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ABSTRACT

The dissertation comprises three areas of research: reliability analysis of truss
and frame structures, parametric sensitivity analysis and use of simulation based

techniques to estimate reliability.

In the first part of the thesis, we extend currently used reliability analysis pro-
cedures for truss and frame structures to allow more realistic modeling of non-linear
behaviour. Current procedures are restricted to structure models with “two-state”
elements and static proportional loads. The elements, semi-brittle truss members and
rigid-plastic hinges, can be in either their initial (safe) state or their yielded (failed)
state. Structure failure can be defined in terms of sequences of element failures and
the structure failure event can be formulated as a union of intersections of element
failure events. First order reliability methods are then used to compute the structure
reliability. We extend this methodology to truss structures with multi-state elements
under proportional and non-proportional loads. We also extend it to frame structures

with moment /axial-force interaction effects.

The second part of the thesis focuses on a different aspect of system reliability,
namely the sensitivity of the failure probability to the distribution parameters (eg.,
the means and variances of the random variables). A new method is presented for
estimating the sensitivity in the context of simulation schemes. The method requires
only marginally extra computation and can be used with a wide range of simulation
techniques including Monte Carlo simulation, Latin hypercube sampling, stratified
sampling, importance sampling and conditional expectation. A new approach to
estimate sensitivities in the context of First and Second Order Reliability Methods

is also presented. This approach can be used for component and system problems.
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The last part of the thesis advances the use of simulation based methods for
estimating reliability. These methods can be applied to a wider range of problems
than currently popular first and second order reliability methods. But these methods
are efficient only if one has a priori knowledge about the important regions of the
failure domain (i.e., which regions have a a significant contribution to the failure
probability). Usually, such @ priori knowledge is not available. However, as the
simulation proceeds, knowledge about the failure domain increases and it is possible
to develop adaptive schemes which constantly modify themselves to incorporate the
increasing knowledge base. In this last part of the thesis, two such adaptive scheme
are presented. One of the schemes is based on importance sampling while the other
involves a combination of importance sampling and conditional expectation. Both

schemes are found to far more effective than existing simulation methods.



ACKNOWLEDGEMENTS

The highlight of my stay at Stanford has been the opportunity to work with
Professor C. Allin Cornell. His in-depth knowledge of reliability, breadth of experi-
ence, enthusiasm for research and sense of humor have been a source of inspiration
for me. I am especially grateful to him for encouraging me to explore a wide range
of problems in structural reliability rather than restricting me to one of the many
fascinating, but specific, applications that I came across during my research.

It has also been a pleasure to work with Dr. Peter Bjerager. My discussions
with him during his stay at Stanford have enhanced my understanding of structural
reliability and greatly influenced my research work.

I would like to thank Professors Haresh Shah and Anne Kiremidjian for their
constant encouragement and support during the past five years. Professor Robert
Bea has provided a much needed practical perspective, especially for the work on
the reliability of truss and frame structures. Professor Winterstein’s review and
comments on the section on sensitivity measures have been very heipful; he has also
been an invaluable resource on probability theory.

Dr. Rabi De has been a great friend and colleague. I have enjoyed working
with him on the systems aspect of offshore structural reliability.

The technical support provided by Dr. Bernhard Stahl, Amoco Production
Company, Tulsa, Dr. Hugh Banon of Exxon, Houston, Dr. Dick Litton of PMB
Systems Inc., San Francisco and Dr. Jeff Geyer, SRI International, Palo Alto was
greatly appreciated. I would also like to acknowledge the financial support from the
36 sponsors of the 1986-88 Joint Industry Project on Offshore Structural Systems
Reliability, managed by Dr. Bernhard Stahl. Additional funding was provided by

the Reliability of Marine Structures Program whose sponsors include Amoco, A.S.

vi




Veritas Research, Bureau Veritas, Chevron, Conoco, Elf Aquitane, Exxon, Saga,
Shell and Statoil.

The Blume Center has been a great place to work in. Professor Krawinkler
and Ms. Jan Bailey have been very helpful. The students have been friendly and
supportive. In particular, I would like to acknowledge Yves Guenard, Mohan Sharma,
Michele Lamarre, Yaacob Ibrahim, Ajay Lavakare and Peter Tsai.

Lance Manuel, Rajan Vasudevan and Shen-Chyun Wu have been good friends
and office mates. Their help in the final stages of this dissertation has been invaluable;
Rajan for the figures and Lance and Wu for putting together the entire document.

Last, but not least, I would like to thank my friends from outside the depart-
ment for making my stay at Stanford a memorable one. In particular, I would like
to thank Jaggi and Leni Ayyangar, Haren and Babul Almaula, Sonoo Thadaney,
Sharat Israni, Gail Kaiser, Mark Anderton, Tony Davis and Martha Swearingen for
being great companions and providing a home for the homeless. I would also like
to acknowledge the support of Conevery Bolton, Arif Merchant, Karen Czamanske,
Whitney Smith, Michele Wellck, Sanjai Bijawat and B.S. Anand. My cousin Valmik

Ahuja has been a great companion over the past five years.

To my parents.

vii




Contents

1 INTRODUCTION 2
1.1 Reliability Analysis of Truss and Frame Structures . . . . ... ... 3
1.2 Parametric Sensitivity and Importance Measures . . . . . ... ... 5
1.3 Adaptive Hybrid Approaches . . .................... 6

I RELIABILITY ANALYSIS OF TRUSS AND FRAME
STRUCTURES 8

2 TRUSSES WITH MULTI-STATE ELEMENTS AND UNDER PRO-

PORTIONAL LOADING 13
2.1 Fixed trajectory inloadspace . . .. .................. 18
2.2 Random trajectory in loadspace . ................... 35
2.3 Conclusions and recommendations for future research . . .. .. .. 39

3 TRUSSES WITH MULTI-STATE ELEMENTS AND UN DER NON-

PROPORTIONAL LOADING 40
3.1 Piece-wise linear load paths . . .. .............. . .. . . 41
3.2 General non-linear load paths . .. . ... .......... ... . 55

viii




4 MOMENT-AXIAL FORCE INTERACTION IN FRAME STRUC-

TURES 61
4.1 Deterministicmodels . . .. ...................... . 63
4.2 Probabilisticcontext . . . ... ............... . ... . 72
4.3 Comments and conclusions . . ..................... 77

I PARAMETRIC SENSITIVITY AND IMPORTANCE

MEASURES 79
5 SIMULATION BASED APPROACHES 82
5.1 Monte Carlo Simulation . .. ...................... 83
5.2 Applications to other simulation based schemes . . ... ... .. .. 97
5.3 Other applications of the proposed approach . ............ 103
5.4 Importance Measures. . ... ............. .00 u... .. 105
95 Conclusions . .. ...... ... ... .. ... .. .. ... 109
6 FIRST AND SECOND ORDER METHODS 110
6.1 Reviewof FORMandSORM ... .................. . 111
6.2 Conventional approach for sensitivities of FORM estimates . . . . . 116

6.3 Proposed approach for computing sensitivity of FORM and SORM

estimates . ................ ... ... .. ... 120

64 Conclusions . . ........... ... ... ... ... ... .. .. . 127
III ADAPTIVE HYBRID APPROACHES 129
7 REVIEW OF CURRENT APPROACHES 132



7.1 Components, Modes and Systems - A Reliability Perspective . ... 134
7.2 First- and Second-Order Reliability Methods . ............ 138
7.3 Monte Carlo simulation ...................... . .. 146
74 Importancesampling . . ... ..................... . 149
7.5 Conditional expectation . .. ................... . .. 151
7.6 Importance sampling centered at points of maximum probability den-

SIEY o 154
7.1 Conclusions . .. ...................... ... .. .. 164
ADAPTIVE IMPORTANCE SAMPLING APPROACHES 166
8.1 Conventional Importance Sampling . .. ................ 168
8.2 Adaptive Importance Sampling - Concepts. .. ............ 179
8.3 Adaptive Importance Sampling - Version I. . .. ..... ... ... 190
8.4 Adaptive Importance Sampling - Version II . .. ........... 194
8.5 Concluding Comments . . . ..................... .. 230

ADAPTIVE HYBRID CONDITIONAL EXPECTATION APPRO-

ACHES 238
9.1 Conventioral Conditional Expectation . .. .............. 240
9.2 Hybrid Conditional Expectation Approaches. . .. ... ....... 249
9.3 Adaptive hybrid conditional expectation - Version I. . . . . .. ... 256
9.4 Adaptive hybrid conditional expectation - Version IT . . ... . ... 260
9.5 Directional Simulation . . ... ..... ... .. ... .. . . .. 266
9.6 Miscellaneous issues and recommendations for future work . . . ... 270
9.7 Concluding Comments . . ... .............. .. ... .. 277




A An Event-to-Event Strategy for Non-linear Structural Analysis 281

A.l1 Event-to-event strategy - The concept . . ............... 286
A.2 A new event-to-event strategy . .................... 202
A3 Examples . ............. ... ... ... .. 295
A.4 Comments on the proposed strategy . . . ............... 302
A.5 Extension to Frame Structures . .................... 303
A6 Non-proportionalloads . . . . .................... . . 310
AT Conclusions . .. ............ ... . .. ... 316

B A new interpretation of the FORM sensitivity estimates for com-
ponents 318

C Difficulties in defining a multimodal density with pre-specified
form and fixed ratio of densities at a given set of points 321

D Use of samples from different importance sampling densities in
estimating the failure probability 324

xi




List of Figures

2.1

2.2

2.3

2.4

25

26

2.7

3.1

3.2

3.3

3.4

3.5

3.6

4.1

4.2

Some examples of element force-deformation curves . . . . .. . . . .
A typical structure load-deflection responsecurve ., . .. ... ....

Types of proportionalloads . . .. ................ . . .

Schematic representation of some piece-wise linear load paths . . . .
Models for unloading . . . ... ................... . .

Ten-bar truss with multi-state elements and under a piece-wise linear
load . .. ...

Results of the reliability analysis assuming proportional loading . . .

Two models for non-linear load paths . . ... ........... .

Plasticity based interaction models . . .. .............. .

Single bay, plane frame structure . . ... ........... ... .

xii

42

43

52

53

55

56




4.3

4.4

4.5

4.6

4.7

5.1

5.2

6.1

6.2

6.3

6.4

6.5

7.1

7.2

7.3

74

7.5

8.1

Forces in sections 4 and 7 during the first two steps of the rigorous
analysis . . ... ... 67

Linear Approximation to the yield surface (Thoft-Christensen and

Murotsu approach) . . . . ................ .. ... . . . 68
Forces in the frame after section 7 has yielded (Bach-Gansmo and

Baadshaug approach) . ................... .. .. . . 70
Response using the proposed model (deterministic case) . ...... 71

Design point for hinge formation at sections 7 and 4 (proposed ap-
proach) . .. .......... ... 75

Change in failure probability vs. change in mean value of random

variable Xz . . . ... 106
Change in failure probability vs. change in standard deviation of

randomvariable X, . .................. ... . .. .. 106
FORM and SORM - a schematic representation . . . . ... ... .. 114
FORM for an intersection of three components . ..., ........ 115
For estimating sensitivities. . . .. . ... ... ....... ... . . 119
Failure surface in U-space for Example 6.1 . . . . ... ...... .. 123
Example problems involving intersections of components . . .. ., .. 125
Examples of components . . . .. ................... . 135

Example of an event with a smooth surface and two local minima . . 136

Examplesof Modes . . . .. .................... . . . 136
ExampleofaSystem . . .. ................ . ... .. . 137
Failure domains and Error domains . . .. ............... 163

Seven different importance sampling densities used in evaluating the
failure probability of the domain (40 - U /2 - U, /V2 < 00] ... 1M1

xiii



8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

9.1

9.2

9.3

9.4

Al

A2

A3

Histogram of 2000 failure probability estimates, interval is 1 x 10~ . 175

Bivariate sampling density with the same moments as the Ideal sam-
Plingdensity . ...................... .. ... .. . 178

Multimodal density, Adaptive importance sampling scheme I . ... 181
Multimodal density, Adaptive importance sampling scheme II . . . . 183
Multimodal sampling density - Adaptive importance sampling scheme
IT (large number of sample points, small value of dy and a reduced

standard deviation for each individual sampling density) . ... .. 184

“Equidistant” points, weights are proportional to the probability den-

SItY . 187
Distance between points is inversely proportional to the probability
density, equalweights . . ... ................ ... . . 187
Distance between points is inversely proportional to the probability
density, weights are proportional to the probability density . .. . . 187
Component with the “noisy” failure surface. . . . . .......... 214

Two random variable component with failure domain [4.0 —U, / V2

~U;/v2<0.0] (Exact py =3.17x107%) . . .. ......... . . 246
Two random variable component with failure domain (5.0 —U,/+v/2
—Uz/v2<0.0] (Exact py =2.87x10°7) ... .......... . 246
Two random variable component with failure domain [4.0 —/3U, /2
—02/2<0.0] (Exact py =3.17x107%) . . .. ........ ... | 246
Schematic representation of the second Adaptive Hybrid Conditional
Expectationapproach .. ...................... . . 261
General non-linear element model and structure response ... ... 282
Piece-wise linear element model and structure response ... ..., 284

Piece-wise linear models that can be used to represent slender buck-
lingmembers . . ... ... ... .. . .. ... .. ... 286

xiv



A4 Ten-bartrussof Example A.1 . ... .......... .. .. .. . . 296

A.5 Ten-bar truss of Example A.1 - Response ............... 297
A.6 Ten-bartrussof Example A.2 . .. ............ ..... . . 299
A.7T Ten-bartrussof Example A3 . ... ................ . . 301
A.8 Beam-column element (plane frame case) ............. .. 304
A.9 Plastic hinge formationmodels .. ................ ... . 308
AdOLoadpaths . .......................... .. .. . 310
A.llModels forunloading . . . . . .................. ... . 311
A.12 Behaviour at a load transition (1! is the unit load vector along seg-
ment S1 and 1°? is the unit load vector along segment S 2 ..... 312
A.13 Ten-bar truss subject to piece-wise linear loading . .......... 314

A.14 Response of Ten-bar truss subject to piece-wise linear loading . . . . 315

B.1 The true failure surfaces, the design points and the linear approxima-
tions under the original vector of parameters {3 and the new vector
B+AD . 319

B.2 Detail of the linear approximation, the location of the points ug, ,q.
and lin;an, and their distances from the origin ............ 319



List of Tables

5.1

5.2

5.3

5.4

5.5

5.6

6.1

6.2

7.1

8.1

8.2

Sensitivity estimates for Example 5.1 using the conventional ap-
proach (Af; =0.01) . ......................... . 87

Sensitivity estimates for Example 5.1 using the conventional ap-
proach (A =0.10) ... ........................ 87

Sensitivity estimates for Example 5.2 using the new approach (AQ); =
0.01) . .ot e 92

Sensitivity estimates for Example 5.3 using the new approach; failure
domain is [3.0 — 0.98 X, — 0.2X; < 0.0] and AQ; =001 ....... 94

Sensitivity estimates for Example 5.4 using the new approach; failure
domain is [3.0 —0.8X; —0.3464 X, — 0.3464 X5 — 0.3464X, < 0.0] and

A =001 ... .. 96
Normalized importance measures for four examples (All o’s are 1.0,

except ox, in Example 5.5 whichis 10.0) ... ... ... ... ... 108
Sensitivities of FORM estimates for Example 6.2 . .......... 126
Sensitivities of FORM estimates for Example6.3 . .......... 126

Failure probability estimates using the two different estimation pro-
cedures . . ... .. ... 162

Failure probability estimates using the different importance sampling
densities shown in Figure 8.1 . . ... ............ ... . . 172

Failure probability estimates using the adaptive importance sampling
scheme - Version I (See Table 8.3 for corresponding cov estimates) . 192




8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

8.13

8.14

8.15

8.16

Estimated cov of the failure probability estimates reported in Table
8.2

Failure probability estimates using the adaptive importance sampling
scheme - Version II (See Table 8.5 for corresponding cov estimates) .

Estimated cov of the failure probability estimates reported in Table
84 .

Estimated failure probability and cov for the component with true
failure probability of 2.27x 1072, . . . .. ... ... ... .. ... .

Estimated failure probability and cov for the component with true
failure probability of 9.87 x 1072, ., . ... ... ... . . ... ..

Estimated failure probability and cov for a component with two ran-
domvariables. . ...................... ... ... .

Estimated failure probability and cov for a component with eight
randomvariables.. . . ... ................. .. .. ..

Estimated failure probability and cov for a component with eight
random variables, four of which are important. . ...........

Estimated failure probability and cov for a component with eight ran-
dom variables, four of which four are important. Only the important
random variables are used in the adaptive importance sampling.

Estimated failure probability and cov for a component with a convex
parabolic surface (true failure probability ~ 2.85 x 10°%). .. ....

Estimated failure probability and cov for a component with a concave
parabolic surface (true failure probability ~ 2.1 x 10°%). .. ... ..

Estimated failure probability and cov for the component with a con-
cave parabolic surface using non-adaptive importance sampling (true
failure probability ~ 2.1 x107%). . ... ......... .. .. .. .

Estimated failure probability and cov for a component with a noisy
failure surface (true failure probability ~ 2.5 x 10°%). ........

Failure probability and cov estimates using subsets of the sample
points (“average” simulationruns) . ..................

197

209




8.17 Failure probability and cov estimates using subsets of the sample
points (“poor” simulationruns) . . ... ... ....... .. . .. . 222

8.18 Estimated failure probability and cov for a problem involving the
intersection of two components (true failure probability ~ 3.7 x 10~5) 227

8.19 Estimated failure probability and cov for the problem involving the
union of two components (true failure probability ~ 2.8 x 107%).
“Good” set of starting points . . .. ............ ... . .. 231

8.20 Estimated failure probability and cov for the problem involving the
union of two components (true failure probability ~ 2.8 x 107F).
“Poor” set of startingpoints . . . .................. . 232

9.1 Failure probability estimates for 5 components using the conventional
conditional expectation approach . . . . ... ............. 245

9.2 Failure probability estimates for 3 components usir)g conditional ex-
pectation approach with importance sampling on X (Sampling den-
sity is original density shifted to point of maximum Pz fx(X)). . 251

9.3 Failure probability estimates for 3 components using the conditional
expectation approach with importance sampling on X (Sampling
density is the ideal sampling density for a linear approximation to
the failure surface).. . . .. ... ... ... .. .. ... ... . 254

9.4 Failure probability estimates for 3 components using the first Adap-
tive Hybrid Conditional Expectation approach . ........... 259

9.5 Failure probability estimates for 3 compcnents using the second Adap-
tive Hybrid Conditional Expectation approach . ........... 263

9.6 Failure probability and cov estimates using subsets of the sample
outcomes (first adaptive hybrid scheme) . ............... 271

9.7 Failure probability and cov estimates using subsets of the sample
outcomes (second adaptive hybrid scheme) .............. 271

xvili







