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ABSTRACT

A set of 140 earthquake records is used to assess the uncertainties
involved in ground motion representation. In particular, seismic input is
characterized in terms of the Kanai-Tajimi power spectral density function
and the strong-motion duration. Based on the method of spectral moments,
key Kanai-Tajimi parameters are determined for the set of records. The
statistics and interdependencies of these parameters are evaluated. The
correlation between these K-T parameters, strong-motion duration, peak ground
acceleration, epicentral distance and local magnitude is investigated.

Based on an extensive simulation study, semi-empirical modifications
are made to an existing random vibration solution for single-degree-of-free­
dom elasto-plastic systems. Similar modifications are incorporated in an
approximate multi-degree-of-freedom elasto-plastic random vibration metho­
dology for shear-beam systems, and its validity is assessed by a series of
compatibility studies. The applicability of the methodology towards the
inelastic component response prediction for structural frames is also eval­
uated.

By using the random vibration methodology, the overall inelastic seis­
mic safety analysis of buildings is formulated. The sensitivity of local
inelastic response w.r.t. the variabilities of the ground motion represen­
tation, the structural dynamic properties and the method of dynamic analy­
sis is investigated. For a hypothetical Boston site, the degree of over­
all seismic safety is assessed quantitatively for several multistory steel
buildings designed by different procedures. In particular, the conventional
code-based design method, i.e., the Uniform Building Code, and a more com­
plicated design method based on the "Inelastic Acceleration Response Spec­
trum" are considered.





2

PREFACE

This is the final report prepared under the research project entitled

"Evaluation of Seismic Safety of Buildings" supported by National Science

Foundation Grants ENV 76-19021 and 78-00658. This report is derived from

a thesis written by Shih-sheng Paul Lai in partial fulfillment of the re-

quirements for the degree of Doctor of Philosophy in the Department of Ci-

viI Engineering at the Massachusetts Institute of Technology, under the su-

pervision of Professor Erik H. Vanmarcke.

The analysis and design of buildings for seismic effects involves a

series of steps ranging from the prediction and specification of ground

motions to the detailed design of structural components. The main objec-

tive of the project is to develop general methodology which permits quan-

titative assessment of the overall seismic safety of buildings provided

by different design procedures. Earlier reports produced based on this

research are as follows:

1. Arnold, P., Vanmarcke, E.H. and Gazetas, G., "Frequency Content of
Ground Motions during the 1971 San Fernando Earthquake", M.I.T. De­
partment of Civil Engineering Research Report R76-3, Order No. 526,
January 1976.

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

3. Vanmarcke, E.H., Biggs, J.M., Frank, R., Gazetas, G., Arnold, P.,
Gasparini, D.A. and Luyties, W.H., "Comparison of Seismic Analysis
Procedures for Elastic Multi-Degree Systems", M.LT. Department of
Civil Engineering Research Report R76-S, Order No. 528, Jan. 1976.

4. Frank, R., Anagnostopoulos, S.A., Biggs, J.M. and Vanmarcke, E.H.,
"Variability of Inelastic Structural Response due to Real and Ar­
tificial Ground Motions", M. 1. T. Department of Civil Engineering
Research Report R76-6, Order No. 529, January 1976.
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5. Haviland~ R., "A Study of the Uncertainties in the Fundamental Trans­
lational Periods and Damping Values for Real Buildings", Supervised
by Professors J.M. Biggs and E.H. Vanmarcke~ M.I.T. Department of Ci­
vil Engineering Research Report R76-l2~ Order No. 531, February 1976.

6. Luyties, W.H., Anagnostopoulos, S.A. and Biggs, J.M., "Studies on the
Inelastic Dynamic Analysis and Design of Multi-Story Frames", M.I.T.
Department of Civil Engineering Research Report R76-29, Order No. 548,
July 1976.

7. Gazetas, G., "Random Vibration Analysis of Inelastic Multi-Degree-of­
Freedom Systems Subjected to Earthquake Ground Motions"~ Supervised
by Professor E.H. Vanmarcke, M.I.T. Department of Civil Engineering
Research Report R76-39, Order No. 556, August 1976.

8. Haviland~ R.~ Biggs, J.M. and Anagnostopoulos, S.A., "Inelastic Response
Spectrum Design Procedures for Steel Frames"~ M.LT. Department of
Civil Engineering Research Report R76-40, Order No. 557, Sept. 1976.

9. Gasparini ~ D.A., "On the Safety Provided by Alternative Seismic De­
sign Methods", Supervised by Professors J.M. Biggs and E.H. Vanmarcke,
M.I.T. Department of Civil Engineering Research Report R77-22~ Order
No. 573, July 1977.

10. Vanmarcke, E.H. and Lai, S.P., "Strong-Motion Duration of Earthquakes",
M. 1. T. Department of Civil Engineering Research Report R77-16, Order
No. 569, July 1977.

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

12. Lai, S.P •., "On Inelastic Response Spectra for Aseismic Design", Su­
pervised by Professors J.M. Biggs, and E.H. Vanmarcke, M.I.T. Depart­
ment of Civil Engineering Research Report R78-l8, Order No. 604,
July 1978.
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CHAPTER

INTRODUCTION

1

1.1 Objectives and Scope

The analysis and design of a building subjected to earthquake loads

requires a series of steps comprising the prediction and characterization

of ground motions, the modeling of structural dynamic behavior and the de­

tailed design of structural components. In recent years, extensive research

efforts have been concentrated on the investigation of each of the above­

mentioned steps. Different improved building design procedures with vary­

ing complexity have been developed, e.g., the response spectrum design ap­

proach (ATC-2} 13], and the seismic design provisions recently recommended

by the Applied Technology Council (ATC-3) 14].

However, insufficient attention has been given to the building design

process as a whole so that the actual degree of seismic protection provi­

ded by the alternative design approaches can be evaluated. Based on ran­

dom vibration analysis, Gasparini 122J studied the seismic saftey of li­

near-elastic multi-degree-of-freedom systems. Limited effort was attemp­

ted by Binder 110] to evaluate the seismic safety of multi-degree elasto­

plastic shear-beam structures.
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The main objective of this research endeavor is to develop general

methodology which permits quantitative assessment of the overall inelas-

tic seismic safety of building frames provided by different design proce-

dures. Specifically, principal research efforts are directed toward the

investigation of the following topics:

• Characterization of strong ground motions

• Prediction of inelastic response for shear-beam systems by approximate
multi-degree random vibration methodology

• Compatibility of inelastic response predictions for structural frames
by random vibration and time-history analysis

• Formulation of overall inelastic seismic safety analysis for buildings

• Assessment of overall seismic safety of multistory steel buildings pro­
vided by the conventional code-based design method versus the inelastic
design method

In this study, a set of 140 actual strong earthquake records is used

to investigate the uncertainties involved in ground motion representation.

In particular, seismic input is characterized in terms of the Kanai-Tajimi

power spectral density function [34,55} and the strong-motion duration

[61,63}. Based on the method of spectral moments, key Kanai-Tajimi para-

meters are determined for the set of records. The statistics and inter-

dependencies of these parameters are investigated. The correlation between

these pertinent seismic parameters and earthquake peak ground acceleration,

epicentra1 distance and local magnitude is evaluated.

Based on an extensive simulation study, a semi-empirical modification

is made to an existing random vibration analysis for one-degree elasto-

plastic systems. The same modification is incorporated in an approximate

multi-degree elasto-plastic random vibration solution for shear-beam sys-

terns, and its validity is assessed by a series of compatibility studies.
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The applicability of the methodology towards the inelastic component re-

sponse prediction for structural frames is also evaluated.

By using the random vibration methodology, the overall seismic safety

analysis of buildings is formulated. By means of a series of sensitivity

studies, the relative importance of different uncertainties involved in

inelastic seismic safety analysis is investigated. For a hypothetical

Boston site, the degree of overall seismic safety is assessed quantita­

tively for several multistory steel buildings designed by different pro­

cedures. In particular, the conventional code-based design method, i.e.,

the Uniform Building Code [58], and a more complicated design method based

on the "Inelastic Acceleration Response Spectrum" T39 J are considered.

1.2 Organization

Chapter 2 starts with a brief description of the Kanai-Tajimi spectral

density function and the estimation method to determine its key parameters.

The statistics of the Kanai-Tajimi parameters and of other pertinent seis­

mic parameters are then reported for a set of 140 recorded strong ground

motions. This is followed by a discussion of the influence of site condi­

tions and a presentation of the results of correlation studies involving

the Kanai-Tajimi parameters, strong-motion duration, peak ground accelera­

tion, epicentral distance and local magnitude.

In Chapter 3, the linear-elastic random vibration solution for multi­

degree shear-beam systems are first reviewed. This is followed by a brief

description of a random vibration model for one-degree elasto-plastic sys­

tems. Based on extensive simulation studies, semi-empirical modifications

to this model are reported. Based on similar modifications, an approximate

multi-degree elasto-plastic random vibration methodology for shear-beam
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systems is oulined.

The moment-resisting steel frames and the synthetic strong ground mo­

tions used in this study are briefly described in Chapter 4. The deter­

mination of equivalent story shear-springs parameters corresponding to a

structural frame are discussed. The results of a series of compatibility

studies aimed at quantifying different sources of uncertainty associated

with the local inelastic response prediction of structural frames are pre­

sented next. A brief discussion on the effects of gravity loads is also

included. Finally, the prediction of maximum lateral story displacement

is discussed.

In Chapter 5, a method to predict inelastic seismic response of compo­

nents in buildings is developed. The results of a series of sensitivity

studies of local inelastic response with respect to the variabilities of

the ground motion representation, the structural dynamic properties, and

the method of dynamic analysis are then reported. The effect of ground

motion intensity is also discussed.

Chapter 6 presents methodology for combining discrete response charac­

teristics for the prediction of overall response statistics. The results

of the conditional probability distributions of local ductility ratio (gi­

ven peak ground acceleration) are presented for the steel frames under

study. This is followed by a brief des~ription of the seismic risk curves

for the hypothetical Boston site. By incorporating this local seismic

risk information, the degree of overall seismic safety is compared for se­

veral multistory steel buildings designed by different methods, Le., the

conventional code-based design method versus a more complicated inelastic

design method. A brief discussion on the relationship between the predic-
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ted local ductility ratio and the expected damage in a building is also

included.

Finally, Chapter 7 summarizes major conclusions reached from this re­

search endeavor. Recommendations for further study are also presented.
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CHAPTER 2
CHARACTERIZATION OF STRONG GROUND MOTIONS

FOR SEISMIC SAFETY ASSESSMENT

2.1 Introduction

The ultimate objective of earthquake-resistant design is to protect

the structure and its contents, as well as to provide adequate safety for

its occupants. In order to assess the overall seismic safety of construc­

ted facilities, it is necessary to consider three major sources of uncer­

tainty: i) the representation of earthquake environment, ii) the dynamic

structural properties, and iii) the method of dynamic analysis. In this

chapter, only the uncertainties of ground motion representation will be

examined. The other two sources of uncertainty are discussed in Chapters

4 and 5.

There are two basic approaches to ground motion characterization.

In the time domain approach, the design motion can be represented by time

histories of ground acceleration, velocity or displacement. Although the

method is generally applicable, it does not grasp the randomness of fu­

ture earthquake motions. In order to account for this variability, mul­

tiple time-history analyses using a set of ground motions are often used,

but this is eften too expensive to be attractive for practical application.
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This concern gives rise to a statistical approach to ground motion repre-

sentation in the frequency domain in terms of the power spectral density

(PSD) function. The PSD function can be obtained from the Fourier Trans-

form of the acceleration time history of a ground motion record. Based

on the PSD function, the probabilistic structural response can be predic-

ted by random vibration methodology.

In this chapter, important statistical measures of the frequency con-

tent of strong motion excitation will first be discussed. This is followed

by a brief description of the Kanai-Tajimi power spectral density function,

and of the fitting method used to determine its key parameters. The method

has been applied to a set of 140 recorded strong ground motions. The sta-

tistics of several pertinent seismic parameters will be presented. More-

over, ground motion parameter correlations involving strong-motion dura-

tion, Kanai-Tajimi parameters, peak ground acceleration, epicentral dis-

tance and local magnitude are investigated. Finally, a compatibility study

concerning the prediction of strong-motion duration using different empi-

rical relationships as suggested in this study will be includerl.

2.2 Kanai-Tajimi Power Spectral Density Function

Since the accelerogram of a strong ground motion has the appearance

of a random process, it is commonly expressed in terms of a series of sinu-

soidal waves as follows:

aCt) sin(w.t + cp.)
1. 1.

(2-1)

where aCt) is the ground acceleration, ~ is the amplitude and CPi is the

phase angle of the ith contributing sinusoid with frequency Wi. The power
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spectral density function G(w) can be defined as:

G(w.)Liw = A~ /2
~ ~

(2-2)

Based on Kanai's study [34J of the frequency content for several real

strong ground motions, Tajimi suggested the following power spectral den-

sity function to characterize a ground motion [55J:

(2-3)

where s ,wand Go are parameters to be determined from earthquake records.g g

Physically, the Kanai-Tajimi (K-T) PSD function can be interpreted

as corresponding to an "ideal white noise" excitation at the bedrock sub-

jected to one-degree-amplification through the overlaying soil deposits.

Therefore, the three Kanai-Tajimi parameters can be interpreted as: ~ ,
g

the ground "viscous damping coefficient"; w , the ground "natural frequen­
g

cy" (assuming single-degree-of-freedom); and Go' the" intensity of the ideal

white noise excitatiod' at the bedrock-overburden interface. Since only

three parameters are needed to define the frequency content of strong

ground motion, the Kanai-Tajimi power spectral density spectrum has been

widely used by researchers [9,10,22,40J. It has also been employed in

this study to characterize strong ground motion.

However, due to the fact that most estimated power spectra of ground

motions are very erratic, it is difficult to determine the parameters of

the corresponding smooth K-T PSD function. Binder [9J tried two diffe-

rent fitting methods, namely, the "least square method" and the "moments

method", to compute the Kanai-Tajimi parameters. Based on the study of

39 real earthquake records, he concluded that the method of moments should
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yield the most satisfactory results.

In this study, the spectral moments method used by Binder is employed

to calculate the Kanai-Tajimi parameters for a set of 140 strong ground

motions. A brief overview of the method is presented below.

For frequency domain analysis, the spectral moments of a PSD function

are key statistical parameters. The ith spectral moment Ai is defined

as [60]:

The variance of the excitation is the zero spectral moment A :
o

00

o~ =f G(w) dw

o

(2-4)

(2-5)

The central frequency, w , and the shape factor, 8, of the random processc

can be directly evaluated from the first few spectral moments:

(2-6)

11 (2-7)

The method of spectral moments computes the Kanai-Tajimi parameters in

such a way that the spectral moments, i.e., Ao ' AI' and A
2

, of the actual

ergodic power spectrum and those of the fitted K-T PSD function are the

same. Since 0 2 , wand 8 are functions of the spectral moments as expressedo c

in Eqs. 2-5,2-6 and 2-7, respectively, this suggests that the moments

method will lead to a K-T PSD function with the same variance, central fre-

quency and shape factor as the actual power spectrum. This consistency in
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the pertinent statistical parameters is clearly desirable.

As an extension of the work by Pulgrano and Ablowitz [SO}t spectral

moments of the Kanai-Tajimi PSD function can be expressed as:

7TG wo g
4r;

g
(2-8)

7TG w2
o g

4r;g

1 + 4r;2 - 8r/+
+ 4r;2 J (Q*) - --=g---",-g

g 3 7T/I - r;2
g

(
21:: 11 - r;2)'-1 . g g (

tan 1 - 2r;~ )

(2-9)

7TG w3

!J2(Q*) + 4r;~ J (Q*) I1..2
=

o g
4r; 4 Ig

where

4r; )[1 i
J. (Q) = --=.& Q dQ

J. 7T - Q2 J2 + 4r;2Q2
0

g

(2-10)

(2-11)

The expressions J o ' J 1, J 2 , J 3 and J 4 are tabulated in Appendix A.

Q* is defined as w*/w , where w* is the upper integration limit in
g

Eq. 2-4 and is theoretically equal to infinity. As expressed in Eqs. 2-9

and 2-10, the evaluation of Al and 1.. 2 requires J 3(Q*) and J 4 (Q*). How­

ever, both values are infinite when n* approaches infinity (see Appendix

A). Therefore t it is necessary to use a finite value for the upper limit

of integration.

Given that high frequency sinusoids contribute negligible excitation

to most strong ground motions, the standard C.l.T. earthquake record di-

gitization procedure uses a cut-off frequency of 25Hz [13}. Since the

natural frequencies of most structures of interest lie in the range of

o - 25 7T rad/sec, the value of 25 7T rad/sec is assumed for w* in this
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Because the central frequency and shape factor are functions of the

spectral moments (/'0' AI' and 1.. 2 ), they can be expressed in terms of the

Kanai-Tajimi parameters, i.e., w , sand G. Hence, the K-T parameters
g g 0

can be computed by matching the variance of acceleration (Eq. 2-5), the

central frequency (Eq. 2-6), and the shape factor (Eq. 2-7).

2.3 Ground Motion Parameters for a Set of 140 Records

2.3.1 Background

The method of spectral moments has been applied to two horizontal com-

ponents for each of 70 California strong motion records. The record set

was originally selected by McGuire and Barnard [44] so as to be represen-

tative of a broad range of earthquake magnitudes, epicentral distances,

motion intensities and site conditions. Eleven sites (22 records) were

classified by McGuire and Barnard as "rock" sites, and 59 sites (118 re-

cords) as "soil" sites. Pertinent characteristics of these records are

listed in Table 2-1.

As mentioned in Chapter 1, the "strong-motion duration" is also a re-

levant parameter for seismic safety analysis. The definition of strong-

motion duration proposed by Vanmarcke and Lai [61,63] has been employed

in this study. It is based on the following relationships:

I = 0 2 S
000

a == /2 .Q,n(2S IT )
max 0 0

•, S > 1.36 To 0

(2-12)

(2-13)

where S == equivalent strong-motion duration, I = Arias Intensity, i.e.,o 0

the integral of the squared accelerations [5], o == root-mean-square ac­
o

celeration, a == peak ground acceleration, and T == predominant periodmax 0
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of the earthquake motion.

For each strong ground motion, I and a can readily be computed.o max

By assuming a predominant period T , the strong-motion duration and theo

r.m.s. acceleration can be solved from the above two equations. The ad-

vantages of using this approach are: i) the total energy of the motion

is preserved, ii) a consistent relationship exists between a ,0, andmax 0

S. (For a stationary Gaussian random process with mean-squared acce1e­a

ration 0 2 , Eq. 2-13 implies that a occurs once on the average duringo ~x -

the duration S .)
o

Using the C.l.T. ground motion identification labels, Table 2-1 lists

the results for the set of 140 real strong ground motions. They comprise:

local Richter magnitudes (Mt), epicentra1 distances (R), peak ground ac­

celerations (a ), r.m.s. accelerations (0 ), strong-motion durations
~x 0

(So), central frequencies (we)' shape factors (0), Kanai-Tajimi frequencies

(wg), Kanai-Tajimi damping coefficients (~g)' white noise bedrock exci­

tation intensities (G) and site conditions (soil versus rock).
o

Histograms of S , W , and ~- o-g--g

The assessment of overall seismic safety of a structure requires prob-

abi1istic representation of the ground motion. The statistics of several

pertinent seismic parameters have been computed; they are listed in Table

2-2. In this section, the variability of strong-motion duration, Kanai-

Taj imi frequency and damping coeff icient will be presented in the form

of histograms.

Strong-Motion Duration

As shown in Table 2-2, the mean strong-motion duration for the set of

records is 9.27 sec, with standard deviation (0) = 8.77 sec, coefficient
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TABLE 2-1

PERTINENT SEISHIC PARAHETERS FOR THE 140 STRONG GROUND HOTIONS

C.l. T. EARTIlQUAKE COMPo M R SITE a °0 III <I III /;g Go s
NO. (km) max c g 0

(g) (g) (rad/sec (rad/sec cm2/sc 3)
(sec)

A002-1 Northwest S44W 0.104 0.0376 29.48 0.46 28.39 0.32 14.42 4.11
A002-2 California N46W 6.0 53 s 0.112 0.0424 24.46 0.48 22.86 0.29 21.59 4.12

A003-1 Kern County SOOE 0.047 0.0162 12.95' 0.54 11.18 0.25 5.70 16.00
A003-2 S90W 7.2 127 s 0.053 0.0177 11.06 0.53 9.71 0.22 7.24 23.59

A004-1 N21E 0.1% 0.0511 22.07 0.55 18.46 0.36 42.85 13.66
A004-2 Kern County

S69E 7.2 43 s 0.179 0.0599 21.97 0.54 18.81 0.35 56.60 10.72

A005-1 N42E 0.090 0.0303 12.31 0.55 10.60 0.24 20.95 16.80
A005-2 Kern County

s48E 7.2 89 s 0.131 0.0545 9.65 0.55 8.36 0.21 78.23 6.62

A006-1 SOOW 0.055 0.0182 15.71 0.52 13.90 0.26 5.99 19.32
A006-2 Kern County

N90E 7.2 119 s 0.044 0.0138 13.76 0.61 10.52 0.32 5.09 35.41

A007-1 SOW 0.059 0.0195 17.93 0.56 14.90 0.32 7.23 17.09
A007-2 Kern County

N90E 7.2 119 s 0.042 0.0128 ]5.90 0.65 10.68 0.40 4.72 40.08

A008-1
Eureka N11W 0.168 0.0628 18.15 0.59 14.16 0.36 83.17 5.47

A008-2 N79E 6.6 24 s 0.258 0.1046 20.75 0.50 18.76 0.29 157.53 4.23

A009-1 Eureka N44E 6.6 0.159 0.0557 11.45 0.69 7.47 0.35 120.84 11.53
A009-2 N46W 40 s 0.201 0.0829 13.36 0.66 9.09 0.36 223.56 1.52

A010-1 San Jose N31W 0.102 0.0405 21.98 0.40 21.77 0.18 14.84 2.97
A010-2 N59E 5.8 10 s 0.108 0.0444 30.65 0.23 31.12 0.06 4.89 1.78

A014-1 San N09W 0.043 0.0158 26.92 0.42 26.69 0.23 2.21 4.07
A014-2 Francisco N81E 5.3 15 s 0.046 0.0184 26.16 0.38 26.35 0.18 2.49 2.42

A015-1 San NlOE 0.083 0.0351 32.71 0.39 33.50 0.22 8.41 1.34
A015-2 Francisco S80E 5.3 12 k

0.105 0.0411 35.98 0.37 37.45 0.20 9.61 2.02

A016-1 San S09E 0.085 0.0348 25.69 0.37 25.92 0.16 8.48 2.76
A016-2 Francisco S81W 5.3 14 s 0.056 0.0207 24.24 0.52 21.41 0.35 5.96 5.16

A017-1 San N26E 0.040 0.0159 28.52 0.37 28.93 0.18 1. 73 2.48
A017-2 Francisco S64E 5.3 24 s 0.024 0.0088 28.73 0.46 27.83 0.30 0.76 4.82

A018-1
Hollister SOlW 5.6 0.065 0.0219 15.87 0.54 13.65 0.28 9.25 18.05

A018-2 N89W 21 s 0.179 0.0772 18.79 0.41 0.18 62.50 2.7218.40

A019-1 Borrego SOOW 6.5 64 0.130 0.0485 13.00 0.74 6.38 0.48 115.54 7.07
A019-2 Mountain N90E

s 0.057 0.0178 16.50 0.69 0.49 10.78 31.559.29

A020-1 Borrego SOOW 6.5 96 0.030 0.0104 15.31 0.70 8.69 0.47 1.90 1
12

•
90

A020-2 Mountain S90W s 0.029 3.08 18.730.010 14.40 0.65 9.84 0.38

B021-1 . Long Beach S08W 6.3 53
0.133 0.0483 25.18 0.64 12.63 0.75 56.20 6.44

. B021-2 s
N82W 0.154 0.0638 20.82 0.62 14.05 0.48 91.32 2.91

B023-1 Southern NOOE 5.4 38 0.033 0.0136 2:1..42 0.43 20.85 0.21 1.91 3.53
sB023-2 California N90W 0.027 0.0101 19.42 0 .. 47 18.15 0.2/, 1.37 6.76
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(TABLE 2-1 CONTINUED)

C.LT. EARTIlQUAKE COMPo M R SITE a °0
III 6 III /;g G s

NO. max C g 0 0

(km) (g) (sec)
(g) (rad/sec) (rad/sec) cm2/sc 3)

B024-1 Lower SOOW 0.160 0.0519 25.68 0.50 23.-16 0.35 33.72 13.30
B024-2 California S90W 6.5 64 s

0.183 0.0629 24.45 0.46 23.39 0.26 42.58 10.19

B026-l 1st N.W. N45E 0.144 0.0656 25.77 0.45 25.01 0.26 43.49 1. 74
B026-2 California S45E 5.5 55 s 0.089 0.0319 26.96 0.42 26.75 0.23 8.96 4.64

B027-1 2nd N.W. N45E 0.062 0.0224 21.86 0.44 21.06 0.23 5.54 4.34
B027-2 California S45E 6.6 104 s 0.039 0.0136 22.15 0.45 21.23 0.24 2.08 11.23

B030-1 Northern N44E 0.054 0.0185 21.55 0.53 18.53 0.34 5.40 9.67
B030-2 California S46E 5.4 43 s 0.075 0.0283 2S.14 0.46 24.11 0.27 8.70 4.01

B031-1 Wheeler N2lE 0.065 0.0264 21.89 0.49 20.13 0.28/ 9.25 3.64
B031-2 Ridge S69E 5.9 43 s 0.068 0.0256 26.00 0.39 26.08 0.19 5.13 4.12

B034-1 N05W 0.355 0.1543 22.59 0.49 20.81 0.29 309.51 1.66
B034-2 Parkfield

N85E 5.3 5 s 0.434 0.2535 25.74 0.49 23.60 0.33 793.66 0.95

B035-1 N50E 0.237 0.0898 40.98 0.41 43.89
1

0
•

31 53.07 2.37
B035-2 Parkfield

N40W 5.3 9 s 0.275 31.82 0.39 32.47 0.22 82.46 1.990.1085

B036-1 N50E 0.053 0.0171 32.32 0.57 21.23 0.78 4.48 12.60
B036-2 Parkfield

N40W 5.3 38 s 0.064 34.62 0.51 30.97 0.53 4.98 9.550.0210

B037-l N65W 0.269 0.1193 24.37 0.36 24.61 0.15 97.23 1.39
B037-2 Parkfield

S25W 5.3 6 k 0.347 21.46 0.40 21.21 0.18 379.84 0.650.2026

B038-1 N36W 0.014 0.0049 29.76 0.53 25.11 0.48 0.33 8.27
B038-2 Parkfield

S54W 5.3 77 k 0.012 31.89 0.49 29.73 0.41 0.17 8.070.0040

B039-1 2nd Northern SllE 0.021 0.0080 19.63 0.54 16.80 0.32 1.08 4.77
B039-2 California N79E 5.8 51 s 0.020 17.26 0.57 13.91 0.33 1,19 5.580.0076

B040-1 Borrego N33E 0.041 0.0150 21.62 0.47 20.47 1
0

•
25 2.72 7.01

B040-2 Mountain N57W 6.5 134 k 0.046 0.49 21.22 0.29 3.35 5.650.0162 22.93

C048-1 San NOOW 0.255 0.0923 16.12 0.59 12.55 0.34 196.95 9.93
C048-2 Fernando S90W 6.6 20 s 0.134 0.0437 0.66 11.02 0.48 55.19 22.8817.99

D056-1 San N2lE 0.315 0.1287 25.83 0.49 23.96 0.32 198.61 2.71
D056-2 Fernando N69W 6.6 29 k 0.271 0.0954 0.59 17.29 0.51 173.13 7.0724.32

E071-1 San SOOW 6.6 89
0.027 0.0094 45.45 0.42 51. 75 0.37 0.57 4.77

sE071-2 Fernando N90E 0.026 0.0087 32.68 0.50 30.09 0.44 0.84 6.14

F086-1 ·San N83E 46
0.107 0.0387 18.72 0.61 13.51 0.41 34.49 8.09

F086-2 Fernando S07W 6.6 s 0.082 0.0277 19.64 0.33 11,39 11.0922.43 0.52

G1l4-1 San S60E 6.6 33
0.113 0.0364 29.23 0.66 13.66 0.95 29.06 16.42

G1l4-2 Fernando S30W
s 0.139 0.0465 0.49 32.66 0.49 23.41 7.5135.17

T286-1 Borrego North 6.5 48
0.060 0.0191 26.83 0.51 23.68 0.38 4.77 17.63

T286-2 Valley East
s 0.047 20.29 0.41 3. f, 9 20.240.0150 24.55 0.55
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(TABLE 2-1 CONTINUED)

C.l.T. EARTHQUAKE COMPo M R SITE a a we 6 w ~g G s
NO. max 0 g 0 0

(Ian) (g) (g) (rad/sec) (rad/sec) (cm2/sc 3 (sec)

T287-1 Imperial North 0.031 0.0103 22.56 0.57 17.62 0.42 1.88 13.90
T287-2 Valley East 5.6 30 s 0.028 0.0094 16.36 0.56 0.31 1. 79 17.7213.55

T288-1 Imperial North 0.007 0.0026 28.49 0.53 24.27 0 •.44 0.09 8.99
T288-2 5.5 11 sValley East 0.036 0.0118 20.91 0.59 15.97 0.41 2.76 16.26

T289-1 Low..r North 0.025 0.0083 16.51 0.60 12.59 0.35 1.62 13.28
T289-2 California East 6.3 150 s 0.028 0.0096 15.21 11.370.60 ·11. 78 0.33 2.23

I T290-1 Imp. County North 4.3 0.031 0.0126 38.01 0.29 39.34 0.11 0.52 1.37
T290-2 Foreshock East 22 s 0.016 0.0053 9.9530.97 0.34 31.77 0.15 0.15

T293-1 Gulf of North 0.014 0.0043 15.77 0.61 11.96 0.35 0.45 48.70
T293-2 California East 6.3 147 s 0.015 0.0048 15.93 0.53 13.99 0.26 0.42 35.85

U298-1 Humboldt N45W 0.039 0.0146 20.55 0.52 18.18 0.30 3.24 6.86
U298-2 Bay S45W 5.75 80 s 0.037 0.0131 22.59 0.44 21.90 0.23 1.82· 6.10

U299-1 Santa N45E 0.238 0.1015 22.08 0.45 21.25 0.23 113.49 2.03

I U299-2 Barbara S45E 5.9 16 s 0.176 0.0747 16.52 0.45 15.72 0.20 75.43 2.80

U300-1 Northern N4SW 0.121 0.0484 22.61 0.49 20.83 0.29 30.47 2.79
u300-2 California S45W 6.4 50 s 0.116 0.0458 24.34 0.46 23.32 0.26 22.99 3.33

U301-1 Northern N89W 0.197 0.1322 20.67 0.33 20.77 0.12 118.37 0.78
U301-2 California SOlW 5.3 21 s 0.122 0.0469 19.38 0.40 19.07 0.17 21. 71 5.08

U305-1 Central N89W 5.3 27 0.053 0.011'8 18.62 0.53 16.30 0.29 5.88 8.70
U305-2 California SOlW s 0.050 0.0172 19.31 0.55 16.28 0.33 5.22 10.82

U307-1 Central N89W
5.0 6 0.057 0.0207 20.42 0.47 19.28 0.24 5.37 7.12

U307-2 California SOlW s 0.036 0.0124 23.34 0.53 20.16 0.36 2.30 10.25

U308-1 Northern N46W
5.7 59 0.059 0.0222 28.97 0.41 29.13 0.22 3.92 4.00

U308-2 California S44W s 0.075 0.0312 28.09 0.41 28.12 0.22 8.03 2.54

U309-1 Central Cal. N89W 0.172 0.0770 23.04 0.55 19.05 0.39 92.71 1.43
U309-2 Aftershock SOlW 5.6 21 s 0.076 0.0281 17.28 0.45 16.49 0.20 10.32 8.46

u311-1 N21E 0.008 0.0030 11.01 0.59 8.91 0.26 0.26 21.04
u3ll-2 Parkfield

S69E 5.3 131 s 0.011 0.0043 12.24 0.59 9.94 0.~7 0.48 13.49

U312-1 N46W 0.105 0.0432 24.66 0.66 10.55 0.85 52.82 2.66
U312-2 Ferndale S44W 5.8 32 s 0.237 0.1160 29.73 0.45 29.15 0.29 126.79 0.30

U313-1 Northern N89W 0.013 0.0045 16.70 0.52 14.72 0.27 0.35 18.60
U313-2 California SOlW 5.2 39 s 0.017 0.0057 15.43 0.52 13.61 G.26 0.60 14.74

V314-1 N39E 0.064 0.0222 11.59 0.67 7.88 0.34 17.90 21.62
V314-2 Long Beach N51W 6.3 59 k 0.097 0.0335 15.84 0.74 6.54 0.61 52.65 13.48

V315-1 South 27
0.196 0.0724 22.58 0.59 16.87 0.45 96.16 S.81

V315-2 Long Beach West 6.3 s 0.159 0.0548 25.62 0.52 22.57 0.37 39.21 8.88
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(TABLE 2-1 CONTINUED)

C. 1. T. EARTIlQUAKE COMPo M R SITE a " til 6 til /;g G s
NO. max 0 C g 0 0

(kIn) (g) (g) (..-ad/see) (rad/"ec) Ccm 2/sc 3) (sec)

v316-1 Torrance North 0.040 0.0152 19.06 0.46 18.05 0.22 2.93 6.47
V316-2 Gardena East 5.4 6 s

0.055 0.0362 6.99 0.59 5.74 0.21 49.33 1.52

v317-1 Torrance S50E 0.015 0.0056 16.76 0.49 15.42 0.23 0.49 7.07
V317-2 Gardena S40W 5.4 27 s 0.011 0.0039 17.93 0.52 15.80 0.28 0.26 13.64

I
V319-1 Southern N36W 0.054 0.0216 23.68 0.50 21.49 0. 32 1 6.22 3.40
V319-2 California S5411 6 77 k 0.036 0.0132 21. 25 0.56 17.11 0.38\ 3.12 7.05

I

V329-1 Southern South 6 0.167 0.1007 16.53 0.48 15.28 0. 23 1 153.53 0.67
V329-2 California West 5 s 0.089 0.0479 19.31 0.66 11.62 0.51 63.07 0.49

V330-1 Northern N79E 0.046 0.0192 20.18 0.40 19.92 0.17 j 3.50 2.31
V330-2 California SllE 5 19 s 0.048 0.0239 20.48 0.37 20.42 0.15 4.80 1.52

I
v331-1 Southern South 0.041 0.0176 34.29 0.47 33.06 0.41 2.91 1.63
V331-2 California East 4.5 18 k 0.037 0.0154 43.01 0.33 45.80 0.17 0.99 1.27

V332-1 Northern South 6.25- 0.015 0.0054 20.18 0.47 18.95 0.25 0.38 8.59
V332-2 California East 6.5 151 s

0.013 0.0047 18.93 0.54 16.09 0.32 0.39 9.07

W334-1 Lytle S65E 0.142 0.0600 25.66 0.59 18.12 0.54 i 64.65 2.42 I5.4 13 k 0.58 ,101334-2 Creek S25W 0.198 0.0787 31.62 0.54 25.02 85.44 1.26

101335-1 Lytle S85E 0.071 0.0254 39.92 0.43 42.21 0.34 I 4.42 2.98
101335-2 Creek S05W 5.4 19 k 0.056 0.0208 43.08 0.34 45.99 0.18 i 1.73

I
2.26

101336-1
I 3.39 ILytle S54E 5.4 0.057 0.0209 35.21 0.43 35.99 0.30 i 3.36

101336-2 Creek S36>1 22 k
0.071 0.0279 34.61

1
0

•
48 32.96 0.44/ 7.65 ( 1.90 ,

101339-1 Lytle South 5.4 18 0.041 0.0144 28.58 0.39 28.89 0.20/ 1.55 7.32 Is
101339-2 Creek East 0.036 0.0123 29.13 0.35 29.71 0.16\ 0.91 9.12 I
101342-1 Lytle North 5.4 56 0.020 0.0068 30.64 0.45 30.19 0.30 ' 0.43 8.18 IW342-2 Creek East

s 0.019 0.0065 35.33 0.46 34.78 0.40 0.40 7.05

0.79
I

Y370-1 Borrego South 6.5 144 0.022 0.0072 25.87 0.54 21. 34 0.43 15.41

1
Y370-2

s
0.029 0.0103 23.45 0.56 18.72 0.42 1.80Hountain East 6.57

Y371-1 Borrego S04E 6.5 174 0.013 0.0044 10.31 0.71 6.38 0.35 0.90 34.50
Y371-2 Mountain S86W

s 0.012 0.0039 11.86 0.60 9.46 0.27 0.41 38.51

Y373-1 Borrego S82E 6.5 205 0.008 0.0028 12.13 0.56 10.19 0.25 0.20 12.01
Y373-2 Mountain S08W

s 0.007 0.0025 13.06 0.57 10.83 0.27 0.15 13.95

Y379-1 Borrego N83W 6.5 214
0.019 0.0066 10.63 0.66 7.61 0.30 1.56 ZZ.Zl

Y379-Z Mountain S07W
s 0.019 0.0067 10.40 0.66 7.46 0.30 1.65 18.62
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TABLE 2-2 STATISTICS FOR PERTINENT SEISMIC PARAMETERS

SEISMIC STANDARD COEF. OF COEF. OF COEF. OF
MEAN DEVIATION VARIATION SKEWNESS KURTOSISPARAMETERS

(0) (V) (y 1) (y 2)

a 0.0883 0.0817 0.925 1.621 5.636max
(g)

0 0.0357 0.0391 1.094 2.476 11. 7.070

(g)

S 9.27 8.77 0.945 1. 922 7.30

(sec)

w 22.7 7.59 0.335 0.549 3.164c
(radjsec)

0 0.51 0.097 0.19 0.035 2.836

w 20.3 8.97 0.443 0.852 3.828g
(rad/sec)

Sg 0.32 0.13 0.421 1. 697 7.736

G 37.8 87.2 2.307 5.52 43.150

(cm2 jsec 3)

w /w 1.19 0.26 0.22 2.42 11.65c g
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of variation (V) = 0.945, coefficient of skewness (Y
1

) = 1.922, and coef­

ficient of kurtosis (Y2) = 7.3.

Since Y1 is approximately equal to 2V, the probability density function

(PDF) of strong-motion duration can be assumed as Gamma-distributed [8].

The histogram and the fitted analytical PDF of strong-motion duration are

plotted in Fig. 2-1. The Gamma PDF appears to fit the histogram quite

well:

= 0.0994 50.12 expC-0.121 S )
o 0

(2-14)

Kanai-Tajimi Frequency

The mean Kanai-Tajimi frequency of the set of 140 records is 20.3 radl

sec. The other statistics are: a = 8.97 rad/sec, V = 0.443, Y1 = 0.852,

and Y2 = 3.828. The fitted Gamma probability density function is:

f (w) = 3.18 x 10-5 w4 • 1 exp(-0.252 W )w
g

g g g
(2-15)

where W is in rad/sec. The histogram as well as the Gamma PDF are pre­
g

sented in Fig. 2-2.

Kanai-Tajimi Damping Coefficient

Based on the 140 strong ground motions used in this study, the mean

Kanai-Tajimi damping coefficient is 0.32, and a = 0.13, V = 0.421, Y1 =

1.697, Y2 = 7.736. Fig. 2-3 shows the histogram and the fitted Lognormal

probability density function, which takes the following form:

1
1.01 ~g

exp{-3.063[~n ~ + 1.221]2}
g

(2-16)
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2.3.3 Scattergrams of Pertinent Ground Motion Parameters

In this section, the correlations between several important seismic

parameters will be studied based on scatter plots. Included are the scat-

tergrams of central frequency versus Kanai-Tajimi frequency, K-T damping

coefficient versus frequency, strong-motion duration versus K-·T frequency,

and strong-motion duration versus K-T damping coefficient.

Central Frequency Versus Kanai-Tajimi Frequency

In his seismic safety investigation, Gasparini [22] assumed w =c

2.1 w. From the results of 140 strong ground motions, statistics of theg

ratio w /w have been computed and are listed in Table 2-2. The resultingc g

mean ratio is 1.19. The other statistics are: cr = 0.26, V = 0.22, y =
1

2.42, Y2 = 11.65.

The scattergram of central frequency versus Kanai-Tajimi frequency

is presented in Fig. 2-4. The relationship used by Gasparini is also plot-

ted in the figure. It is quite obvious that the coefficient of 2.1 is

too high. Based on linear regression, the relationship between the K-T

frequency and the central frequency can be expressed as follows:

= 1.12 w - 5.15c (2-17)

where the standard error is 2.87 rad/sec, and the correlation coefficient

is 0.948. Eq. 2-17 can be easily employed to predict the Kanai-Tajimi

frequency for a given strong ground motion record.

Kanai-Tajimi Damping Coefficient Versus Freguency

Fig. 2-5 shows the scattergram of Kanai-Tajimi damping coefficient

versus frequency for the set of 140 strong ground motions. As depicted

in the figure, there exists no obvious trend between the two seismic pa-

rameters. Hence, it seems reasonable to assume that the K-T damping co-
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efficient and frequency are uncorrelated. This conclusion is consistent

with the results based on 39 scaled earthquake records reported by Bin­

der [91.

Strong-Motion Duration Versus Kanai-Tajimi Frequency

The scattergram of strong-motion duration versus Kanai-Tajimi frequency

is plotted in Fig. 2-6. It appears that the K-T frequency decreases with

increasing strong-motion duration. This can be explained by the depen­

dence of both of these two parameters on the earthquake epicentral dis­

tance. A detailed discussion will be presented in Section 2.4.3.

Strong-Motion Duration Versus Kanai-Tajimi Damping Coefficient

Fig. 2-7 shows the scattergram of strong-motion duration versus Ka­

nai-Tajimi damping coefficient for the entire set of records. There ex­

ists no clear trend in the relationship between these two seismic para­

meters. The only observation worth making is that the variability of K-T

damping coefficient appears to decrease somewhat with increasing duration.

2.3.4 Influence of Site Conditions

The effects of site conditions on seismic parameters have been widely

studied in earthquake engineering. Notice that there are 22 rock site re­

cords in the set of ground motions used in this study. The statistics of

strong-motion duration, central frequency, Kanai-Tajimi frequency and dam­

ping coefficient were computed for two different site conditions, i.e.,

rock and soil. The results are listed in Table 2-3. Some interesting ob­

servations concerning the influence of site conditions on the seismic pa­

rameters are presented below.

Strong-Motion Duration

As shown in Table 2-3, the mean strong-motion duration for soil sites
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is about twice that for rock sites (10.16 sec versus 5.07 sec). The other

for rock sites, 0 = 4.92 sec, V = 0.971, Y1 =

1.858, Yz = 6.436; and for the soil sites, 0 = 9.22 sec, V = 0.907, Y1 =

1.917, Y
2

= 7.338.

Kanai-Tajimi Frequency

It has been suggested that the Kanai-Tajimi frequency is equal to 4~

rad/sec for typical firm ground sites [48,60]. From this study, the mean

value of w for 22 rock site records is 26.67 rad/sec, and 0 = 10.6 rad/g

sec, V = 0.398, Y1 = 0.116, Yz = 2.42. This clearly indicates that the

suggested value of 4~ rad/sec is too small.

Observations during past earthquakes have led to the conclusion that

the higher frequency components of an earthquake would be filtered out when

the strong ground motion waves travel through soil deposits [45]. The

results obtained herein tend to support this argument. For example, the

mean value of w for soil sites is equal to 19.06 rad/sec, and a = 8.09
g

rad/sec, V = 0.425, Y1 = 0.923, Yz 4.523.

Kanai-Tajimi Damping Coefficient

Since the Kanai-Tajimi damping coefficient controls the flatness of

the PSD function, it is implicitly related to the shape factor O. Based

on the study of six real firm ground earthquake records, Sixsmith and Roes-

set [54j reported a mean value of 8 equal to 0.66. This corresponds to

the K-T damping coefficient of approximately 0.6 as suggested by Gaspa-

rini [22]. However, from the results of this study, the mean ~g for rock

sites is equal to 0.35, with a = 0.14, V = 0.391, Y1 = 0.36, and YZ = 2.087.

Note that the mean value is much smaller than the 0.6 value frequently

assumed [48,60J.
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TABLE 2-3 STATISTICS OF PERTINENT SEISMIC PARAMETERS
FOR DIFFERENT SITE CONDITIONS

S (;.) (;.) Sg0 c g
(sec) (rad/sec) (rad/sec)

MEAN 5.07 28.66 26.67 0.35

STANDARD 4.92 8.16 10.60 0.14DEVIATION
(f.l

r.:.:l
COEF. OFH

0.971 0.285 0.398 0.391H
(f.l VARIATION
~
u

COEF. OF0
1.858 -0.015 0.116 0.360~

SKEWNESS

COEF. OF 6.436 2.375 2.420 2.087KURTOSIS

MEAN 10.16 2L56 19.06 0.32

STANDARD
9.22 6.93 8.09 0.13DEVIATION

(f.l

r.:.:l
COEF. OFH

0.907 0.322 0.425 0.426H
U) VARIATION
H
H

COEF. OF0
1. 917 0.559 0.923 1. 969(J)

SKEWNESS

COEF. OF 7.338 3.515 4.523 9.114KURTOSIS



55

The mean K-T damping coefficient for soil sites is equal to 0.32, and

o = 0.13, V = 0.426, Y1 = 1.969, Yz = 9.114. Notice that there is a slight

decrease in the mean K-T damping coefficient from rock sites to soil sites.

2.4 Correlation Studies of Seismic Parameters

2.4.1 Background

Ideally, a seismic safety analysis should include all the uncertain­

ties related to ground motion representation, with all the seismic para­

meters expressed in probabilistic terms. However, for convenience and

simplicity,it is conunon to consider some parameters as deterministic and

others in terms of a conditional distribution given, say, peak ground ac­

celeration (10,22].

The probability distributions as well as the interdependencies of the

strong-motion duration and the Kanai-Tajimi frequency and damping coef­

ficient have been discussed in the preceding sections. In this section,

the correlations that may exist between these seismic parameters and peak

ground acceleration, epicentral distance, and local magnitude will be ex­

amined. Several useful empirical relationships will be suggested.

There are many ways of assessing relationships among random variables,

e.g., statistical regression techniques. In this study, the correlations

are evaluated based on the "moving average" method which is quite effec­

tive in revealing trends that may exist between seismic parameters. Sta­

tistics are presented, based on a "moving average window" comprising 20

data points for strong-motion duration, Kanai-Tajimi frequency and damping

coefficient as functions of peak ground acceleration, epicentral distance

as well as earthquake local magnitude.



56

2.4.2 Correlations Versus Peak Ground Acceleration

Moving average statistics of the strong-motion duration, Kanai-Tajimi

frequency and damping coefficient are plotted as functions of peak ground

acceleration in Figures 2-8, 2-9, and 2-10, respectively. A point on these

curves corresponding to a specific a is obtained by averaging the seis-max

mic parameter considered for a subset of 20 accelerograms with peak ground

acceleration clustered around the median value a • Since there aremax

only 10 records with peak ground acceleration greater than 0.25 g, the mo-

ving average statistics are computed only up to this value of a
max

As depicted in Fig. 2-8, the strong-motion duration and the peak ground

acceleration show a clear negative correlation, i.e., the strong-motion

duration tends to decrease with increasing peak acceleration. This can

be explained by the common dependence of S and a on the epicentralo max

distance. Further discussion of this point is presented in Section 2.4.3.

The following approximate empirical relationship is suggested between

mean strong-motion duration and peak ground acceleration (in g's):

S
°lamax

= 30 exp(-3.254 a O• 35)max (2-18)

This equation implies an upper bound of 30 sec on the mean value of strong-

motion duration. This is not unreasonable based on historical data. The

relationship is plotted in Fig. 2-8 for comparison.

From the mean and mean plus one standard deviation curves, shown in

Fig. 2-8, the "moving average" coefficient of variation, Vs la ' can
o max

be computed. The result indicates that except for the range of low peak

ground accelerations, the variability of strong-motion duration remains

almost the same. In particular, the overall moving averageeVs la is
o max
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equal to 0.804. This is smaller than the "unconditional" coefficient of

variation of 0.945 reported earlier. The same procedure can be applied

to find the moving average coefficient of skewness y 1 •
S lao max

By studying the relationship between Vs and y , it can
olamax IS la

o max
be concluded that the marginal distribution of strong-motion duration for

different levels of peak acceleration is also approximately Gamma-distri-

buted. Moreover, by assuming Vs la to be constant, the marginal dis-
o max

tribution can be determined. For example, given a equal to 0.1 g, the
max

v =
S lao max

bution for

conditional mean duration S
°lamax

0.804, then as la =
o max

strong-motion duration

is 7.01 sec (Eq. 2-18). Assuming

5.64 sec. Hence, the marginal distri-

can be estimated.

As shown in Fig. 2-9, the moving average of the Kanai-Tajimi frequency

is quite uniform for different levels of ground acceleration. The over-

all mean K-T frequency is 20.26 rad/sec. The coefficient of variation

decreases with increasing acceleration, but it averages V ~ 0.429.
Wglamax

Fig. 2-10 depicts the moving average statistics for Kanai-Taj imi dam-

ping coefficient versus peak ground acceleration. Again, ~ averages 0.32
g

and has an approximate conditional coefficient of variation V ~
i';glamax

0.385 •

. 2.4.3 Correlations Versus Epicentral Distance

Figures 2-11, 2-12 and 2-13 present the moving average statistics of

So' wg ' and ~g versus epicentral distance R for the 140 strong ground mo­

tions. As in the preceding section, each data point plotted represents

the statistics of 20 motions recorded at epicentra1 distances that are

clustered around a given median value.

Interestingly, the results shown in Fig. 2-11 suggest that the moving
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average mean value of strong-motion duration increases almost linearly

with epicentral distance. In fact, the following simple relationship can

be derived:

S = 0.115(R + 30)
°IR

., 10 km < R < 160 km (2-19)

where R is the epicentral distance in kilometers. The standard deviation

also increases approxitnately linearly with R. This leads to a constant

Vs IR '" 0.65.
o

Based on Eq. 2-19, one can crudely estimate the strong-motion duration

given the value of epicentral distance. However, it is expected that the

relationship will also be influenced by local magnitude. Further discus-

sian is presented in the next section.

As shown in Fig. 2-12, the moving average mean Kanai-Tajimi frequency

decreases with increasing epicentral distance. This is not surprising,

since the higher frequency contents of the travelling seismic waves would

be filtered out through soils. With increasing distance, the frequency

content of the ground motion should shift to the lower side. For example,

for R increasing from 10 km to 160 km, wg decreases from approximately

28 rad/sec to 13 rad/sec. Notice that the conditional coefficient of va-

riation V IR averages 0.39, which is only slightly below the unconditional
wg

coefficient of variation of 0.443.

Fig. 2-13 shows the moving average statistics of the K-T damping co~

efficient versus epicentral distance for the 140 strong ground motions.

For practical purposes, ~g can be assumed to be constant and equal to about

0.32 for varying earthquake epicentral distances.
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2.4.4 Correlations Versus Earthquake Local Magnitude

The moving average statistics for the strong-motion duration and the

Kanai-Tajimi frequency and damping versus Richter magnitude are plotted

in Figures 2-l4~ 2-15 and 2-l6~ respectively. Since many records have

the same local magnitude~ the moving average results presented below are

expected to be very irregular at times~ but certain important trends can

still be identified. As shown in Fig. 2-l4~ the "moving average" strong-

motion duration increases with the earthquake local magnitude. This trend

has been observed by Housner~ who proposed [31]:

S = 11 ~ - 53 (2-20)

where ~ is the Richter magnitude and S is the earthquake duration~ which

is however not quantitatively defined.

Based on the results of the 140 strong motion records used in this

study~ the following expression is suggested:

s0IML = 4.4(ML - 4.2) .
J (2-21)

in Fig. 2-14.

This permits a very crude estimate of strong-motion duration for given

earthquake local magnitude. For comparison, both equations are plotted

Notice that the conditional coefficient of variation~ V
So1ML

'

is equal to 0.79.

For an earthquake with given magnitude, as the epicentral distance

increases, the peak ground acceleration tends to decrease, whereas the

strong-motion duration tends to increase. The net effect is that strong-

motion duration tends to be negatively correlated with peak acceleration.

This is consistent with the result of this study as reported in Sec. 2.4.2.
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Fig. 2-15 shows that the moving average of the Kanai-Tajimi frequency

generally decreases with increasing local magnitude except when Nt is

greater than 6.5. This can also be explained by the common dependence

of wand ML on the epicentral distance: W decreases with increasing R,
g g

whereas Mi generally increases with R. This tends to introduce a negative

correlation of wg on ML. The sudden increase of the variability of wg

when ML exceeds 6.5 is probably because a large number of records) 36 to

be exact, have magnitude in the range from 6.5 to 6.6. The conditional

coefficient of variation, V
wglML

, averages 0.383.

As shown in Fig. 2-16, the moving average Kanai-Tajimi damping coef-

ficient increases slightly with the local Richter magnitude. However,

it is still reasonable to assume a constant value of 0.32. The conditional

coefficient of variation, V~gIML' averages 0.392.

2.4.5 Alternate Ways to Predict Strong-Motion Duration

Based on the empirical relationships proposed in this chapter, the

strong-motion duration of a ground motion can be determined in straight-

forward ways. For example, with given earthquake local magnitude, the

strong-motion duration can be roughly predicted by Eq. 2-21. For given

epicentral distance, Eq. 2-19 will also give an estimate of S •
o

Alterna-

tively, by using a particular attenuation law, one can compute the peak

ground acceleration. Then, based on Eq. 2-18, the strong-motion duration

can be predicted. These three different approaches are depicted in Fig.

2-17.

To study the compatibility between these approaches, the ,strong-motion

durations for two levels of earthquake magnitude, i.e.) 5.5 and 6.5, with

varying epicentral distances, have been computed. The results are listed
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ATTENUATION LAW

III EQ. 2-21

lEG. 2-18

FIG. 2-17 DIFFERENT APPROACHES FOR PREDICTING STRONG-MOTION DURATION

in Table 2-4, where sl represents the strong-motion duration predicted
o

by Eq. 2-18, SII is the duration based on Eq. 2-19, and SIll corresponds
o 0

to Eq. 2-21.

Many expressions have been proposed in the literature for the attenu-

ation of ground motion intensity, and each expression may predict a dif-

ferent peak ground acceleration. For purposes of illustration, the at-

tenuation law proposed by Esteva and Villaverde was used in this study [20]:

a
max 5.7 e

0.8 I\ -2
(R + 40) (2-22)

where a is in g's, R is in kilometers, M_ is the local Richter magni-max --L

tude.

As shown in Table 2-4, the strong~motion durations predicted by Eqs.
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TABLE 2-4 STRONG-MOTION DURATIONS PREDICTED BY DIFFERENT APPROACHES

~ R a SI SII SIll
max 0 0 0

(kIn) (g) (sec) (sec) (sec)

10* 0.1857 4.93 4.60

20 0.1289 6.13 5.75

40 0.0725 8.18 8.05
5.5 5.72

80 0.0322 11.28 12.65

120 0.0181 13.48 17.25

160 0.0116 15.14 21.85

10* 0.4133 2.75 4.60

20* 0.2870 3.67 5.75

40 0.1614 5.38 8.05
6.5 10.12

80 0.0718 8.23 12.65

120 0.0404 10.41 17.25

160 0.0258 12.14 21.85

* Near Field Earthquake as Classified by Krinitzsky and Chang [38].
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2-18 and 2-19 are quite compatible, especially for ~ = 5.5.' Since in­

formation about the epicentra1 distance is not used, Eq. 2-21 provides

only a rough estimate of the strong-motion duration. Considering the va­

riability inherent in duration prediction, it appears that the first two

approaches (Eqs. 2-18 and 2-19) will lead to satisfactory predictions of

strong-motion duration.

Ideally, one should consider the joint effects of earthquake local

magnitude and epicentral distance on strong-motion duration. The data

set used in this study should preferably be divided into several subsets,

each with different magnitude and epicentral distance ranges. Since the

sample space used in this study is rather small, no attempt has been made

herein. (Limited results of this type are reported in Ref. 40.)

2.5 Sunnnary

In this chapter, the uncertainties in ground motion representation

were investigated. Specifically, the characterization of strong ground

motion in terms of the Kanai-Tajimi power spectral density function was

studied. Based on the method of spectral moments, the parameters of the

K-T PSD function were determined for a set of 140 earthquake records.

Statistics of the strong-motion duration and the K-T frequenc.y and damping

were computed. Correlation studies of these parameters versus peak ground

acceleration, epicentral distanc.e, as well as local magnitude were per­

formed. The results can be summarized as follows:

(1) Strong-motion duration, Kanai-Tajimi frequency and damping are approx­

imately statistically independent. Both the strong-motion duration

and the K-T frequency may be assumed Gamma-distributed, whereas the

K-T damping is approximately Lognormal-distributed.
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(2) The influence of site conditions on strong-motion duration is signifi­

cant. The mean duration for records on soil is twice that for records

on rock. The mean Kanai-Tajimi frequency for rock site records is 26.7

rad/sec, which is much higher than the value of 4rr rad/sec often sug­

gested in the literature [48,60].

(3) The assumed value of 0.6 for the Kanai-Tajimi damping as mentioned in

the literature [22,55,60J is too high. The result of this study sug­

gests that the mean value of K-T damping is equal to 0.32, and the co­

efficient of variation is 0.426.

(4) By calculating the moving average statistics, it is concluded that the

strong-motion duration and the peak ground acceleration are negatively

correlated. The moving averages of Kanai-Tajimi frequency and damping

are quite uniform for different levels of peak acceleration.

(5) The moving average of the strong-motion duration increases almost li­

nearly with the epicentral distance and the local magnitude. Empirical

relationships for these parameters have been suggested. Based on a

brief compatibility study, it is concluded that the relationships will

predict duration consistently for given local magnitude and epicentral

distance.

(6) The K-T frequency decreases with increasing epicentral distance. This

confirms the observation that higher frequency components of seismic

waves travelling through the earth's crest tend to be filtered out.

The results reported herein provide a better understanding of the vari­

ability of ground motion representation. Moreover, the findings constitute

the basis for characterizing seismic input for overall seismic safety as-

sessment.





74

CHAPTER 3

MULTI-DEGREE-OF-FREEDOM RANDOM VIBRATION

INELASTIC RESPONSE PREDICTION FOR SHEAR-BEAM SYSTEMS

3.1 Introduction

As part of the effort to evaluate quantitatively the overall safety

of earthquake-resistant structures, the conditional structural performance

given a description of ground motion must be investigated. Random vibra­

tion methodology predicts the distribution of structural response, and

permits direct assessment of the exceedance probability of a given response

threshold. Within the context of seismic safety evaluation, this metho­

dology is therefore superior to conventional step-by-step time integra­

tion techniques.

Using the first- and second-order statistics of stationary random pro­

cesses, rigorous random vibration treatment of the linear-elastic simple

systems is possible (see for example, Crandall and Mark, Ref. 19), and

applications to the complex mu1ti-degree-of-freedom (MDOF) structural sys­

tems have been proposed (e.g., Refs. 22, 60). Unfortunately, application

of the methodology to nonlinear systems has been limited, as very few ex­

act random vibration solutions to nonlinear systems exist.
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Various approximate formulations for small inelastic deformation of

single-degree-of-freedom (SDOF) systems have been suggested. For example,

Crandall [18] proposed the perturbation method for stationary response

prediction. Caughey [14] and Kobori et ale [37] suggested the equivalent

linearization techniques, and Lutes [41] studied an equivalent non-linear­

ization method for energy-dissipating systems.

Based on a substitute structure concept, and using the ductility-de­

pendent stiffness and damping (Gates [23], Gu.lkan and Sozen [26]), Wen

[66] suggested an approximate solution for MDOF systems. Kaul and Pen­

zien [36] tried a third-order equivalent linearization procedure for bi­

linear offshore structures. Numerous approaches have also been attempted

for different hysteretic oscillators, e.g., Paez and Yao [47], Iyengar

and Iyengar [33], Iwan and Gates [32J, Grossmayer and Iwan [25]. How­

ever, most of the above-mentioned models are quite complicated and it is

difficult, if not impossible, to incorporate these techniques in practi­

cal seismic safety evaluation of structures.

As an extension of the energy conservation principle by Karnopp and

Scharton [35], Vanmarcke [59] suggested an approximate stochastic model

to estimate the average rate of energy dissipation due to yielding of an

elasto-plastic system undergoing stationary ground excitation. The mean,

variance and probability distribution of the E-P structural response can

be conveniently predicted. Since the formulation is simple and readily

applicable, this model has been extended into the nonlinear response pre­

diction of MDOF systems by Gazetas [24]. The same methodology, with some

important modifications, is incorporated in this study.

In this chapter, the pertinent statistical parameters of linear-elas-
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tic random vibration solution strategy are first presented. Based upon

extensive simulation study of a series of SDOF e1asto-plastic systems,

semi-empirical modification to the methodology is suggested. This is fo1-

lowed by a brief discussion of the key aspects of MDOF random vibration

E-P response prediction.

3.2 Elastic Response Prediction by Random Vibration

As mentioned earlier, the response prediction of MDOF elastic shear-

beam systems has been treated by Vanmarcke [59]. The solution strategy

is briefly outlined below.

The input ground acceleration a(t) and the output story displacement

y(t) at a specific point of the structure can be related by convolution

as follows:

y(t) = a(t) * h(t) (3-1)

h(t) is the impulse-response function which can be expressed as the sum-

mation of all the modal contributions:

(3-2)

where hk(t) is the impulse-response function for the kth mode. f k is the

participation factor and ~k is the characteristic shape ordinate for mode

k. Based on the Fourier transformation, the time-dependent transfer func-

tion of the system can be determined:

t

H(w,t) =f h(t-T)

o
0-3)
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If the input motion is now modeled as a limited duration segment of

a stationary stochastic process with PSD function G(w), then the time-

dependent PSD function of the response may be expressed as follows:

G (w, t)
y

(3-4)

*where H. (w t t) is the complex conj ugate of H. (w, t). The double summations
J J

involved in Eq. 3-4 are difficult to evaluate exactly.

For systems with small damping and with modal frequencies well sepa-

rated, the following approximation has been suggested by Vanmarcke [60]:

(3-5)

where

8d(1;:2 +1;:2 )(1-£2)2_2(1;:2 -l;2 e: 2)(1;:2 ~1;:2 e: 2)]+(1_e: 2)4
kt j t . j t kt kt j t

(3-6)

1 - exp(-21;:.w.t)
J J

(3-7)

(3-8)

e: is the modal frequency ratio wj/wk ' whereas I;:kt and I;:jt are the ficti­

tious time-dependent modal dampings that take int,o account the nonstation-

arity of the system response.

Based on Eq. 3-5, the response variancea 2(t) can then be expressed
y
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in terms of all the contributing modal response variances:

00

a~(t) = IGy(w,t) dw

(3-9)

Similarly, the ith spectral moment of the response A. can be generalized
1.,y

as follows:

A. k( t)1.,y,
(3-10)

For most engineering applications, the peak response is of primary

interest. In order to arrive at the peak response prediction, the root-

mean-square response a (t) must be multiplied by a threshold factor r S p.
y 0'

For given excitation duration So and a probability level P, r S ,P can be
o

computed based on the first-passage theory:

= [2 tn{2n[1 - exp(_ol.2 Irrtn 2n)]}]~
y (3-11)

(3-12)

where Q is the average response frequency and ° is the response shapey y

factor. They can be expressed in terms of the modal frequencies wk and

modal shape factors Ok' both evaluated at the end of the ground excita-
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0-13)

k
Note that ok = (4skt/n) 2, which is also evaluated at t = So. The weight

Q
k

is the ratio of modal response variance contribution to the overall

response variance.

Since the duration of a strong ground motion is usually not very long

compared to the lower-mode natural periods of structures, the above-men-

tioned steady-state solution is seldom reached. This is especially true

when the structural damping is small. Hence, the random vibration metho-

dology as outlined herein must be modified. Vanmarcke [60] has suggested

an "equivalent stationary response duration", denoted by S*. It is de­
o

fined as a fraction of the input strong-motion duration So:

*S '" S exp [-2(m - 1)] (3-16)o 0

m = a2(8 )la2(0.5 S ) (3-17)
y 0 y 0

where m is the ratio of the transient variances at time t = Sand 0.5 S
o 0

respectively. For simplicity, the asterisk will be dropped in the fol-

lowing discussion. Except when specifically mentioned otherwise, S re­
o
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presents the equivalent stationary duration.

3.3 Inelastic Response Prediction by Random Vibration

3.3.1 Background

When an elasto-plastic SnOF system starts to yield, the kinetic energy

will dissipate by hysteretic yielding action. Based on the balance of

these energies, Karnopp and Scharton [35] suggested that the expected

amount of E-P deformation, E[n], for a single crossing of the yielding

threshold y can be expressed as follows:
e

E[n] = 02!2y = 0 !2r
y e y (3-18)

where r = y /0 is the normalized factor of the yielding threshold divi­e y

ded by the root-mean-square of the response for the "associated elastic

system".

As an extension of the work by Karnopp and Scharton, Vanmarcke [59]

argued that the elasto-plastic response could be divided into two compo-

nents: a component of permanent set, and an equivalent elastic response

component. He further suggested that the nonlinear effect could be mo-

deled as a first threshold passage problem for the associated elastic sys-

tem. Specifically, the probability of the peak E-P deformation n not
p

exceeding a given plastic threshold d has been approximated as follows

{60,64]:

P[D < d] = exp{[l - exp(aS )] exp(-d!E[n])}
p - 0

(3-19)

where So is the excitation duration and a is the decay rate which can be

determined as follows:
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2v [1 - exp(-/TI/2 r 01 • 2)]
o ya = -------,-....,......,.-.,-----'----

exp(r2 /2) - 1
(3-20)

and V
o

= (A./A.o)~/2TI = mean rate of zero crossings.

Alternatively, Eq. 3-19 can be expressed as the expected peak e1asto-

plastic deformation d with probability Pd of not being exceeded:

(3-21)

The commonly used "peak ductility ratio" ]J is a simple function of d and

the elastic response limit y , and is expressed as follows:e

(3-22)

The probabilistic prediction of SDOF inelastic action in terms of the peak

ductility ratio is derived as follows:

(3-23)

3.3.2 Sing1e-Degree-of-Freedom Simulation Study

Based on the Karnopp-Scharton energy conservation equation (Eq. 3-18)

and confirmed by Yanev's simulation study [70] for the white noise Gaus-

sian excitation, the average amount of e1asto-p1astic deformation, E[D],

is predicted to be equal to a /2r. All the previous random vibration ana­y

lysis of SDOF E-P systems by Vanmarcke et a1. [59,60,64], and of MDOF sys-

terns by Gazetas [24] were based on this relationship. The validity of this

relationship, especially at low values of r, was investigated by an exten-

sive simulation study described below.

As mentioned in the preceding section, given the ground motion PSD

function and the duration of the strong motion, the e1asto-plastic defor-
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mation corresponding to a non-exceedance probability Pd can be computed

CEq. 3-21). The 50% probability level is used throughout the simulation

study.

For a given natural period and ductility demand of a one-degree E-P

system, the corresponding elastic response limit y can be determined di­e

rectly from time-history analysis of a set of accelerograms. With this

information, one can calculate the expected plastic deformation which would

achieve agreement between the random vibration solution and the time-his-

tory results. The back-figured expected plastic deformation is denoted

by E[D*J. By comparing the required value E[D*J with the original value

of E[DJ obtained from Eq. 3-18, the adequacy of the Karnopp-Scharton equa-

tion can be assessed, and a "semi-empirical" correction factor can be de-

termined.

A set of SDOF elasto-plastic systems has been selected for the simu­

lation study. It comprises ten natural periods varying from 0.1 to 7.0

seconds. Each system has four different levels of spring resistance, cor-

responding to ductility ratios of 2, 3, 4 and 5. These 40 systems have

been subjected to two sets of artificial ground motions with varying du­

rations, i.e., S = 10 sec and 20 sec. Each set comprises five different
o

synthetic ground motions. Two corresponding PSD functions have also been

used for the random vibration analysis. Detailed description of the ar-

tificial ground motions as well as the associated PSD functions is pre-

sented in Sec. 4.3.

The values of E[D*] can be normalized with respect to E[D]. The re­

sulting values of the elasto-plastic deformation ratio E[D*)/E[DJ are plot­

ted versus the response threshold r in Fig. 3-1. As shown in the figure,
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the results for So = 10 sec are generally greater than those corresponding

to So = 20 sec. Moreover, the results do tend to suggest that E[D*]/E[D]

is dependent on the response threshold r.

For comparison, the simulation results for the white noise Gaussian

excitation by Yanev [70] are also plotted in the figure. Notice that these

data are much higher than those obtained in this study. This suggests that

Eq. 3-18 is valid only when the system "r value" is greater than about 2.

In other words, the Karnopp-Scharton energy conservation equation is ade-

quate only when the system has a high yielding theshold r. For the range

of r of most interest in earthquake engineering, i.e., 0.2 < r ~ 2.0,

the method must be modified.

For the purpose of improving random vibration prediction of elasto-

plastic response, a quadratic relationship between E[D*]/E[D] and the re-

sponse threshold r is proposed:

E[D*]/E[DJ = 0.5 r - 0.06 r 2 (3-24)

Since E[D] = 0 /2r, (Eq. 3-18), this leads to the following modified pre­
y

diction of average amount of plastic deformation:

E[D*] = (0.25 - 0.03 r)a (3-25)
y

Eq. 3-24 is also plotted in Fig. 3-1. Note that when r is large, the value

of E[D*]/E[DJ calculated by Eq. 3-24 is close to that predicted by Eq.

3-18 within the range of the data. Hence, this semi-empirical relation-

ship appears compatible with the original formulation for high response

thresholds.

3.3.3 Response Prediction of a Yielding State

Except for the above-mentioned modification, the multi-degree-of-free-
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dom elasto-plastic random vibration solution strategy used in this study

generally follows that proposed by Gazetas [24]. Key aspects of the MDOF

elastic random vibration methodology have been presented in Sec. 3.2. Its

extension into the elasto-plastic response prediction of MDOF systems is

briefly discussed below.

By studying the response time histories of three 4-story and two 2-

story shear-beam models, Gazetas observed that the inelastic action in

each story tends to occur in several consecutive "clumps" of yield level

crossings. He further suggested that the inelastic structural behavior

can be modeled as a sequence of "yielding states", defined by the story

which yields first after an elastic interval. Based on the first-passage

theory, the probability that a story yields within a given time interval

is found to be exponentially distributed with decay rate a. In particu-

lar, the probability of story k yielding first (Le., before the other

stories), can be expressed as [24]:

f k
=

ak
n

E a.
j=l J

where ak is the decay

fined in Eq. 3-20.

(3-26)

rate of the reliability for the kth story, as de-

Assuming that the kth story starts yielding first, the response of the

other stories would decrease. Based on the simulation study, Gazetas sug-

gested that the reduction in energy received by the other stories should

be proportional to their "elastic energy rate" just before yielding oc-

curred in story k. The elastic energy rate of story i is defined as

v.K.cr 2 ., where v~ is the rate of zero-crossings, K. is the story stiff-]. ]. y,]. ~ ].
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ness, and 0 2 . is the elastic response variance of story i. Specifically,
y,l

the following reduction formula is suggested for story i when story k

yields first:

0 2 = 0 2 l;?
y,i,k y,i 1

where

t- v. K.

2 J° .1 1 y,l
l;i n

E v. K. 2

j=l J J 0y,j

(3-27)

(3-28)

Gazetas [24] further observed that the central frequencies of vibration

for those stories above the first-yield story, k, would increase as if a

separate structure exists on top of the yielding story (with n minus k

degrees of freedom). Moreover, the central frequency of vibration of

story k should decrease as a function of the yielding action. Based on

a simulation study, he suggested an empirical frequency reduction factor,

~, as a function of the peak story ductility ~:

*r.l = lJ! r.ly,k y,k

This empirical frequency reduction factor is plotted in Fig. 3-2.

(3-29)

By studying the nonlinear behavior of non-deteriorating systems, e.g.,

steel structures, Gates proposed a similar ductility-dependent frequency

reduction factor [23,66]:

(3-30)

where p is the second slope normalized to the initial stiffness of a bi-

linear spring model. For comparison, the empirical values for the elas-

to-plastic spring (i.e., p = 0%) and for a 5% bilinear spring are also
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presented in Fig. 3-2.

As shown in the figure, the empirical frequency reduction factor sug-

gested by Gates is generally smaller, implying greater reduction than that

proposed by Gazetas. The difference is not large; it is most pronounced

(19% greater reduction) when ~ is about 6. Since the Gates study was only

based on the results of five cases, the frequency reduction factor sugges-
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ted by Gazetas is considered to be more reliable. Hence, it is incorpo-

rated in this study.

Thus far, only the response prediction of a particular yielding state

has been discussed. During each yielding state, yielding may also occur

in the other stories. Therefore, one must compute the resulting changes

of response characteristics due to these so-called "substates".

Using the same methodology presented earlier, the computation is ne-

cessarily iterative for each yielding state. Based on the first-passage

formulation, the probability that story i will yield during the kth yiel-

ding state has been derived [24]:

P. k = 1 - B. k exp(-a. k Sk)
1., 1., 1.,

(3-31)

B. k
1.,

1 - exp(-r~ k/2)
1.,

(3-32)

Sk = --=1:...- _

2",~, k [1 - exp(-/rr/2 ok r k) ]
(3-33)

where ",* is the reduced zero-crossing rate, a k is the decay rate (Eq.o,k 1.,

3-20), and Sk is the expected duration of yielding state k. B. k is the
1.,

probability that no yielding occurred in story i, when yielding state k

begins.

Having obtained the story response statistics for each yielding sub-

state, the yielding state response can be obtained by combining the sub-

state results according to their relative likelihood. The final combina-

tion of all yielding states is presented next.

3.3.4 Yielding States Combination

In order to predict the overall response characteristics, the elasto-
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plastic response of each yielding state must be combined. Based on a si-

mulation study, Vanmarcke et al. [65] confirmed that the probability den-

sity function for the permanent plastic deformation, d, is approximately

exponentially distributed:

(3-34)

Gazetas [24] suggested that the "maximum" plastic deformation can also be

assumed exponentially distributed. Moreover, the exceedance probability

of the maximum plastic deformation of a story i due to the yielding state

k can be estimated by:

Pk[D < d.]
p - 1.

(3-35)

= exp(-a. kSk f k P. k d./E[D~ kJ)
1., 1., 1. 1.,

where F
1D1

(d) is the cumulative distribution function of d; a = elas-i,k

tic decay rate (Eq. 3-20); Sk = equivalent steady-state duration (Eq. 3-16);

f k = probability that story k yields first (Eq. 3-26); Pi,k = probability

that story i yields during yielding state k (Eq. 3-31), and E[D: k] = ex-
1.,

pected plastic deformation of story i during yielding state k (Eq. 3-25).

Based on the argument that the overall maximum elasto-plastic defor-

mation is the largest of all the maxima of each yielding state, the ex-

ceedance probability of the overall peak E-P deformation of story i can

be crudely estimated by the following equation (assuming independence

among successive maximum values) :
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n

P[D < d.] = IT Pk[D < d.]
p - ~ k=l P - ~

= (3-36)

IT represents the product of all the yielding states.

From the above probability distribution, the mean and the standard de-

viation of the maximum E-P deformation of story i, i.e., E[d.] and crd '
~ i

can be obtained numerically. The mean and the standard deviation of the

peak ductility ratio for story i can then be obtained as follows:

Eb.tl
E[di ]

+ I=
Ye,i

O'd
i

cr =--
II Ye,i

(3-37)

(3-38)

By the simulation study, Gazetas concluded that the peak story duc-

tility ratio may be expected to have a Gumbel type I extreme value dis-

tribution as follows [24]:

(3-39)

The parameters u
l

and u2 can be directly estimated from the mean and the

standard deviation of II [8]:

Ehd ::: U + lJ.5772
2 u

l

= 71"
0'

II 16 ul

(3-40)

(3-4l)

In this way, the conditional structural performance is predicted in terms
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of the peak story ductility ratio by appropriate MDOF random vibration

analysis.

3.4 Summary

Important aspects of the approximate random vibration-based approach

to seismic analysis of multi-degree-of-freedom elasto-plastic systems have

been presented in this chapter. The results of an extensive simulation

study indicate that the Karnopp-Scharton energy conservation equation,

which predicts yielding in one-degree E-P systems, is valid only for high

yielding thresholds. In the range of ductilities of earthquake engineer­

ing interest (say, about 5), the method must be modified. A semi-empirical

modification has been suggested in this chapter.

The validity of the modified multi-degree elasto-plastic random vibra­

tion methodology will be assessed through comparison with the results of

time-history analysis. This is presented in the next chapter.
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CHAPTER 4

COHPATIBILITY OF INELASTIC RESPONSE PREDICTIONS BY

RANDOM VIBRATION AND TIME-HISTORY ANALYSIS

4.1 Introduction

This chapter describes the results of a series of compatibility stu­

dies aimed at quantifying three major components of uncertainty associ­

ated with the inelastic response prediction of structural frames. These

uncertainties are briefly described below:

(I) Assuming the moment-resisting frame behaves as an e1asto-plastic

multi-degree close-coupled shear-beam system, what are the uncer­

tainties involved in determining the equivalent lateral story stiff­

nesses and yielding strengths? In addition, can the assumptions

underlying the shear-beam model itself be justified?

(II) For a given shear-beam system, the E-P response statistics can be

predicted by the modified multi-degree random vibration methodology.

The inelastic response characteristics can also be estimated by "mul­

tiple" time-history analyses. Are these different response predic­

tions compatible?

(III) The modified MDOF E-P random vibration technique can lead to the
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inelastic "story" response prediction. However, the inelastic "10_

cal" structural component response is of major engineering interest.

How can the two different levels of response ~easures, i.e., local

versus story, be related?

The relationships of these above-mentioned uncertainties are depicted in

Fig. 4-1-

Three steel moment-resisting frames are employed in the compatibility

studies. They represent real-world low, middle-height and high-rise buil­

dings, i.e., 4-, 10- and l6-story, respectively. A background description

of these frames is presented first in this chapter. The artificial strong

ground motions and the corresponding power spectral density functions used

in this study are briefly presented. This is followed by detailed discus­

sion of the determination of equivalent lateral story stiffnesses and yiel­

ding strengths.

Based on the equivalent story shear-spring parameters, the elasto-p1as­

tic story response statistics are computed by multiple time-history analy­

ses of an ensemble of synthetic ground motions. The results are compared

with the random vibration predictions based on input with compatible PSD

functions. Further, the results will be examined versus the time-history

predictions of the structural frames.

From the compatibility studies, the validity of the modified mu1ti­

degree elasto-plastic random vibration methodology is assessed for the

response prediction of actual structural frames. Moreover, the relation­

ship between two different levels of response characteristics, i.e., local

versus story, is established. The effects of gravity loads on inelastic

response prediction are also explored. Finally, the prediction of maxi­

mum story displacement is discussed.
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4.2 Description of Building Frames Investigated

Three steel moment-resisting frames, i.e., 4-, 10- and l6-story, are

used extensively in the compatibility studies. These frames were origi-

nally designed by Pique [49J according to the 1973 edition of the Uniform

Building Code [58J. The zone 3 seismic risk characterization was used.

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

plane motions. Elevations and member sizes (based on the original design)

of the three steel frames are shown in Figures 4-2, 4-3 and 4-4, respec-

tively.

In his investigation of the aseismic design procedure for buildings,

Lai [39 J redesigned these frames using the so-called "inelastic frame

design procedure". The procedure is briefly outlined below.

Given the preliminary member sizes, the design ductility ratio of the

structure and the design peak ground acceleration, the maximum member

forces can be computed by modal analysis using the so-called "Inelastic

Acceleration Response Spectrum" (lARS) [46]. Modal responses are combined

based on the IIsquare root of the sum of the squares" (SRSS) superposition

method. Based on this analysis, the structure is redesigned to prOVide

the required strength in each member.

Based upon the argument that static end moments do not alter the mem-

ber plastic capacity after its first yield, the required girder moment

capacity, M~, can be determined as follows:

(4-1)

Gwhere ME
Q

is the average of the girder end moments computed by the modal

analysis using lARS. The second criterion, WL~/8, is to ensure against



95

SHEAR-BEAM
MODEL

(I)

"- 1 (III)

~ MULTIPLE
TIME-HISTORY

ANALYSES

UNCERTAINTIES •

STRUCTURAL
FRAME

'I

FIG. 4-1 COMPATIBILITY STUDIES INVOLVED IN THIS INVESTIGATION

0.236

0.236

0.236

STORY MASS
(KIP-SEC2jIN)

0.233

W16 x 31

W16 x 31

GIRDERS
W16 x 26

W16 x 31

4@10'

1
'I 'I 'I 'I

l-20' +15'+ 20'--1

WI0 x 33

WI0 x 39

-L:L

EXTERIOR INTERIOR
COLUMNS COLUMNS

----'''''-'--1
WlO x 33 I

~

FIG. 4-2 4-STORY STEEL FRAME ELEVATION [PIQUE, 49]



96

0.262

0.262

0.262

0.262

0.262

0.262

0.262

0.262

0.262

STORY MASS
(KIP-SEC2/IN)

0.256

GIRDERS
W16 x 31

l-- 20'--1- 20'-+-20' --I

I t W18 x 35
WI0 x 33 WI0 x 33

W18 x 35

W18 x 35
WI0 x 39 W14 x 48

W18 x 35

W18 x 35 9@12
W14 x 48 W14 x 61

W18 x 35

Wl8 x 40
W14 x 61

Wl4 x 78

W18 x 40

Wl8 x 40
Wl4 x 68

Wl4 x 95

t 15

W!llh ~W 7J1/17H Wllllh-l-

EXTERIOR INTERIOR
COLUMNS COLl~S

FIG. 4-3 10-STORY STEEL FRAME ELEVATION [PIQUE,49]



0.273

0.270

0.277

0.271

0.264

0.260

0.262

0.265

0.263

0.258

0.268

0.267

0.259

0.259

0.266

0.255

2'

STORY MASS
(KIP-SEC2 lIN)GIRDERS

W16 x 31

97

W18 x 35

W18 x 35

W18 x 35

W18 x 35

W18 x 40

W18 x 40

W21 x 44

W21 x 44

15@1

~V21 x 44

TJ?l x 4q

W21 x 49
1

W21 x 55

W21 x 55

7

W24 x 55

W24 x 55

7
IS'

I ~ • _--L

W14 x 12

W14 x 127

W14 x 95

t W14 x 84

-l-t-
W14 x 74 f

EXTERIOR INTERIOR
COLUMNS COLUMNS'-r--WI0 x 33

--,t-t-
W14 x 78 t

I W14 x 16

_~ L

W14 x 11

-I'----t-
W14 x 95 ,

---l-t-
W14 x 48 t

l WI0 x 33

-w-I-J-3-9---1-
W14 x 48

W14 x 68

-I-t-
W14 x 61 f

l-20' +- 20' +- 20,-t

FIG. 4-4 16-STORY STEEL FRAME ELEVATION [PIQUE,49J



98

the undesirable formation of a plastic hinge at girder midspan due to the

uniform gravity load, w. Notice that LG is the girder span.

Column moment capacity is determined by the AlSC axial-flexural inter-

action formula (Section 2.4-3, 1973):

., (4-2)

C e e
where P = PEQ + PGR = maximum axial force in the column due to earthquake

and gravity loads. pi
Q

is computed by the modal analysis using lARS. Me

e eis the column design moment defined as the maximum value of MEQ or MGR,

C Cwhere MEQ and MGR are the average of the two column end moments due to

earthquake and gravity loads.

Assuming the ratio of the plastic modulus to the cross-sectional area

is approximately equal to 6 for column sections of interest, the interac-

tion formula becomes:

and

pC = MC/6
Y Y

(4-3)

(4-4)

Based on the preliminary member sizes, the three frames were redesigned

by the above-mentioned inelastic design procedure using the lARS as pro-

posed by Lai [39]. (Notice that the lARS proposed by Lai predicts a higher

response than that of the commonly used Newmark and Hall spectra [46].

Moreover, the difference is more pronounced with increasing ductility ra-

tio.)

Assuming a design ductility ratio of 4, a 5% damping and a peak ground
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acceleration of 1/3 g, the required member strengths of the three steel

moment-resisting frames were computed. The results are listed in Tables

B-1, B-2 and B-3 of Appendix B. The three redesigned steel frames with

new member strengths will be incorporated in the compatibility studies.

4.3 Description of Strong Ground Motions Used

For the purpose of compatibility studies, two sets of artificial strong

ground motions with durations of 10 and 20 seconds have been generated

by using the computer program SIMQKE [21]. Based on the Newmark-Hall elas­

tic design response spectrum of 5% damping [46], the program first computes

the corresponding power spectral density function. Then, by randomly ge­

nerating a set of phase angles, ~., as expressed in Eq. 2-1, different
1

synthetic strong ground motions can be obtained by sinusoidal superposition.

In this study, five different motions (with common peak ground accele­

ration equal to 1.0 g) have been generated for each of the two durations.

In order to simulate the transient character of actual strong ground shak-

ing, trapezoidal intensity envelope functions were employed [39]. The

rise and decay times are both assumed to be equal one-tenth of the total

duration.

Fig. 4-5 shows the PSD functions for the motions corresponding to S =o

10 and 20 seconds. These two PSD functions provide the basic input for

the random vibration computations. Two example time histories are shown

in Fig. 4-6. These ten accelerograms will be used extensively for the

compatibility studies. Notice that the same set of artificial motions was

also used in the simulation study of SDOF systems presented in Sec. 3.3.2.
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4.4 Determination of Story Shear Spring Parameters

4.4.1 Estimation of Eguivalent Story Stiffness

Assuming the steel frame behaves as an elasto-plastic multi-degree

close-coupled shear-beam system, two key parameters are needed to charac-

terize each of the story shear springs. They are the equivalent story

lateral stiffness and the equivalent story yielding strength. A detailed

discussion on the determination of story stiffness is presented below.

Based on the assumptions that: i) column shears above and below a

joint are the same, ii) inflection points in columns above and below a

joint are located symmetrically with respect to the joint, iii) rotations

of all joints in one floor are the same, Biggs suggested the following

expression for the lateral story stiffness, KL, of a multi-story frame [2]:

KL = 2il ( 2 i 1 ) (4-5)
C + +==--

~KC ~K~ ~Ki

where E = 29 x 103 ksi is the Young's modulus for steel, LC is the story

eGGheight, K is the column member stiffness. KT and KB are the girder mem-

ber stiffnesses for the adjacent top and bottom floors, respectively.

Given the moments of inertia of all the columns and girders, the equi-

valent lateral story stiffnesses of the three steel moment-resisting frames

can be computed based on Eq. 4-5. The resulting stiffnesses are plotted

in Fig. 4-7.

Alternatively, by the "direct stiffness method", one can combine the

element stiffnesses so as to generate the system global stiffness matrix.

Two degrees-of-freedom per joint, i.e., the vertical displacement and the

rotation, can first be condensed out statically. Assuming that all
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joints for a given floor level displace laterally by the same amount, the

"far-coupled" lateral stiffness matrix, K, can be determined by the kine-

matic condensation. Notice that K is usually a fully occupied matrix.

In order to obtain the "close-coupled" banded lateral stiffness matrix

~ of the shear-beam model, further assumptions are necessary.

Based on modal analysis, the equation of motion of the structural frame

can be expressed as follows:

(4-6)

where M is the diagonal story mass matrix, W is the natural frequency
n

of the nth mode, and ~ is the nth modal shape vector. Assuming that-n

the characteristics of the first mode of the close-coupled shear-beam sys-

tern are the same as those of the structural frame, Eq. 4-6 becomes:

(4-7)

where ~L is the close-coupled lateral stiffness matrix of the shear-beam

model.

As an example, consider a 4-story shear-springs system:

K1 +.~ -Kz 0 0 <1>11

-~ IS + K3 -~ 0 </>12.

~L 21
=

0 -K3 ~ + K... -~ </>13

0 0 -~ ~ 4>14

4>U 4>1l - 4>12 0 0 Kl

0 -4>11 + 4> 12 4>12-4>13 0 K2
=

0 0 -4>12 + cj>13 cj>13 - cj>14 K3

0 0 0 -<1>13+4>14 K4
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m1 </>11

wZ w2
mZ </>12

(4-8)= M ~1 =1 1
m3 $13

m4 </>14

By solving this system of linear equations, the close-coupled equivalent

lateral story stiffnesses K1, K2 , K3 and K4 can be conveniently deter-

mined. In the above formulation, m. represents the ith story mass, whereas
1.

</>li is the first modal shape.

Based on the above-mentioned "First Mode Approximation" (FMA) method,

the equivalent lateral stiffnesses for the three steel moment-resisting

frames can be computed. The results are also presented in Fig. 4-7. Note

that, except for the first story, the equivalent story stiffnesses compu-

ted by this method are generally smaller than those obtained by the Biggs

approach.

Using different sets of incremental lateral loads, Pique [49] stati-

cally computed the equivalent story stiffnesses for the three UBC-based

steel frames. Except for the differences in member strengths, the member

characteristics of those frames are the same as those of the three steel

frames used in this study. Hence, their initial lateral stiffnesses should

be the same. This is confirmed by our study: the equivalent story stiff-

nesses computed by the FHA method are indeed the same as those reported

by Pique. This further suggests that the First Mode Approximation method

will lead to satisfactory estimates for the equivalent story stiffnesses.

Moreover, except for the first story, the Biggs approach will result in

slightly conservative prediction of the story stiffness.

The resulting equivalent lateral story stiffnesses for the three steel
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moment-resisting frames, i.e., 4-, 10- and l6-story, are listed in Tables

B-4, B-5 and B-6, respectively (see Appendix B).

4.4.2 Estimation of Equivalent Story Yielding Strength

Based on the assumption of a story yielding mechanism (i.e., plastic

hinges developed in the two ends of all the columns and girders), Anagnos-

topoulos suggested an upper bound for the equivalent story yielding

strength Fy (2]:

minimum (4-9)

wpere L MC and L MG are the sums of all the column and girder plastic mo-
y y

ment capacities in one floor, respectively. L C is the story height. Ow-

ing to its simplicity, Eq. 4-9 is used in this study to provide rough es-

timates of the equivalent story yielding strengths of the three steel mo-

ment-resisting frames.

For an elasto-plastic shear spring, the story yielding strength is

equal to the maximum story shear force when yielding occurs. Therefore,

the equivalent story yielding strength can be alternatively determined

by the nonlinear time-history analysis of the actual frame. In this study,

five different artificial ground motions were used to compute the maximum

story shears for the three steel frames. The average of the maximum shears

has been calculated for each story. The corresponding coefficients of va-

riation are only about 3%. A detailed discussion of the time-history ana-

lysis of the frames is presented in Section 4.6.

In order to compare the above-mentioned results with those obtained

earlier (by means of Eq. 4-9), the "yielding strength factor", R , is in­y

troduced. R is defined as the ratio of the mean maximum story shear di­
y
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vided by the value F obtained from Eq. 4-9. The values of the factor
y

R for the three steel moment-resisting frames have been computed and are
y

shown in Fig. 4-8. Notice that the factor generally decreases with in-

creasing story level, and that it exceeds one except for the upper sto-

ries. The yielding strength factors for the three UBC steel frames de-

signed by Pique [49] have also been computed and are plotted in Fig. 4-9.

The results display the same trend as those obtained previously for the

steel frames designed based on lARS. Therefore, it may be concluded that

Eq. 4-9 will generally underpredict the equivalent story yielding strength.

Eq. 4-9 is derived based on the assumption that the column stiffnesses

will be approximately equal to the girder stiffnesses for a particular

story. But for actual structural frames, the column stiffnesses of the

upper stories are usually small compared with the girder stiffnesses.

Due to earthquake and wind load requirements, the column stiffnesses of

bottom stories are much greater than those of the girders. therefore, the

effect of actual stiffness distribution on the yielding strength factor

needs to be investigated.

An important quantity in the investigation is the column/girder stiff-

ness ratio, where the column stiffness is L: lC/LC; the girder stiffness

is L: lG/LG. Ie and I G are the moments of inertia for column and girder,

respectively, whereas Le and LG are the column height and the girder span,

respectively. The column/girder stiffness ratios have been computed for

the three steel frames. Fig. 4-10 shows the relationship between the col-

umn/girder stiffness ratio versus the yielding strength factor. The story

levels are also indicated in the figure.

As depicted in Fig. 4-10, the column/girder stiffness ratio increases
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approximately linearly with the yielding strength factor. This suggests

that the yielding strength factor is dependent on the actual stiffness

distribution between columns and girders within one particular story.

Moreover, it is reasonable to use the yielding strength factor so as to

correct the equivalent story yielding strength predicted by Eq. 4-9.

For the purpose of evaluating seismic safety of buildings, the vari-

ability of the equivalent story yielding strength should be investigated.

The statistics of the yielding strength factor have been computed based

on the results of the three UBC frames and three lARS frames. The mean

value of the yielding strength factor is 1.128, the standard deviation

is 0.219, and the coefficient of variation is 0.194. The data fit approx-

imate1y a Lognormal probability density function:

1
f

R
(R ) =---:~-

y y 0.482 Ry
exp{-13.534 [tn R - 0.102]2}

Y
(4-10)

The histogram and the fitted PDF of the yielding strength factor are pre-

sented in Fig. 4-11.

The equivalent story yielding strengths of the three steel moment-

resisting frames are listed in Tables B-4, B-5 and B-6 of Appendix B. The

story yielding strengths of the three UBC frames designed by Pique are

also listed in the same tables.

4.5 Validity of MDOF Inelastic Random Vibration Response Prediction for
Shear-Beam Systems

4.5.1 Time-History Analyses for Shear-Beam Systems

The uncertainties of determining the ~quiva1ent lateral story stiff-

ness and yielding strength have been investigated in the preceding sec-

tions. The story shear-spring parameters for the three steel moment-re-
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sisting frames have been determined. Using these parameters, the probabi­

listic inelastic story response can be predicted by the modified multi­

degree E-P random vibration methodology when the ground motion spectral

density function and duration are specified. The results will be compared

with predictions based on time-history analyses of an ensemble of compati­

ble artificial ground motions. Based on these compatibility studies, the

validity of the random vibration solution strategy for shear-beam systems

can be assessed.

The program STAVROS [2] was used to compute the inelastic time-history

responses of the three (4-, 10- and 16-story) equivalent shear-beam sys­

tems. 5% damping was assumed for all systems. Since the gravity loads

cannot readily be included in a shear-beam model, they have been neglec­

ted herein. A detailed discussion of the effects of gravity loads on the

inelastic response is presented in Section 4.7.

Five artificial strong ground motions (described in Section 4.3) with

duration equal to 10 seconds were used for the time-history analyses of

the 4-story system. Five different motions with duration equal to 20 se­

conds were used for the analyses of the IO-story and 16-story systems.

Three different levels of peak ground acceleration, i.e., 1/3 g, 2/3 g

and 1.0 g were considered for the 4-story system. Two acceleration levels

of 1/3 g and 2/3 g were used for the IO-story system. For the 16-story

shear-beam system, based on cost considerations, calculations were made

only for the 1/3 g level of peak ground acceleration. Therefore, all to­

gether, thirty time-history analyses were performed as part of the compa­

tibility studies.

The elastic dynamic modal characteristics are determined at the start
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of the time-history analysis. The first four modal shapes of the three

equivalent shear-beam systems, i.e., 4-, 10 and 16- story, are listed in

Tables B-7, B-3 and B-9, respectively, in Appendix B. The modal shapes

are nomalized with respect to the story masses.

For each level of ground motion intensity, the mean and the standard

deviation of the maximum story distortion are computed for each shear-beam

system subjected to five different ground motions. The variation with

height of the mean and the mean plus (or minus) one standard deviation

of the maximum mean story distortions are plotted in Figures 4-12 to 4-17,

for the different systems and the different ground motion intensities.

Obviously, the maximum story distortion increases with increasing

ground motion intensity. Notice that the effect is more pronounced for

the bottom stories. Moreover, there is a tendency for the predicted story

distortions to vary in two-story intervals. This may be explained by the

fact that the column sections were kept the same for two consecutive sto-

ries so as to minimize member size variations. This suggests that the

higher of the two stories is relatively stronger than the lower one. Hence,

the distortion of the higher story tends to be smaller than that of the

lower story of each two-story interval.

4.5.2 Random Vibration Predictions for Shear-Beam Systems

As described in Section 4.3, two PSD functions compatible with the

artificial ground motions were employed for the random vibration ana1y-

ses. The PSD function with duration equal to 10 seconds was used for the

4-story shear-beam system, whereas that corresponding to S = 20 secondso

was incorporated into the analysis of the 10- and l6-story shear beam sys-

tems.
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Since the PSD function is related to the square of the acceleration

amplitude (Eq. 2-2), it can be scaled with respect to the peak ground ac­

celeration. As mentioned in the preceding section, three. levels of ground

motion intensity are considered for the 4-story system, two levels for

thelO-storysystem, and only one for the l6-story system. Hence, in the

compatibility studies, six random vibration analyses are required. The

random vibration-based predictions of the mean story distortions for the

different systems and ground motion intensities are also plotted in Fig­

ures 4-12 to 4-17.

The figures show that the story distortions predicted by the modified

random vibration methodology are generally quite compatible with those

obtained from multiple time-history analyses. However, the random vibra­

tion solutions tend to be too conservative when the peak ground accelera­

tion is large. Notice that the random vibration predictions of the first

story responses are generally smaller than those of the time-history pre­

dictions. As pointed out by Anagnostopoulos [2], this is probably due to

the fact that the time-history analysis of a shear-beam model will usually

lead to an overpredicted inelastic response of the first story.

Based on the above-mentioned observations, it may be concluded that

the modified multi-degree elasto-plastic random vibration methodology will

result in satisfactory response prediction for close-coupled shear-spring

systems. The inelastic response may be somewhat overestimated when the

ground motion is very intense. The applicability of the random vibration

solution strategy for seismic response prediction of actual structural

frames is discussed in the next section.
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4.6 Validity of MDOF Inelastic Random Vibration Response Prediction for
Structural Frames

4.6.1 Time-History Analyses for Moment-Resisting Frames

Since the modified MDOF random vibration technique only provides "sto-

ry" level response statistics t for practical engineeringpurposes t it is

necessary to relate the story responses to the "local" component responses.

A series of time-history analyses have been performed for the three steel

moment-resisting frames. The resulting inelastic responses expressed in

terms of the local component ductility ratios will be compared with the

random vibration story response predictions.

The FRIEDA program (Frame Inelastic Earthquake Dynamic Analysis) (Luy-

ties et al. t 42] was used to calculate by time-history analysis the ine-

lastic responses of the three steel moment-resisting frames. In perfor-

ming the analysis, shear deformation, axial deformation in the girders t

soil-structural interaction, as well as the P-~ effect have been neglec-

ted. The gravity loads have been included in the computations. In mea-

suring the response t the local "rotational" ductility ratio is used for

columns t whereas the local "moment" ductility ratio is llsed for girders.

For detailed discussion of the relative merits of these two different duc-

tility ratios t the reader is referred to Lai [39}.

As discussed in Section 4.5.l t three levels of peak ground accelera-

tion t i.e' t 1/3 Bt 2/3 g and 1.0 gt were employed for the time-history

analyses of the 4-story steel frame. Two levels t i.e' t 1/3 g and 2/3 gt

were used for the la-story frame t and only one level t 1/3 gt for the 16-

story frame. For each level of the peak ground acceleration, five diffe-



123

rent synthetic strong ground motions were used for the time-history ana­

lyses. Hence, all together, thirty time-history analyses have been per­

formed.

The elastic dynamic modal characteristics of the three steel moment­

resisting frames have been computed by the time-history analyses. The

resulting first four modal shapes of these frames are listed in Tables

B-IO, B-II and B-12 of Appendix B. Because of the use of First Mode Ap­

proximation method, the first modal shapes of these frames, as expected,

are exactly the same as those of the equivalent shear-beam systems as lis­

ted in Tables B-7, B-8 and B-9. The 2nd, 3rd and 4th modal shapes of the

three moment-resisting frames are also very close to those of the shear­

beam systems. This suggests that the dynamic characteristics of the equi­

valent shear-spring systems are quite compatible with those of the steel

moment-resisting frames.

From each time-history analysis, the maximum local ductility ratios

can be obtained for all possible plastic hinges in the columns and gir­

ders. Since there are two possible plastic hinges for each individual col­

umn and girder, 14 plastic hinges per story must be considered for a three­

bay steel frame. In addition, five different artificial strong ground

motions were used for each frame; therefore, the local component response

statistics can be computed from the resulting data base of 70 maximum lo­

cal ductility ratios.

In this study, the mean and the standard deviation of the local com­

ponent ductility ratio have been determined for each story of the three

steel moment-resisting frames. The resulting mean and the mean plus (or

minus) one standard deviation of the local ductility ratios corresponding
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to the different frames and motion intensities are presented in Figures

4-18 to 4-23.

As shown in the figures, the local component ductility ratio generally

increases with ground motion intensity, and the increase is more pronounced

at the bottom stories. This seems to confirm the frequently made obser­

vation that major structural damage usually occurs in the bottom stories

during strong ground shaking (soft-story concept, [2]). Physically, this

may be explained by the fact that a great portion of the excitation energy

is dissipated by severe yielding action in the bottom stories. Consequent­

ly, smaller inelastic responses are observed in the upper stories.

4.6.2 Local Ductility Ratio Versus Story Ductility Ratio

The maximum story distortions of the three equivalent shear-beam sys­

tems have been computed previously by the modified multi-degree elasto­

plastic random vibration technique. Since the "story ductility" is defined

as the ratio of the maximum inelastic story distortion divided by the story

yield displacement, it can readily be determined. The story ductility

ratios of the three shear-beam systems have been calculated for varying

ground motion intensities. These results are also plotted in Figures 4-18

to 4-23.

As shown in the figures, the mean story ductility ratios determined

by the random vibration method are quite compatible with the time-history

predictions of the mean local ductility ratios for low ground motion in­

tensities. For high motion intensities (e.g., 2/3 g), themean story duc­

tility ratios are generally larger than the mean local ductility ratios.

Another useful way of presenting the results is to plot the scattergram

of the mean story ductility ratio versus the mean local ductility ratio.
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This is shown in Figure 4-24.

As depicted in the figure, the mean story ductility ratio computed by

the random vibration methodology is almost linearly related to the mean

local ductility ratio obtained by time-history analysis. In order to cor-

relate the two different ductility ratios, the "local ductility correc-

tion factor", ~, is introduced. It is defined as follows:

= local component ductility ratio
mean story ductility ratio

(4-11)

For a given power spectral density function, the story ductility ratio

can first be predicted by the modified MDOF elasto-plastic random vibration

model. Using the correction factor ~, the response statistics in terms

of the local component ductility ratio can then be determined.

The local ductility c'Orrectionfactors of the three steel moment-res is-

ting frames have been computed for different ground motion intensities.

Based on a sample of 3360 values of ~, the mean is equal to 1.038, and

the other statistics are: (J =, 0.586, V = 0.565, Y1 = 1.355, Y2 = 6.272.

The Ganuua probability density function appears to fit the histogram quite

well:

f~(~) = 14.06 ~.134 exp(-3.02 ~) ( 4-12)

The histogram as well as the corresponding probability density function

of the local ductility correction factor are plotted in Fig. 4-25.

Using Eq. 4-12, the variability in the prediction of the local compo-

nent inelastic response can readily be incorporated in the evaluation of

overall seismic safety for buildings.
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4.7 Effects of Gravity Loads on Inelastic Response

As mentioned earlier, gravity loads have been neglected in the response

prediction of the three equivalent shear-beam systems. However, the axial

forces in the columns due to gravity loads will lead to reductions of the

column moment capacities according to the column interaction formula (Eq.

Depending on the story level, the ratio of pC/pC under gravity loads
y

is about 20% to 50%. This corresponds to a reduction in the column moment

capacity by about 20% to 50%. Consequently, the equivalent story yielding

strengths as estimated by Eq. 4-9 should be modified accordingly.

Nevertheless, the results reported earlier in Section 4.4.2 indicate

that except for the upper few stories, the equivalent story yielding

strengths of the three steel frames are primarily controlled by the gir-

der moment capacities. Hence, the effects of gravity loads on the column

moment capacities are not critical for determining the story yielding

strengths and can be neglected.

For girders, the axial forces due to gravity loads are very small, and

they can be ignored. But the bending moments due to gravity loads are

quite high, e.g., up to 60% of the plastic capacities in some cases. It

appears that the girder moment capacity needs to be corrected. However,

during an earthquake excitation, the girder moment changes its sign fre-

quently. This suggests that the existing moment due to gravity loads is

equally likely to decrease as increase the girder moment capacity. Hence,

the effects of gravity loads on the girder response cannot be readily ac-

counted for.

Based on the results of a series of progressive static analyses using

the incremental lateral loads, Pique [49] suggested that the change of the

equivalent lateral yielding strength due to gravity loads, usually only 5%,
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could be neglected. He further argued that the only major difference in

the presence of gravity loads would be the lowering of the first yield

point, which should not affect the characteristics of overall inelastic

response. This is quite consistent with the findings of this study.

Since the gravity loads have already been incorporated in the time­

history analyses of the actual steel moment-resisting frames, their ef­

fects have implicitly been accounted for in the computations of the local

ductility correction factor.

4.8 Predictions of Maximum Lateral Story Displacement

Thus far in this chapter, discussions have been limited to the predic­

tion of nonlinear response in terms of the maximum story distortion, the

story ductility ratio, and the local component ductility ratio. The re­

sponse prediction of the maximum story displacement is investigated below.

From time-history analyses of the 4-, 10- and l6-story steel moment­

resisting frames, thE: "average" maximum story lateral displacements can

be computed for the five synthetic ground motions considered. Alternative­

ly, using the equivalent story stiffnesses and yielding strengths (Section

4.4), the average maximum story displacements can be determined by the

time-history analyses of the equivalent shear-beam systems.

Since random vibration methodology leads to the probabilistic predic­

tions of maximum lateral story distortion, the maximum story displacement

can then be estimated by either of the following approximate methods of

computation: i) simple summation of the maximum story distortions in ab­

solute values, or ii) combining the maximum story distortions by the SRSS

method (square root of the sum of the squares). The maximum story dis-
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placements of the three steel frames have been computed by the four dif­

ferent approaches mentioned above. The results are presented in Figures

4-26 to 4-31-

The figures show that the story displacements predicted by the frame

time-history analyses (FRIEDA) are quite compatible with those obtained by

the equivalent shear-beam time-history analyses (STAVROS). This is mostly

true except for the IO-story frame with 2/3 g ground motion intensity.

The shear-beam model generally overpredicts the maximum displacements of

the lower stories, especially for the first story. This observation is

consistent with the findings reported by other authors, e.g., Anagnosto­

poulos [2].

The story displacements computed by the simple summation of the max­

imum story distortions obtained by random vibration are too conservative.

The conservatism increases with increasing ground motion intensity. One

possible explanation is that the maximum lateral displacements for each

story do not necessarily occur at the same time. Hence summing 'the

maximum story distortions directly results in a conservative prediction

of the story displacement. On the other hand, the SRSS method of combi­

ning the maximum story distortions tends to underestimate the maximum

story displacement. The degree of underestimation decreases with increas­

ing ground motion intensity. Moreover, the two methods combined (SRSS

and sum of the absolute maxima) appear to give approximate lower and upper

bounds on the maximum story displacement.
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4.9 Summary

Three steel moment-resisting frames which represent real world low,

middle-height and high-rise buildings, i.e., 4-, 10- and 16-story, respec­

tively, have been employed for the compatibility studies. The applicabi­

lity of the modified multi-degree elasto-plastic random vibration metho­

dology towards the seismic response prediction of structural frames have

been investigated herein. Major conclusions can be summarized as follows:

(1) The equivalent story stiffness of the shear-beam system corresponding

to a structural frame can be satisfactorily determined by the "First

Mode Approximation" method. The straightforward "Biggs method" will

generally lead to an unconservative estimate of the first story stiff­

ness and conservative lateral stiffnesses for the other stories.

(2) The equivalent story yielding strength computed by the upper bound

approximation as suggested by Anagnostopoulos is generally too low.

The "yielding strength factor" is introduced so as to correct the un­

derestimation of the story yielding strength. For a given story, the

yielding strength factor is found to be dependent on the actual stiff­

ness distribution between columns and girders.

(3) For a close-coupled shear-springs system, the response statistics pre­

dicted by the modified multi-degree elasto-plastic random vibration

analysis are quite compatible with those computed by the multiple time­

history analyses. The inelastic response predicted by the random vi­

bration methodology may be somewhat overestimated when the ground mo-·

tion is very intense.

(4) Using the "local ductility correction factor", the "local" component
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response characteristics of a structural frame can he satisfactorily

related to the random vibration prediction of the "story" response

statistics for the equivalent shear-beam system.

(5) The effects of gravity loads on the equivalent story stiffness and

yielding strength are negligible. The local ductility correction fac­

tor implicitly accounts for the effects of gravity loads on the local

component inelastic response.

(6) The average maximum story displacements computed by the multiple time­

history analyses of the structural frame and the equivalent shear-

beam system are quite compatible. The story displacement determined

by the simple summation of maximum story distortions obtained by ran­

dom vibration analysis is too conservative. whereas the SRSS method of

combining maximum story distortions is unconservative. The two methods

together provide useful approximate bounds on the maximum story dis­

placement.
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CHAPTER 5
FORMULATION OF OVERALL SEISMIC SAFETY ANALYSIS FOR BUILDINGS

5.1 INTRODUCTION

Given the amplitude~ frequency content~ and duration of a strong ground

motion~ as well as the dynamic properties of a structural frame (i.e.~

viscous damping~ equivalent story stiffness~ and yielding strength),

the conditional probability distribution of inelastic "story" responses

can be computed by the random vibration methodology described in the pre­

ceding chapters. By means of the local ductility correction factor in­

troduced in Section 4.6.2~ the "local" component inelastic response sta­

tistics can be approxL~ately determined for the structural frame.

The probability of exceeding a given local response threshold can then

be evaluated by combining the uncertainties in ground motion characteriza­

tion and in dynamic modeling of the structure. This exceedance probabi­

lity is commonly expressed as "conditional" on a chosen seismic parameter ~

say, peak ground acceleration [10 ~22] • Finally ~ to quantify the "overall

seismic safety" of a particular structure at a specific site, it is neces­

sary to incorporate the information about the seismic risk at the site

(i.e., the relationship between the peak ground acceleration and the mean

return period for the site).
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The main objective of this chapter is to formulate the overall safety

analysis of earthquake-resistant buildings. The major uncertainties in­

volved in the seismic safety analysis are briefly discussed first. This

is followed by the formulation of component response prediction for gi-

ven earthquake peak ground acceleration. This methodology is used to in­

vestigate the sensitivity of the predicted component response with respect

to the following sources of uncertainty: i) the ground motion parameters,

ii) the structural dynamic properties, iii) the correlation between strong­

motion duration and the peak ground acceleration, and iv) the local duc­

tility correction factor. The effect of ground motion intensity is also

explored.

5.2 Uncertainties Involved in Seismic Safety Assessment of Buildings

5.2.1 Ground Motion Representation

There are three major sources of uncertainty involved in seismic safety

assessment of buildings: i) representation "fearthquake environment, ii)

structural dynamic properties, and iii) method of dynamic analysis. The

first source of uncertainty is discussed below, whereas the latter two are

discussed in Sections 5.2.2 and 5.2.3, respectively.

The details of the ground motion representation in terms of the Kanai­

.Tajtmi P8D function have already been discussed in Chapter 2. The statis­

tics of the strong-motion duration, the K-T frequency and damping were com­

puted for a set of 140 real ground motion records, and the probability

density functions were suggested for these three pertinent seismic para­

meters. These results constitute the basis of characterizing seismic input

for the sensitivity studies reported in this chapter.
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For given Kanai-Tajimi frequency and damping, the central frequency

W
c

of the excitation can be determined by calculating the K-T spectral

moments (Eq. 2-6). Alternatively, the central frequency can be approxi-

mate1y related to the K-T frequency as expressed in Eq. 2-17. Since the

predominant period T is equal to 2n/w , the r.m.s. strong motion accele-o c

ration a can be estimated from Eq. 2-13 if the peak ground accelerationo

is given. The corresponding white noise bedrock excitation intensity can

then be obtained using Eq. 2-5.

As an example, assuming that the peak ground acceleration is 1/3 g,

the corresponding strong-motion duration is estimated as equal to 3.27

sec by Eq. 2-17. If one further assumes a K-T frequency of 20.3 rad/sec,

and a K-T damping of 0.32, the central frequency is found to be equal to

22.65 rad/sec. This corresponds to the excitation variance a; of 2623.2

in2 /sec 4 , and the white noise bedrock excitation intensity of 38.67 in2 /

sec 3 • Hence, the PSD function is fully described and is plotted in Fig.

5-1.

As illustrated in the example, only four ground motion parameters are

needed in the statistical characterization of strong ground motions: i)

peak ground acceleration, ii) strong-motion duration, iii) Kanai-Tajimi

frequency, and iv) Kanai-Tajimi damping. Notice that in this particular

study, the strong-motion duration and the peak ground acceleration are

assumed to be negatively correlated (in accordance with Eq. 2-18). Under

this assumption, the ground motion is defined by only three independent

parameters.

5.2.2 Structural Dynamic Properties

The structural dynamic properties constitute the second major source
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of uncertainty affecting the overall seismic safety of buildings. The

uncertainty is attributable to numerous factors, e.g., material imperfec­

tions, non-structural partitions and panels, interaction of translational

and torsional modes and actual energy-dissipating mechanisms. In Chapter

4, the uncertainties involved in determining the equivalent lateral story

stiffness and yielding strength have already been discussed. In this sec­

tion, the variability of the damping and natural period of the structure

undergoing strong ground excitation are assessed.

The actual dynamic properties of several tall buildings shaken during

the 1971 San Fernando earthquake has been reported by Wood [69), Benfer and

Coffman [7), and Hart et al. [28,29). Tanaka et al. [56) investigated the

implied dynamic parameters of several buildings shaken by the 1968 Tokyo

earthquake in Japan. Based on these data, Haviland [30J computed statis­

tics for the structural damping coefficient and what he called the "na_

tural period ratio". The natural period ratio R.r is defined as the ratio

between the "observed" fundamental natural period and the "predicted" natu­

ral period (by modal analysis). The results reported by Haviland are used

herein to characterize the variability of the damping and the natural pe­

riod of the structure.

Based on the data from 22 real tall buildings, Haviland [30) reported

the foliowing statistics for the natural period ratio: the mean value is

equal to 1.15, the standard deviation (0) is 0.344, and the coefficient

of variation (V) is 0.3. The Lognormal probability density function ap­

pears to fit the data quite well:

fRr(~) = 0.73~ Rr exp{-5.834 [tn Rr - 0.097J2} (5-1)
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The histogram as well as the fitted PDF are plotted in Fig. 5-2.

Based on the data from 52 actual buildings, Haviland suggested the

following statistics for the structural viscous damping coefficient ~ :
s

the mean value is equal to 4.91%, a = 3.27 %, and V = 0.666. The his to-

gram and the fitted analytical PDF of structural damping are presented

in Fig. 5-3. A Lognormal PDF appears to fit the histogram well:

(5-2)

The above two probability distributions will be used to characterize

the variability of the natural period and the damping of the structure.

In addition, the uncertainties of equivalent lateral story stiffness and

yielding strength are also incorporated in the overall seismic safety as-

sessment of buildings.

5.2.3 Method of Dynamic Analysis

Assuming the steel moment-resisting frame behaves as a close-coupled

shear-beam system, the story response characteristics can be satisfactorily

computed by the modified multi-degree elasto-plastic random vibration me-

thodology. Based on multiple time-history analyses of an ensemble of

strong ground motions, the inelastic response statistics of local compo-

nents can be estimated. The two different types of inelastic response

measures, Le, "story" response and "local" response, are related by the

"local ductility correction factor" ~ (see Section 4.n.2).

In essence then, the uncertainty in local inelastic response predic-

tion due to the method of dynamic analysis is captured by the local duc-

tility correction factor. The variability of the local ductility correc-

tion factor has been extensively investigated in the preceding chapter.
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The probability distribution given by Eq. 4-12 will be used in the sensi-

tivity studies.

5.3 Local Response Prediction Conditional on Peak Ground Acceleration

In the preceding sections, eight random variables have been identi-

fied as potentially significant in their effect on component response to

earthquake shaking: i) peak ground acceleration (a ), ii) strong-motion
max

duration (So), iii) Kanai-Tajimi frequency (Wg) , iv) Kanai-Tajimi damp­

ing (Sg)' v) natural period ratio (RT), vi) structural damping (ss)' vii)

yielding strength factor CRy)' and viii) local ductility correction fac-

Probability density functions have been proposed for the last,

seven random variables.

Using the modified elasto-plastic random vibration methodology, local

response characteristics of a structural frame can be computed for any

particular combination of the above-mentioned random variables. It is

useful to define the probability of occurrence of the event C, i.e., the

i j kim Rn 0
combination of pertinent parameters So' wg ' Sg' RT, ss' y' and RL' con-

iditional on the level of peak ground acceleration amax

m Rn n~ nai l/P[a i
n l';s n y -~L max max

p[Clai J =
max

P [C n a i lip [a i ]
max· max·.

= P [5 i n wj n k R~o g /,;g n -T

(5-3)

where p[a~ax] is the site-dependent probability distribution of the peak

ground acceleration as discussed in Chapter 6.

Base-d on the assumptions that the strong-motion duration is negatively

correlated with the peak ground acceleration, and that the other six per-

tinent random variables are statistically independent, Eq. 5-3 becomes:
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• p[Si n
o

i ] /p [i ]amax a
max

(5-4)

The local response characteristics of a structural frame can be compu-

ted for each combination of discrete variables by the modified mu1ti-de-

gree elasto-plastic random vibration methodology. The probability of ex-

ceeding a given local response threshold, say, a local ductility ratio

~*, can then be expressed as follows:

P[~ > ~*] = L:.
C na~

max

P[" > l-l*le n a
i

]. p[e ~ a
i

]... max II max (5-5)

There are several methods available to compute the above-mentioned

overall response characteristics, e.g., the Monte Carlo simulation tech-

nique, the method of enumeration [8], and the First-Order Second-Moment

methods [15,51]. Detailed discussions are presented in Section 6.2.

Assuming the enumeration method applies, if five values are used to

discretize the probability distribution of each of the seven random va-

riables in Eq. 5-4, the total number of multi-degree random vibration com­

putations needed would be 57 = 78125. This is obviously too time consu-

ming and costly to be practical. .In an attempt to cut down the necessary

computational effort, a series of sensitivity studies have been performed

to investigate the relative importance of the different random variables

to the predicted seismic response. A detailed discussion of these sen-

sitivity studies is presented in the next five sections.
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5.4 Sensitivity Studies of Uncertainties Associated with Local Response

Prediction

5.4.1 Background

Seven random variables affecting the prediction of local structural

response conditional on peak ground acceleration have been identified as

expressed by Eq. 5-4. Sensitivity analyses have been performed for each

of the random variables. In addition, the sensitivity of the predicted

component response has been investigated with respect to the correlation

between the strong-motion duration and the peak ground acceleration.

Since the three steel moment-resisting frames were designed for a peak

ground acceleration of 1/3 g, this intensity level is assumed in the sen­

sitivity studies. Five discrete values are used to characterize the prob­

ability distribution of the Kanai-Tajimi damping, 'whereas ten values are

employed for the other parameters, (i.e., the K-T frequency, the strong­

motion duration, the natural period ratio, the structural damping, the

yielding strength factor, and the local ductility correction factor). The

probability mass function (PMF) of the random variables are listed in Table

5-1.

The results of the sensitivity studies of the three (4-, 10- and 16­

story) steel moment-resisting frames are presented in terms of the mean

and the coefficient of variation of inelastic local ductility ratio.

5.4.2 Sensitivity of Ground Motion Parameters

Three ground motion parameters are considered herein: i) strong-motion

duration, (conditional on the peak ground acceleration), ii) Kanai-Tajimi

frequency, and iii) Kanai-Tajimi damping. If the peak ground accelera­

tion equals 1/3 g, the mean strong-motion duration is estimated to be 3.27

sec CEq. 2-18). Assuming the conditional coefficient of variation
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TABLE 5-1 DISCRETE PROBABILITY }1ASS FUNCTIONS OF KEY PARAMETERS

P[S I
P [1'; ] P[w ] S a

~ P[~]1';g w a =1/3 g]g g g alamax max

0.06 0.0139 2 0.0004 0.2 0.0266 0.7 0.0951

0.19 0.3381 3 0.0041 0.5 0.0756 0.8 0.0943

0.32 0.3934 6 0.0264 1 0.1748 0.9 0.1191

0.45 0.1754 8 0.0379 2 0.1996 1.0 0.1279

0.58 0.0792 10 0.1262 3 0.1561 1.1 0.1192

-- -- IS 0.241 4 0.1141 1.2 0.1107

-- -- 20 0.2237 5 0.1163 1.3 0.0885

-- -- 25 0.1506 7 0.0737 1.4 0.0982

-- -- 30 0.1256 9 0.0368 1.6 0.0775

-- -- 40 0.0641 12 0.0264 1.8 0.0695

1';6 P [1';6] R P [R ] ~ P[~] S P [S ]
Y Y a 0

0.01 0.0495 0.6 0.0087 0.2 0.057 0.5 0.0503

0.02 0.1595 0.8 0.0767 0.4 0.12 1 0.0702

0.03 0.1923 0.9 0.1294 0.6 0.1538 2 0.0847

0.04 0.1583 1.0 0.1788 0.8 0.1546 3 0.1231

0.05 0.1283 1.1 0.1818 1.0 0.1358 5 0.1305

0.06 0.0884 1.2 0.1603 1.2 0.1094 7 0.1255

0.07 0.065 1.3 0.1128 1.4 0.083 10 0.1491

0.08 0.0436 1.4 0.0933 1.6 0.0603 15 0.1134

0.09 0.0328 1.6 0.045 1.8 0.0424 20 0.0642

0.10 0.0823 1.8 0.0132 2.0 0.0837 25 0.089



157

v I = 0.804 (see Section 2.4.2), then the probability density function
S ao max

of the strong-motion duration has the following form:

f (8 Ia - 1/3 g)S la 0 max-
o max

This PDF is plotted in Fig. 5-21.

= 0.353 Sg.S47 exp(-0.473 So) (5-6)

For the deterministic case, the random variables are replaced by their

mean values: ~ = 0.32, w = 20.3 rad/sec, S = 3.27 sec, R_ = 1.0, ~s =g g 0 -~

0.05, Ry = 1.0, and ~ = 1.038. Notice that both the natural period ra-

tio and the yielding strength factor are assumed to be equal to one. This

stems from the fact that the corrected values of the equivalent story stiff-

nesses and yielding strengths are used for the three steel frames.

The results of the deterministic analyses and the sensitivity analy-

ses concerning the three ground motion parameters are presented in Figures

5-4 to 5-9. Also shown in the figures are the results of the analysis

of sensitivity with respect to the local ductility correction factor, to

be discussed in Section 5.4.5. The figures show that the mean and the co-

efficient of variation of the local ductility ratio are generally not very

sensitive to variations in the strong-motion duration and the K-T damping,

but they are rather sensitive to the K-T frequency. This suggests that the

Kanai-Taj imi damping may be assumed deterministic in the overall seismic

safety assessment of buildings.

The dependence of the local ductility ratio on the K-T frequency is

further investigated through the "inelastic local response spectrumlt
, Le.,

a plot of the mean local ductility ratio versus the corresponding K-T fre-

quency. The inelastic first- and top-story "local response spectra" of

the three steel moment-resisting frames, i.e., 4-, 10- and l6-story,
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~re plotted in Figures 5-10, 5-11 and 5-12, respectively. The natural

frequencies of the first four modes are also indicated in the figures.

Notice that the local response characteristics of the three steel

frames depend significantly on the Kanai-Tajimi frequency. In particular,

the first-story mean local ductility ratio reaches its peak when the K-T

frequency coincides with the fundamental natural frequency of the struc­

tural frame. The effects of higher modes are relatively unimportant. For

the top-story, the local inelastic response is still dominated by the fun­

damental mode; however, the effects of the second mode are more pronounced.

From the results, it may be concluded that the Kanai-TaJimi frequency is

a most important ground motion parameter with respect to the local inelas­

tic response of structural frames.

5.4.3 Sensitivity of Structural Dynamic Properties

Three structural dynamic properties are considered in the sensitivity

studies: i) natural period ratio, ii) structural damping, and iii) yield­

ing strength factor. Table 5-1 lists the discretized probability mass

function of each of the three structural dynamic properties. For the

three steel frames, the results of the analyses of sensitivity with re­

spect to the structural dynamic properties are plotted in Figures 5-13

through 5-18.

As mentioned in the preceding section, the local inelastic response

is significantly related to the fundamental natural frequency of the struc­

ture. Since the natural period ratio RT will change the fundamental fre­

quency, the local inelastic response may be expected to be strongly de­

pendent on the natural period ratio. This is confirmed by the results

shown in the figures.
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When the yielding strength factor is random, the mean local ductility

ratio is generally smaller than it is in the deterministic case. This is

mainly attributable to the fact that the mean value for the yielding

strength factor is equal to 1.128, whereas th~ value of one is assumed in

the deterministic analysis.

Notice that the local inelastic response is surprisingly insensitive

to variation of the structural damping. This is further illustrated by

plotting the first- and top-story mean local ductility ratios versus struc­

tural damping for the three steel frames in Fig. 5-19. Theoretically,

the inelastic response should increase with decreasing structural damping,

but only the results of the 4-story frame conform to this trend. For the

10- and l6-story frames, the mean local ductility ratio does not necessa­

rily increase with decreasing structural damping.

Based on elastic random vibration theory, when the system damping is

small, the response will usually take a long time to reach "stationarity"

[24]. For example, a suddenly excited linear-elastic 5% damped system

requires about five response cycles to achieve approximate stationarity.

The fundamental natural period of the lO-story steel frame is equal to

2.32 sec, hence the excitation duration required to attain stationarity

is about 12 sec. However, the strong-motion duration used in the sensi­

tivity studies is only 3.27 sec, obviously not long enough to reach the

stationary response.

For comparison, an additional sensitivity analysis of the IO-story

frame was performed based on a strong-motion duration of 10 sec. The re­

sulting first- and top-story mean local ductility ratios are plotted in

Fig. 5-20. The original results corresponding to the 3.27 sec duration
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are also presented in the figure. Notice that the mean local ductility

ratio now increases with decreasing structural damping. Hence, it

may be concluded that the local inelastic response depends in a fairly

complicated manner on the strong-motion duration and the structural damp-

ing. Nevertheless, the structural damping can be assumed deterministic

for the purpose of overall safety evaluation of earthquake-resistant buil-

dings.

5.4.4 Conditionality of Strong-Motion Duration on Peak Ground Acce­
leration

Thus far in the sensitivity studies, the strong-motion duration has

been assumed "conditional" on the peak ground acceleration, and the nega-

tive correlation suggested in Eq. 2-18 has been employed. The effect

of this assumption has been examined through a series of sensitivity analy-

ses using the "unconditional" (or marginal) strong-motion duration. The

results are presented below.

For a given peak ground acceleration of 1/3 g, the conditional proba-

bility density function of strong-motion duration (Eq. 5-6) is plotted

in Fig. 5-21. Also shown in this figure is the marginal PDF of the strong-

motion duration as expressed by Eq. 2-14. The discrete probability mass

function for the unconditional strong-motion duration is also listed in

Table 5-1.

For the three moment-resisting steel frames, the results of the ana-

lyses of sensitivity to the conditionality of duration on peak accelera-

tion are presented in Figures 5-22 to 5-27. The results of the determi-

nistic analyses are also plotted in the figures.

Notice that the mean local ductility ratio generally increases with

the strong-motion duration. The mean local ductility ratio corresponding



178

£?J.25

£?J.2f2Jz
o
H
t-

~
::J
u..
>- f2J.15
I-
H
(J)

~
~ 0.10

R
OJ

~
lC 0.05

CONDITIONAL PDF

f(Sol~=1/3 g) = 0.353 Sg.S47 x

EXP(-0.473 So)

MARGINAL PDF

5 1" 15 2~

STRONG-MOTION DURATION (SEC)
FIG. 5-21 CONDITIONAL AND MARGINAL PROBABILITY DENSITY FUNCTIONS

OF STRONG-MOTION DURATION



179

5

C DETERMINISTIC

A So RANDOM

<> So RANDOM (I- a max )

4

/
i SO

= 10 SEC

/
-1

<
W
> aw
...J

>-a::
0
t-
tl)

2

"
~

1 ~

0 ......-~----------.j---------
0.8 1.0 1.1 1.2 1.a 1.4 ~.5 ~.6 1.7

MEAN LOCAL DUCT. (OUR)

FIG. 5-22 SENSITIVITY OF LOCAL RESPONSE ON CONDITIONALITY OF
STRONG-MOTION DURATION (4~STORY FRAME)



180

4

2

s

8

12
C1 DETERMINISTIC

l:J,. 5 RANDOMa
<> 50 RANDOM (~ a

max
)

10 + So == 20 5EC

...J
lJ.J
>
lJ.J
...J

>­
0:::
o
l­
ll)

2.21.~ 1.~ i.E) i.E3 ~."

MEAN LOCAL DUCT. (OUR)

o .......__""'--__""--__...a-..__........__'"'""-__....I

1.0

FIG. 5-23 SENSITIVITY OF LOCAL RESPONSE ON CONDITIONALITY OF
STRONG-MOTION DURATION (IO-STORY FRAME)



181

1.8 __-.,.---..,.--....,.....-.-,-.----r----.,.--r--.....-.-

-J
lLJ
>
lLJ
...J

~
o
I­m

.1.6

1.4

1.2

1.0

8

6

4

2

[] DETER..~INISTIC

A So RANDOH

<> So RANDOM (f amax)

+ So = 20 SEC

2.61.2 1..4 1.6 1..8 2.0 2.2 2.4

MEAN LOCAL DUCT. (OUR)

flJa....--.&..--...&.--.........---.a.----I--"""----'----'

.1.0

FIG. 5-24 SENSITIVITY OF LOCAL RESPONSE ON CONDITIONALITY OF
STRONG-MOTION DURATION (16-STORY FRAME)



182

5
[J DETERMINISTIC

t:a So RANDOM

<> S RANDOM (;l a
max

)
0

+ So = 10 SEC

4

1

2

..J
W
> a
lLJ
..J

>-
£l'::
o
I-en

0.50.1 0.2 0.3 0.4

COEF. OF VARXATION (OUR)

0"----~--_L..-__--&----L..---.....
fC'.fC'

FIG. 5-25 SENSITIVITY OF C.O.V. OF LOCAL RESPONSE ON CONDITIONA­
LITY OF STRONG-MOTION DURATION (4-STORY FRAME)



1133

.1.2 r-----.,-----~--'__r_--..__,..--_

C DETERMINISTIC

A So RANDOM

<> So RANDOM (I amax)

+ So = 20 SEC

-J
W
>
W
-J

>­
Il::o
I­
(J)

.1.0

B

s

2

0.50.1 0.2 0.3 0.4

COEF. OF VARIATION (DUR)

1211----......----1.---.0&..-----&.------'
0.~

FIG. 5-26 SENSITIVITY OF C.O. V. OF LOCAL RESPONSE ON CONDITION­
ALITY OF STRONG-MOTION DURATION (IO-STORY FRAME)



184

i8 ....--- -----,....----........------~----
[J DE'IERHINI8TIC

6 8
0

RANDOM

<> 8 RANDOM
o ( 'a )

7' max

4

2

6

16

14

....J
12

w
>
W
....J 10
>-
fl::
0
l- S(f)

0.50.1 0.2 0.3 0.4

COEF. OF VARIATION (DUR)

o -----~--_.........---"------I.---....I
0.0

FIG. 5-27 SENSITIVITY OF C.O.V. OF LOCAL RESPONSE ON CONDITION­
ALITY OF STRONG-MOTION DURATION (16-STORY FRAME)



185

to the "conditional" strong-motion duration is always smaller than that

associated with the "unconditional" strong-motion duration. This may be

explained by the fact that the mean value of the conditional strong-mo­

tion duration is 3.27 sec, which is smaller than the marginal mean value

of 9.27 sec.

By comparison to the sensitivity w.r. t. the Kanai-Taj imi frequency,

the variability of the local response due to the "conditionality" of

strong-motion duration is insignificant.

5.4.5 Sensitivity of Local Ductility Correction Factor

The local ductility correction factor has been introduced to relate

the two different types of response measures, i.e, story response versus

local component response. The sensitivity of the local inelastic response

w.r.t. the local ductility correction factor has been investigated for the

three steel moment-resisting frames. The discrete probability mass func­

tion used herein is listed in Table 5-1. The results are presented in

Figures 5-4 through 5-9.

The figures show that the mean local ductility is insensitive to va­

riation of the local ductility correction factor. However, the coefficient

of variation of the local ductility ratio appears to be quite sensitive.

This suggests that the variability of the local ductility correction fac­

tor is important for the overall seismic safety assessment of buildings.

5.4.6 Effects of Peak Ground Acceleration

The sensitivity studies of the local inelastic response of structural

frames have been based on a peak ground acceleration of 1/3 g. In order

to investigate the effect of the peak ground acceleration on the local

response prediction, other levels of ground motion intensity are also ex-
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TABLE 5-2 STRONG-MOTION DURATIONS AND EXCITATION VARIANCES
FOR DIFFERENT GROUND ACCELERATIONS

SEISMIC ·PEAK GROUND ACCELERATION (a )
max

PARAMETERS
1/6 g 1/3 g 1/2 g 2/3 g

S (sec) 5.28 3.27 2.34 1. 78
0

(J (in2 /sec4 ) 569.4 2623.2 6609.7 12,992
0

amined, namely, 1/6 g, 1/2 g, and 2/3 g. The corresponding conditional

mean values of the strong-motion duration and the excitation variances

are listed in Table 5-2. The resulting mean local ductility ratios for

the three (4-, 10- and 16-story) steel frames are plotted in Figures 5-28,

5-29 and 5-30, respectively.

Notice that the mean local ductility ratio increases with the peak

ground acceleration as expected, and the increase is more pronounced at

the bottom stories. As discussed in Section 4.6.1, this may be attribu-

table to the fact that a great portion of the excitation energy is dissi-

pated by severe plastic action in the bottom stories, resulting in smaller

inelastic response at the upper stories (soft-story concept, [2]).

5.5 Sunnnary

The relative importance to inelastic response prediction of uncertain-

ties due to the ground motion representation, the structural dynamic prop-

erties, and the method of dynamic analysis has been assessed. The results

may be summarized as follows:

(1) The local inelastic response in terms of the local ductility ratio

is insensitive to the variation of the Kanai-Tajimi damping; there-

fore, the K-T damping may be assumed deterministic in the overall seis-
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mic safety assessment of bUildings.

(2) The local response is quite sensitive to the variability of the Kanai­

Tajimi frequency. It is also significantly related to the fundamen­

tal natural frequency of the structural frame, and therefore, to the

natural period ratio.

(3) When the structural damping is small, the response takes a relatively

long time to approach "stationarity". Since the duration of a strong

ground motion is relatively short compared to the lower-mode natural

periods of the structure, the local inelastic response does not ne­

cessarily increase with decreasing structural damping.

(4) When duration and peak acceleration are taken to be negatively cor­

related, the mean local ductility is generally smaller than when no

correlation is assumed between duration and peak acceleration. The

effect is not very pronounced, however.

(5) Since the variability of the local ductility correction factor contri­

butes significantly to the uncertainty of local inelastic response,

it is important for the seismic safety evaluation of buildings.

(6) The mean local ductility ratio increases with peak ground accelera­

tion, and the increase is more pronounced at the bottom stories. This

is quite consistent with the "soft-story" concept.
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CHAPTER 6
OVERALL SEISMIC SAFETY OF MULTISTORY STEEL BUILDINGS

PROVIDED BY CODE-BASED DESIGN METHOD VERSUS INELASTIC DESIGN METHOD

6.1 Introduction

The main objective of this research endeavor is to quantify the degree

of protection provided by the seismic design of a structural frame. Spe­

cifically, the degree of seismic safety is compared for buildings designed

by different methods, i.e., the conventional code-based design method ver­

sus more complicated inelastic design methods. The comparison will be

based on the investigation of three steel moment-resisting frames which

represent real world low (4-story), middle-height (IO-story) and high-rise

(16-story) buildings.

Consider first the three steel frames designed by Pique [49] in accor­

dance with the 1973 edition of the Uniform Building Code [58]. As dis­

cussed in Section 4.4, the eqUivalent story stiffnesses and yielding

strengths of these frames have been obtained and are listed in Tables B-4,

B-5 and B-6 of Appendix B. As briefly outlined in Section 4.2, these three

UBC frames were redesigned by Lai based on the "Inelastic Acceleration Re­

sponse Spectrum" (lARS) method of design [39]. The corresponding story
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stiffnesses and yielding strengths of the three lARS-designed frames are

also listed in Tables B-4, B-5 and B-6.

Since the member sizes of the three lARS steel frames are kept the same

as those of the three UBC frames, their equivalent story stiffnesses are

identical. But their equivalent story yielding strengths are different.

As shown in Fig. 6-1, the story yielding strengths of the three steel

frames designed by the UBC specifications are much greater than those of

the three lARS-designed frames. This implies that under the same intense

earthquake load, more inelastic action is expected in the lARS frames than

in the UBC frames. This point is discussed in greater detail in Section

6.3.

As mentioned in the preceding chapter, uncertainties in the ground mo­

tion representation, the structural dynamic properties and the method of

dynamic analysis can be combined to evaluate local seismic response sta­

tistics conditional on peak ground acceleration. In combining the uncer­

tainties, two different approaches, i.e., "First-Order Second-Moment" ana­

lysis and the method of enumeration, will be discussed. Given that an

earthquake with specified peak ground acceleration occurs, the two methods

permit computation of the conditional probabilities of local response ex­

ceeding a particular value of the local ductility ratio. These probabili­

ties are computed for the six different steel frames under study.

Based on this "conditional reliability" information, the overall seis­

mic safety of the steel frames can then be assessed by introducing the

site-specific seismic risk, i.e., the relationship between average return

period and peak ground acceleration. For illustrative purposes, a "weight­

ed" seismic risk curve of the Boston area has been obtained following the
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procedure suggested by Cornell and Merz [17]. It is used herein for the

seismic safety assessment of steel buildings. In addition, a straight line

approximation to the risk curve is employed so as to investigate the sen-

sitivity of overall seismic safety of steel frames with respect to the va-

riation of local seismic risk. The output of the analysis is the annual

probability of exceeding various elastic or inelastic response thresholds

at different story levels in each frame.

By using empirical relationships between structural (and nonstructural)

damage and local ductility ratios, it becomes possible to consider expli-

citly the balance between initial cost and expected losses due to future

earthquakes for each of the steel frames. These results then provide the

basis for quantifying the effectiveness of alternate design procedures for

steel buildings in reducing the risk of damage and failure under earthquake

loads.

6.2 Methods to Combine Discrete Response Characteristics for Overall Re­
sponse Statistics

Through sensitivity studies presented in the preceding chapter, the 10-

cal inelastic response (in terms of local ductility ratio) was found to

be relatively insensitive to the variations of the Kanai-Tajimi damping and

the structural damping. It was concluded that in predicting local response

characteristics, conditional on the occurrence of an earthquake with given

peak ground acceleration, the following five quantities need to be consi-

dered as random: i) strong-motion duration (assumed negatively correlated

with the peak ground acceleration), ii) Kanai-Tajimi frequency, iii) natu-

ra1 period ratio, iV) yielding strength factor, and v) local ductility cor-

rection factor.
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As mentioned in Section 5.3~ several methods are available to compute

the overall seismic responsestatistics~ e.g.~ Monte Carlo simulation (the

method of last resort)~ the method of enumeration [8]~ "mean value" First­

Order Second-Moment (FOSM) methods [15]t and advanced FOSM methods [51].

The enumeration method involves discretization of each random variable

upon which the local response depends. The probability distribution of the

response can then be estimated by considering all possible combinations of

discrete values of the random variables. Assume that five values are used

to discretize the probability distribution of each of the five random vari­

ables. The corresponding probability mass functions are listed in Table

6-1. Therefore t the total number of (multi-degree elasto-plastic) random

vibration computations involved is 55 = 3125. As an example t consider the

4-story lARS-designed steel frame; the computations required a CPU time of

about seven minutes on the Digital VAX-ll/780 system at the H.LT. Joint

Computer Facility.

For the 4-story frame subjected to an earthquake with peak ground ac­

celeration of 1/3 gt the resulting cumulative probability distributions of

the first story and the top story local ductility ratios are plotted in .

Figures 6-2 and 6-3 t respectively. Notice that the probability of having

at least some local yielding (i,p-. t ~ > 1) at the first story is about

44.4%t compared to 42.4% for the top story. Using probability paper t both

probability distributions are found to be approximately Lognormal-distri­

buted. The fitted Lognormal distributions are also plotted in the figures.

AlternativelYt one may use the mean value "First-Order Second-Moment"

method [IStSl] to estimate the inelastic response statistics of structural

frames. The FOSM method is briefly outlined below.
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TABLE 6-1 DISCRETE PROBABILITY MASS FUNCTIONS OF PERTINENT PARAMETERS
FOR 4-STORY STEEL FRAME

PARAMETERS 1 2 3 4 5

Sg 0.32 - - - -

W 6.5 10 15 20 30g

P[wg] 0.0541 0.1409 0.2410 0.3069 0.2571

S 0.5 1.0 3 5 9
0

P [8 la 0.0917 0.2782 0.2998 0.2161 0.1142o max
= 1/3 g]*

Rr 0.7 0.9 1.1 1.3 1.6

P[Rr] 0.1379 0.2328 0.2434 0.2097 0.1762.

Ss 0.0491 - - - -

R 0.8 0.95 1.1 1.25 1.5y

P [R ] 0.1113 0.2333 0.2733 0.2507 0.1314y

~ 0.3 0.6 1.0 1.4 1.8

P[~] 0.1358 0.2738 0.2697 0.167 0.1537

* The discretized P[S la ] varies w.r.t. peak ground acceleration
o max
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Assume that the random variable Y can be related to a series of random

variables X. by the nonlinear function g:
~

(6-1)

A linear approximation can be obtained by the truncated Taylor's expansion

* * *about any given point (X ,X
2

, ••• X ) as follows:
1 n

n

+~(Xi
i=l

(6-2)

* * * * *where gi(X) = dg/axi , evaluated at the point X = (X
1

,X
2

, ••• x
n
). Assume

that the point X* corresponds to a vector of mean values of each of the

random variables, i.e., X.; then the expected value of Y can be approxima­
~

ted as follows:

(6-3)

Assuming that the random variables Xi are mutually independent, the

variance of Y can therefore be expressed as a linear combination of the

variancesa~ :
i

(6-4)

where the quantity gi(X) is the partial derivative of Y w.r.t. Xi evalua­

ted at the mean value Xi.

Based on Eq. 6-3, the mean local ductility ratio can be approximated

by the result of random vibration analysis when all pertinent variables

are replaced by their respective mean values (i.e., So' Wg , ~g' RT, ~s'

Ry and ~). The variance of the local ductility ratio can be approximately
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expressed as follows:

where

g~(X) = d(ReSPOnSe)!
1. ax. x = X

1. i i

(6-5)

(6-6)

The first term a~ represents the variability in the response due to the

random phasing of sinusoids, i.e., the uncertainty inherent in classical

random vibration analysis. The other terms relate to each of the seven

random variables mentioned previously. The quantity g!(X) can be estima­
1.

ted numerically by sensit.ivity studies as discussed in the preceding chapter.

Using the FOSM method, the mean and the standard deviation of the first

story and the top story local ductility ratios (for a = 1/3 g) have beenmax

computed for the 4-story steel frame. Again assuming Lognormal distribu-

tions, the cumulative probability distributions of the first- and top-story

local ductility ratios are also plotted in Figures 6;"2 and 6-3, respectively.

Notice that the probability distributions estimated by the method of

enumeration and the FOSM method are quite compatible for the top-story 10-

cal ductility ratio. For example, based on the FOSM method, the probability

of having some local yielding (i.e., ~ > 1) at the top story is about 48.9%,

compared to 42.4% obtained by the method of enumeration. However, for the

first-story local ductility ratio, the two methods lead to quite different

results especially for ductility larger than two. This is probably due to

the fact that the inelastic local response is sensitive to the extremes

of some pertinent random variables considered, e.g., the Kanai-Tajimi fre-

quency. Hence, the local response statistics predicted by the mean value
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FOSM method (evaluated at the mean values of all the random variables) may

not be adequate.

Iluproved FOSH techniques have been suggested by several authors [15,

51]. In the remainder of this chapter, the method of enumeration is used

to predict the overall local response statistics of steel buildings.

6.3 Conditional Probability Distribution of Local Ductility Ratio Given
Peak Ground Acceleration

6.3.1 4-Story Frames

Using the enumeration method and the discrete probability mass func-

tions for the random variables listed in Table 6-1, the conditional prob-

ability distribution of the local ductility has been computed for five dif-

ferent levels of peak ground acceleration (i.e., 0.1 g, 0.2 g, 0.3 g, 0.4 g

and 0.5 g) for the 4-story lARS-designed steel frame w The results of the

first-story local ductility ratio are plotted in Fig. 6-4.

Recall that the lARS design of this 4-story steel frame is based on a

local ductility of 4 under a 1/3 g earthquake peak acceleration as dis-

cussed in Section 4.2. It is interesting to note that the probability of

exceedance of the design local ductility ratio (~ = 4) under the design

level earthquake is about 6.3%.

Another useful way of presenting data is to plot the non-exceedance

probability of local ductility versus peak ground acceleration. The re-

suIts for the first story and the top story are plotted in Fig. 6-5. At

the design peak ground acceleration of 1/3 g, the probability of having at

least some local yielding (i.e., ~ > 1) in the first story is estimated
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at 44.4%; it is 42.4% for the top story. Note also that there exists a

finite probability, estimated at 5.9%, that there will be some yielding

in the first story when the peak ground acceleration equals 0.1 g. There

is a 4.6% probability that the top story will experience local yielding.

Using the same probability mass functions for the variables, the enu-

meration method has also been applied to the 4-story UBC steel frame de-

signed by Pique [49]. The results for the bottom story are presented in

Fig. 6-6. Under a 1/3 g peak acceleration ground motion, the probability

that the first story of the UBC steel frame will remain elastic is about

79% compared to the 55.6% for the steel frame designed by lARS. The dif-

ference is attributable to the fact that the yielding strengths of the

UBC-designed frame are much greater than those of the lARS-designed frame

as depicted in Fig. 6-1.

6.3.2 10-Story Frame

A parallel set of results has been obtained for the 10-story frames

based on the enumeration method. The probability mass function listed in

Table 6-2 is used to represent the variability of Kanai-Tajimi frequency,

TABLE 6-2 DISCRETE PROBABILITY MASS FUNCTION OF KANAI-TAJIMI
FREQUENCY FOR 10-STORY STEEL FRAME

PARAMETERS 1 2 3 4 5 6

w 3 6 10 15 20 30g

P [w ] 0.0045 0.0431 0.1474 0.2410 0.3069 0.2571g

whereas the PMF's listed in Table 6-1 are used for the other random vari-

abIes. The resulting cumulative probability distribution of the local duc-
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tility ratio in the bottom story of the lO-story lARS steel frame is plot-

ted in Fig. 6-7 for different levels of peak ground acceleration. At the

design peak ground acceleration of 1/3 g, the probability that the first­

story local ductility will exceed the design value of 4 is about 8.5%.

Fig. 6-8 shows the results for the first story and the top story non­

exceedance probability versus peak ground acceleration. Given an earth­

quake with the design peak acceleration of 1/3 g, it is estimated that the

probability of the first story having at least some local yielding is 55.9%;

in the top story, it is about 42%.

Using the same input PMF's, the probability distribution of local duc­

tility ratio has also been computed by the enumeration method for the 10­

story UBC steel frame. The results for the bottom story are plotted in

Fig. 6-9. Again, the non-exceedance probabilities are larger than those

of the lARS steel frame. For example, for a peak ground acceleration of

1/3 g, the probability that the bottom story will remain elastic is approx­

imately 81% for the UBC-designed frame, whereas it is only about 44.1% for

the IARS-designed frame.

6.3.3 l6-Story Frames

The results for the l6-story lARS-designed steel frame are plotted in

Figures 6-10 and 6-11. At the design peak ground acceleration of 1/3 g,

the probability of exceeding the design local ductility ratio (~ = 4) in

the first story is approximately 7.8%. The probability of having at least

some local yielding in the first story during a 1/3 g peak acceleration

earthquake is estimated at 57.1%; it is about 44.5% for the top story.

Fig. 6-12 shows the results of the bottom-story local ductility for

the l6-story UBC-designed steel frame. Under an earthquake of 1/3 g peak

acceleration, the bottom story will remain elastic with 88% probability
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for the UBC-designed steel frame, whereas it is only 42.9% probability

for the 16-story lARS-designed steel frame.

6.4 Description of Local Seismic Risk (Boston Case Study)

In order to quantify the overall seismic safety of a building at a

specific site, it is necessary to incorporate information about the local

seismic risk at the site. For illustrative purposes, consider a hypothe­

tical site in Boston for which a "weighted" seismic risk curve is provided

by Tong et al. [57J. To investigate the sensitivity of the overall seis­

mic safety w.r.t. the assumed seismic risk, a straight-line approximation

to the "weighted" seismic risk curve is also used. The seismic risk ana­

lysis is briefly described below.

In developing the seismic hazard maps for Massachusetts, Tong et al.

I57J identified three major seismic source zones (i.e., zones a, b and c)

and a background source zone (d), all shown in Fig. 6-13. The associated

earthquake occurrence rate and the assumed maximum epicentral intensity

are listed in Table 6-3 for each of the seismic source zones. A connnon

minimum intensity of V (five) was assumed for all zones. For detailed de­

scription of the model, the reader is referred to Tong et al. [57J.

Based on the procedure of seismic risk analysis suggested by Cornell

and Merz U7], Tong et al. [57] established the relationship between ave­

rage return period and modified Mercalli intensity for the Boston site.

Using the correlation between site intensity and peak ground acceleration,

the seismic risk curve, i.e, the relationship between average return pe­

riod and peak ground acceleration can be obtained. In this study, the

correlation proposed by Gutenberg and Richter is used I27]:



".

,
,

" "..:.t...
"",

!,..
",,

.,'

············I

214

.....'..'.
:'.

················

.
. ~.
···:···············
"\

FIG. 6-13 SEISMIC SOURCE ZONES FOR BOSTON SITE
[TONG ET AL.~ 57]

TABLE 6-3 PERTINENT PARAMETERS OF DIFFERENT SEISMIC SOURCE ZONES
FOR BOSTON SITE [TONG ET AL., 57]

SOURCE ZONE EVENTS/YEAR MAX. EPICENTRAL
INTENSITY

a 15/250 VIII. 3

b 6/250 VIII. 3

c 18/250 VIII. 7

d (BACKGROUND) 8 x 10-7 /MILE 2 VI. 3
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(6-7)

where a is in cm/sec2 , and I is the firm ground modified Mercalli in-max s

tensity at the site.

Originally, three different versions of seismic source zone "c" were

used by Tong et al., each based on a different assumption about the zone's

seismicity. The third version, which gives the most conservative seismic

risk, is incorporated herein. The resulting relationship between annual

exceedance probability and peak ground acceleration (Le., the "nominal"

risk curve) is plotted in Fig. 6-14.

As pointed out by Cornell and Merz I17), for a given site intensity Is'

the peak ground acceleration may be scattered above or below the "nominal"

value given by Eq. 6-7. To account for this uncertainty, they suggested

a weighted method of computation: 50% probability is assigned to the nomi-

nal value and 25% probability to values of peak ground acceleration corres-

ponding to one intensity level above and below the nominal value (i.e.,

Is + 1 and Is - 1). This approach yields the "weighted" seismic risk curve

for the Boston site as plotted in Fig. 6-14. For comparison, the "Baye-

sian" seismic risk curve proposed by Cornell and Merz I17] is also plotted

in the figure.

The Applied Technology Council I4] suggested that the "effective peak

acceleration" (EPA) for the Boston area should be about 0.1 g with 90%

probability of not being exceeded in 50 years. This corresponds to an

average return period of about 475 years, or an annual exceedance proba­

bility of 2.105 x 10-3• For the "weighted" seismic risk curve obtained

-3herein, it is estimated at 1.09 x 10 •

To investigate the sensitivity of local response statistics with re-
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spect to variations in the local seismic risk curve, a straight-line ap-

proximation (on a log-log plot) to the weighted seismic risk curve has

also been incorporated. The linear approximation of the seismic risk curve

is also plotted in Fig. 6-14.

6.5 Overall Seismic Safety of IARS-andDBC..;.DesignedFrames

6.5.1 Incorporating Local Seismic Risk

By combining the local seismic risk information described in the pre-

ceding section with the results of conditional reliability analysis, the

overall seismic safety can be assessed for the three DBC-designed steel

frames as well as the three lARS-designed frames. Based on Eq. 5-5, the

annual probability that the local inelastic response will exceed a given

threshold, say, a local ductility factor ~*, can be determined as follows:

"~(c~
max max

PIll> ll*lc n a
i

J.P[Cla
i

].P[a
i

]max max maxPIll > ~*J = I:
C na i

max

*P[~ > II Ic n

(6-8)

iii) ia ax]·P[C a ] ·P[a ]m max max

where p[Cla~ax] is expressed by Eq. 5-4 and p[a~axl is computed from the

local seismic risk curve as follows:

(6-9)

where ~a is the discretization interval of the annual exceedance prob-
max

ability of peak ground acceleration.

Due to the fact that a minimum epicentral intensity is often assumed

for each seismic source zone, the range of peak accelerations considered



218

will have a lower bound, and the numerical summation expressed in Eq. 6-8

must be truncated. Denote by a the lower bound peak acceleration; Eq.
o

6-8 can then be normalized with respect to the exceedance probability

Pea > a ] as follows:max - 0

i.(P[a ]!P[a > a ])max max - 0

where

(6-10)

Pea > a ]max - 0
(6-11)

and

(P[ai ]!P[a > a ]) = 1max max - 0
(6-12)

The ratio may be interpreted as the probability of occurrence of the peak

ground acceleration ai given that an earthquake with peak accelerationmax

larger than or equal to ao occurs.

The advantage of using this "normalized" probability approach is that

it permits estimation of the probability P[~ > ~*] for any given value of

Pea > a]. Furthermore, the contributions to the summation expressedmax - 0

in Eq. 6-10 can be compared for different levels of peak ground accelera-

tion.

As mentioned earlier, a minimum epicentral intensity of five (V) was

assumed for all seismic source zones of the Boston site. This corresponds

approximately to a ~ 0.01 g. As shown in Fig. 6-14, the annual exceedanceo
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probability P[a > 0.01 g] is estimated at 6.013 xlO-2 •max -

6.5.2 Results of lARS-Designed Steel Frames

Based on Eq. 6-10, the overall seismic safety has been assessed for

the three (4-, 10- and l6-story) lARS-designed steel moment-resisting

frames. Fifteen values are used to discretize the seismic risk curve.

Except at small peak accelerations. the discretization interval ~a is
max

taken to be 0.05 g. The resulting "normalized" contributions to the an-

nual exceedance probabilities of first-story local ductility ratios are

plotted in Figures 6-15, 6-16 and 6-17 for the three steel frames.

Notice that the annual probability of having at least some local yield-

ing in the first story (i.e., P[~ > 1]) has significant contributions due

to low levels of peak ground acceleration. For the annual probability

of exceeding relatively high local ductility ratio, the contributions are

more pronounced in the intermediate ground acceleration range.

In his investigation of the overall seismic safety of a 4-story steel

frame, Gasparini [22] reported that the maximum contribution to the over-

all exceedance probability of a prescribed inters tory distortion occurs

when the peak ground acceleration is about 1.2 times the design accele-

ration (which is 1/3 g for the lARS-designed steel frames). The results

obtained herein do not support this observation.

By summing individual contributions CEq. 6-10). the "normalized" an-

nual exceedance probabilities of the local ductility ratios are determined

for the three steel frames. The results of the first-story local ductility

ratio are listed in Tables C-l, C-2 and C-3 of Appendix C. The annual

risk of having a particular value of local ductility ratio exceeded can

then be computed by multiplying with the probability P[a > a]. Themax - 0
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results for the three (4-, 10- and l6-story) TARS-designed steel frames

are plotted in Figures 6-18, 6-19 and 6-20, respectively. The results

for the overall annual risk of exceeding various levels of local ductility

ratio are listed in Table 6-4.

The figures show that the annual exceedance probability of the local

ductility ratio is asymptotic to the weighted risk curve at high levels

of peak ground acceleration; it tends to level off when the peak accele-

ration is relatively small. For the 4-story steel frame, the annual prob-

ability of having at least some local yielding in the first story is es-

-4 -4-4timated at 2.81 x 10 , compared to 4.21 x 10 and 4.4 x 10 , respectively

for the 10- and l6-story steel frameR. The annual probabilities of ex-

ceeding the design local ductility ratio (~ = 4) in the first story are

-5 -5 -5estimated at 1.49 x 10 , 1.97 x 10 and 1. 72 x 10 , respectively, for the

4-, 10- and l6-story TARS-designed frames.

Another useful way of presenting data is in terms of a plot of annual

exceedanceprobability versus local ductility threshold. The results for

the three frames are presented in Figures 6-21, 6-22 and 6-23. The figures

show that the annual exceedance probability generally decreases with in-

creasing local ductility threshold as expected. For peak ground accele-

ration greater than the design level of 1/3 g, the annual probability that

the first-story local ductility ratio will exceed the design value (~ 4)

is estimated at 6.15 x 10-6 for the 4-story frame. It is approximately

8.48 x 10-6 and 8.04 x 10-6 for the 10- and l6-story frames respectively.

6.5.3 Results of UBC-nesigned Steel Frames

Using the "weighted" seismic risk curve for the Boston site, the over-

all seismic safety has also been evaluated for the three steel frames de-

signed according to UBC specifications. The resulting "normalized" an-
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TABLE 6-4 ANNUAL EXCEEDANCE PROBABILITIES OF 1st-STORY LOCAL
DUCTILITY RATIO FOR DIFFERENT FRAMES

LOCAL DUCTILITY 4-STORY 10-STORY 16-STORY
FRAME FRAME FRAME

f.l > 1 2.81 x 10-4 4.21 x 10-4 4.40 x 10-4

A
0

10- 5 x 10-4 x 10- 5
~ f.l > 2 6.80 x 1.01 7.78

~

t5 f.l > 3 2.51 x 10-5 3.58 x 10- 5 3.02 x 10-5
H
Cf.l

~
Cf.l f.l > 4 1.49 x 10-5 1.97 x 10- 5 1. 72 x 10-5
p:::
~
H

f.l > 5 8.80 x 10-6 1.32 x 10-5 1.13 x 10-5

f.l > 1 6.80 x 10-5 6. 70 x 10-5 3.72 x 10-5

A
> 2 1.86 10-5 1.08 x 10-5 5.28 x 10-6

0 f.l x
:::r::
E-<

~

~ f.l > 3 4.15 x 10-6 3.60 x .1.0-6 1.53 x 10-6

H
U'J
~
A

4 10-6 1. 61 x 10-6 9.89 x 10-7
u f.l > 1. 62 x
§3

f.l > 5 5.91 x 10-7 1.14 x 10-6 5.91 x 10-7
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nual exceedance probabilities for the local ductility ratio are listed

in Tables C-4, C-5 and C-6 of Appendix C. The annual risk of exceeding

various levels of the local ductility ratio is plotted in Figures 6-24,

6-25 and 6-26 for the three steel frames. The results for the overall

annual risk of exceeding different levels of the local ductility ratio

are listed in Table 6-4.

As shown in the figures, the annual probability of having at least

some yielding (Le., II > 1) in the first story is estimated at 6.8xlO-5

-5 -5for the 4-story frame. It is approximately 6.7 x 10 and 3.72 x 10 for

the 10- and l6-story steel frames. Notice that these annual exceedance

probabilities are smaller than those of the lARS-designed steel frames.

This is attributable to the fact that the equivalent story yielding

strengths of the UBC-designed frames are greater than those of the IARS-

designed steel frames, as depicted in Fig. 6-1.

Figures 6-27, 6-28 and 6-29 show the annual exceedance probability

plotted versus the local ductility ratio for the 4-, 10- and l6-story

UBC-designed frames. As observed in the preceding section, the annual

exceedance probability decreases with increasing local ductility threshold.

6.5.4 Sensitivity w.r.t. Local Seismic Risk

Thus far, local response exceedance probabilities have been computed

based on the "weighted" seismic risk curve for the Boston site. An al-

ternative straight-line approximation to the risk curve is employed herein

so as to investigate the sensitivity of overall response statistics with

respect to assumptions about seismic risk. The linear relationship (on

a log-log plot of average return period versus peak ground acceleration)

is plotted in Fig. 6-14.

Based on Eq. 6-10, the normalized contributions to the annual exceed-
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ance probability of the first-story local ductility ratio have been com-

puted. The results are presented in Figures 6-30~ 6-31 and 6-32 Tor the

three lARS-designed steel frames. Notice that the annual exceedance prob-

ability has significant contributions due to high acceleration levels.

This is most pronounced when the local ductility thresholds are large.

Moreover~ the location of the maximum contribution tends to shift toward

a larger peak ground acceleration compared to the weighted seismic risk

curve.

By summing individual contributions, the normalized annual exceedance

probabilities for the local ductility ratio are determined; they are lis-

ted in Tables C-7, C-8 and C-9 of Appendix C for the three steel frames.

The overall annual risk of exceeding various local ductility thresholds

are listed in Table 6-5. The annual probability that the first story of

the 4-story frame will at least have some local yielding (i.e., ~ > 1)

-4 4is estimated at 4.34 x 10 , compared to 2.81 x 10- for the "weighted" seis-

mic risk curve. The probabilities are 6.19 x 10-4 and 6.47 x 10-4 for the

-410- and l6-story steel frames, respectively, compared to 4.21 x 10 and

4.4 x 10-
4

for the weighted seismic risk curve. The values of the annual

probability of exceeding the design local ductility ratio (i.e., ~ = 4)

are 3.9 x 10-5 , 5.27 x 10-5 and 4.77 x 10-5 for the 4-, 10- and l6-story steel

frames, respectively, (compared to 1.49 x 10-5
, 1.97 x 10-5 and 1. 72 x 10-5 ,

respectively, when the "weighted" seismic risk curve is used).

Hence, it is concluded that the local inelastic response exceedance

probabilities are quite sensitive to variations in the local seismic risk.

For the case considered, the effect is most pronounced for high local duc-

tility thresholds.
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TABLE 6-5 ANNUAL EXCEEDANCE PROBABILITIES OF 1st-STORY LOCAL
DUCTILITY RATIO FOR DIFFERENT FRAMES (STRAIGHT-LINE
SEIS?1IC RISK)

LOCAL DUCTILITY 4-STORY 10-STORY 16-STORY
FRAME FRAME FRAME

j.1 > 1 4.34 x 10-4 6.19 x 10-4 6.47 x 10-4

Qg j.1 > 2 1.34 x 10-4 1.92 x 10-4 1.65 x 10-4
E-t
SF}
Z

1.1 > 3 6.08 x 10-5 8.56 x 10-5 7.65 x 10-5
C-'
1-1
Cf.l
w
Q

Cf.l j.1 > 4 3.90 x 10-5 5.27 x 10-5 4.77 x 10-5
~
<t::
1-1

j.1 > 5 2.64 x 10-5 3.71 x 10-5 3.26 x 10-5

TABLE 6-6 RELATIONSHIP BETWEEN DAMAGE FACTOR AND DUCTILITY
RATIO FOR DIFFERENT FRAMES

FRAMES 1.1 = 1 1.1 = 2 1.1 = 3 j.1 = 4 J.l = 5

4-STORY 0 2.586 x 10- 3 1.188 x 10-2 2.899 x 10-2 5.459 x 10-2

10- &16- 0 1. 372 x 10- 3 1.097 x 10-2 3.704 x 10-2 8.779 x 10-2
STORY
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6.5.5 System Reliability of Local Inelastic Response

Based on the annual local ductility level exceedance probability

for each story (denoted by P[~. > V*t a > a ])t approximate bounds can
1 max - 0

be established on the "system reliability" t Le. t the annual probability

of no exceedance anywhere in the building [22]:

(6-13)
n

< ~ P[V. > V*t a > a ]
~l 1 max - 0

where n is the number of stories of the building and ~* is any given local

ductility threshold.

The lower bound is based on the assumption of perfect correlation

among the inelastic responses of all stories t whereas the upper bound cor-

responds to the assumption of complete statistical independence among them.

For each of the six moment-resisting steel frames under studYt the annual

probability for the first-story local inelastic response exceedance is

generally larger than that for the other stories. Since the collapse

(i.e. t extremely severe local yielding) at the bottom story implies to-

tal failure of the entire building t it is conceivable that the system fail-

ure probability may be approximated by the annual exceedance probability

of the first-story local response. Therefore t the first-story results

presented in the preceding sections are used to characterize the overall

seismic system reliability for each of the building frames (though it may

be somewhat unconservative).
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6.6 Correlation Between Local Ductility Ratio and Building Damage

Few attempts have been reported in the literature to assess quanti-

tatively the building damage due to strong earthquake motions. For ex-

ample, based on damage survey of actual buildings, Whitman [67] and Whit-

man et al. [68] suggested a set of the so-called "damage states" (related

to the modified Mercalli intensity) for different types of buildings.

The damage state is defined in two ways: i) by qualitative description of

the degree of structural and non-structural damage and ii) by the damage

ratio (i.e., the ratio of the repairing cost of seismic damage to the re-

placement cost of the building). In a recent study, by using a normalized

dissipated energy and an element stiffness ratio (i.e., the initial stiff-

ness divided by the final secant stiffness), Banon [6] proposed a stochas-

tic model for predicting seismic damage in reinforced concrete frames.

In developing the so-oalled "spectral matrix method" for predicting

building damage, Blume and Monroe [11] suggested a "damage factor" for

relating the ductility ratio to the structural damage. The damage fac-

tor (DF) has been modified by Blume et al. as follows [12,52]:

DF = ( Il - 1 )K = ~-..;:;R:.::e:.J;p;..:a::.:i::..;r,,--C::.:o:..:s=-t:::--_
Ilult - 1 Replacement Cost

(6-14)

where Il ul t is the ultimate ductility of the building (i.e., the point at

which the structural deformation increases with decreasing shear force).

The quantity K is an empirical "economic factor" which varies with dif-

ferent types of buildings. Using this empirical relationship between struc-

tural (and non-structural) damage and the local ductility ratio, it becomes

possible to consider the balance between replacement cost (or discounted

initial cost) and the expected damage due to future earthquakes for a par-
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ticular building frame at a specific site.

Consider first the 4-story lARS-designed steel frame for which an ul-

timate ductility ratio of 16 and an economic factor of 2.2 are assumed

[12]. As listed in Table 6-6, the damage factors corresponding to vari-

ous levels of local ductility ratio can be conveniently computed by Eq.

6-14. Hence, the annual exceedance probability of the local ductility

ratio can be readily interpreted as the annual probability of exceeding

a given damage factor. For example, the annual probability that the da­

mage factor will exceed 5.46 x 10-2 (which corresponds to ).1 > 5) is esti­

mated at 8.8 x 10-6 • This is illustrated in Fig. 6-33. The results for

the 4-story UBC-designed steel frame are also plotted in the figure.

For the middle-height (IO-story) and high-rise (16-story) buildings,

Scholl [52] suggested an ultimate ductility ratio of 10 and an empirical

economic factor of 3. Based on these values, the damage ratios have been

computed for different levels of local ductility ratios, and are listed

in Table 6-6. The resulting annual probabilities of damage factor exceed-

ance are plotted in Fig. 6-33 for the 10- and l6-story lARS- and UBC-de-

signed steel frames. For example, the annual probability that the damage

factor will exceed 8.8 x 10-2 (or ).1 > 5) is 1. 32 x 10-5 for the 10-story

-6lARS-designed steel frame; it is 1.14 x 10 for the 10-story UBC-designed

frame. . The annual probability that the damage factor will exceed 8.8 x 10-2

(or )J > 5) is 1.13 x 10-5 for the l6-story lARS-designed frame; for the 16-

-7story UBC-designed frame, it is 5.91 x 10 •

Given the discounted initial building cost (or replacement cost), the

annual probability of damage factor exceedance can be used to quantify

the effectiveness of alternate design procedures for steel buildings in

reducing the risk of damage due to earthquake loads. Since the complicated
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lrzJ-a 1,,-2
DAMAGE FACTOR (OF)

lrl1-a
-4

4.40 x 10

-4
4.21 x 10

-42.81 x 10

~ lflJ-4 6.80 x 10- 5

C) 6.70 x 10-5

Z
H -5
0 3.72 x 10
W
W
U
(5

lflJ-5u..
0

~
(f)

* 4-STORY (lARS)H
~ + 4-STORY (UBC)

....I [] 10-STORY (lARS)
< A 10-STORY:::> -s (UBC)

Z lrl1 <> 16-STORY (lARS)Z
< o 16-STORY (UBC)

FIG. 6-33 ANNUAL EXCEEDANCE PROBABILITIES OF DAMAGE FACTOR FOR
DIFFERENT FRMiES
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cost issue of real buildings is beyond the scope of this research endea­

vor, no attempt has been made to pursue the cost-effectiveness investi­

gation in greater depth.

6.7 Summary

Based on the investigation of three steel moment-resisting frames which

represent real world low (4-story), middle-height (IO-story) and high-rise

(16-story) buildings, the degree of overall seismic safety has been com­

pared for different building design methods. Specifically, the code-based

design method (i.e., the Uniform Building Code) and the design method using

the "Inelastic Acceleration Response Spectrum" were considered. For illus­

trative purposes, a "weighted" seismic risk curve for a hypothetical Boston

site was employed. A straight-line approximation (on a log-log plot) to

the risk curve has also been investigated. Major conclusions can be sum­

marized as follows:

(1) Due to the fact that the local inelastic response is sensitive to the

extremes of some pertinent random variables, in particular, the Kanai­

Tajimi frequency, the local response statistics predicted by the mean

value "First-Order Second-Moment" method is inadequate. The method

of enumeration is found to be more desirable in computing the overall

seismic response statistics.

(2) Based on the "weighted" seismic risk for the Boston site, and for the

steel frames considered, the annual probability of having at least

some local yielding (i.e., ~ > 1) in the first story is shown to have

significant contributions due to low levels of peak ground accelera­

tion. The dominant contributions to the probability of exceeding a
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high local ductility threshold come from the intermediate ground ac­

celeration range.

(3) The annual exceedance probability for the local inelastic response

generally decreases with increasing local ductility threshold, as

expected. It approaches asymptotically the site-specific seismic risk

curve when the peak ground acceleration threshold becomes large.

(4) The annual probabilities of exceeding local ductility ratios are gene­

rally smaller for the three UBC-designed frames than for the corres­

ponding lARS-designed steel frames. This is due to the fact that the

equivalent story yielding strengths of the UBC-designed frames are

greater than those of the lARS-designed steel frames.

(5) By using a straight-line approximation (on a log-log plot) to the

weighted seismic risk curve for the Boston site, it is shown that the

annual probability of local inelastic response exceedance is quite

sensitive to the variation of the local seismic risk curve. The ef­

fect is most significant at high local ductility thresholds.

(6) Based on the annual exceedance probability of local inelastic response

for each story level, bounds can be approximately established on the

"system-reliability", i.e., the annual exceedance probability of local

response of the entire building. The lower bound is based on the as­

sumption of perfect correlation among the inelastic responses of all

stories, whereas the upper bound corresponds to the assumption of com­

plete statistical independence among them.

(7) By using empirical relationships between structural (and non-structu­

ral) damage and local ductility ratios, it becomes possible to consi­

der in quantitative terms the balance between replacement cost and ex­

pected damage due to future earthquakes for a building frame.
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CHAPTER 7

CONCLUSIONS AIID RECOMMENDATIONS

7.1 Conclusions

In this investigation of the seismic safety of buildings, three major

sources of uncertainty have been extensively examined: i) the representa­

tion of the earthquake environment, ii) the dynamic structural properties,

and iii) the method of dynamic analysis. Based on an approximate mu1ti­

degree e1asto-p1astic random vibration methodology, the overall seismic

safety analysis of buildings has been formulated. The degree of seismic

safety has been assessed quantitatively for several multistory steel buil­

dings designed by different methods. Specifically, the conventional ,code­

based design method, i.e., the Uniform Building Code [58], and a more com­

plicated design method based on the "Inelastic Acceleration Response Spec­

trum" [39] were considered. Three moment-resisting steel frames which

represent real world low (4-story), middle-height (10-story) and high-rise

(16-story) buildings have been studied. The major conclusions of this re­

search endeavor are summarized as follows:

(1) If the frequency content of strong earthquake motion is characterized

by the Kanai-Tajimi power spectral density function, the four ground
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motion parameters for which the statistical description of the motion

is needed are: i) peak ground acceleration, ii) strong-motion duration,

iii) Kanai-Tajimi frequency and iv) Kanai-Tajimi dampin8. The latter

three parameters are appoximately mutually independent. Both the

strong-motion duration and the K-T frequency may be assumed Gamma-dis­

tributed, whereas the K-T damping is approximately Lognormal-distributed.

(2) The influence of the site condition on strong-motion duration is signi­

ficant. The mean duration for records on soil is twice that for re­

cords on rock. The mean Kanai-Tajimi frequency for soil site records

is smaller than that of rock site records. The mean K-T frequency for

rock site records is 26.7 rad/sec, which is much higher than the value

of 4n rad/sec often suggested in the literature [22,48,60].

(3) Based on an analysis of moving average statistics, it is concluded that

the strong-motion duration and the peak ground acceleration are nega­

tively correlated. This is attributable to their common dependence on

epicentral distance and local magnitude. In particular, for an earth­

quake with given magnitude, as the epicentral distance increases, the

peak ground acceleration tends to decrease, whereas the strong-motion

duration tends to increase.

(4) For given earthquake local magnitude and epicentral distance, empirical

relationships are suggested to predict strong-motion duration. Given

the peak ground acceleration, the strong-motion duration can also be

estimated. Based on a brief compatibility study, it is concluded that

these proposed relationships lead to a reasonably consistent prediction

of the strong-motion duration.

(5) Based on an extensive simulation study of one-degree elasto-plastic
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systems, the Karnopp-Scharton energy conservation equation [35] is

found to be valid only for high yielding thresholds. In the range of

ductilities of earthquake engineering interest (say, about 5), a semi­

empirical modification has been suggested. The same modification has

been incorporated in the multi-degree elasto-plastic random vibration

solution for shear-beam systems.

(6) The equivalent story stiffnesses of a structural frame can be satisfac­

torily determined by the "First Mode Approximation" method, whereas

the "Biggs method" tends to lead to an unconservative estimate of the

first-story stiffness and to conservative stiffnesses for the other

stories. The "yielding strength factor" is introduced so as to correct

the underestimation of equivalent story yielding strength computed from

the upper bound approximation suggested by Anagnostopoulos [2]. The

factor is found to be dependent on the actual stiffness distribution

between columns and girders.

(7) For a close-coupled shear-beam system, the story response statistics

predicted by the modified multi-degree elasto-plastic random vibration

methodology are quite compatible with those obtained by multiple time­

history analyses. But it may be somewhat overestimated when the ground

motion is intense.

(8) By using the "local ductility correction factor", the "local" component

response statistics of a structural frame can be satisfactorily related

to the random vibration prediction of the "story" response characteris­

tics for the corresponding equivalent shear-beam system. The effect of

gravity loads on the local inelastic response has been implicitly ac­

counted for by the local ductility correction factor.
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(9) The average maximum story displacements estimated by multiple time­

history analyses of a structural frame are quite compatible with those

obtained for the equivalent shear-beam system. Useful approximate up­

per and lower bounds on the maximum story displacement can be deter­

mined by the simple sunnnation (in absolute values) and the "SRSSlt com­

bination of the maximum story distortions predicted by the random vi­

bration methodology.

(10) Through extensive sensitivity studies, the local inelastic response

(conditional given the peak ground acceleration) of a structural frame

is found to be relatively insensitive to the variations of the Kanai­

Tajimi damping and the structural damping. But it is quite sensitive

to the variabilities of the Kanai-Tajimi frequency and the local duc­

tility correction factor. The local response is also significantly

dependent on the fundamental natural frequency of the structural frame,

and therefore, on the natural period ratio.

(11) The mean local ductility ratio increases with peak ground acceleration,

as expected, and the increase is more pronounced in the bottom stories.

This may be attributable to the fact that a great portion of the exci­

tation energy is dissipated by severe plastic action in the bottom sto­

ries, resulting in smaller levels of inelastic response in the upper

. stories.

(12) The local inelastic response of a structural frame generally increases

with increasing strong-motion duration. When the strong-motion dura­

tion and the peak ground acceleration are taken to be negatively cor­

related, the resulting local response is smaller than when no correla­

tion is assumed between the duration and the peak acceleration. How-
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ever, the effect is not very pronounced when evaluated in light of the

sensitivity with respect to other parameters.

(13) By combining the uncertainties in the ground motion representation, the

structural dynamic properties and the method of dynamic analysis, the

"conditional reliability" (given the peak ground acceleration) of local

inelastic response can be assessed for structural frames. The overall

seismic safety can then be evaluated by introducing site-specific seis­

mic risk, i.e., the relationship between average return period and peak

ground acceleration. Based on a brief sensitivity study, the overall

seismic safety is shown to be quite sensitive to the variability in

the local seismic risk.

(14) Using a "weighted" seismic risk of a hypothetical Boston site, the an­

nual probabilities of having at least some local yielding (i.e., ~ > 1)

in the first story of the steel frames are found to have significant

contributions due to low levels of peak ground acceleration. The con­

tributions to the annual exceedance probability associated with a high

local ductility threshold are more pronounced in the intermediate peak

acceleration range.

(15) The annual probabilities of local inelastic response exceedance for

the three (4-, 10- and l6-story) UBC-designed steel frames are gene­

rally smaller than those of the lARS-designed steel frames. This is

due to the fact that the equivalent story yielding strengths of the

UBC-designed frames are generally larger than those of the lARS-de­

signed frames.

(16) Based on the annual local ductility exceedance probability for each

story, approximate bounds can be established on the "system reliabili­

ty", Le., the annual probability of no exceedance anywhere in the buil-
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ding. The lower bound is based on the assumption of perfect correla­

tion among the inelastic responses of all stories, whereas the uppper

bound corresponds to the assumption of complete statistical indepen­

dence among them.

(17) By using empirical relationships between structural (and non-structu­

ral) damage and local ductility ratios, the annual risk of the "da­

Jllage factor" (Le., the ratio between expected losses due to future

earthquakes and the replacement cost) is computed for each of the steel

buildings under study. Given the actual replacement cost of a building,

this information can then be used to quantify the effectiveness of al­

ternative design procedures in reducing the risk of seismic damage.

7.2 Recommendations for Further Research

Further research is necessary to better quantify the overall safety of

multistory buildings subjected to earthquake loads. In particular, the

following studies are recommended:

(1) The multi-degree random vibration methodology used in the study was

primarily for the elasto-plastic shear-beam systems. The random vibra­

tion modeling of other types of shear-spring characteristics, e.g.,

bilinear hysteretic, should be investigated.

(2) The peak ductility ratio measures only the maximum inelastic structu­

ral response, and it may not be an adequate indicator for structural

damage. Within the context of seismic safety assessment, other possi­

ble inelastic response measures, e.g., the cumulative yielding ducti­

lity [39] or the normalized dissipated energy [6], need to be tested.

(3) In addition to the steel buildings studied, the overall seismic safety
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of multistory reinforced concrete buildings t shear wall structures t

and shear wall-frame combined systems should also be assessed.

(4) Due to the fact that the local inelastic response is sensitive to the

extremes of some characteristics of the ground motion,e.g., the Kanai­

Tajimi frequency, the local response statistics predicted by the mean

value "First-Order Second-Moment" method is :inadequate. Possible im­

provements in the FOSM technique need to be studied.

(5) The results reported herein are based on the seismic risk information

of the hypothetical Boston site; other seismic risk curves for diffe­

rent earthquake-prone areas could also be incorporated. Since the

overall s~ismic safety of a building is quite sensitive to the varia­

bility in the local seismic risk, the uncertainty of the seismic risk

information itself may directly be included [43].

(6) The relationship between the overall "system reliability" and the

"story reliability" of inelastic response under earthquake loads needs

to be investigated in greater detail.

(7) The actual replacement cost of the six different steel frames consi­

dered in this research should be evaluated, so that the cost-effec­

tiveness of measures to reduce the overall seismic risk of alterna­

tive design procedures could be assessed.
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1\.PPENDIX B

TABLE B-1 MOMENT CAPACITIES FOR 4-STORY FRAME [LAI,39]

COLUMN (kip-inch) GIRDER (kip-inch)
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

* Controlled by WL~/8

TABLE B-2 MOMENT CAPACITIES FOR 10-STORY FRAME [LAI,39]

COLUMN (kip-inch) GIRDER (kip-inch)
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
~'c *795 1513 960 960

8 * *619 1249 960 960

570 * *9 865 960 960

10 408 * *547 960 960

* Controlled by WL~/8
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TABLE B-3 MOMENT CAPACITIES FOR 16-STORY FRAME
[LAI,39]

COLUMN (kip-inch) GIRDER (kip-inch)
STORY

EXTERIOR INTERIOR EXTERIOR 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

'-C
10 1338 2236 960 1010

11 1183 1999 960'-c 999

1747 * 960*12 1024 960

13 814 1523 960* 960*

* *14 636 1275 960 960

* *15 590 886 960 960

* *16 432 547 960 960

* ?Controlled by wLC/8
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TA3LE B-4 PARAMETERS FOR 4-.STORY EQUIVALENT SHEAR-BEAM SYSTEM

LATERAL STIFFNESS (kip/inch) YIELDING STRENGTH (kip)
STORY

LAl (lARS) PIQUE (UBC) LAI (lARS) PIQUE (UBC)

1 107.4 107.5 65.43 106

2 74.8 74.8 56.62 96.5

3 65.9 65.9 45.16 78

4 60.9 60.9 32.08 70

TABLE B-5 PARAMETERS FOR 10-STORY EQUIVALENT SHEAR-BEAM SYSTEM

LATERAL STIFFNESS (kip/inch) YIELDING STRENGTH (kip)
STORY

LAI (lARS) PIQUE (UBC) LAI (lARS)
..

(UBC)PIQUE

1 111.1 111.1 63.65 137

2 102.7 102.4 61.03 135

3 93.5 93.9 59.30 130

4 87.2 87.5 56.00 122.5

5 76.3 76.3 52.59 114

6 74.7 74.5 48.63 101

7 62.9 63.2 43.61 87.5

8 62.0 61.8 38.58 93

9 42.3 42.4 31.95 69.5

10 36.7 36.6 25.85 62
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TABLE B-6 PARAMETERS FOR 16-STORY EQUIVALENT SHEAR-BEAM SYSTEM

LATERAL STIFFNESS (kip/inch) YIELDING STRENGTH (kip)
STORY

~

LAl (lARS) PIQUE (UBC) LAI (lARS) PIQUE (UBC)

1 224.2 224.3 85.88 225

2 209.6 209.6 84.22 224

3 176.3 176.5 78.10 201

4 163.5 163.8 72.91 190.5

5 145.2 145.4 68.37 184.5

6 135.7 135.8 65.10 173.5

7 122.4 122.6 60.48 164

8 115.6 115.8 58. 153

9 106.9 107.0 55.91 146

10 96.3 96.5 51. 7 134.5

11 80.7 80.8 48.58 120.6

12 74.2 74.3 45.93 107.6

13 58.4 58.4 42.08 92

14 55.6 55.5 37.97 88

15 37.8 37.8 32.55 66

16 30.5 30.4 24.97 60
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TABLE B-7 MODAL PROPERTIES OF 4-STORY EQUIVALENT SHEAR-BEAM SYSTEM

1st 2nd 3rd 4th
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T == 0.967 sec T == 0.352 sec T = 0.234 sec T = 0.191 sec

4 1.432 -1.225 0.824 -0.252

3 1.201 0.268 -1.447 0.793

2 0.805 1.343 0.192 -1.323

1 0.35 0.939 1.199 1.340

TABLE B-8 MODAL PROPERTIES OF 10-STORY EQUIVALENT SHEAR-BEAM SYSTEH

1st 2nd 3rd 4th
STORY MODAL SHAPE MODAL SHAPE HODAL SHAPE HODAL SHAPE

T = 2.322 sec T = 0.872 sec T = 0.545 sec T = 0.396 sec

10 0.939 -1. 013 0.915 -0.757

9 0.891 -0.648 0.067 0.572

8 0.809 -0.123 -0.721 0.833

7 0.728 0.261 -0.853 0.126

6 0.626 0.591 -0.512 -0.703

5 0.524 0.751 0.015 -0.781

4 0.411 0.788 0.523 -0.183

3 0.303 0.685 0.758 0.479

2 0.196 0.493 0.691 0.758

1 0.095 0.257 0.397 0.527
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TABLE B-9 MODAL PROPERTIES OF 16-STORY EQUIVALENT SHEAR-BEM1 SYSTEM

1st 2nd 3rd 4th
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T = 2.935 sec T = 1.170 sec T = 0.727 sec T = 0.533 sec

16 0.812 -0.950 0.919 -0.826

15 0.780 -0.693 0.356 0.131

14 0.731 -0.375 -0.290 0.763

13 0.682 -0.124 -0.638 0.691

12 0.621 0.130 -0.758 0.195

11 0.563 0.337 -0.650 -0.280

10 0.502 0.501 -0.387 -0.592

9 0.444 0.602 -0.086 -0.623

8 0.387 0.645 0.200 -0.436

7 0.330 0.630 0.429 -0.126

6 0.273 0.570 0.573 0.204

5 0.219 0.481 0.618 0.452

4 0.167 0.378 0.576 0.566

3 0.119 0.273 0.469 0.541

2. 0.074 0.170 0.318 0.401

1 0.036 0.083 0.161 0.211
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TABLE B-I0 MODAL PROPERTIES OF 4-STORY MOMENT-RESISTING FRANE
[LAI,39]

1st 2nd 3rd 4th
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T = 0.967 sec T = 0.32 sec T = 0.186 sec T = 0.134 sec

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 B-11 MODAL PROPERTIES OF 10-STORY MOMENT-RESISTING FRAME
(LAI,39]

1st 2nd 3rd 4th
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T = 2.322 sec T = 0.835 sec T = 0.496 sec T = 0.339 sec

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 -0.858 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 0.196 0.511 0.714 0.764

1 0.095 0.265 0.419 0.556
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TABLE B-12 MODAL PROPERTIES OF 16-STORY MOMENT-RESISTING FRAME
[LAI,39]

1st 2nd 3rd 4th
STORY MODAL SHAPE MODAL SHAPE MODAL SHAPE MODAL SHAPE

T = 2.935 sec T = 1.112 sec T = 0.659 sec T = 0.649 sec

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 -6.182 -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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APPENDIX C

TABLE C-1 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO P[ll > i1* ~ a > a* ] (4-STORY lARS FRAME)max - max

a >
l.1 > 1 II > 2 II > 4 II > 5max - II > 3

(g)

0.0175 -3 -3 -4 -4 1.463 x 10-44.669 x 10 1.131 x 10 4.169 x 10 2.475x10

0.035 4.558 x 10-3 1.115 x 10-3 4.136 x 10-4 2.458 x 104 1.463 x 10-4

0.06 4.318 x 10-3 1.082 x 10-3 4.061 x 1(j"4 2.422 x 10-4 1. 428 x 10-4

0.1 3.802 x 10-3 1.004 x 10-3 3.886 x 1(j"4 2.337 x 1~ -41.377 x 10

2.625 x 10-3 8.248 x 10-4 3.487 x 10-4 2.137 x 10-4
_40.15 1.257 x 10

1. 697 x 10-3 6.452 x 10-4 2.888 x 1()4 1. 767 x 1(j"4
_40.2 1.127 x 10

1.055 x 10-3 4.596 x 1(}4 2.295 x 1(j4 1. 483 x 10-4 -50.25 9.724x10

0.3 6.709 x 10-4 3.315 x 10-4 1. 771 x 1(j4 1.192 x lCj4 8.560 x 10-5

0.35 4.408 x 10-4 2.366 x 10-4 1.387 x 10-4 9.378 x 1(j5 6.920x 10-5

0.4 2.688 x 10-4 1. 561 x 10-4 9.843 x 10-5 6.817 x 10-5 5.09 x 10-5

0.45 1.656 x 10-4 1. 024 x 10-4 6.810 x 10-5 4.841 x 1(}5 3.693 x 10-5

0.5 1. 006 x 10-4 6.510 x 10-5 4.539x1(j5 3.386 x 1()5 2.587x10-5

0.55 6.086 x 10-5 4.109 x 10-5 2.996 x 10-5 2.295 x 1()5 1. 769 x 10-5

0.6 3.426 x 10-5 7..404 x 10-5 1.811 x 10-5 1.422 x 1()5 1.103 x 10-5

0.65 1. 349 x 10-5 L 004 x 10-5 7.652 x 10-6 6.217 x 1()6 4.878 x 10-6
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TABLE C-2 NORHALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO P[ll > ]1* ,a > a* ] (10-STORY lARS FRAME)

max - max

a >
]1 > 2 ]1 > 3 ]1 > 4 ]1 > 5max - ]1 > 1

(g)

0.0175 7.000 x 10- 3 1.687 x 10- 3 5.953 x 10-4 3.272 x 10-4 2.191 x 10-4

0.035 6.801 x 10-3 1. 662 x 10-3 5.901 x 10-4 3.248 x 10-4 2.175 x 10-4

0.06 6.382 x 10-3 1. 606 x 10-3 5.786 x 10-4 3.196 x 10-4 2.141 x 10-4

0.1 5.454 x 10-3 1.482 x 10-3 5.528 x 10-4 3.077 x 10-4 2.067 x 10-4

0.15 3.538 x 10-3 1. 203 x 10-3 4.929 x 10-4 2.808 x 10-4 1.897 x 10-4

0.2 2.191 x 10-3 9.032 x 10-4 4.181 x 10-4 2.479 x 10-4 1. 687 x 10-4

0.25 1.323 x 10-3 6.377 x 10-4 3.356 x 10-4 2.092 x 10-4 1. 442 x 10-4

0.3 8.279 x 10-4 4.515 x 10-4 3.542 x 10-4 1.644 x 10-4 1.168 x 10-4

0.35 5.373 x 10-4 3.186 x 10-4 1. 914 x 10-4 1.294 x 10-4 9.475 x 10-5

0.4 3.251 x 10-4 2.052 x 10-4 1.347 x 10-4 9.461 x 10-5 7.005 x 10-5

0.45 1. 982 x 10-4 1.325 x 10-4 9.198 x 10-5 6.687 x 10-5 5.089 x 10-5

0.5 1.184 x 10-4 8.365 x 10-5 6.055 x 10-5 4.569 x 10-.5 3.529 x 10-5

0.55 7.000 x 10-5 5.185 x 10-5 3.926x 10-5 3.046 x 10-5 2.392 x 10-5

0.6 3.881 x 10-5 2.981 x 10-5 2.346 x 10-5 1.861 x 10-5 1.477 x 10-5

0.65 1.511 x 10-5 1.196 x 10-5 9.756 x 10-6 7.843 x 10-6 6.313 x 10-6
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TABLE C-3 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO P [11 > 11* , a > a * ] (l6-STORY lARS FRAME)

max - max

a >
11 > 1 11 > 2 11 > 4max - 11 > 3 11 > 5

(g)

0.017 5
-3

1.294 X10- 3 5.024 X 10- 4 2.859 X10- 4 1.885 X 10-47.309 x 10

0.035 7.094 x10- 3 1.280 x 10- 3 4.985 X10-4 2.840 X10-4 1.872 X10- 4

0.06 6.645 x 10- 3 1.252 xI0- 3 4.899 x 10-4 2.796 xl0- 4 1.844 x 10-4

0.1 5.666 x l0- 3 1.185 xl0- 3 4.709 xl0- 4 2.699 X10-4 1. 782 X10- 4

0.15
-3 1.035 x 10- 3 4.260 X10-4 2.469 x 10- 4 1. 637 X 10-43.710 x 10

0.2 2.273 xI0- 3 8.554 x 10- 4 3.703 x10- 4 2.193 X10-4 1.457 X 10-4

0.25 1.384 x 10- 3 6.285 x10- 4 3.058 x l0- 4 1.858 X 10- 4 1. 251 X10-4

0.3 8.597 x10- 4 4.481 X10- 4 2.418 X10- 4 1.544 x10-4 1.047 x10- 4

0.35 5.617 x10-4 3.203 x 10- 4 1.842 X10-4 1.233 X10-4 8.552 X10-5

0.4 3.422 x10- 4 2.105 x 10-4 1.289 X 10- 4 8.927 x 10-5 6.320 x10- 5

0.45
-4 1.366 x 10-4 8.898 x10- 5 6.332 x10- 5 4.583 x10- 52.101 x10

0.5
-4

8.658 x10- 5 5.941 xl0-5 4.342 X10-5 3.186 xl0- 51.263 x10

0.55
-5

5.465 x10-5 3.899 x 10-5 2.938 x10- 5 2.175 x10- 57.560 x10

0.6
-5

3.178 X10-5 2.339 x10-5 1. 795 x10-s 1.343 x10- 54.234 x10

0.65 1. 664 x10-5 1.301 x10- 5 9.852 xl0-6 7.652 xl0- 6 5.739 xlO-6
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TABLE c-4 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO P[11 > 11* , a > a* ] (4-STORY UBC FRAME)

. max - max

a >
11 > 1 11 > 2 11 > 3 11 > 4 11 > 5max -

(g)

1.131 X 10-3 -~ 6.903 X 10- 5 -5 9.834 X 10-60.0175 3.085 x 10 2.690 x 10

-3 -~ -5 -5 9.834 X 10-60.035 1.115 x 10 2.940 x 10 6.838 x 19 2.687 x 10

-3 -It -5 -5
9.834 X 10-60.06 1.082 x 10 2.752 x 10 6.711 x 10 2.679 x 10

-3 -It -5 -5 -60.1 1.004 x 10 2.484 x 10 6.443 x 10 2.653 x 10 9.830 x 10

8.248 x 10
_It _It -5 -5 9.802 X 10-60.15 2.075 x 10 5.884 x 10 2.567 x 10

6.452 x 10
_It _It

5.225 X 10-
5 -5 9.712 X 10-60.2 1. 710 x 10 2.429 x I0

_4 _4 -5 -5 9.506 X 10-60.25 4.596 x 10 1.349 x 10 4.503 x 10 2.231 x 10
_It -4 -5 -5

9.157 X 10-60.3 3.315 x 10 1.029 x I0 3.805 x 10 1. 998 x 10

-It -5 -5 -5
8.648 X 10-60.35 2.366 x 10 7.968 x 10 3.183 x 10 1.772 x 10

0.4 1. 561 x 10-
1t -5 -5 1.424 X 10-

5
7.880 X 10-65.663 x 10 2.433 x 10

0.45
-It -5 -5 1.125 X 10-

5
6.881 X 10-61.024 x 10 3.966 x 10 1.834 x 10

-5 -5 -5 -6
5.485 X 10-60.5 6.510 x 10 2.686 x 10 1.328 x 10 8.570 x I0

-5 -5 -6
6.508 X 10-

6
4.221x 10-60.55 4.109 x 10 1.781 x 10 9.485 x I0

_5 -5 -6 4.221 X 10-
6 -60.6 2.404 x 10 1. 075 x 10 6.159 x 10 2.973 x 10

0.65 1. 004 x 10-
5

4.591 X 10-
6

2.774 x 10-6
1. 913 X 10-

6
1.435 X 10-6
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TABLE C-5 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO P [11 > 11* , a > a* ] (lO-STORY UBC FRAME)max - max

a >
11 > 1 1.1 > 2 II > 3 II > 4 1.1 > 5max -

(g)

0.0175 1.114 x 10- 3 1. 793 x 10-4 6.204 X 10-5 2.670 x 10-5 1.891 x 10- 5

0.035 1.076 X 10- 3 1. 747 X 10- 4 6.058 X 10- 5 2.616 x 10-5 1.853 X 10-5

0.06 1. 019 x 10- 3 1. 676 X 10- 4 5.833 X 10-5 2.531 X 10-5 1. 793 X 10- 5

0.1 9.208 X 10-4 1.552 x 10-4 5.447 X 10-5 2.376 X 10-5 1. 685 x 10- 5

0.15 7.611 x 10-4 1.342 X 10- 4 4.748 X 10-5 2.087 X 10-5 1.485 x 10- 5

0.2 5.815 x 10-4 1.133 X 10- 4 4.060 X 10- 5 1. 787 X 10-5 1. 276 X 10-5

0.25 4.139 x 10-4 9.265 X 10-5 3.363 x 10-5 1. 756 x 10-5 1.057 X 10-5

0.3 3.033 x 10-4 7.461 x 10-5 2.758 x 10-5 1. 477 X 10-5 8.704 X 10-6

0.35 2.168 x 10-4 5.934 x 10-5 2.249 x 10-5 1.247 X 10-5 7.514 X 10-6

0.4 1.454 x 10-4 4.361 X 10-5 1.774 x 10-5 9.904x 10-6 6.233 x 10-6

0.45 9.550 x 10- 5 3.103 x 10-5 1.314 X 10- 5 7.908 X 10-6 5.235 X 10-6

0.5 6.058 x 10-5 2.114 x 10-5 9.419 x 10-6 6.046 x 10-6 4.070x10-6

0.55 3.796 x 10-5 1. 415 X 10-5 6.758 x 10-6 4.582 X 10-6 3.073 X 10-6

0.6 2.216 x 10-5 8.749 X 10-6 4.471 X 10-6 3.127 x 10-6 2.033 X 10-6

0.65 9.087 x 10-6 3.826 X 10-6 2.009 X 10-6 1.435 X 10-6 9.565 X 10-7
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TABLE C-6 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO P [11 > 11* t a > a* 1 (16-STORY UBC FRAME)

. lllax - max

a >
11 > 1 11 > 2 11 > 3 11 > 4 11 > 5max -

(g)

0.0175 6.182 x 10-
1f

8.774 X 10-5
2.537 X 10- 5 1. 645 X 10- 5 9.824 X 10-6

-If -5 2.482 X 10-5 -5 9.594 X 10-6
0.035 5.997 x 10 8.563 x 10 1.604 x 10

5.72 X 10-1f -5
2.397 X 10- 5 -5 9.264 X 10-60.06 8.241 x 10 1.546 x 10

-4
7.674 X 10-5

2.247 X 10- 5 1.445 X 10-5 8.697 X 10-6
0.1 5.256 x 10

0.15 4.438 x 10-4 -5
1.988 X 10- 5 -5 ""66.676 x 10 1.272 x 10 7.699 x 10

_4 -5 -5 1.098 x 10-5 6.682 x 10""60.2 3.630 x 10 5.688 x 10 1.724 x 10

0.25 2.858 x 10-
4

4.709 X 10-
5

1.467 X 10-5 9.252 X 10-6 5.651 x 10-6

2.159 X 10-
4

3.859 X 10-
5

1.234 X 10-5 7.739x 10-6 "..6
0.3 4.778 x 10

-4 -5
1.047 X 10-5 6.495 X 10-6 "..6

0.35 1.611 x 10 3.180x10 4.043 x 10 ..

0.4
-4 -5

8.570 X 10-6 5.251 X 10-6 -6
1.135 x 10 2.375 x 10 3.311 x 10

0.45
-5 1. 737 X 10-5 -6

4.253 X 10-6 -67.862 x 10 6.973 x 10 2.712 x 10

-5 -5
5.692 X 10-6 3.438 X 10-6

2.223 x 10-
6

0.5 5.301x10 1.213 x 10

-5 -6
4.429 X 10-6 2.773 x 10-6 1.824 X 10-60.55 3.512 x 10 8.337 X 10

0.6
-5.

5.219 x 10-
6

2.973 X 10-6 1. 941 X 10-6 1.408 X 10-62.139 x 10

-6 -6 1.435 X 10-6
, 9.565 X 10-7 6.696 X 10-7

0.65 9.087 x 10 2.296 x 10
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TABLE C-7 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO Pf~ > ~*,a > a* ] (4-STORY lARS FRAl1E,
STRAIGHT-LINE SEISMIC RISK~ax- max

a >
~ > 1 ~ > 2 ~ > 3 ~ > 4 ~ > 5max -

(g)

-3 2.229 x 10-3 -3 6.492 x 10-4 -40.0175 7.223 x 10 1.011 x 10 4.382 x 10

0.035 -:1 2.213 x10-3 -3 6.476 x10-4 4.371 x 10-47.112 x 10 1.007 x 10

-3 2.182 x 10-3 1.000 x 10-3 6.442 xlO-4 -40.06 6.888 x 10 4.348 x 10

-3 2.106 x 10-3 9.832 x 10-4 -4 -4
0.1 6.381 x 10 6.358 X10 4.298 x 10

-3 1.898 x 10-3 -4 6.127 xl0-4 -40.15 5.017 x 10 9.369 x 10 4.159 xlO

-3 1.668 x 10-3 8.604 x 10-4 -4 -4
0.2 3.832x10 5.653 xlO 3.901 xlO

-3 1. 393 x 10-3 7.725 x 10-4 -4 -40.25 2.879 x 10 5.232 x 10 3.671 x I0

-3 1.155 x 10-3 -4 -4 -40.3 2.166 x 10 6.752 x 10 4.692 x 10 3.455 x 10

-3 9.455 x 10-4 -4 -4 -4
0.35 1.658 x 10 5.904 x to 4.130 x 10 3.093 xlO

-3 7.626 x 10-4
4.989 x 10-

4 -4 -4
0.4 1. 267 x 10 3.548 x 10 2.677 x 10

-4 5.836 x 10-4 -4 -4 -40.45 9.233 x 10 3.978 x 10 2.890 x lO 2.211 x 10

6.449 x 10-4 4.240 x 10-4 3.005 x 10-4 -4 -40.5 2.266 xlO 1. 737 x 10

-4 -4 -4 -4 -40.55 4.559 x 10 3.099 x 10 2.272 x 10 1.748 x lO 1. 349 x 10

-4 2.008 x 10-4 -4 -4 -5
0.6 2.856 x 10 1.513 x 10 1.189 x 10 9.230 x 10

-4 8.731 x 10-5 6.652 x 10-5 -5 -5
0.65 1.172 x 10 5.405 x 10 4.241 x 10
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TABLE C-8 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO P[~ > ~*,a > a* ] (10-STORY lARS FRAME,
STRAIGHT-LINE SEISMIC RISK~ax - max

a >
~ > 1 2 ~ > 3 J1 > 4max - ~ > ~ > 5

(g)

-2 3.188 x 10-3 1.423 x 10-
3 8.761 x 10-

4 6.171 x 10-4
0.0175 1.029 x 10

0.035 1.010 x 10-2 3.163 x 10-
3 1.417 x 10-3 8.737 x 10-

4 6.156 x 10-4

0.06 9.703 x 10-
3 3.111 x 10-3 1.407 x 10-3 8.688 x 10-

4
6.125 x 10-4

0.1 8.790 x 10-
3 2.989 x 10-

3 1.381 x 10-
3 8.572 x 10-

4
6.051 x 10-

4

0.15 6.570 x 10-
3

2.666 x 10-
3 1. 312 x 10-3 8~260 x 10-

4 5.855 x 10-
4

0.2 4.849 x 10-3 2.283 x 10-
3 1. 216 x 10-3 7.839 x 10-4 5.587 x 10-4

0.25 3.560 x 10-
3 -3 1.094 x 10-3 7.265 x 10-4 5.224 x 10-4

1. 889 x 10

0.3 2. 641 x 10-
3 -3 9.425 x 10-

4 6.433 x 10-4 4.715 x 10-4
1.543 x 10

0.35 2.000 x 10-
3 1.250 x 10-3 8.040 x 10-4 5.660 x 10-

4 4.230 x 10-4

0.4 1.518 x 10-3
9.924 x 10-

4 6.751 x 10-
4 4.870 x 10-4 3.668 x 10-

4

0.45
-3 -4

5.328 x 10-
4

3.945 x 10-4 3.029 x 10-
4

1.095 x 10 7.502 x 10

0.5
-4 -4 3.981 x 10-

4
3.037 x 10-

4 2.361 x 10-
4

7.531 x 10 5.407 x 10

-4
3.896 x 10-

4
2.969 x 10-

4 -4
1.820 x 10-

4
0.55 5.230 x 10 2.313 x I0

0.6 3.235 x 10-
4

2.486 x 10-
4 1.958 x 10-

4
1.555 x 10-

4 -4 .
1.235 x 10

0.65 1. 314 x 10-
4 1.039 x 10-

4
8.481 x 10-

5 6.818 x 10-5 5.488 x 10-5
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TABLE C-9 NORMALIZED ANNUAL EXCEEDANCE PROBABILITY OF 1st-STORY LOCAL
DUCTILITY RATIO PI~ > ~*,a > a* ) (16-STORY lARS FRAJlli,
STRAIGHT-LINE SEISMIC RISK~ax - max

a >
~ > 1 ~ > 2 ~ > 3 11 > 4 ~ > 5max -

(g)

0.0175 1. 076 x 10-2 2.736 x 10-3 1. 273 x 10-3 7.932 x 10-4 5.426 x 10-4

0.035
-2 2.723 x 10-3 1.269 x 10-3 7.913 x 10-4 5.413 x 10-41.054 x 10

0.06 -2 2.696 x 10-3 1.261 x 10- 3 7.782 x 10-4 5.386 x 10-41. 012 x 10

0.1 9.157 x 10-3 2.630xI0- 3 1. 243 x 10- 3 7.776 x 10-4 5.325 x 10-4

0.15
-3 2.457 x 10- 3 -3 7.510 x 10-4 5.158 x 10-46.891 x 10 1.190 x 10

0.2 5.055 x 10-3 2.227 x 10-3 1.119 x 10-3 7.158 xIO-
4 4.928 x 10-4

0.25 3.736 x 10-3 1. 891 x 10-3 1.024 x 10-3 6.661 x 10-4 4.622 x 10-4

0.3 2.762 x 10-3 1.555 x 10-3 9.048 x 10-4 6.077 x 10-4 4.244 x 10-4

0.35 2.105 x 10-3 1.273 x 10-3 7.775 x 10-4 5.391 x 10-4 3.820 x 10-4

0.4 1.606 x 10-3 -3 6.520 x 10-4 4.617 x 10...-.4 3.312 x 10-41. 021. x 10

0.45 1.166 x 10-3 7.778 x 10-4 5.189 x 10-4 3.753 x 10-4 2.734 x 10-4

0.5 8.066 x 10-4 5.633 x 10-4 3.922 x 10-4 2.899 x 10-4 2.135 x 10-4

0.55 5.659 x 10-4 4.116 x 10-4 2.952 x 10-4 2.233 x 10-4 1. 655 x 10-4

0.6 3.530 x 10-4 2.653 x 10-4 1. 954 x 10-4 1.501 x 10-4 1.123 x 10-4

0.65 1.447 x 10-4 1.131 x 10-4 8.564x 10-5 6.652 x 10-5 4.989 x 10-5




