RELIABILITY ANALYSIS OF CABLE STAYED
BRIDGES UNDER EARTHQUAKE FORCES

By

REHAN AHMAD KHAN
DEPARTMENT OF APPLIED MECHNAICS

Submitted

in fulfillment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

INDIAN INSTITUTE OF TECHNOLOGY, DELHI
HAUZ KHAS, NEW DELHI - 110 016, INDIA

JUNE 2003



©Indian Institute of Technology, New Delhi, 2003



sagpaeoamor %44
M-»Mwmwwm
R
e 2 i’

U . DELEE
(e AR
M@Iﬂ,.z)g ;wwz .rT

e

S ﬁ}w

5):‘;;’ PROCES o Wﬂﬁf}

g >
%’w NENPRPVI Y it g e S

.

T H
& AN R REALRS

\(ﬁw ek =



DEDICATED TO MY

PARENTLS



CERTIFICATE

This is to certify that the thesis entitled, “Reliability Amnalysis of Cable
Stayed Bridges Under Earthquake Forces™, being submitted by Mr. Rehan Ahmad
Khan, to the Indian Institute of Technology, Delhi, for the award of the Degree of
'DOCTOR OF PHILOSOPHY” in Applied Mechanics, is a record of the bonafide
rescarch work carried out by him under our supervision and guidance. He has fulfilled
the requirements for submission of this thesis, which to the best of our knowledge, has

reached the requisite standard.

The material contained in this thesis has not been submitted in part or full to

any other University or Institute for the award of any degree or diploma,

/¢

(Dr. Suhail Ahmad) (Dr. T.K. Datta)
Associate Professor Professor

Applied Mechanies Department Civil Engineering Department
Indian Institute of Technology Delhi Indian Institute of Technology Delhi
New Delli =16, INDIA. New Delhi -16, INDIA.

June 2003



ACKNOWLEDGMENTS

I express all my gratitude to Almighty Allah - Lord of the heavens and the
earth, for successful completion of this thesis under the able guidance of Prof. T. K.
Datta and Dr. Suhail Ahmad. 1 shall always be indebted to them for their invaluable
guidance, help, inspiration and constant encouragement throughout this study. May

Almighty Allah give them a better return in this life and life to come.

[ also feel immense pleasure in expressing my profound regard, deep sense of
gratitude, heartiest devotion to Prof. I.H. Khan, Prof. S. S. Nabi (Head & Dean), Prof.
N.U. Khan, Prof. Khalid Moin, Prof. Mehtab Alam and Prof. Mohd. Shakeel,

Department of Civil Engineering, JMI for their enthusiasm and encouragement to

complete this work,

I could not able to find words to acknowledge Prof. S.Q.A. Naqvi (Head,
AM.U), Prof. Qamruddin, Prof. A. K. Jain, Prof. P.C. Dumir, Prof. R.K. Pandey, Dr.
N. A. Siddiqui and Dr. M. S. Jaffri for their valuable suggestions and fruitful
discussions on Dynamic and Reliability Analysis of Structures. I also extended my
sincere thanks to Dr. Quamrul Hasan, Dr. Ziauddin Ahmad, Dr. Mohd. Shareef, Dr.
Gauhar Mahood, Dr. S.M. Abbas, Dr. Nazrul Islam, Mr. Naved Ahsan, Mr. Kafeel
Ahmed, Dr. M. K. Bharadwaj, Dr. M. M. Rao, Dr. (Mrs) Tabassum Naqvi, Dr.
Arshad Umar, Mr. Rizwan A. Khan, Mr. Pramod K. Gupta, Mr. Zahir Hasan, Mr.
Nadeem Ahsan, Mr. Adnan, Mr. Praveen, Mr. Senthil and many others for their
ingpiration and time to time help. My sincere thanks are also to Dr. (Mrs.) S. Karunces
for not only understanding my problems but also feeling them and giving me

encouragement all the time.

I am grateful to Dr. Shriram Hedge, Shri. Kailash Chand and Shri. V.S. Rawat
for their help in facilitating the computational facilities during the course of this work.
| am algo thankful to the faculty and staff of Applied Mechanics Department for their

assistance and cooperation,

The author is thankful to the authorities and faculties of Civil Engineering

Department of Jamia Millia Islamia for their help and moral support.



The author attributes the successful completion of this thesis to the sincere
prayers, continuous support, love and affection of my parents, brothers, bhabi’s and
their children. They have always been a major source of motivation and strength for

all time endeavors.

Finally, I would like to thank all those who help me directly or indirectly in

completion of this rescarch work.

(Rehan Ahmad Khan)



ABSTRACT

A comprehensive study of reliability of cable stayed bridges for seismic
excitation modeled as a stationary random process is presented. The objectives of the
study include: (i) to present an analysis procedure to determine the reliability of cable
stayed bridges against first passage failure; (ii) to obtain annual damage probability
index of cable stayed bridges using the concept of damage probability matrix; (iii) to
present a simplified probabilistic risk analysis (PRA) of cable stayed bridge for
locations which do not have much recorded earthquake data; (iv) to extent the above
PRA of cable stayed bridge for base flexibility including soil — structure interaction;
and (v) to conduct an extensive parametric study on two examples of cable stayed
bridges in order to highlight the effect of some important parameters on the reliability
estimates for seismic excitation,

Reliability analysis of cable stayed bridges against first passage failure is
obtained using the method of crossing analysis and poisson’s model. The probability
of failure is determined by integrating the conditional probability of failure for a
specified magnitude of earthquake with its probability density function.

The annual probability of occurrence of different damage states at the critical
section of the bridge is obtained using frequency domain spectral analysis with psdf
of ground motion defined in terms of earthquake intensity. For each earthquake
intensity, the annual probability of occurrence of different damage states are obtained
by finding the probability of peak stress exceeding a certain value. In this manner, a
damage probability matrix (DPM) is determined for three damage states and four
intensitics of earthquake. The damage indices are obtained by combining DPM with

the annual probability of occurrence of different earthquake intensities.
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A simplified PRA procedure for obtaining the reliability of cable stayed
bridges is presented for a region, which is surrounded by three carthquake sources
having scanty earthquake data. The method of analysis uses risk consistent free field
response spectrum and the hazard curves as inputs. They are obtain by assuming the
occurrence of earthquake to be a poisson’s process and by using an empirical
relationship between the magnitude of earthquake and the spectral ordinate for a given
time period, and a number of attenuation laws. The mean peak response of the bridge
is obtained by the response spectrum method of analysis developed for multi-point
excitation like cable stayed bridges. The uncertainties included for the reliability
analysis are considered those arising due to seismic input, material properties,
modeling, analysis procedure, ductility effect and damage concentration effect. The
probability of mean peak response being greater than the capacity of the section is
obtained by First Order Second Moment (FOSM) theory of reliability method. The
fragility curves are drawn to denote probabilities of failure for different values of peak
ground acceleration. Since base flexibility is important for soft soil condition, the
PRA of the bridge is obtained by also considering soil — structure interaction. For this
purpose, an equivalent modal energy method is used in which soil is replaced by
spring — dashpot system.

Two cable stayed bridges are considered as illustrative examples. The first one
is harp type system and the second one is fan type system. The effects of important
parameters on different types of probability of failure are studied for the two bridges.
The parameters include: nature of ground motion, spatial correlation of ground
motion, angle of incidence of earthquake, ductility, different uncertainty factors, ratio

between the components of ground motion, duration of carthquake, soil condition and

base flexibility.



Some of the important results of the study show that (i) uncorrelated ground
motion provides lower estimates of the reliability and higher damage indices as
compared to the fully correlated ground motion; the difference between the two is
significantly more for the soft soil; (ii) the ratio between the components of ground
motion and the angle of incidence of earthquake have considerable influence on the
reliability estimate; and major and moderate damage indices; (iii) the probability of
failure increases with the relative increase in the vertical component of ground motion
for both soft and firm soil conditions; (iv) the standard deviation of uncertainty factors
has a moderate influence on the probability of failure when they are varied one at a
time; when all the variables are simultaneously increased or decreased, there is a
considerable change in the probability of failure; (v) the base flexibility due to soil —
structure interaction provides higher probability of failure; (vi) a free field response
spectrum corresponding to the white noise at the bedrock as input provides higher
probabilities of failurc as compared to risk consistent response spectrum; (vii) the
effect of different parameters on the probabilities of failure is similar for both fan and

harp type bridges.
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