ranges (i.e., the velocity and displacement amplification regions), the

inelastic acceleration response spectrum equals the elastic response

spectrum divided by the ductility ratio w. The inelastic displacement

response spectrum is the same as the elastic spectrum in these ranges.

In the intermediate low natural period range (i.e., the acceleration ampli

fication region), the inelastic acceleration response spectrum e~uals the

elastic spectrum divided by (2V_l)1/2. This was derived based on the

principle of energy conservation. In the same range, the inelastic dis

placement response spectrum is equal to the elastic spectrum times

w/(2w-l)1/2. For the very low natural period range, the system is very

stiff, and the inelastic acceleration response is equal to the elastic

one. The inelastic displacement equals the elastic response times the

ductility factor. In summary, the Newmark approach assumes the inelastic

acceleration and displacement spectra differ by the ductility ratio Wfor

all natural periods, as shown in Fig. 3.1. More elaborate discussion

of the procedure is reported in references 16 and 17.

One of the objectives of this study is to investigate the variabili-

ties of inelastic acceleration and displacement response spectra on strong

ground motion duration, ductility demand, damping ratio, etc. Further

more, the assessment of validity of the above-mentioned Newmark procedure

of constructing inelastic response spectra directly from the elastic spec

trum is also desired. In making this assessment, 50 natural periods

equally spaced between 0.1 sec and 10 sec on the logarithmic scale were

used. Based on the Newmark basic design response spectrum, a series of
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strong ground motion duration-dependent artificial motions were generated.

Brief descriptions of the generation of artificial motions are presented

in the following section.

3.2 GENERATION OF ARTIFICIAL MOTIONS-- . - ----'---'-'---'-

The program SIMQKE (10, 14) was used to generate a series of dura-

tion-dependent artificial strong ground motions for the subsequent ine

lastic response analyses. ~Jith the input of a "target" response spec-

trum, which is the Newmark basic elastic design spectrum of 5% damping,

as mentioned previously, the program computes the corresponding power

spectral density function. By generating randomly based phase angles and

employing Eq. (2-6), artificial strong ground motions can be generated.

In order to simulate the transient character of actual ground shak

ings, the program has incorporated an intensity envelope function I(t).

Eq. (2--6) then becomes,

X(t)
n

I(t) I A. sin
. 1 11=

(w.t + <p.)
1 1

(3-1)

Several authors have proposed different types of intensity functions,

namely: exponential, trapezoidal, compound, etc. Due to its simple na-

ture and distinctively defined strong motion portion, the trapezoidal

intensity envelope function was used.

Four sets of artificial motions with varying strong ground motion

durations, i.e., 10, 20, 30 and 40 seconds, were generated. Each set

consists of five different artificial strong ground motions. The corre

sponding intensity envelopes of different strong ground motion durations

are shown in Fig. 3.2. The maximum acceleration for all motions is 1.0 G.
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A typical resulting elastic response of an artificial motion is shown

in Fig. 3.3. Notice that it matches the target response spectrum quite

sa tis factoril y.

With different strong motion durations, the corresponding power spec

tral density functions will vary. As mentioned in Chapter 2, the power

spectral density function is the basis for random vibration analysis.

The PSD' s computed by thi s program are presented in Chapter 4.

3.3 EFFECTS OF STRONG GROUND MOTION DURATION

3.3.1 Effects on Inelastic Response Spectra

Strong ground motion duration has long been considered an important

parameter in seismic engineering. The response of very lightly damped

linear systems or strength-degrading nonlinear systems depends signifi

cantly on the duration of ground shaking. Different definitions for the

strong motion duration have been proposed (23); however, no single measure

of the duration is in common usage in earthquake engineering. In this

section, the variabilities of inelastic response spectra on strong ground

motion duration are investigated.

In matching the Newmark elastic design response spectrum, duration

dependent artificial motions were generated as described in section 3.2.

50 SDOF systems with natural periods ranging from 0.1 to 10.0 seconds

have been considered in this study. The elasto-plastic responses corre

sponding to four ductility levels, Le., jJ = 2, 3, 4 and 5, are of inter

est herein. Hence, by varying the resistance function for each system,

the elasto-plastic responses corresponding to a given ductility level can

be calculated based on the time history model described in Chapter 2.
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The mean elasto-plastic response of SDOF systems can then be computed

for each set of artificial motions.

Figs. 3.4 and 3.5 show the mean inelastic displacement and accelera

tion responses for different strong ground motion durations (~=5). In

easy cOlnparison, the Newmark elastic responses and inelastic response

spectra for ~=5 are also shown in the figures.

As shown in the figures, for each of the 50 natural periods considered,

the mean inelastic response of relative displacement or absolute accelera

tion does vary with different strong motion durations. However, there is

no unique trend with respect to the variations of strong ground motion

duration. Hence, it can be concluded that for a given ductility level,

the inelastic responses for maximum relative displacement and maximum ab

solute acceleration are not significantly dependent on strong ground mo

tion duration.

However, one must be cautious to interpret the conclusion. The above

mentioned conclusion is true only when the duration-dependent artificial

nlotions were matching the same target response. In other words, the con

clusion is valid only when the ground motions have approximately the same

level of elastic response spectra.

As mentioned earlier, it has been recognized that the strong ground

motion duration is a very important parameter in earthquake engineering.

Intuitively, one would expect the motion duration to be closely related

to nonlinear structural response. This leads to the question of whether

the usual way of measuring structural inelastic behavior by the peak duc

tility factor is adequate. Further discussions concerning the adequacy of

ware presented in the following paragraphs.
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3.3.2 Cumulative Yielding Ductility

The traditional way of evaluating inelastic behavior of a system

is by computing the peak ductility factor~. The peak ductility factor

is defined as the maximum relative displacement response divided by the

yielding displacement of the system. As depicted earlier, the inelastic

responses are not significantly related to strong ground motion duration.

However, one would intuitively expect the inelastic structural response

to be closely dependent on the motion duration, at least when dealing

with the damage of the system. This suggests that the conventional duc

tility factor, though it reveals the information of peak deformation, may

not be a pertinent measure for long-term structural damage. In view of

this postulation, a new inelastic behavior measure has been tested. The

results are reported herein.

The new measure "cumulative yielding ductility," denoted by n, is

(3-2)n
_L: IDil

+ 1- -u;-
where D. = individual plastic deformation as described in section 2.3.3,

1

defined as:

and Ue = yield displacement of the elasto-plastic system. The informa

tion of total amount of plastic actions (in absolute value) can be ob-

tained by using the cumulative yielding ductility n.

A series of systems subjected to artificial strong ground motions

was studied. For illustration purposes, only two systems are presented

herein. The first elasto-plastic system has a natural period of 0.233 sec,

maximum spring resistance R = 365 kips, yield displacement U 0.503 in.
m e

\~hen subjected to a 40-second artificial motion, the inelastic responses

can be computed by time history analysis. The resulting maximum relative
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displacement is 3.2 inches. This corresponds to a peak ductility factor

of 6.37. Plots of the permanent sets and the peak ductility factors vs.

time are shown in Figs. 3.6-a,b. Note that the peak ductility factor

remains the same from approximately 10 seconds to 32 seconds. This sug

gests that the risk of the yielding displacement of the system to exceed

a certain threshold of response remains the same in that period. However,

extensive plastic actions took place in the period, as shown in Fig. 3.6-a.

Hence, it illustrates the inadequacy of using the peak ductility factor

as the only measure for inelastic structural behavior.

Fig. 3.6-c shows the relationship of the cumulative yielding ductil

ity VS. time. As shown in the figure, the cumulative yielding ductility

is clearly dependent on the motion duration. In fact, it is almost lin-

early related to the strong ground motion duration. Values of the corre-

sponding ~'s and n's for selective time steps are tabulated in Table 3-1.

TABLE 3-1 DUCTILITY FACTORS FOR DIFFERENT MOTION DURATIONS

NATURAL RESISTING YIELD TYPE OF MOTION DURATION (Sees)
PERIOD FUNCTION DISPLACEMT. DUCTILITY 10 20 30 40
(Sees) (Kips) (Inches)

'-

0.233 365 0.503 )l 1.72 4.24 4.24 6.37

n 3.82 21.00 37.19 58.0
f--- -

1.048 122 3.402 11 3.83 7.62 7.62 8.44

n 3.84 13.93 24.50 38.00
'------- _._'----

The second system considered has natural period 1.048 seconds, Rm =

122 kips, Ue = 3.402 inches. When subjected to the same s = 40 second

artificial motion, the inelastic responses can also be computed by time
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history analysis. Results versus time are plotted in Figs. 3.6-d,e,f.

At the end of the motion, the peak ductility factor ~ equals 8.44, where

as the cumulative yielding ductility n equals 38.0. As shown in the fig

ures, the peak ductility factor does not closely relate to the variations

of motion duration, while the cumulative yielding ductility does. Values

of the ~'s and n's versus selective motion periods are also listed in

Table 3-1 for comparison.

All the other systems tested have the same trend. Hence, the analy

ses suggest that the cumulative yielding ductil ity n is a potential meas

ure for plastic behavior. It can reveal information as to duration de

pendency for the energy dissipation of plastic action. The traditional

ductil ity factor, however, can only indicate the maximum deformation of

elasto-plastic systems.

No attempt was made to apply the new measure to real ground motions.

Unlike artificial motions, which have distinctive intensity contents,

real ground motions have much greater variations in intensity, and

strong portions of ground shaking are difficult to define. However, if

one incorporates a definition of equivalent strong ground motion duration

like the one suggested by Vanmarcke and Lai (23), the new cumulative yield

ing ductility can be directly employed to measure inelastic responses.

In summary, the study indicates that the cumulative yielding ductil

ity n is a useful measure of structural damage. The traditional ductility

factor II can reveal only information on maximum responses; hence, can

assess only the risk of sudden failure of structures.
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3.4 INELASTIC RESPONSE RATIOS

3.4.1 Definition

As mentioned in section 3.2, all the artificial motions were gen

erated to have elastic responses matching the Newmark target response spec

trum. Inevitably, the elastic response of artificial motions will devi

ate from the target. Hence, the inelastic response spectra are affected.

In view of this undesirable situation, new measures of "inelastic response

ratios" are proposed to evaluate the elasto-plastic behavior of SDOF sys

tems.

"Inelastic Response Ratio" is defined as the ratio of elastic response

versus inelastic response of an elasto-plastic system. Therefore, inelas

tic acceleration response ratio is the ratio between elastic and inelastic

acceleration responses of a system. The inelastic displacement response

ratios can similarly be defined. Dealing with the inelastic response

ratios directly, the effect of elastic response deviating from the New-

mark target response can be filtered out.

Newmark's relationship between the elastic and inelastic responses

for different ductility levels can be expressed in terms of the new ine-

lastic response ratios. Fig. 3.7 shows the Newmark inelastic acceleration

ratios for 5% damping elasto-plastic systems. Note that when the un

damped natural period is longer than 0.6 seconds (approximately), the in

elastic acceleration response ratio just equals the ductility factor ~.

When the natural period is in the range from 0.167 to 3.5 seconds (or

longer, depending on the ductility level), the inelastic acceleration

response ratio equals (2~_1)1/2 as shown in the figure.

Similarly, inelastic displacement response ratios for the Newmark

approach are shown in Fig. 3.8. As expected, when the natural period
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of the elasto-plastic system is longer than 0.6 seconds, the ratio equals

one regardless of the ductility factor. When the natural period lies

in the range from 0.167 to 3.5 seconds (or longer, again depending on

the ductility), the inelastic displacement response ratio equals

1/2(2]1-1) Ip.

As will be shown later in this chapter, the inelastic response ratios

are very powerful measures in evaluating the variabilities of inelastic

response spectra, especially when the comparison with Newmark's spectra

is desired.

3.4.2 Results for 5%_Damping

As concluded in section 3.3.1, for time history analysis of elasto-

plastic system~,the strong ground motion duration has no significant ef-

feet on the results, either in terms of maximum absolute acceleration or

of maximum relative displacement. However, one must be aware that the

argument is valid only when the duration-dependent strong ground motions

have approximately the same level of elastic responses.

Because of the lack of dependency of the inelastic responses on dura-

tion, it was decided to compute the mean of the inelastic response ratios

for all the generated motions. This means a total of 20 artificial mo-

tions, regardless of the different strong motion durations.which are in-

eluded to arrive at the mean responses.

The resulting mean inelastic acceleration response ratios for p=2, 3,

4 and 5, of 5% damped elasto-plastic systems are shown in Fig. 3.9. The

ratios are generally lower than those shown in Fig. 3.7, and the differ

ences are more pronounced with increasing ductility level. For example,

in the low natural period range, when p=2, new inelastic acceleration
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response ratios are on the average 15% lower than those corresponding to

the Newmark approach. When ~=3, it's 20% lower, for w=4, 25% lower, for

w=5, 30% lower. When the natural periods are longer than 0.7 seconds,

the new inelastic acceleration response ratios are smaller than those of

Newmark by 8% for w=2, 15% for w=3, 21% for w=4, and 32% for w=5.

Fig. 3.10 shows the results of mean inelastic displacement response

ratios for 5% damped elasto-plastic systems. The calculated mean inelas

tic displacement response ratios match nicely with those of Newmark for

w=2. However, when w increases, the discrepancies become more pronounced.

For example, the computed ratios are 12% on the average lower than New

mark for w=3, 20% lower for w=4, 25% lower for w=5 in the shorter natural

period range, while in the longer natural period range the mean inelas

tic displacement ratios are a little lower than those of Newmark for w=3,

11% for w=4, and 18% lower for w=5.

Based on the principle of energy conservation, i.e., the kinetic

energy of elastic action exceeding yield level Ue will be dissipated in

terms of plastic action, it can be concluded that the elasto-plastic

deformation shall be equal to or greater than the associated linear elas

tic deformation. However, as shown in Fig. 3.10, when natural periods

are longer than 2.0 seconds, the inelastic displacement response ratios

become higher than one. Since the ratio is defined as elastic response

versus inelastic response, this suggests the maximum deformation of the

elasto-plastic system is smaller than that of the associated elastic sys

tem. This appears to be in contradition to the principle of energy con

servation. The discrepancy has been pointed out by Veletsos et al. (25),

"the principle of conservation of energies is valid only under very re

strictive conditions."
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The above-mentioned discussions can be concluded as follows:

1) The mean inelastic response ratios for acceleration and displacement
based on the time history analyses are generally smaller than those

of the Newmark approach for all ductility levels. This suggests that

the Newmark prediction of elasto-plastic response is unconservative
by a factor of 1. 1 ~ 1.6.

2) The discrepancy between the time history inelastic response result

and that predicted by the Newmark approach is more pronounced with
increasing ductility.

~) In the natural period range from 0.5 to 3.0 seconds, which is the
range where the fundamental periods of most structures may lie, the

underpl'ediction for inelastic acceleration of Newmark's approach is
most severe.

4) When natural period is longer than 2.0 seconds, the maximum elasto
plastic displacement is smaller than that of the associated linear
elastic system. This suggests that the principle of energy conserva
tism does not hold in that natural period range.

3.4.3 Results for 2% Damping

For welded steels, prestressed concrete structures, and some vital

piping problems, the damping ratios are generally in the range of 2%.

Hence, the variabilities of inelastic response spectra are also of inter-

est for this study.

Because of changes in the amplification factors for 2% damping, the

Newmark basic elastic design spectrum changes. Hence, different Newmark

inelastic rp.sponse ratios result. Since the changes are small, only the

corresponding Newmark inelastic acceleration response ratios for 2% damp-

ing are shown in Fig. 3.11. Notice that the inelastic acceleration re

sponse ratio is equal to the ductility level when the natural period is

longer than 0.5 second, approximately, instead of 0.6 second, as in the
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case of 5% damping. When the natural period is longer than 0.5 second,

the inelastic displacement response ratio equals one.

Since the 20 artificial motions generated based on 5% damping also

match well with the Newmark target response for 2% damping, no attempt

was made to generate new motions. For the 20 artificial strong ground

motions, the mean inelastic response ratios can be computed by time his

tory analyses. The results of mean inelastic acceleration response ratios

are shown in Fig. 3.12. Contrary to the results for 5% damping, the mean

inelastic acceleration response ratios for 2% damping are generally higher

than those from the Newmark approach. For example, in the high period

range (i.e., longer than 0.5 second), the time history analyses resulted in

inelastic acceleration ratios on the average 15% higher than those of

the Newmark approach for y=2, 11% higher for y=3, 8% higher for y=4, and

just a little higher for y=5. In the low natural period range, the mean

inelastic acceleration response ratios match quite satisfactorily with the

corresponding Newmark inelastic response ratios for all ductility levels.

Fig. 3.13 shows the mean inelastic displacement response ratios of

the time history results for 2% damping. The general trend is the same

as for 5% damping. In the high natural period range, the inelastic dis

placement response ratios are ranging approximately above the 1.2 value.

This again suggests that the elasto-plastic response is smaller than the

elastic response of the system. The physical interpretation of this inter

esting situation to the actual inelastic design procedure of structural

frames will be presented in Chapter 5. In the low natural period range,

the mean inelastic displacement response ratios are generally 20% higher

than those from the Newmark approach.
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The above-mentioned results for 2% damped systems can be concluded

as follows:

1) The mean inelastic acceleration and displacement response ratios based

on time history analyses are generally higher than those from the New

mark approach. This suggests that the Newmark predictions of inelas

tic acceleration and displacement for 2% damped elasto-plastic systems
are conservative.

2) With increasing ductility level, the discrepancy between the time his

tory analysis based inelastic acceleration response ratios and that
predicted by the Newmark approach becomes smaller. The inelastic
displacement response ratio, however, shows no significant variation

from varying ductility levels.

3) For higher natural period, the maximum elasto-plastic displacement is
smaller than that of the associated linear-elastic system. This again
indicates that the principle of energy conservation is not valid for

high natural period ranges.

3.5 RESULTS BASED ON REAL STRONG GROUND MOTIONS

In this section, the results of the previous section are compared

with the time history analyses inelastic responses, using a set of real

strong ground motions. The Caltech identification numbers, values of maxi-

mum ground acceleration, velocity and displacement, and record duration

of motions are tabulated in Table 3.2 (6). The motions were selected to

have strong ground motion durations compatible with those of artificial

motions. The definition for strong ground motion duration used herein is

based on the following equation: (Vanmarcke and Lai, 23).

S > To - 0
(3-3 )
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TA8LE 3-2 SEISMIC PARAMETERS FOR THE SET OF REAL STRONG GROUND MOTIONS

CIT RECORD
No. EARTHQUAKE A V D DURATION Smax max max 0

(GiS) (in/sec) (inch) (sec) (sec)

A004-2 KERN COUNTY 0.179 6.97 3.622 54.4 10.72

B024-2 LOWER CALI F. 0.183 4.567 1. 457 90.24 10. 19

C048-2 SAN FERNANDO 0.134 9.41 5.433 59.6 22.88

T286-2 BORREGO VALLEY 0.047 2.402 1.299 71. 34 20.24

where So = equivalent strong ground motion duration, To = predominant

period of the earthquake motion, I = Arias Intensity = integral of theo

squared accelerations, A = peak ground acceleration. The correspond-max
ing equivalent strong ground motion durations for the set of real earth-

quakes are also listed in Table 3-2. All motions were normalized to

have the same peak ground acceleration of 1.0 G.

The mean inelastic response ratios for acceleration and displacement

for 5% damped elasto-plastic systems are shown in Figs. 3.14 and 3.15.

In comparison with the results shown in Figs. 3.9 and 3.10, it can be

concluded that the results based on real ground motions are quite compati-

ble with the results of artificial motions. Hence, the conclusions men-

tioned in the previous sections can be applied to real ground motions

with confidence.

The elasto-plastic responses of other real ground motions were also

computed. The resulting inelastic response ratios have the same general

trend as the set reported. However, since most real ground motions have

shorter strong ground motion durations (23), in the higher natural period

range the system considered will be subjected to only one cycle or less
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of strong ground shaking. The resulting inelastic response may be mis

leading. Therefore, results for those motions are not included in this

report.

3.6 PROPOSED INELASTIC RESPONSE SPECTRA

3.6.1 5% Damping

Based on the results of time history analyses for elasto-plastic

systems, new inelastic response ratios for acceleration and displacement

can be proposed. For simplicity, all the inelastic response ratios were

assumed to have linear relationship with the undamped natural periods on

the logarithmic scale between a number of control periods. The control

periods, denoted as a, b, c and d, were selected as 0.1,0.5,0.7, and

4.0 seconds. The linear regression of minimum squared error was used as

a guide, but the final lines were selected by eyeball fitting.

Fig. 3.16 shows the proposed inelastic acceleration response ratios

for different ductility levels of 5% damped elasto-plastic systems. The

values of inelastic acceleration ratios at the control periods are tabu

lated in Table 3.3. For convenient interpolation, the inelastic accel

eration response ratios are plotted versus the ductility levels for dif

ferent control periods in Fig. 3.17.

The same line fitting procedures were used for proposing inelastic

displacement response ratios. Fig. 3.18 shows the resulting proposed

inelastic displacement response ratios for different ductility levels of

5%damped elasto-plastic systems. Note that at control period d, the

inelastic displacement ratios are all equal to one, regardless of the

different ductility levels. Between control periods band c, the proposed

displacement ratios are rather conservative compared with the actual
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mean values. The values of inelastic displacement response ratios at

control periods are also tabulated in Table 3.3. In addition, the ratios

are plotted versus the ductility levels at different control periods in

Fig. 3.19.

Based on the proposed new inelastic response ratios, one can also

calculate the corresponding inelastic response spectra. Figs. 3.20, 3.21

and 3.22 show the resulting inelastic response spectra for ~=2, 4 and 5

respectively. The Newmark elastic and inelastic response spectra are

also shown in the figures for easy comparison. As shown in Fig. 3.20,

the proposed inelastic displacement response spectrum for ~=2 is almost

the same as Newmark's. For inelastic acceleration response spectra, the

proposed one predicts a little higher response than Newmark1s. However,

the difference is more pronounced with increasing ductility. For example,

as shown in Fig. 3.22, the proposed inelastic response spectra are much

greater than those of Newmark (~=5). In the intermediate natural period

range, the proposed inelastic displacement responses are greater than

those of the Newmark approach by 33%, while the proposed inelastic accel

eration responses are even 68% greater than those of the Newmark responses.

In summary, the new proposed inelastic response spectra predict greater

elasto-plastic responses than the Newmark spectra. The inelastic response

spectra for ~=4 and 5% damping as shown in Fig. 3.21 will be the basis

for inelastic response spectra-based modal analyses presented in Chapter 5.
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3.6.2 2% Dam~

The same line fitting procedures have been applied to proposed new

inelastic response ratios for 2% damped systems. Fig. 3.23 shows the

proposed inelastic acceleration response ratios for 2% damped elasto

plastic systems. The control natural periods were kept the same as in

the case of 5% damping. In comparison with the Newmark inelastic accel

eration response ratios for 2% damping as in Fig. 3.11, the proposed

ratios are generally greater than those of the Newmark approach, espec

ially in the high natural period range. The values of the inelastic

acceleration response ratios at control periods are tabulated in Table

3-4. For easy interpolation, the inelastic acceleration response ratios

are plotted versus the ductility levels for different control periods in

Fig. 3.24.

The proposed inelastic displacement response ratios for 2% damped

elasto-plastic systems are shown in Fig. 3.25. Note that in the inter

mediate and high natural period range, the displacement ratios are greater

than one. In fact, the ratios equal 1.2. This indicates that the prin

ciple of energy conservation is not valid in higher period ranges as men

tioned earlier in section 3.4.3. The values of the inelastic displace

ment response ratios at the control periods are tabulated also in Table

3-4. The ratios are plotted versus the ductility levels at different

control periods in Fig. 3.26.

The corresponding inelastic response spectra for ~=2,5 of 2%

damped elasto-plastic systems are shown in Figs. 3.27 and 3.28, respec

tively. The Newmark elastic and inelastic response spectra are also

shown in the figures for easy comparison. In the high natural period
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range, the discrepancies between the proposed and the Newmark spectra

are more pronounced for ~=2. In the low natural period range, the pro

posed inelastic response spectra match those of Newmark nicely.

In summary, the proposed inelastic response spectra are generally

smaller than those of the Newmark approach. This suggests that the

Newmark inelastic response spectra predict conservative elasto-plastic

responses for 2% damped systems. The conservatism will increase with

the decrease in ductility level.

3.7 SUMMARY

Sets of duration-dependent artificial strong ground motions were

generated. Time history analyses for a series of elasto-plastic SDOF

systems subjected to artificial motions were performed. From the results,

it can be concluded that the inelastic responses are not significantly

dependent on strong ground motion duration. However, the conclusion is

valid only when the artificial motions have approximately the same level

of elastic response. It has also been shown that the conventional duc

tility factor is not a pertinent measure for structural damage. The

newly proposed "cumulative yielding ductility," on the other hand, is a

potential measure, for it reveals the strong motion duration dependency

of inelastic action.

Results in terms of "inelastic response ratios" of the inelastic

responses calculated by time history analyses and those predicted by the

Newmark approach were compared. It can be concluded that the Newmark

prediction of inelastic response is unconservative for 5% damped elasto

plastic systems, and is conservative for 2% damped systems. Hence, new
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inelastic response spectra for acceleration and displacement have been

proposed. The new spectra will be the basis for response-spectra-based

modal analysis of structural frames in Chapter 5.
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CHAPTER 4
INELASTIC RESPONSE PREDICTED BY RANDOM VIBRATION

4. 1 INTRODUCTION

As mentioned in Chapter 2, it is possible to predict the peak dis-

placement of elasto-plastic systems using random vibration theory.

Fig. 4.1 shows four power spectral density functions corresponding to

the Newmark basic design response spectrum for 5% damping. Each PSD func-

tion relates to a different strong ground motion duration, i.e., S = 10,

20, 30, 40 seconds respectively. These PSD's will be the basis for the

analyses in this Chapter.

One objective of the analyses is to calculate the average amount of

elasto-plastic deformation O. As shown in Eq. (2-10), Q is a function of

rand 0y. r is the ratio between the yielding level Ue and the standard

deviation 0y of the response of associated elastic systems. For high

thresholds, based on Karnopp-Scharton (13) and confirmed by Yanev's simu

lation studies (26) for white noise Gaussian excitation, 8 takes the fol-

lowing form:

(4- 1)

All previous analyses concerning random vibration applied to SDOF elasto

plastic systems by Vanmarcke and associates (21, 22, 24, 26), and to MDOF

systems by Gazetas (11) were based on Eq. (4-1).
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However, in this study, from the simulation studies based on the re-

sults of time history analysis, Eq. (4-1) is found to be valid only when

the system lit' value" is greater than 2. This means the relationship is

true only when the system has a high yielding level Ue or a high resistance

function R , compared with the response of the associated linear system.
m

As will be shown later, for the range of ductilities of interest, i.e.,

~ = 2 - 5, the implied value of r will generally be less than 2. In fact,

it may lie anywhere between 0.2 and 2, and it is often close to the lower

value. Note that Eq. (4-1) tends to predict very high values of 6 when

r approaches zero. Therefore, a new relationship of 6 versus r is needed,

and it will be determined in a semi-empirical way in this chapter.

4.2 MODIFICATIONS OF RANDOM VIBRATION MODEL

4.2.1 Transient Effect

When the natural period of the system is long, the steady-state

solution presented in Chapter 2 will never be approached. This is espec-

ially true when the damping of the system is relatively small. The response

variance will build up from zero to the maximum value near the end of the

motion duration. Vanmarcke (22) has suggested an "equivalent stationary

response duration S ," which is a fraction of the input strong groundo

motion duration:

s = S . exp [-2(m-l)]
o

(4.2)

where
2 2m = 0 (5)/0 (S/2)yy

-2sw S
= (1 en)

-sw S
/ (l - en).

In the limit, when SW S approaches 00, m = 1, and S = S; when ~wnS = 0,
n 0
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r~oreover, for non-stationary SDOF response, a fictitious time-dependent

damping parameter ~t is used (22):

i;;t (4-3)
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Both of the above-mentioned modifications with regard to non

stationalities of the response were incorporated in this study. Eq. (2-25)

nOl-'I becomes

where d is the amount of inelastic displacement with probability P of not

being exceeded.

4.2.2 ~xpected Inelastic Peak Displacement

With the PSD's as in Fig. 4.1, it is possible to predict the in

(>lastic displacement for a probability level P of not being exceeded.

50% was used as the probability level in this study. For a given natural

period and ductility demand of SDOF elasto-plastic systems, the corre-

sponding resistance function R can be determined directly from the rem

sults of time history analysis. With this information, a backfigured

value can be computed from the random vibration analysis. The back-figured

*8 value is denoted as 3 From Eq. (4-1), the original 0 value can also be

calculated for the same system. By comparing the two 0 values, namely 8

*and 5 , information of the r-dependent relationship of inelastic response

can be obtained.

A set of systems has been selected for this study. It comprises ten

natural periods varying from 0.1 to 7.0 seconds. Each natural period has

four different levels of resistance functions corresponding to ~ = 2, 3,

4 and 5. In other words, a total of 40 systems subjected to four motions

with different strong ground motion durations were studied. Since results

for S = 20, 30, and 40 seconds are quite similar, only results for S = 10

a 1 20 seconds are presented and compared.
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*The values of 8 can be normalized to o. The resulting relationships

*between 8 /8 and r are plotted in Fig. 4.2. As shown in the figure, the

*two variables, rand 8 /8, are significantly correlated. Note that re-

sults for S = 10 seconds are generally greater than those corresponding to

S = 20 seconds. However, the results do tend to suggest a unique rela-

*tionship between 8 /8 and r. Since 8 equals 0y/2r, values of the corre-

*sponding ratio 8 /Oy can be plotted versus r. The relationships are shown

in Fig. 4.3. The results of simulation studies for white noise Gaussian

excitations by Yanev (26) are also shown in the figure. Notice that these

data are on the high side compared with the time-history-based simulated

results in this study.

*A linear relationship between 8 /8 and r was first assumed. This

*implies a lack of dependence of 8 on r since 8 is inversely proportional

to r. A fitted straight line with slope 0.4 in Fig. 4.2 (dash line) was

*tested. This corresponds to a constant 8 value in Fig. 4.3. A differ-

ent fit leads to a quadratic relationship in Fig. 4.2 (solid line), which

*implies a linear relationship between 8 and r in Fig. 4.3. Based on

either of these relationships, inelastic deformation can be predicted.

The results are quite satisfactory in both cases and will be presented

in the next section. *The constant 8 /0 relationship tends to overestimatey

inelastic response when r is large, but it is somewhat simpler. There-

fore, both relationships are proposed as reasonable approximations for use

in inelastic one-degree response prediction:

*8 = 0.2 0y

*8 = (0.25 - 0.03r) 0y

(4-5)

(4-6)
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Eq. (4-4) becomes

d t,* {Q,n [1 - exp (11 S )] - Q,n (- Q,n P)} (4-7)a 0

The relationship of Eq. (4- 1) is also plotted in Fig. 4-3. Notice that

*when r is large, the value of 0 loy calcualted by Eq. (4-6) is approach-

ing that predicted by Eq. (4-1) within the range of the data. Hence, this

semi-empirical relationship is not incompatible with the original relation-

ship as expressed in Eq. (4-1) for higher thresholds.

4.3 RESULTING INELASTIC RESPONSE RATIOS

Based on the modifications mentioned in the previous section, inelas-

tic response ratios can be calculated for different strong motion dura-

tions. The resulting inelastic response ratios of displacement for S = 20

seconds are shown in Fig. 4.4. Notice that the ratios decrease with in-

creasing ductility factors. The abrupt changes of the ratios in the figure

are due to the abrupt changes in the power spectral density function which

corresponds to the Newmark elastic response spectrum.

Comparison with the mean inelastic displacement response ratios ob-

tained from time history analysis indicates that the results by random

vibration are generally very satisfactory. This is also true for mean in-

elastic acceleration response ratios, which, as shown next, can be approx-

imately derived from the inelastic displacement response ratios.

Fig. 4.5 shows a typical force-displacement relationship for elasto-

plastic SDOF systems. The inelastic response ratio for displacement can

be expressed as: *_ Uedisplacement ratio - ---Umax
(4-8)
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where U is the maximum relative inelastic displacement, U is themax e
*yielding displacement. and Ue is the maximum elastic displacement of the

associated linear e1a~tic system.

From the basic motion equation (Eq.2 -1). the maximum absolute accel-

erat'ion of the SDOF elasto-plastic response can be derived as follows:

MU + CU + KU = - My s

y absolute acceleration \J + v
~ S

whi ch 1eads to

y
-(f~U + CU)
----M--

and therefore (4-9)
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Generally, the damping term is small. The maximum absolute accelera-

tion is approximately equal to the maximum spring resistance function R
m

(assuming unit mass). Hence, the elastic response ratio for acceleration

can be expressed as:

acceleration ratio (4-10)

*where R is the maximum spring force for the associated elastic system asm
shown in Fig. 4-5.

From Eqs. (4-8 and 4.10), one can conclude that the inelastic re-

sponse ratio for acceleration approximately equals the ductility factor

times the inelastic response ratio for displacement.

Fig. 4.6 shows the resulting inelastic response ratios of accelera-

tion for S = 20 seconds. With increasing ductilities, the discrepancies

between the calculated ratios and those by the Newmark approach (Sec. 3.4.1)

increase. This again indicates that the Newmark procedure in constructing

the inelastic response spectra is unconservative for larger ductility.

In Eq. (4-7) it is quite clear that the inelastic responses will in-

crease with increasing strong ground motion duration. This is especially

true when wS is large. For example, the inelastic response for S = 30
a 0

seconds will be somewhat greater than those corresponding to S = 20 seconds.

4.4 CONCLUSIONS

For the purpose of improving random vibration predictions of inelas-

tic response, simulation studies of SDOF elasto-plastic systems were per

formed. Semi-empirical modifications were suggested. As shown in this
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Chapter, the new random vibration model is more dependent on the strong

motion duration. In general, the results of the new random vibration

approach are quite compatible with those of the time history analyses.

This will permit probabilistic prediction of inelastic action in

terms of ductility factor or maximum inelastic displacement·

In comparison with the time history analysis, it is quite clear that

the random vibration model used in this study is much simpler and less

expensive to implement. Although the results presented herein are only

for SDOF inelastic syste~s, the potential of the approach to deal with

MDOF inelastic systems is considerable.
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CHAPTER 5
INELASTIC RESPONSE FffiR STRUCTURAL FRAMES

5.1 INTRODUCTION

Based upon the new inelastic response spectra as presented in

Chapter 3, it is of great interest to investigate the applicabilities

of the response-spectra-based modal analysis inelastic design procedure

for structural frames. In this Chapter, brief descriptions of modal

analysis are first presented. The modal-analysis-based inelastic de

sign procedure is then tested for a simple shear beam model. This is

followed by general descriptions of the structural frames used in this

study. For a specified ductility level, the required member strength of

the frames can be determined from modal analysis using inelastic re

sponse spectra. The actual ductility distributions of the so-designed

frames can be obtained by time history analysis. By comparing this

actual ductility and the design ductility, the adequacy of the modal

analysis-based inelastic design procedure can be assessed. Results

corresponding to the new proposed inelastic response spectra and the

Newmark inelastic response spectra are also compared.

A very powerful method that can be used to determine the dynamic

response of complicated structural problems is known as the method of

modal analysis. The response of each normal mode of vibration for a
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MOOF system is computed, and the total response of the system is obtained

by superimposing the responses of the contributing modes. The decomposi

tion of the motion equation into a set of close-coupled elastic modal

equations is based on the following equation:

[ [K)L - w~ [M]O] {4>n} = 0

where [K]L is the total lateral stiffness matrix, [M]O is the diagonal

lumped mass matrix, {¢n} is the mode shape, and wn is the natural fre

quency for mode n.

Because of the use of modal superposition, the method is theoretically

limited to linear-elastic systems. However, due to its straightforward-

ness, the modal analysis using the inelastic response spectra has been

applied to inelastic systems. The modal relative displacement {U } and, n

absolute acceleration {An} of the inelastic resonses are expressed as:

modal participation factor.
where

{An} = r n Sa {¢n}

T
_ {¢n} [M]D =

f n - {¢n}T [M)D {¢n}

(5-2)

Sd and Sa are the ordinates of the inelastic response spectra for dis

placement and acceleration corresponding to wn respectively. Note that
2for elastic response spectra, Sa equals wn Sd'

The maximum response of the system can be approximately predicted by

superimposing individual maximum mode responses. Various methods of

modal superposition have been proposed. The method of lithe square root

of the sum of the squares" (SRSS) has been considered the best prediction
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for the maximum structural response. Hence, the SRSS method of modal

superposition was employed in this study.

5.2 INELASTIC RESPONSE OF SIMPLE SHEAR BEAM MODEL

5.2.1 Simple Shear Beam Model

In order to study the applicability of inelastic design procedure

based on modal analysis using the inelastic response spectra, a simple

shear beam model was first employed. The purpose in using a shear beam

model was to simplify the problem. Properties of the uncoupled shear

beam system were selected to simulate those of the la-story steel build

ing as described later in this Chapter. Except for the first story, the

stiffnesses of the story shear springs were assumed to vary linearly with

height. 5% damping was used for the system. The values of story masses

and stiffnesses are tabulated in Table 5-1. The interstory heights are

12 feet, except for the first story, which is 15 feet as shown in Fig.

5.1.

In this Chapter, all the artificial motions were scaled to have 0.33G

peak ground acceleration. Hence, the proposed inelastic response spec

tra were also scaled to 1/3 of the original values. Since the design

ductility level used was 4, the proposed inelastic response spectra shown

in Fig. 3.21 (~=4, ,=0.05) were used.

Based on modal analysis using the proposed inelastic acceleration

response spectrum, the maximum forces in the story shear springs were com

puted by the program APPLE PIE (20). Since the gravity load effects can

not readily be included in a shear beam model, they have been neglected.

Hence, the maximum story resistances are set equal to the maximum shear



9 @ 12'

15'

-.l
FIG. 5. 1 - SIMPLE SHEAR

BEAM MODEL

98

TABLE 5-1 - PROPERTIES OF THE SIMPLE

SHEAR BEAM MODEL

STORY STRENGTH
STORY MASS STIFFNESS

NEWMARK PROPOSED

10 0.256 20 17.4 23.4

9 0.262 40 23.8 30.7

8 0.262 60 29.4 37.4

7 0.262 80 33.8 43.0

6 0.262 100 38.3 48.0

5 0.262 120 41. 9 52.1

4 0.262 140 45.0 56.2

3 0.262 160 48.6 61.2

2 0.262 180 52.0 66.0

1 0.262 220 54.0 68.8
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forces obtained from modal analysis. The maximum story resistance corre

sponding to the Newmark inelastic acceleration response spectrum (w=4)

was also computed by modal analysis. The values of the maximum story re

sistances based on the proposed inelastic response spectrum and those of

the Newmark spectrum are tabulated in Table 5-1. Note that the story

resistance forces corresponding to the proposed inelastic response spec

trum are on the average 27% greater than those based on the Newmark re

sponse spectrum. Since higher modes are not very important in the deter

mination of story forces, only the first four modes have been included

in the analyses. The natural periods of the four modes are 1.922, 0.834,

0.531 and 0.388 seconds, respectively. The modal shapes of the first

four modes are tabulated in Table A-l in the Appendix.

5.2.2 Resulting Story Ductility and Displacement Distributions

The program STAVROS (l) was used to compute the time hi story re

sponses of the simple shear beam modal described previously. The respon

ses are measured by the ductility factors ~, where ~ is defined as the

maximum relative horizontal displacement divided by the yield displace

ment of each story.

Five artificial strong ground motions scaled to 0.33G peak ground

acceleration, with S = 20 seconds, were used for the analyses. The mean

and standard deviations of the maximum story ductilities for the shear

beam system subjected to different motions can be calculated. Fig. 5 .2

shows the distributions of the mean and mean ~ one standard deviation of

the maximum story ductilities. The mean ductility factors corresponding

to the system with story strength determined from the proposed inelastic
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acceleration response spectrum are shown in solid lines on the figure.

They are greater than the design ductility (~=4) in the first two stor-

ies and smaller than that in the upper stories.

For the system with story strength determined by the Newmark ine-

1astic acceleration response spectrum, the mean story ductilities are

shown as dash lines in Fig. 5.2. Note that the mean story ductilities

corresponding to the Newmark inelastic acceleration response spectrum

are greater than those of the proposed spectrum in all stories. In

fact, the story ductilities are approximately 60% greater at the first

two stories and 5 - 45% for other stories. On the average, the mean

story ductilities of the system design based on the Newmark inelastic

response spectrum are 30% greater than those by the proposed spectrum.

In comparison with the design ductility level, it can be concluded that

the system with story strength determined by the proposed inelastic

acceleration response spectrum performs better than the system correspond-

ing to the Newmark spectrum.

From the time history analyses, information concerning maximum story

displacement can also be obtained. The resulting mean maximum story dis

placements for the set of strong ground motions are plotted in Fig. 5.3.

Based on the inelastic displacement response spectrum (~=4, s=0.05), the

maximum story displacement can be directly predicted by the modal analysis.

The mean maximum story displacements predicted by the SRSS method of modal

superposition using the Newmark inelastic displacement response spectrum

and the proposed one are also plotted in Fig. 5.3.

The results in Fig. 5.3 can be summarized as follows:

1) For the results of time history analyses, the mean maximum story dis
placements of the system with story resistances determined by the
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Newmark inelastic acceleration response spectrum are greater than
those corresponding to the proposed spectrum for all stories.

2) In comparison with the results of time history analyses, the maxi
mum story displacements predicted directly by the SRSS method of
modal superposition using inelastic "displacement" response spectra
are conservative at the top stories and unconservative at the lower
stories.

3) The negative contribution of the second mode for story displacement
is significant in the upper stories. Hence, the prediction of the
maximum story displacement directly from the inelastic displacement
response spectrum by the SRSS method of modal superposition is not
adequate for inelastic systems. Better prediction of the response
can be made by adding numerically the responses of the first two
modes.

Based upon the above-mentioned analyses, it can be concluded that the

proposed inelastic response spectra yield better predictions of the ine1as-

tic structural responses than the Newmark inelastic response spectra. Fur-

ther investigations of the applicabilities for the inelastic design pro-

cedure based on modal analysis to actual structural frames are presented in

the following sections.

5.3 DESCRIPTION OF BUILDING FRAMES INVESTIGATED

5.3.1 Basic Frames

Three steel moment-resisting frames, i.e., 4-, 10-, and 16-story,

were used extensively in this study. The frames were designed according

to the Uniform Building Code Specifications (1973) by Piqu! (18). The

design of the frames was based on the maximum effect of the following

static loading combinations: i) D + L in all spans, ii) D + L in alter

nate spans (maximum positive moment), iii) D + L in two adjacent spans
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(maximum negative moment), and iv) 3/4 (0 + L + EQK). Shear and deflec~

tion restraints were checked for girder designs. Total drift limitation

for wind was 1/350, and 1/500 for earthquake. The dead load (D) was 80

psf for all frames.

Plans and elevations of the three steel frames used in this study

are shown in Figs. 5.4- 5.7. In coping with the current design practice

of minimizing the variation for member sections, the column sections were

kept the same for two stories, while the girder sections were kept the

same across all spans. The dimensions of the 4-story frame were selected

to represent a typical low-rise apartment. As shown in the elevation

view of the 4-story frame in Fig. 5.5, the story heights are 10 feet,

with exterior span 20 feet and interior span 15 feet.

The 10- and l6-story frames represent typical commercial office build

ings. As shown in the elevation views of the 10- and l6-story frames in

Figs. 5.6 and 5.7, the story heights are 12 feet, except for the first

story, which is 15 feet. Both exterior and interior spans are 20 feet.

The inter-frame spacing is 20 feet for all frames, as shown in Fig. 5,4.

All frames were assumed to have adequate bracing systems to resist out-of

plane motion. Torsional effects have been neglected in all of the follow

ing analyses.

Based on member properties of the frames described previously, modal

analyses using inelastic response spectra were performed. From the re

sults, the frames were re-designed by determining new strength in the

members. Detailed discussions of the determination of member strength

are presented next.
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5.3.2 Determination of Member Strength

In the determination of member strength, the method proposed by

Luyties et al. (15) and modified by Haviland et al. (12) was used. Strain

hardening effects, shear deformations, buckling in compression members,

and axial forces in the girders were not considered in this study.

Girder moment capacities were determined according to the follow-

ing expression:

M
Y

2max {MEQ or wt /8} (5-3)

where MEQ was the average of the end moments due to earthquake. The end

moments were computed by modal analysis using inelastic acceleration re

sponse spectra as discussed in Section 5.1. The second criterion, wt2/8,

was to insure against the undesirable formation of plastic hinge at gir-

der midspan due to the gravity load. w = 80 psf is the uniform dead load

for the frames.

For the 4-story frame, the second criterion controls the moment

capacities of the upper-three-story exterior girders and the top-story

interior girder. For the la-story frame, the wt2/8 criterion controls the

moment capacities of all girders from the 4th to the top story. For the

16-story frame, the criterion controls the moment capacities of the upper-

seven-story exterior girders and the upper-five-story interior girders.

The above-mentioned results were computed based on the modal analysis

using the proposed inelastic acceleration response spectrum as shown in

Fig. 3.21 (~=4, s=0.05). The member moment capacities for all three

frames are tabulated in Tables A-5 - A-7 in the Appendix.

Column moment capacities were determined based upon the AISC axial

flexural interaction formula: (AISC 2.4-3)
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P M
P
y

+ 1.18 My < 1.0 ; M<M .- y (5-4)

With the assumption that the ratio of plastic modulus Z to area A is

equal to 6 for all the column sections in this study (12, 15, 19), Eq.

(5-4) becomes

M > 6P + M/l.18y-

Py = My /6

; M > My-
(5-5)

where P = PEQ + PGR = maximum axial force in the columns due to earth

quake and gravity loads. Mis the maximum applied design moment defined

as follows:
(5-6)

where MEQ is the average of the two column end moments due to earthquake,

and MGR is the average of the two column end moments due to the gravity

load.

For all three frames analyzed in this study, the column design mom-

ents are controlled by the earthquake load except for the top story ex-

terior columns. The column moment capacities for the frames are also

tabulated in Tables A-5 - A-7 in the Appendix.

5.4 INELASTIC DYNAMIC ANALYSIS FOR FRAMES

5.4.1 Program FRIEDA

The program FRIEDA (Frame Inelastic Earthquake Qynamic ~nalysis)

was used to compute the time history inelastic responses of frames. It

was originally developed by Aziz (4) and subsequently modified by Luyties

et al. (15). Only brief descriptions of the program are presented here.
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In performing the time history analysis of plane frame structures,

the program neglects shear deformation, axial deformation in the girders,

soil-structure interaction,P-~ effect, etc. Masses are lumped at the

floor levels. The member moment-rotational relationship is modelled by

the dual-component point hinge model. It is comprised of an elastic com-

ponent and an elasto-plastic component. The superposition of the two com

ponents leads to a bilinear moment-deformation relationship. In this

study, 5% of the initial member stiffness was taken as the second slope

of the bilinear model.

The axial-flexural interaction as in Eq. (5-4) has been incorporated

in the program to compute the new yield moment due to the change of axial

force in the member. Further discussions of this updating process are

presented in the following paragraphs.

5.4.2 Ductility Measures

Two different ductility factors were used to measure the inelastic

response of frames in this study. Brief descriptions of the two ductili-

ties, namely, rotational ductility and momemt ductility, are first pre-

sented. The detailed discussions of the two factors based on time history

results are presented later in this section.

The rotational ductility, denoted as ve' is defined as follows: (7)

is the yield rotation corresponding to the yield

8.
= -' + 1ve ey

where 8 = ML/6EI
Y Y

moment M for an anti-symmetric deformed shape.y

tional plastic rotation at the member end. The

(5-7)

8. is the maximum addi,
relationship is illus-
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trated in Fig. 5.8.

The moment ductility, denoted as ~M' is defined as follows: (2)

M - M
+ f y

P My
(5-8)

As shown in Fig. 5.9, 8m is the total maximum member rotation, p is

the ratio of the second slope to the initial stiffness of the bilinear

moment-rotational relationship, Mf is the maximum member end moment, and

M is the yield moment.y

The main difference between the two ductilities is that the moment

ductility will change with varying axial force in the member. This is

because the yield moment, My' will decrease with increasing member axial

force, while for rotational ductility, My is a selected constant for

individual members. Therefore, Haviland et al. (12) suggested the moment

ductility might be better in measuring inelastic action since the yield

curvature was not denoted by a constant as in the case of rotational duc-

tility (My L/6EI). Furthermore, they argued that in the presence of

gravity load, the unsymmetrical end restraints or irregular geometry

would decrease the accuracy of the assumed anti-symmetrical deformed

shape of rotational ductility. In summary, Haviland et ale concluded that

the moment ductility was superior to the rotational ductility. However,

from the results of time history analysis in this study, it has been

found that the above-mentioned argument is true for girders, but is in-

adequate for columns. The detailed discussions of the relationship be-

tween moment ductility and rotational ductility for columns are presented

in the following paragraphs.

Assuming yielding has occurred in a column, the corresponding moment-
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rotational relationship is shown in Fig. 5.10. The column has a total

rotation 8, yield rotation limit 8y and acting end moment Mf . The cor

responding ductility factor is S/8y' denoted by ~8 regardless of differ

ent ductility definitions. If the axial force in the column changes,

assuming Mf remains the same, the moment ductility will vary. This

raises the question: supposing the change of axial force in the column

does not result in any further yielding action, can the corresponding

change of moment ductility be justified? In order to answer the ques-

tion, two approximate models were postulated. The first model assumes

the column rotation 8 will change with varying axial force. The second

model assumes that the rotation will remain the same. The detailed

discussion of the two models are presented herein.

a) Varying 8

With an increase of axial force, the yield moment M of the column
y

*will decrease to My' as shown in Fig. 5.10. The yield rotation limit

*decreases from 8y to 8y accordingly. Based on the bilinear moment-

rotational relationship, the corresponding total column rotation will

*increase to 8 for the same end moment Mf . Hence, the new moment duc-

* * *tility, denoted as ~M' becomes 8 ley, as shown in Fig. 5.10. The rela-

*tionship between ~M and the original ductility ~8 can be expressed as

follows:

= ~=
M - M

~8
f Y + 18y pMy

** M - M
* _ e _ f Y

11M - -:;;- * + 1
Sy pMy
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*(1 - p)(M - M )
.Y Y (5-9)

where p is the ratio of the second slope to the initial stiffness in

the moment-rotational relationship. In this study p is taken to be 0.05.

*Based on Eq. (5·9). the value of ~M/~e can be predicted for a given

change of axial force in the column.

b) Constant e

This model assumes the column rotation remains the same for small

changes of axial force. This means no further inelastic action for the

*column. Based on definition. the moment ductility ~M'

*The relationship between ~H and ~8 can be expressed as

*now becomes s/e .
y

follows:
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e * _ e

~e -8 ,~ -*
y

~
~*

- ~ ~M = (5-10)
~e

-* *
~

My

*Therefore, the value of ~M/~e can also be predicted based on the second

model for a given small change of axial force in the columns.

In order to investigate the relationship between moment ductility

and rotational ductility, the la-story frame was designed based upon the

procedure described in Section 5.3.2. The moment capacities, MyIS, and

the axial force capacities, Py's, for the exterior columns are tabulated

in Table 5-2. The static axial forces due to the gravity load, denoted

by PGR , are also listed. By using the program FRIEDA, the time history

responses of the la-story frame subjected to an artificial strong ground

motion can be computed. The results for exterior columns are tabulated.

In Table 5-2, PGR + EQ represents the maximum axial force of the column

due to earthquake and gravity loads. Note that the additional axial

force due to earthquake is about 44% of the axial force due to gravity

load at the first story. (My)GR and (MY)~R + EQ are the reduced moment

capacities corresponding to PGR and PGR + EQ' respectively. Both were

determined from the axial-flexure interaction formula (Eq. (5-4)). ~e is

the maximum local rotational ductility. Note that in the program FRIEDA,

~e is calculated based on the reduced yield moment (My)GR' This means

that in the determination of column rotational ductility, the axial-flex-

ure interaction has been incorporated only for gravity load.

*Based upon the above-mentioned results, the ratio of ~M/~e correspond-

ing to PGR + EQ can be approximately predicted by the two models de

scribed earlier. The results are tabulated in Table 5-2.
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Note that the first model always predicts greater values than the second

one. The actual ratios of moment ductility versus rotational ductility

from the time history analyses are also tabled. As shown in the Table,

the ratios predicted by the constant-8 model are much better in matching

the actual ratios. This suggests that the additional inelastic member

rotation is not very pronounced when the axial force in the column chan

ges. Hence, the use of moment ductility for columns cannot be justified;

instead, the rotational ductility should be employed.

In this study, rotational ductility was used for all columns, and

moment ductility was used for all girders to measure the inelastic respon

ses of structural frames. The results of the time history analysis are

presented next.

5.5 RESULTS OF INELASTIC DYNAMIC ANALYSIS FOR FRAMES

5.5.1 Ductility Distribution

Based upon the modal analysis using inelastic acceleration response

spectra, all three steel moment-resisting frames were designed for a duc

tility level of 4. The inelastic responses of each frame were then com

puted by the program FRIEDA. The results for story maximum local ductil

ities are first presented. Comparisons between the resulting ductility

distributions corresponding to the new proposed inelastic acceleration

response spectrum and those of the Newmark response spectrum are also in

cluded. Then, the results of maximum story displacement are reported and

discussed.
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5.5.1.1 4-story Frame

Five artificial motions scaled to 0.33 G peak acceleration with

S = 10 seconds were used for time history analyses. The member strength

of the frame was determined based on the proposed inelastic acceleration

response spectrum. The spectrum used has been scaled to 1/3 of the orig

inal spectrum (Fig. 3.21). Fig. 5.11 shows the mean maximum ductility

factors for columns and girders of the ~-story frame. The mean ductili-

ties are the average of five maximum local ductilities corresponding to

the different artificial strong ground motions. Rotational ductility was

used for columns, whereas moment ductility was used for girders.

As shown in the figure, the mean maximum ductilities of the first

two stories for exterior columns are approximately equal to the design

ductility level. But the top two stories show larger maximum story duc-

tilities than the design level. For interior columns, the mean maximum

story ductilities are quite satisfactory in matching the design ductility

level with the height. The moment ductilities for girders are also shown

in Fig. 5.11. For exterior girders, except for the first floor, all the

upper floors have smaller mean maximum local ductilities than the design

ductility. This is not surprising, since the moment capacities of the

upper-three-floor exterior girders are controlled by the criterion w~2/8.

(Remember the criterion was to ensure against the undesirable formation

of plastic hinge at girder midspan.) These moment capacities are greater

than the needed capacities based on earthquake and gravity loads. Hence,

smaller local ductility factors have resulted. In interior girders, all

maximum ductilities are smaller than the design ductility. Since only

the top floor girder is controlled by the w~2/8 criterion, this may sug-
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gest that the inelastic design procedure yields conservative interior

girders.

The above-mentioned results are for the system with member strength

determined by the modal analysis method using the proposed inelastic

acceleration spectrum. The system with member strength determined by

the Newmark inelastic acceleration response spectrum has also been

analyzed. The moment capacities for girders and columns corresponding

to the Newmark spectrum are tabulated in Table A-8 in the Appendix.

Fig. 5.12 shows the mean maximum local ductilities of the 4-story

frame corresponding to the Newmat;k inelastic response spectrum. For ex

terior columns, the ductilities are much greater than the design ductil

ity for all stories. In compaY'ison with the results shown in Fig. 5.11,

the results corres~or.C:ing to the Newmark inelastic spectrum are much more

conservative. For interior columns, the mean maximum ductilities are

also greater than the design ductility except for the first story. In

exterior and interior girders, the ductilities are all smaller than the

design ductility. This is again due to the criterion of insuring against

undesirable formation of plastic hinges at member midspans.

The results reported herein are summarized in Section 5.5.1.4.

5.5.1.2 lO-story Frame

Five artificial strong ground motions with S = 20 seconds were

used to calculate time history inelastic responses for the la-story build

ing. As shown in Fig. 5.13, the resulting mean maximum story ductilities

for exterior columns are greater than the design ductility at upper stor

ies. For interior columns, the ductilities are quite compatible with the
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design ductility level for all stories. Fig. 5.14 shows the mean maximum

story ductilities for exterior and interior girders. Due to the criter

ion w~2/8 mentioned earlier, the local ductilities are smaller than the

design ductility for the upper six floors. Note that the standard devia

tions of maximum ductilities at lower floors are relatively large.

Figs. 5.15 and 5.16 show the results of mean ductilities for the sys

tem designed by modal analysis using the Newmark inelastic acceleration

response spectrum. The member moment capacities are tabulated in Table

A-9 in the Appendix. For exterior columns, the mean maximum story ductil

ities are greater than those in Fig. 5.13. The ductilities for the in-

terior columns match nicely with the design ductility. For exterior gir

ders, the mean ductilities are much greater than the design ductility

level in lower floors, as shown in Fig. 5.16. For interior girders, the

ductilities are smaller than the design ductility at the upper seven

floors. This is again due to the criterion insuring against undesirable

formation of plastic hinges at girder midspans.

Note that the differences between the results based on the proposed

inelastic acceleration response spectrum and that of the Newmark spectrum

are less pronounced for the 10-story frame than for the 4-story frame.

This can be related to the different natural periods of the frames. The

fundamental natural period for the 4-story frame is 0.97 second, whereas

for the la-story frame is 2.32 seconds. As shown in Fig. 3.21, the dis-

crepancy between the proposed inelastic acceleration response spectrum

and that of Newmark is more pronounced for 0.97 second than for 2.32

seconds. Although the inelastic response of a frame is not necessarily

dominated by the first mode, this is a clear indication of the dependency
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of the inelastic response on the inelastic response spectrum.

5.5.1.3 16-story Frame

The same set of artificial motions as for the lO-story frame was

used for the 16-story frame. The resulting mean maximum story ductilities

of the system with member strength determined by the proposed inelastic

response spectrum are shown in Figs. 5.17 and 5.18. For the exterior col

umns, the mean maximum ductilities are less than the design level except

for the top stories. The ductilities for interior columns are all smaller

than the design ductility. This suggests the inelastic-response-spectrum-

based modal analysis yields conservative interior column design. For ex-

terior girders, the mean ductilities are quite compatible with the design

ductility level as shown in Fig. 5.18. For interior girders, the ductili

ties are smaller than the design level except for the first floor. Since

the moment capacities of the upper-seven-floor exterior girders and the

upper-five-floor interior girders are controlled by the w~2/8 criterion,

the corresponding mean story ductilities are all smaller than the design

ductility.

The fundamental natural period of the frame is 2.94 seconds. From

Fig. 3.21, the proposed inelastic acceleration response is only 17% greater

than those of Newmark for T = 2.94 seconds. Therefore, for economy, the

expensive time history analysis for the system design based on the Newmark

inelastic response spectrum was not performed.
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5.5.1.4 Summary

The above-mentioned results for the three steel moment-resisting

frames analyzed in this study can be summarized as follows:

1) The system designed by modal analysis using the proposed inelastic
acceleration response spectrum performs better in matching the de
sign ductility level than the system corresponding to the Newmark
response spectrum.

2) The mean maximum ductilities for interior columns are generally
smaller than the design ductility, whereas the mean ductilities
for exterior columns are greater than the design ductility at upper
stories. This leads to the conclusion that the design of interior
columns is generally conservative, whereas the design of exterior
columns for the upper stories is unconservative.

3) When the girder moment capacity is controlled by the w~2/8 criter
ion to insure against the undesirable formation of midspan plastic
hinge, the corresponding maximum local ductility is much smaller
than the design ductility.

4) The mean maximum ductilities for exterior girders corresponding to
the proposed inelastic acceleration response spectrum are quite
compatible with the design ductility level. The ductilities for
interior girders are generally a little smaller than the design

ductility.

5) The standard deviations of the maximum local ductilities for gir
ders are relatively larger than those for the columns.

5.5.2 MAXIMUM STORY DISPLACEMENT

From time history analyses (FRIEDA,l), the information concerning

maximum story relative displacement can be obtained. Based upon the

inelastic response spectrum, the maximum story displacement can also be
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directly predicted by modal analysis (APPLE PIE, 20). The results of max

imum story displacements for both approaches are reported herein. Compar

isons between the results corresponding to the new proposed inelastic re

sponse spectrum and those based on the Newmark response spectrum are also

included.

5.5.2.1 4-story Frame

As mentioned in Section 5.5.1.1, five artificial motions with

S = 10 seconds were used in the time history analyses for the 4-story frame.

The resulting mean maximum relative displacements for the system designed

according to the proposed inelastic acceleration response spectrum (~=4,

~=0.05) are shown in Fig. 5.19. The displacements for the system corre

sponding to the Newmark response spectrum are also plotted in the figure.

Note that the differences between the two sets of maximum displacements are

not significant. For example, the mean maximum displacement at the top

for the system based on the proposed spectrum is 4.78 inches, whereas the

mean displacement is 4.94 inches for the system corresponding to the New

mark spectrum.

By using the inelastic displacement response spectrum, the maximum

story displacement can be directly calculated by modal analysis. The re

sults from using the SRSS method of modal superposition are also plotted

in Fig. 5.19. As expected, the maximum story displacements corresponding

to the proposed inelastic displacement spectrum are greater than those from

the Newmark response spectrum. For example, the maximum story displacements

are 7.24 inches versus 6.09 inches at the top. Since the proposed inelastic

response spectrum was derived from the smoothed inelastic displacement
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response ratios, it is of interest to examine the maximum story displace

ments predicted by the original mean inelastic response ratios (Fig. 3.10).

The results are not very different from those of the proposed spectrum.

For example, the maximum top displacement is 7.12 inches.

The discussions presented herein are summarized in Section 5.5.2.4.

5.5.2.2 la-story Frame

Five artlficial motions with S = 20 seconds were used for the

time history analyses of the la-story frame. Fig. 5.20 shows the result

ing maximum story relative displacements predicted by all the different

approaches. The general trends of the results are quite similar to those

of the 4-story frame. For example, the mean maximum displacement at the

top is 11.6 inches for the system corresponding to the proposed inelastic

acceleration response spectrum, and it is 11.7 inches for the system based

on the Newmark spectrum. The top displacement predicted by the SRSS-modal

analysis using the proposed inelastic displacement response spectrum is

16.9 inches, and it is 15.7 inches for the Newmark spectrum. Based on the

actual mean inelastic response ratio (Fig. 3.10), the top displacement

predicted by SRSS modal analysis is 14.7 inches, which is much smaller

than the one corresponding to the proposed inelastic displacement response

spectrum. This reflects the conservatism introduced in proposing the

smoothed inelastic displacement response spectrum.

5.5.2.3 16-story Frame

The same set of artificial motions for the lO-story frame were

used for 16-story frames. Fig. 5.21 shows the maximum story displacements
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resulting from different approaches, as mentioned earlier. Note that for

economy, the expensive time history analysis of the system designed by

the Newmark inelastic acceleration response spectrum was not performed.

As shown in the figure, the general trends of the results are quite com

patible with those of the la-story frame. The mean maximum top story dis-

placement based on the proposed inelastic acceleration response spectrum

is 12.7 inches. The top displacement predicted by the SRSS-moda1 analysis

using the proposed inelastic displacement spectrum is 22.3 inches, and it

is 21.0 inches for the Newmark spectrum. From the actual mean inelastic

displacement ratios, the predicted top story displacement is 19.3 inches,

as shown in Fig. 5.21.

5.5.2.4 Summary

The above-mentioned results of the maximum story displacement for

steel frames can be summarized as follows:

1) The maximum story displacement of the system with member strength
determined by modal analysis using the proposed inelastic accelera
tion response spectrum is smaller than those corresponding to the
Newmark spectrum.

2) Comparing with the results of time history analysis, the maximum
story displacement predicted by the SRSS-modal analysis using the
inelastic displacement response spectrum is too conservative. The
conservatism is much greater for the upper stories.

3) The conservatism introduced when proposing the smoothed inelastic
displacement response spectrum in Section 3.6.1 is quite pronounced
in higher natural period ranges for 5% damped system.

4) Since the negative contributions of the second mode for the maximum
story displacement are considerable, this indicates the SRSS method
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of modal superposition is not adequate for predicting the maximum
displacement directly from the inelastic displacement response
spectrum. Numerical addition of the responses of the first two
modes appears to be a better prediction.

In comparison with the results summarized in Section 5.2.2, the above

mentioned conclusions are quite consistent with those of the simple shear

beam model.

5.6 CONCLUSION

Haviland et ale (12) and Robinson (19) have all concluded that the

inelastic frame design procedure based on modal analysis using the New-

mark inelastic response spectrum is unconservative. They suggested

the use of a "spectral strength factor" to adjust the member strength so

as to properly control the inelastic behavior of frames. Robinson has

also observed that the unconservatism of the inelastic seismic design

procedure is considerably less for 2% damping than for the 5% damping

system.

As concluded in Chapter 3, the widely accepted Newmark inelastic

response spectra predict unconservative inelastic responses for 5% damped

systems and conservative responses for 2% damped systems. This is quite

consistent with what Haviland et ale and Robinson have argued concerning

the inelastic frame responses. The new proposed inelastic response spec

tra as described in Section 3.6 have corrected the unconservatism or

the conservatism associated with the Newmark spectra. Hence, the frame

design procedure based on modal analysis using the proposed inelastic

response spectrum yields better results in terms of the maximum local

ductility distribution.
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From the results presented in this chapter, the following conclusions

can be reached:

1) The inelastic frame design procedure based upon modal analysis using
the proposed inelastic acceleration response spectrum yields much
better frame design than that corresponding to the Newmark inelastic
spectrum.

2) The proposed inelastic-response-spectrum-based design procedure will

result in conservative design for interior columns, and unconserva
tive design for upper story exterior columns. The procedure will

also yield competent design for exterior girders and conservative
design for interior girders.

3) The SRSS modal analysis of using the inelastic displacement response
spectrum will predict conservative maximum story displacements. The
conservatism is quite pronounced at top stories.

4) Since the negative contributions of higher modes for story displace
ment are considerable, this indicates that the SRSS method of modal
superposition is not adequate for predicting the maximum displace
ment directly from the inelastic displacement response spectrum.

5) As the conclusions mentioned for structural frames are quite con
sistent with those of the simple shear beam model, it can be con
cluded that the applicability of the inelastic frame design procedure
using the modal analysis is not significantly related to the gravity
load.
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CHAPIIR B
CONCLUSIONS AND RECO~~ENDATIONS

6.1 CONCLUSIONS

The objectives of the study were: i) to investigate the sources

of variability of inelastic response spectra, i.e., strong ground mo

tion duration, ductility level, and viscous damping ratio; and ii) to

assess the validity of the inelastic frame design procedure based on

modal analysis using inelastic response spectra. From the results pre-

sented in previous Chapters, the following conclusions were reached:

1) For a specified ductility level, the inelastic time history re
sponses of maximum relative displacement and absolute accelera
tion for the elasto-p1astic system are not significantly dependent
on the strong ground motion duration. However, this conclusion
is valid only when the duration-dependent strong ground motions
are compatible with the same prescribed elastic response spectra.

2) The traditional ductility factor reveals only information about
maximum inelastic structural response. The suggested "cumulative
yielding ductility," on the other hand, indicates the effect of
motion duration on the amount of energy dissipation in an inelas
tic system. Therefore, it is a pertinent and probably superior
indicator of structural damage.
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3) "Inelastic response ratios" are useful measures for investigating
the variability of inelastic response spectra, especially when com
parison with the Newmark inelastic response spectra is desired.

4) Newmark's procedure for predicting the inelastic response of a 5%
damped elasto-plastic system is unconservative. It becomes more
unconservative when the level of ductility increases. In 2% damped
elasto-plastic systems, the Newmark approach predicts a conserva
tive inelastic response. The conservatism decreases with increasing
ductility factor.

5) In the longer natural period range, the maximum relative elasto
plastic displacement is smaller than the elastic displacement of the
associated linear-elastic system. This suggests that the principle
of energy conservation is not valid for higher natural period systems.

6) The inelastic responses of elasto-plastic systems subjected to real
ground motions are quite compatible with those of the artificial
motions. Hence, it appears that conclusions based on artificial
motions can be applied to real strong ground motions.

7) Based upon the simulation studies, semi-empirical modifications for
the random vibration model were suggested. The probabilistic pre
diction of inelastic response from the new random vibration model
is quite consistent with those computed by the time history analysis.

8) The inelastic frame design procedure based on modal analysis using
the new proposed inelastic "accelerationll response spectrum yields

a better frame design than that based on the Newmark spectrum.

9) The proposed inelastic response spectrum frame design procedure will
result in conservative design for interior columns and girders, and
unconservative design for upper story exterior columns. The inelas
tic design procedure will also yield reliable design for exterior

girders.
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10) The maximum story displacement directly predicted by the SRSS modal
analysis using the inelastic IIdisp1acement ll response spectrum is
conservative. The conservatism is quite significant for upper stor
ies. This leads to the conclusion that the SRSS method of modal
superposition is not adequate for predicting the maximum story dis
placement directly from the inelastic displacement response spectrum.

6.2 RECOMr1ENDATIONS FOR FURTHER RESEARCH

Further research is necessary for a better understanding of the ap- .

plicability of the inelastic frame design procedure based on modal analy

sis using inelastic response spectra. The recommendations for this en-

deavor are outlined as follows:

1) Investigate further the dependence of inelastic response spectra on
motion duration for a larger set of real strong ground motions.

2) Assess the potential of using IIcumulative yielding ductilityll to

measure structural damage due to seismic action.

3) Extend the modified random vibration model of SDOF elasto-plastic
systems to predict inelastic response of MDOF systems.

4) Study the adequacy of using either moment ductility or rotational
ductility to measure inelastic response.

5) Incorporate the P-Aeffect and soil-structure interaction in the

time history frame analysis.

6) Evaluate the validity of using the SRSS method of modal superposi

tion in predicting maximum story displacement.

7) Determine the member strength by computing the actual ratio of plas
tic modulus Z to area A for each member, instead of assuming it

equals 6.
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8) Consider the possible buckling of the column in the determination
of maximum column axial capacity. For example, together with the

axial-flexural interaction formula, the following restraint should
be met.

where

C M
_P_ + _~m,-=-__

Pcr (1 - :e) My

P = 1. 7 A Facr

< 1.0 (AISC 2.4-2)

C = coefficient depending on member endm
moments.

9) Apply the inelastic frame design procedure based on modal analysis
and the use of inelastic response spectra to reinforced concrete
structures.
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TABLE A-1 MODAL PROPERTIES OF SIMPLE SHEAR BEAM MODEL

1ST 2ND 3RD 4TH

STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T=1. 922 T=O.834 T=0.531 T=0.388

10 1.090 1.251 0.931 -0.496

9 0.941 0.343 -0.738 1. 171

8 0.800 -0.239 -0.896 -0.008

7 0.669 -0.567 -0.453 -0.785

6 0.548 -0.708 0.086 -0.693

5 0.435 -0.716 0.486 -0.143

4 0.331 -0.633 0.671 0.397

3 0.235 -0.496 0.653 0.665

2 O. 147 -0.329 0.488 0.614

1 0.067 -0.154 0.242 0.334
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TABLE A-2 MODAL PROPERTIES OF 4-STORY FRAME

1ST 2ND 3RD 4TH
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T=0.967 T=0.32 T=0.186 T=0.134

4 1.432 -1.213 -0.826 -0.297

3 1.201 0.249 1.397 0.883

2 0.805 1.337 -0.084 -1. 340

1 0.350 0.968 -1. 266 1.255

TABLE A-3 MODAL PROPERTIES OF 10-STORY FRAME

1ST 2ND 3RD 4TH
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T = 2.322 T=0.835 T=0.496 T=0.339

10 0.939 -0.993 0.892 -0.744

9 0.891 -0.653 0.121 0.482

8 0.809 -0.135 -0.696 0.880

7 0.728 0.251 -0.859 0.199

6 0.626 0.579 -0.544 -0.669

5 0.524 0.752 -0.025 -0.799

4 0.411 0.789 0.496 -0.244

3 0.303 0.701 0.760 0.436

2 O. 196 0.511 0.714 0.764

1 0.095 0.265 0.419 0.556
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TABLE A-4 MODAL PROPERTIES OF 16-STORY FRAME

1ST 2ND 3RD 4TH
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T=2.935 T=l. 112 T=0.659 T=0.469

16 -0.812 -0.868 -0.836 0.753

15 -0.780 -0.688 -0.406 0.033

14 -0.731 -0.401 0.189 -0.669

13 -0.682 -0.151 0.532 -0.734

12 -0.621 0.114 0.696 -0.359

11 -0.563 0.313 0.649 0.105

10 -0.502 0.471 0.446 0.496

9 -0.444 0.571 0.182 0.646

8 -0.387 0.619 -0.095 0.546

7 -0.330 0.624 -0.339 0.268

6 -0.273 0.589 -0.516 -0.084

5 -0.219 0.522 -0.597 -0.384

4 -0.167 0.430 -0.585 -0.562

3 -0. 119 0.326 -0.494 -0.577

2 -0.074 0.212 -0.345 -0.452

1 -0.036 0.105 -0.178 -0.247
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TABLE A-5 MOMENT CAPACITIES FOR 4-STORY FRAME

(PROPOSED SPECTRA)

COLUMN Mp' S (K-in) GIRDER Mp'S (K-i,n)

STORY EXTERIOR INTERIOR EXTERIOR INTERIOR

1 1100 1524 965 899

2 794 1333 960* 839

3 597 964 960* 602

4 419 582 960* 540*

NOTE: * Controlled by wt2/8

TABLE A-6 MOMENT CAPACITIES FOR 10-STORY FRAME

(PROPOSED SPECTRA)

COLUMN Mp' S (K-in) GIRDER Mp'S (K-in)

STORY EXTERIOR INTERIOR EXTERIOR INTERIOR

1 2092 3216 1034 1002

2 1674 2778 1028 1017

3 1518 2465 984 974

4 1326 2230 960* 960*

5 1176 1971 960* 960*

6 1015 1713 960* 960*

7 795 1513 960* 960*

8 619 1249 960* 960*

9 570 865 960* 960*

10 408 547 960* 960*
2NOTE: * Controlled by wt /8
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TABLE A-7 MOMENT CAPACITIES FOR 16-STORY FRAME

(PROPOSED SPECTRA)

COLUMN Mo'S (K-in) GIRDER Mp'S (K- in)

STORY EXTERIOR INTERIOR INTERIOR INTERIOR

1 3289 4669 1552 1486

2 2778 4239 1560 1544

3 2613 3939 1407 1419

4 2398 3681 1353 1400

5 2207 3423 1227 1307

6 2019 3199 1214 1295

7 1877 2941 1124 1199

8 1693 2714 1076 1174

9 1509 2475 1042 1156

10 1338 2236 960* 101 0

11 1183 1999 960* 999

12 1024 1747 960* 960*

13 814 1523 960* 960*

14 636 1275 960* 960*

15 590 886 960* 960*

16 432 547 960* 960*

2NOTE: * Controlled by w~ /2
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TABLE A.8 MOMENT CAPACITIES FOR 4-STORY FRAME (NEWMARK SPECTRA)

COLUMN Mp'S (K-in) GIRDER Mp·S (K-in)

STORY EXTERIOR INTERIOR EXTERIOR INTERIOR

1 909 1304 960* 666

2 661 1121 960* 623

3 488 801 960* 540*

4 415 467 960* 540*

Note: *Contro11ed by w~2/8

TABLE A.9 MOMENT CAPACITIES FOR 10-STORY FRAME (NEWMARK SPECTRA)

COLUMN Mp'S (K-in) GIRDER Mp·S (K-in)

STORY EXTERIOR INTERIOR EXTERIOR INTERIOR

1 1967 3051 1034 1002

2 1594 2665 1028 1017

3 1451 2383 984 974

4 1262 2152 960* 960*

5 1108 1889 960* 960*

6 945 1627 960* 960*

7 733 1413 960* 960*

8 587 1139 960* 960*

9 484 760 960* 960*

10 405 455 960* 960*
2Note: * Controlled by w~ 18




