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ABSTRACT

Vulnerability analysis of structures using a simplified probabilistic risk
analysis (PRA) procedure is presented for regions for which very little recorded
earthquake data is available. For the analysis, risk consistent seismic mputs
namely, the hazard curve, the risk consistent response spectrum and the PGA
levels are used. The study consists of two parts. In the first part of the study, a
methodology is presented for obtaining the hazard curve and risk consistent
acceleration response spectrums in regions where little or no earthquake data is
available. In the second part of the study, a simplified PRA procedure for
obtaining the probability of failure of the structures and annual frequency of

failure 1s presented.

For the first part of the study, the hazard curves for a site is obtained by
assuming the arrival of earthquake to be a Poisson process. The probability of
exceedances of a PGA level for constructing the hazard curve is obtained by
weighting the conditional probability of exceedance of PGA level for a given
magnitude of earthquake with the probability density function of the magnitude
of earthquake. The effects of different earthquake sources influencing the site
are duly combined to obtain the final probability of exceedance of a PGA level.
The conditional: probability is obtained by performing a variance analysis of a
number of existing attenuation laws. It is assumed that the PGA value at the site
is a random variable for a given magnitude of earthquake M which can assume
any one of the 24 values predicted by the 24 attenuation laws. The hazard curve

thus obtained is valid for the bedrock level since all the attenuation laws are
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generally given for bedrock or hard soil condition. In order to obtain the hazard
curve for the free field, PGA amplification due to the overlying soil is duly
considered, and the hazard curve is accordingly modified to take into consideration
the effect of the overlying soil.  Using this hazard curve, a probabilistic
microzonation of a region is presented which is surrounded by a number of
earthquake sources. Also, a siﬁlpliﬁed microzonation techﬁique 1s presented which
provides a probability of exceedance of different PGA levels in each microzone.
Although the information derived from microzonation study is very useful but it is
not directly used as seismic input for a probabilistic analysis procedure (PRA
Analysis). The information include effects like effect of soil amplification on the
hazard curve, effect of soil nonlinearity in modifying the peak ground acceleration,

frequency contents of the ground acceleration and Fourier amplification.

Risk consistent normalized spectrum at the bedrock level is obtained
by assuming certain existing empirical relationship, which expresses the ordinates of
the normalized acceleration response spectrum in terms of magnitude and
epicentral' distance of earthquake. Mean and standard deviation of spectral
ordinates are then made risk consistent by weighing them with the conditional
probability of occurrence of different levels of PGA given certain magnitude of
ecarthquake ordinates. The risk consistent response spectrum thus obtained 1s
valid for bedrock level. Modification of the risk consistent response spectrum for
the soil effect is carried out by a random vibration analysis for linear uniform
soil a;ld by a simulation procedure for nonlinear uniform or multi-layered soil. A

parametric study is carried out to show the effect of soil condition on the risk
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consistent response spectrum, frequency contents of free field ground motion and

its power spectral density function.

In the second part of the study, a simplified PRA procedure is outlined.
The method considers risk consistent response spectrum (developed for a site
having very less recorded earthquake data) as seismic input and obtains a set of
equivalent lateral load on the structure for the seismic effect. Apart from the risk
consistent spectrum, free field acceleration response spectrum for white noise
mput at the bedrock is also used as an earthquake input. Using the lateral load
and a superimposed gravity load, a plastic analysis is performed to identify the
probable mechanisms of failure for the structure. For an assumed mechanism of
failure, the probability of failure of the structure is determined by the first order
second moment (FOSM) method. For this purpose, a simplified technique is
evolved in which the location of the last hinge formed in the structure is
assumed. For that section, the response (bending moment produced due to the
lateral load and the vertical load) is computed. The response at the section is
then multiplied by four factors, which take into consideration uncertainties of
earthquake loading, modelling of the structure and uncertainty simplifications in
the analysis and material behaviour. The four factors are assumed to be
lognormally distributed random variables having median value to be unity. The
lognormal standard deviations of these random variables are either computed or
suitably chosen from the existing literature. The capacity of the section is
similarly multiplied by two random variables in order to take into account
ductility and damage concentration effects. Both random variables are again

assumed to be lognormally distributed with certain specified median value and



logarithmic standard deviation. Both capacity and response of the section are
finally assumed to be lognormally distributed random variable with specified
mean values and standard deviations With these values, the probability of failure
at the cross section is determined using the FOSM. The proposed method is
illustrated by finding the fragility curves and annual frequency of failure
(obtained by combining the fragility curve and the hazard curve) for three
structures namely, 12 storey steel frame, 9 storey concrete frame and 3 storey
- masonary wall. An extensive parametric study is conducted to investigate the
effect of many important parameters on the fragility curves and the annual
frequency of failure of these structures. The parameters include the effect of soil
conditions i.e. stiffness of the soil (denotg:d by shear wave velocity), soil
nonlinearity, the nature and the frequency contents of seismic input, the

uncertainty factors etc.

The simplified PRA procedure is then extended to obtain the probability
of failure for flexible base structures. Base flexibility is assumed to be caused by
soil structure interaction. A spring dashpot system is used to represent the base
flexibility due soil structure interaction. Modal spectral analysis 1s used to obtain
the equivalent lateral load by obtaining an equivalent modal damping using
energy approach. With the set of equivalent lateral load and the set of
superimposed vertical load, similar analysis as described above is performed to
obtain the probability of failure of the flexible base structures. The analysis is
presented for two types of seismic inputs namely, risk consistent response
spectrum and the white noise input at the bedrock level which can duly take into

account damping of the system for obtaining the lateral load. The method is
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applied to obtain the fragility curve for the same 12 storey steel frame with
flexible bases. An extensive parametric study is conducied to investigate the
effect of different important parameters on the fragility curve and the annual
frequency of failure. The parameters mclude soil condition such as stiff and soft

soil. nonlinearity of the soil, mput spectrum and the degree of base flexibility.

Vil



CONTENTS

Page No.
CERTIFICATE i
ACKNOWLEDGEMENTS i
ABSTRACT 1
CONTENTS viii
LIST OF FIGURES Xiv
LIST OF TABLES XX1l
1 INTRODUCTION 1
1.1 INTRODUCTORY REMARK 1
1.2 VULNERABILITY ANALYSIS OF STRUCTURES 2
1.3 REVIEW OF EARLIER WORKS 4
1.4 NEED FOR THE PRESENT STUDY 7
1.5 OBJECTIVES OF THE STUDY 8
1.6 ORGANIZATION OF CHAPTERS 9
2 LITERATURE REVIEW 16
2.1 INTRODUCTORY REMARK 16
2.1.1  Seismic risk 16
2.1.2  Seismic microzonation 20
2.1.3  Soil Amplification 26

2.1.4  Seismic risk analysis of structures

3 HAZARD CURVE AND PROBABILISTIC MICROZONATION

3.1

3.2

3.3

INTRODUCTORY REMARK
ASSUMPTIONS

SEISMIC HAZARD CURVES

Vil



3.3.1 Exponential distribution
3.3.2  Gumbel type-1 distribution

3.3.3 Attenuation law and construction of
conditional probability

3.4  PROBABLISTIC MICROZONATION WITH

RESPECT TO PGA
3.5 EFFECT OF SOIL AMPLIFICATION ON GROUND MOTION
3.5.1 Frequency domain spectral analysis
3.5.2 Simulation Procedure
3.6 FOURIER AMPLIFICATION DUE TO SOIL
3.7  NUMERICAL EXAMPLE
3.7.1 Effect of epicentral distance on PGA'values
3.7.2 Hazard curve for a site
3.7.3 Effect of occurrence rate of earthquake on haza}fd curve
3.7.4 Effect of soil condition on the hazard curve
3.7.5 Effect of soil nonlinearity on the hazard curve
3.7.6 Effect of distribution of earthquake magnitude
on the hazard curves
3.7.7 Effect of soil condition on the free field ground motion
3.7.8 Microzénation of the region
3.8 CONCLUSIONS
TABLES
FIGURES
RISK CONSISTENT SEISMIC INPUT
4.1  INTRODUCTORY REMARKS
42  ASSUMPTIONS

ix

43

46

49

51

51

52

53

54

55

55

56

56

59

61

65

68

91

91

92



43  DEVELOPMENT OF RISK CONSISTENT
RESPONSE SPECTRUM
44  GENERATION OF THE FREE FIELD RESPONSE
SPECTRUM
4.4.1 Frequency domain spectral analysis
4.4.2  Simulation procedure
4.4.3 PGA amplification and Fourier amplification
4.5  NUMERICAL STUDY
4.5.1 Response spectrum at the bedrock level
4.5.2  Effect of epicentral distance from the sources
4.5.3 Effect of attenuation laws
4.5.4 Effect of the constant a(T), b(T), ¢ (T)
455 F req_uency.characteristics of the risk
consistent mput
4.5.6 Effect of soil condition on free field
absolute acceleration
4.5.7 Effect of soil nonlinearity
4.6 CONCLUSIONS
TABLES
FIGURES
SIMPLIFIED PROBABILISTIC RISK ANALYSIS
OF STRUCTURES
5.1 INTRODUCTORY REMARK
52  PRA PROCEDURE

5.2.1 Response analysis of the frame
5.2.2 Determination of the probability of failure
5.2.3  Generation of dominant mechanisms

5.2.4 Heuristic technique

95

95

97

98

98

99

99

100



53

54

5.5

5.6

5.7

5.8

5.2.4.1 Search for plastic hinge locations

5.2.4.2 Selection of first hinge and first
dominant mechanism

5.2.4.3 Branching Strategy
RELIABILITY ANALYSIS OF RCC FRAMES
5.3.1 Automatic generation of dominant mechanism
5.3.2  Checking of plastic rotations
PROPOSED METHOD

UNCERTAINTY FACTORS CONSIDERED FOR THE
EVALUATION OF PROBABILITY OF FAILURE

5.5.1 Evaluation of F,
5.5.2 Evaluation of F,
5.5.3 Evaluation of F,
5.5.4 Evaluation of F4
5.5.5 Evaluation of Fs
5.5.6 Evaluation of Fg

DETERMINATION OF THE PROBABILITY OF FAILURE
AND THE ANNUAL FREQUENCY OF FAILURE

DETERMINATION OF THE PROBABILITY OF FAILURE
OF MASONARY WALLS

NUMERICAL STUDY
5.8.1 Twelve storeyed steel frame

5.8.1.1 Effect of the location of the last
hinge formed

5.8.1.2 Comparison between fragility curves
for different mechanisms

5.8.1.3 Effect of soil conditions

5.8.1.4 Effect of the input response spectrum at the
bed-rock level

X1

141

144

144

145

147



5.8.1.5 Annual frequency of failure 148
5.8.1.6 Effect of factors F(i),1=21t0 6 149
5.8.1.7 Effect of ductility : 150

5.8.2  Probability of failure for nine storeyed )
concrete frame 150

5.8.2.1 Comparison between the fragility
curves for different mechanism 151

5.8.2.2 Effect of soil conditions 152

5.8.2.3 Effect of the mput response spectrum

at the bedrock level 153
5.8.2.4 Annual frequency of failure 154
5.8.2.5 Effect of factors F(1),1=21t0 6 155
5.8.2.6 Effect of ductility 156
5.8.2.7 Effect of rotation failure 156
5.8.3 Three storeyed masonary wall 157
59  CONCLUSIONS 158
TABLES 162
FIGURES 167
ANALYSIS OF STRUCTURES INCLUDING SOIL STRUCTURE
INTERACTION 203
6.1 INTRODUCTORY REMARK 203
6.2  DYNAMIC SOIL STRUCTURE INTERACTION
PROBLEM 204
6.3  EQUIVALENT MODAL DAMPING & RESPONSE
SPECTRUM ANALYSIS 206
6.4  DETERMINATION OF THE PROBABILITY OF
FAILURE 211
6.5 NUMERICAL STUDY 211
6.5.1 Failure mechanisms for flexible base building 213

X1



6.5.2 Effect of base flexibility on fragility curves 213

6.5.3 Effect of factors F( 1), (i=2 to 6) 215

6.5.5 Effect of input response spectrum on the
probability of failure 215
6.6  CONCLUSIONS 216
TABLES 219
FIGURES 221

7 CONCLUSION AND RECOMMENDATION FOR
FUTURE WORK 231
7.1 CONCLUSIONS 231
72  RECOMMENDATION FOR FUTURE WORK 237
REFERENCES 239
APPENDIX-I 24 ATTENUATION LAWS ' 252
APPENDIX-II MONTE CARLO SIMULATION 255

APPENDIX-IIX NONLINEAR SOIL MODEL 256

X111



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16

