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Abstract

The further development of performance-based earthquake engineering (PBEE) is on the
current agenda of the earthquake engineering community. A part of assessing the seismic
performance of civil engineering structures involves estimation of seismic damage. The
conventional approach to damage estimation is based on fragility functions that relate
some chosen parameters of structural response to incurred damage. Therefore, damage
prediction is based exclusively on the knowledge of the chosen structural response
parameters, meaning that damage analysis is uncoupled from the structural analysis. The
structural response parameters selected for use in damage analysis are usually referred to
as engineering demand parameters (EDP). In the present study, it is shown that for
structural damage estimation, the uncoupled damage analysis has deficiencies that lead to
less accurate damage prediction. These shortcomings originate from two sources: first,
dependence of practically all EDPs on structural damage and second, inexact damage
description. To overcome these deficiencies, another approach to structural damage
estimation is proposed. The proposed approach, besides using an EDP, uses all
information available from structural analysis that is relevant to the damage to be
assessed, implying that damage analysis is coupled with structural analysis. It is shown
that utilization of this additional information provides more accurate damage prediction.
The difference between the two approaches is studied by comparison of results of
damage estimation performed for a 2-D structural model of a reinforced-concrete frame.
The results show that difference between uncoupled and coupled damage analysis
estimates could be significant and that it depends on specific characteristics of the chosen

structural model and the damage model in a complex way, preventing the possibility of



estimating this error in a general form that is applicable to all practically possible cases.
Damage estimation is performed for various damage models that include both single and
multiple damage states. Since the final goal of seismic performance evaluation is
estimation of decision variables such as repair cost, downtime, etc., the two approaches to
damage estimation are also compared in terms of repair cost that is calculated for the
reinforced-concrete frame. A case where structural damage prediction is based on
observation of EDP alone, without a structural model available, is also studied. It is
shown that incorporating site-specific information can significantly change the damage

estimates and, therefore, may be worth doing.



Vi

Table of contents

I IEOAUCTION ...ttt ettt st e b e eeas 1
2 Methods and challenges of performance-based earthquake engineering ................... 7
2.1 Decision making for a real eState OWNET ..........c.eecuieriieriieriiieiieeieeie e 7
2.2 Methods of performance-based earthquake engineering.............cccccveeveennnnnne. 10
2.2.1 Overview of structural reliability theory for seismic safety ..................... 11
222 Performance-based earthquake engineering framing equation................. 13
2.2.2.1 Standard integral form for arbitrary decision variables.............c.......... 13

2.2.2.2  Evaluation of damage and decision variables............c.ccceeveerrrrriennnnnne. 15

2.2.2.3 Performance-based earthquake engineering framing equation............. 18
2.2.2.4  Fragility functions in PBEE framework ..............coccooiiiiiininniinne 23

2.3 Challenges of PBEE deSi@N ........cccuiiiiiiiiiiiiiiiieieeitee et 24

3 Theory of fragility fUNCHONS .......ccocuiiiiiiiiieiiecieeee e 31
3.1 Single damage State.........c.ceeeuieeiiieeiiieeieeeee e 31
3.1.1 Fragility functions of the structural members.............coceeiiiiiiiinnnnen. 36

3.2 Multiple damage States ........cceeviieriieiiieiie et 43
3.2.1 Fragility functions (not mutually exclusive damage states) ..................... 48
322 Selecting damage States ........c.ccecveeeiieeriiieeiie et e 49

4  Damage estimation coupled with structural analysis (single damage state)............. 53
4.1 EDP dependent on damage ..........cc.ceecuierieeiieniieeiieiieeieeee e 53
4.1.1 Methods of damage eStimation .............cccveereeecieenieerieenieeseeeee e 53
4.1.2 Structural model desCription..........cccvveeiciiieriiiieiiie et 58
413 Damage model .......ccooiiiiiiiiie e 60
4.1.4 Interpretation of the chosen damage model.............cccoeciiiiiiiiininnnnen. 64
4.1.5 Parameters of the damage model and ground motions..............cccceuenee. 65
4.1.6 Results and conClUSIONS .........coeiuieriiiiiiiiieieeicee e 67

4.2 Inexact damage state description (imperfect limit-state function).................... 80
4.2.1 Structural MOdel........cc.ooiiiiiiiiiiii e 82
4.2.2 Damage MOdel .......cccooviiiiiiiiieieeeee e 83
423 Model parameters for the methods of damage estimation........................ 84



vii

4.2.4 Results and cONCIUSIONS ........evueerieriiriinieeieeieieee e 89
4.2.5 Alternative damage models for uncoupled damage analysis..................... 98
4.2.5.1 Utilizing additional information about components................cccoeeenneee. 98
4.2.5.2  Utilizing multidimensional fragility functions.........c..cceceevervueniennenn 106

5  Damage estimation coupled with structural analysis (multiple damage states) ..... 111
5.1 Structural MOdel.......cc.coiiiiiiiiiii e 111
5.2 Damage MOl ......cueiieiiieeieee e e 112
53 REPAIT COSE ..ttt ettt et eas 115
54 RESUIS ittt 116

6  Combined methods of damage estimation..............ccceeevieriieeiienieeciierie e 153
6.1 Example of application ..........cccuvieeiiiiiiiieciie et 153
6.2  Damage states of reinforced concrete members ............ccoeeeviieniieiiinieenien. 158

7  The use of in-situ information for fragility functions ............cccecceevvievienreeiiennnnns 161
7.1 Generic fragility function (no in-situ information included) ..........ccc.ccceenneee. 162
7.2 Fragility function with in-situ information included ............cccoevevvierinnennnn. 164
7.3 Results and cONCIUSIONS ......cc.eeeiiiiiiiiieeiieie e 170

8  Conclusions and future reSearch ...........cocevieviiiiiriinieiinieeeeeeeceee e 177
O RETBIENICES ..ot 181
Appendix A. Probabilistic relation between damage states and repair methods. ........... 189
A.1 Available repair Methods ..........ceeciiieiiieiiieceeeeeeee e 189
A.2 Statistics of application of repair teChnIqQUEs ..........ccceeveneeiieniineiiieniceeicneenn 194

A.3 Relating damage states to repair efforts.........ccoevvevviierieiiiienienieeeeee e 195



viii

Table of Figures

Figure 2.1 Example of utility function for decision making based on safety. 7
Figure 2.2 Example of a decision making process for a real estate owner. 10
Figure 2.3 Implementation structure of the PEER PBEE framing equation. 22
Figure 3.1 Fragility functions for multiple damage states 47
Figure 3.2 Damage states probability space for different values of EDP 47
Figure 3.3 Original state space and redefined state space with corresponding probability

measures 51
Figure 4.1 Relations between the variables in the state space. 53
Figure 4.2 Uncoupled structural and damage analyses. 54
Figure 4.3 Coupled structural and damage analyses 55
Figure 4.4 Methods used for the sample case study damage estimation. 57

Figure 4.5. Reinforced concrete moment-resisting frame chosen for the case study. 59
Figure 4.6. Flexural members hysteretic rule: Q-HYST. 60
Figure 4.7 Relation between force-displacement history and observed damage states of a
reinforced concrete column (Tanaka and Park, 1990) 65
Figure 4.8. Expectation of damage E[N,] as a function of spectral acceleration, ground
motion LAITS. 73
Figure 4.9. Relative errors of estimation of E[N,] by different methods as a function of
spectral acceleration, ground motion LA15. 73
Figure 4.10. Variance of the damage estimate as a function of spectral acceleration,
ground motion LA15. 74
Figure 4.11. Coefficient of variation of the damage estimate as a function of spectral
acceleration, ground motion LA1S5. 74
Figure 4.12. Expectation of damage E[Nt] as a function of spectral acceleration, set of
ground motion records. 76
Figure 4.13. Relative errors of estimation of E[Nt] by different methods as a function of
spectral acceleration, set of ground motion records. 77
Figure 4.14. Variance of damage estimation as a function of spectral acceleration, set of

ground motion records. 77



iX

Figure 4.15. Coefficient of variation of the damage estimate as a function of spectral
acceleration, set of ground motion records. 78
Figure 4.16 Example of the yield surface of the flexural members (axial force - moment
interaction). 83
Figure 4.17. Expectation of damage E[N;] as a function of spectral acceleration for the
axial force-flexure interaction model, ground motion LA1S5. 92
Figure 4.18. Relative errors of estimation of E[N,] by different methods as a function of
spectral acceleration for the axial force-flexure interaction model, ground motion
LA15S. 92
Figure 4.19. Variance of damage estimation as a function of spectral acceleration for the
axial force-flexure interaction model, ground motion LA15. 93
Figure 4.20. Coefficient of variation of the damage estimate as a function of spectral
acceleration for the axial force-flexure interaction model, ground motion LA15. 93
Figure 4.21. Expectation of damage E[Nt] as a function of spectral acceleration for the
axial force-flexure interaction model, set of ground motion records. 94
Figure 4.22. Relative errors of estimation of E[Nt] by different methods as a function of
spectral acceleration for the axial force-flexure interaction model, set of ground
motion records. 94
Figure 4.23. Variance of damage estimation as a function of spectral acceleration for the
axial force-flexure interaction model, set of ground motion records. 95
Figure 4.24. Coefficient of variation of the damage estimate as a function of spectral
acceleration for the axial force-flexure interaction model, set of ground motion
records. 95
Figure 4.25 Safety regions for exact (hatched) and approximate (shaded) limit-state
functions, fragility function is CDF of capacity at zero axial force 99
Figure 4.26 Using flexural member's yield surface for determining safety region in terms
of yield moment at zero axial force 100
Figure 4.27 Comparison of the safety regions defined by exact and approximate limit-
state functions for the assumed probability distribution of current axial force. 103
Figure 4.28 Safety regions for exact (hatched) and approximate (shaded) limit-state

functions, fragility function is CDF of capacity at expected axial force 104



Figure 4.29 Safety regions for exact and approximate limit-state functions, lower values
of axial force expected value and standard deviation are used 105
Figure 4.30 Safety regions for exact (hatched) limit-state function and two-dimensional
approximate (shaded) limit-state function, axial force is relatively small 108
Figure 4.31 Procedure of finding safety region for two dimensional fragility function,
axial force is relatively high 108
Figure 4.32 Safety regions for exact (hatched) limit-state function and two-dimensional
approximate (shaded) limit-state function, axial force relatively large 109
Figure 5.1 Hysteretic rule for flexural members (Q-HYST with strength degradation). 112
Figure 5.2 Expected number of flexural members in three damage states of interest,
obtained by Method 1, correlation of capacities 0.6, ground motion LA15. 120
Figure 5.3 Expected number of flexural members in three damage states of interest,
obtained by Method 2, correlation of capacities 0.6, ground motion LA1S5. 121
Figure 5.4 Expected number of flexural members in three damage states of interest,
obtained by Method 3, correlation of capacities 0.6, ground motion LA15. 121
Figure 5.5 Expected number of flexural members in DS = 1 for multiple damage states
model with correlation of capacities 0.6, ground motion LA15. 122
Figure 5.6 Expected number of flexural members in DS = 2 for multiple damage states
model with correlation of capacities 0.6, ground motion LA15. 122
Figure 5.7 Expected number of flexural members in DS = 3 for multiple damage states
model with correlation of capacities 0.6, ground motion LA15. 123
Figure 5.8 Variance of number of flexural members in DS = 1 for multiple damage states
model with correlation of capacities 0.6, ground motion LA15. 123
Figure 5.9 Variance of number of flexural members in DS = 2 for multiple damage states
model with correlation of capacities 0.6, ground motion LA15. 124
Figure 5.10 Variance of number of flexural members in DS = 3 for multiple damage
states model with correlation of capacities 0.6, ground motion LA1S5. 124
Figure 5.11 Coefficient of variation of number of flexural members in DS = 1 for
multiple damage states model with correlation of capacities 0.6, ground motion

LAIS. 125



xi

Figure 5.12 Coefficient of variation of number of flexural members in DS = 2 for
multiple damage states model with correlation of capacities 0.6, ground motion
LA1S. 125

Figure 5.13 Coefficient of variation of number of flexural members in DS = 3 for
multiple damage states model with correlation of capacities 0.6, ground motion
LA1S. 126

Figure 5.14 Expected repair cost estimate for multiple damage states model with
correlation of capacities 0.6, ground motion LA1S5. 126

Figure 5.15 Variance of repair cost estimate for multiple damage states model with
correlation of capacities 0.6, ground motion LA1S5. 127

Figure 5.16 Coefficient of variation of repair cost estimate for multiple damage states
model with correlation of capacities 0.6, ground motion LA15. 127

Figure 5.17 Expected number of flexural members in three damage states of interest,
obtained by Method 1, correlation of capacities 0.6, set of ground motion records.

128

Figure 5.18 Expected number of flexural members in three damage states of interest,

obtained by Method 2, correlation of capacities 0.6, set of ground motion records.
128

Figure 5.19 Expected number of flexural members in three damage states of interest,

obtained by Method 3, correlation of capacities 0.6, set of ground motion records.
129

Figure 5.20 Expected number of flexural members in DS = 1 for multiple damage states
model with correlation of capacities 0.6, set of ground motion records. 129

Figure 5.21 Expected number of flexural members in DS = 2 for multiple damage states
model with correlation of capacities 0.6, set of ground motion records. 130

Figure 5.22 Expected number of flexural members in DS = 3 for multiple damage states
model with correlation of capacities 0.6, set of ground motion records. 130

Figure 5.23 Variance of number of flexural members in DS = 1 for multiple damage
states model with correlation of capacities 0.6, set of ground motion records. 131

Figure 5.24 Variance of number of flexural members in DS = 2 for multiple damage

states model with correlation of capacities 0.6, set of ground motion records. 131



xii

Figure 5.25 Variance of number of flexural members in DS = 3 for multiple damage
states model with correlation of capacities 0.6, set of ground motion records. 132
Figure 5.26 Coefficient of variation of number of flexural members in DS = 1 for
multiple damage states model with correlation of capacities 0.6, set of ground
motion records. 132
Figure 5.27 Coefficient of variation of number of flexural members in DS = 2 for
multiple damage states model with correlation of capacities 0.6, set of ground
motion records. 133
Figure 5.28 Coefficient of variation of number of flexural members in DS = 3 for
multiple damage states model with correlation of capacities 0.6, set of ground
motion records. 133
Figure 5.29 Expected repair cost estimate for multiple damage states model with
correlation of capacities 0.6, set of ground motion records. 134
Figure 5.30 Variance of repair cost estimate for multiple damage states model with
correlation of capacities 0.6, set of ground motion records. 134
Figure 5.31 Coefficient of variation of repair cost estimate for multiple damage states
model with correlation of capacities 0.6, set of ground motion records. 135
Figure 5.32 Expected number of flexural members in DS = 1 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAITS. 135
Figure 5.33 Expected number of flexural members in DS = 2 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAI1S. 136
Figure 5.34 Expected number of flexural members in DS = 3 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAI1S. 136
Figure 5.35 Expected number of flexural members in DS = 1 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground

motion LA15. 137



xiii

Figure 5.36 Expected number of flexural members in DS = 2 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAI1S. 137

Figure 5.37 Expected number of flexural members in DS = 3 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAI1S. 138

Figure 5.38 Variance of number of flexural members in DS = 1 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAI1S. 138

Figure 5.39 Variance of number of flexural members in DS = 2 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAIS. 139

Figure 5.40 Variance of number of flexural members in DS = 3 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAI1S. 139

Figure 5.41 Variance of number of flexural members in DS = 1 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAI1S. 140

Figure 5.42 Variance of number of flexural members in DS = 2 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAIS. 140

Figure 5.43 Variance of number of flexural members in DS = 3 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, ground
motion LAITS. 141

Figure 5.44 Expected repair cost obtained by Method 1 for low (0.6) and high (0.9)
coefficient of correlation of member capacities, ground motion LA15. 141

Figure 5.45 Expected repair cost obtained by Method 2 for low (0.6) and high (0.9)
coefficient of correlation of member capacities, ground motion LA1S. 142

Figure 5.46 Variance of repair cost obtained by Method 1 for low (0.6) and high (0.9)

coefficient of correlation of member capacities, ground motion LA15. 142



X1V

Figure 5.47 Variance of repair cost obtained by Method 2 for low (0.6) and high (0.9)
coefficient of correlation of member capacities, ground motion LA15. 143
Figure 5.48 Expected number of flexural members in DS = 1 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 143
Figure 5.49 Expected number of flexural members in DS = 2 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 144
Figure 5.50 Expected number of flexural members in DS = 3 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 144
Figure 5.51 Expected number of flexural members in DS = 1 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 145
Figure 5.52 Expected number of flexural members in DS = 2 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 145
Figure 5.53 Expected number of flexural members in DS = 3 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 146
Figure 5.54 Variance of number of flexural members in DS = 1 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 146
Figure 5.55 Variance of number of flexural members in DS = 2 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 147
Figure 5.56 Variance of number of flexural members in DS = 3 obtained by Method 1 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of

ground motion records. 147



XV

Figure 5.57 Variance of number of flexural members in DS = 1 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 148

Figure 5.58 Variance of number of flexural members in DS = 2 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 148

Figure 5.59 Variance of number of flexural members in DS = 3 obtained by Method 2 for
low (0.6) and high (0.9) coefficient of correlation of member capacities, set of
ground motion records. 149

Figure 5.60 Expected repair cost obtained by Method 1 for low (0.6) and high (0.9)
coefficient of correlation of member capacities, set of ground motion records. 149

Figure 5.61 Expected repair cost obtained by Method 2 for low (0.6) and high (0.9)
coefficient of correlation of member capacities, set of ground motion records. 150

Figure 5.62 Variance of repair cost obtained by Method 1 for low (0.6) and high (0.9)
coefficient of correlation of member capacities, set of ground motion records. 150

Figure 5.63 Variance of repair cost obtained by Method 2 for low (0.6) and high (0.9)
coefficient of correlation of member capacities, set of ground motion records. 151

Figure 6.1 Repair cost estimates based on combined method of damage analysis, set of
ground motion records. 156

Figure 6.2 Expectation of repair cost estimate and one-sigma confidence intervals
obtained by combined method of damage analysis, set of ground motion records. 157

Figure 6.3 Standard deviation of repair cost estimate obtained by combined method of

damage analysis, set of ground motion records. 157
Figure 7.1 Column model 161
Figure 7.2. Force-deformation characteristics of the shear spring (left) and flexural

spring (right). 162
Figure 7.3 Failure region and safe region in the £2space. 164
Figure 7.4 Surface (2. for different values of IDR 166
Figure 7.5 Surface (2 for different values of o 166

Figure 7.6 Site-specific fragility function and CDF of capacity for the "normal strength”
design. 171



XVvi

Figure 7.7 Site-specific fragility functions for “normal strength” design for different
values of a 172
Figure 7.8 Site-specific fragility function and CDF of capacity for the "over-strength"
design. 174
Figure 7.9 Site-specific fragility functions for “over-strength” design for different values
of a 174
Figure 7.10 Site-specific fragility function and CDF of capacity for the "under-strength"
design. 175
Figure 7.11 Site-specific fragility functions for “over-strength” design for different values
of a 175
Figure 7.12 Site-specific fragility functions for the "normal strength", "under-strength"

and "over-strength" design ( o= 0.0001). 176






xviii



1 Introduction

The primary focus of the present study is structural damage estimation. Damage
estimation is a vital part of the seismic performance evaluation of buildings and other
structures with respect to multiple performance objectives. In turn, the proper evaluation
of seismic performance is essential for decision making involved in managing the risk to
building, bridges, and other infrastructure in seismically active areas. Today, the
earthquake engineering community faces new challenges that are brought about by the
latest needs of the real estate development and management industries. The safety of
buildings and other structures used to be the main concern of designers, owners, and
regulators. The development of modern building codes has provided society with
guidelines that serve well for achieving the required safety levels. However, nowadays
other issues are becoming significant for owners and risk managers. Providing that safety
requirements are met, the questions being asked now are “how much does it cost to
repair?”, “how long it will be shut down in case of the earthquake?”, etc. These questions
relate to the economic aspect of the seismic performance of real estate. Given the
multiple performance objectives, accurate damage estimation becomes more important
than ever. The issues involved in the decision-making process with respect to various
performance objectives and the role of damage estimation in this process are discussed in
detail in Sections 2.1 and 2.2, respectively.

Depending on the decision maker’s needs, a building’s seismic performance can
be evaluated on different levels of accuracy. A rough performance estimate can be

obtained by category-based techniques, where all facilities are subdivided into classes



that are specified by some formal feature and/or parameters. For example, such classes
may be: reinforced-concrete shear-wall building higher than 7 stories, or single-span
bridge with monolithic abutment. Then a performance prediction model is built on the
observed seismic performance of all available samples within the category. This approach
is used, among others, by Hart and Srinivasan (1994) and by Basoz and Kiremidjian
(1999).

More advanced techniques include specific building information in the damage
analysis, such as particular design features and the site seismic hazard. The information
about structural design is usually included in a finite element structural model. The
structural model is used for carrying out a structural analysis. Damage analysis is then
executed based on the results of the structural analysis. If better performance prediction is
desired by the decision maker, then more site-specific information can be incorporated in
the structural analysis and the analysis can be closer to the real-life behavior of the
structure. For a relatively rough analysis, a simplified building model, like a shear beam,
can be used in a pushover analysis. If more accurate results are desired, then more
sophisticated structural models should be used, such as detailed finite-element models
together with dynamic time-history simulation. Accordingly, the damage estimation
technique should match the accuracy of the structural analysis.

Here is where the key point of the present study lies. It is apparent that structural
analysis tools are making steady progress in increasing the accuracy of models. More and
more features of real structure behavior are included in the mathematical models, such as
shear-flexure interaction or complex load interaction in 3-D. However, it will be shown

that current damage analysis techniques in some cases do not match the enhanced



performance of the advanced structural analysis tools, making these advances largely
wasted for loss estimation studies. Indeed, since the seismic performance assessment is
based both on structural analysis and damage analysis, the inaccurate damage evaluation
prevents reliable performance estimation from being achieved. The highly accurate
structural analysis will not contribute to the final goal — accurate performance estimation,
because the structural analysis results will be diluted by the larger errors at the stage of
the damage estimation. Thus, the goal here is to develop improved methods of damage
estimation that are capable of providing the results with an accuracy that matches the
accuracy of the most sophisticated structural models.

From a practical perspective, as it is mentioned before, if more precise
performance estimation is desired, then more site-specific information should be included
in the analysis and more complicated analysis should be performed. It is true for the
structural analysis and it is true for the damage analysis. In general, this means that the
better performance estimation requires more effort and expense to perform the analysis.
Such efforts are not justified for all real estate risk management problems. In most cases a
high-end solution is unnecessary. However, there are problems when maximum accuracy
is necessary despite the cost of achieving it. This is the case when calibration of less
complex methods of performance analysis is needed; that is, the sophisticated method
must provide the most accurate solution so that the performance of simplified techniques
may be judged by how close their results are to the “exact” one. This is also the case
when evaluation of the unique and expensive facilities is performed, where the additional

expense for the more complicated analysis is justified.



Before we proceed with the introduction to the different damage estimation
approaches, we want to point out that increasing utilization of site-specific information in
the seismic performance analysis can lead to a potential problem, related to the inherent
difficulty of experimental verification of the site-specific analysis results. A more
detailed discussion of this problem is given in Section 2.3. Another problem of seismic
performance evaluation that can arise is due to the different sensitivity of the decision-
making process to the errors in performance assessment for different decision criteria.
The issues relevant to this problem are also considered in Section 2.3

At the present time, the common tools of general purpose damage analysis are
fragility functions that are used for uncoupled damage analysis. These functions establish
a probabilistic relation between structural response to seismic loading and the resulting
damage to individual components. Historically, fragility functions were developed within
nuclear engineering to evaluate the seismic resistance of nuclear reactors with respect to
operational or safety failure. Later, their area of application was extended to other fields,
such as estimation of the seismic resistance of electrical equipment or the seismic
performance of civil engineering structures such as bridges and buildings. For all these
applications, fragility functions proved to be convenient, versatile and reasonably
accurate tools of damage estimation.

In order to use fragility functions for a general, multiple criteria performance
analysis, they must be applied to a broader range of objects than previously and serve for
evaluation of a broader range of issues. The objects for damage evaluation can be any
damageable piece of the structure or nonstructural components, such as beams, columns,

partitions, windows, equipment, furniture, etc. The loading parameters (input to a



fragility function) can be spectral acceleration S,, inter-story drift ratio (IDR), ductility
demand, peak ground acceleration (PGA), etc., with the latter having been most heavily
utilized before. The assessed damage can be fracture, full or partial loss of functionality,
toppling, leakage, cracking, spalling, etc. As we can see, this amounts to a significant
extension of fragility functions’ applications. The adequacy of fragility functions and
uncoupled damage analysis as tools to handle all of this newly introduced variety of
problems can not be taken for granted. Indeed, we shall see that fragility functions as a
part of uncoupled damage analysis have certain limitations, especially in the area of
structural damage estimation. Chapter 3 provides a rigorous mathematical description of
fragility functions from the perspective of structural reliability theory. The theory
identifies the limitations of fragility functions and provides a foundation for devising a
coupled approach to structural response and damage estimation.

Using the results presented in Chapter 3, we have developed a coupled approach
to structural analysis and damage estimation that does not have the shortcomings of the
uncoupled damage analysis. Within the proposed approach, we have developed a method
of damage estimation that is referred to as Method 1 henceforth. Seismic damage has
been estimated for some chosen case-study facilities by the proposed method and also by
the uncoupled method. Chapter 4 describes the case studies and provides the results of
damage estimation performed by the different techniques.

The problem with multiple damage states is explored in Section 3.2 and Chapters
5 and 6. Section 3.2 discusses theoretical issues arising from the multiple damage state
case. Chapter 5 presents a case study of structures that consist of members with multiple

damage states. Damage of the structure is evaluated by the existing methods and by the



proposed method of damage analysis. The same chapter describes how repair cost can be
calculated based on the known damage state. The repair cost estimates are obtained for
damage states that have been evaluated by different damage analysis methods. Results
are compared in terms of both a damage measure (number of damaged members) and
repair cost. A combined approach to damage analysis is developed in Chapter 6. To
demonstrate a practical value of the proposed combined damage evaluation technique, the
repair cost of an example structure is evaluated.

Chapter 7 deals with the problem of using fragility functions for structural health
monitoring applications. It considers a model of a reinforced-concrete column and
demonstrates that fragility functions applicable to in-situ structural members may differ
from fragility functions that are developed using experimental data from in-lab test

results.



2 Methods and challenges of performance-based earthquake
engineering

2.1 Decision making for a real estate owner

Seismic performance is a vital characteristic of buildings and other structures for
all agents that are involved in operations with real estate located in seismically affected
areas. How well a particular building will perform during an earthquake at some point in
the future is important because it affects the present value of the property. In particular, at
any present time, a real estate owner can face a set of seismic risk-management options to
choose from: do nothing, sell the property, perform seismic retrofit or buy earthquake
insurance. Likewise, a potential owner (a person who wants to buy a real estate property)

faces similar choices: do not buy, buy and do nothing, buy and retrofit, buy and insure.

Utility 4

»

USac) [T

Sac Safe'ty

Figure 2.1 Example of utility function for decision making based on safety.

The process of making a choice between several alternatives can be analyzed by
decision theory. Here we outline a simple procedure of formal decision making process.
This analysis does not consider uncertainty in the outcomes or risk preferences of
decision makers. The general approach of decision theory states that the best choice is the

one that gives the highest utility among different options (for details about utility and



decision theory see, for example, Resnik 1987). Calculation of utilities for different
options depends on the decision maker’s objectives and preferences. When applying this
concept to the case of a real estate owner or a buyer, usually the most prevalent concern
is safety. In terms of decision theory, this means that the higher the safety of some option,
the higher is its utility, meaning that utility is the increasing function of safety. Normally,
it suffices to use a very simplistic utility function to account for the matter of safety. It is
convenient to utilize a step function like one shown in the Figure 2.1. Such function
basically states that any option with the safety less than some acceptable level should be
rejected. When the safety is higher than S,, the utility is constant, implying that there is
no marginal benefit from increasing safety beyond the acceptable level. This situation
reflects an approach of real estate owners, where S, represents the safety level provided
by modern building codes. Alternatively, for some owners, the acceptable level of safety
is the one that meets minimum legal requirements. In both cases, once the safety
requirement is satisfied, he or she does not care if the safety level is significantly higher
than S, or just barely exceeds the threshold value.

If several options meet the safety requirement, then the owner can use some other
criteria in order to choose between these options. For many owners, it appears that the
other important issue that affects decision making is economic performance. There are
different ways one can measure the economic performance of buildings and other
structures with respect to seismic activity. Some of the quantities that are important for
economic performance are repair cost and downtime. The repair cost represents the direct
losses that the owner can incur — it is an uncertain expense associated with owning real

estate. Downtime is the total time required to make the facility operational again and it



can be related to both direct and indirect losses, where “direct” losses are understood as
decrease of value (e.g., cash outflow) and “indirect” losses refer to missed opportunities
to acquire value (loss of profit due to business shut down). For example, for the
residential owner, the downtime could be the time when the building is not livable.
Therefore, temporary lodging would be needed, which means that the owner would bear
the direct rental expenses associated with the lodging. For the commercial real estate, the
downtime induces a loss of profit, which may be considered as the indirect loss. Clearly,
both direct and indirect potential seismic losses associated with different options can
affect the owner’s choice. Depending on the preferences of a particular owner, a utility
function can be defined for repair cost and downtime.

Implementation of the decision choices usually involves some cost for the
decision maker. For example, if a potential buyer decides to buy a property he will have
to pay the purchase price. Similarly, if he resolves in favor of retrofitting measures or
purchasing earthquake insurance, he will have to bear the price of the retrofit or insurance
premium. The cost of each choice has a certain negative utility for the decision maker as
well. Summing the utilities of the implementation cost and the future benefits, the option
with the highest utility can be found. An illustration of the decision-making procedure for
a current building owner is shown in Figure 2.2. In this example, the building owner can
choose between three options: retrofit, insure or do nothing. By analysis, the owner can
determine the option that maximizes his utility. In this case, all choices are associated
with losing value: retrofit cost, insurance premium, future deductible and future losses
that can include repair cost and downtime. Therefore, the best option minimizes the total

loss.
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U, = U( Retrofit Cost +
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Figure 2.2 Example of a decision making process for a real estate owner.

The decision making process presented by Figure 2.2 disregards the uncertainty of
the future losses and discounting of the future losses. A more sophisticated analysis
would use the expected value of the utility of the future losses and benefits discounted to
the present time, that is, use their present value (PV); see, for example, Beck et al. 2002.
For the purpose of the present study it suffices to note that the optimal choice is based on
a formal decision making process. An essential part of this process is evaluation of future
losses that can be expressed in terms of repair cost or downtime or some other
parameters. In the following chapters, we shall consider the ways to calculate these

parameters.

2.2 Methods of performance-based earthquake engineering

The decision-making procedure described in Chapter 2.1 can be performed only if
reliable estimates of building performance are available. Obtaining such estimates is not a
trivial problem. The quantities of interest, such as the expected number of lives lost,

repair cost and downtime depend on a huge number of uncertain variables. The number
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of lives lost is one of the measures of the safety performance of buildings. The analysis of
the safety of buildings and other structures has long been the subject of study of structural

reliability theory. We give here a brief overview of the structural reliability approach.

2.2.1 Overview of structural reliability theory for seismic safety

Structural reliability theory for analysis of seismic safety usually does not directly
consider such safety measures as expected number of lost lives. Instead, it deals with the
events that can be directly related to the deaths caused by an earthquake. Such events are
usually referred to as life safety failure (LSF). Two examples of LSF are total structural
collapse and partial structural collapse. The problem of interest for practical applications
is finding the probability of LSF. In general, this probability can be calculated according

to the following probability integral

PLSF)= [ £, (g.x" )dgdx* .1)

where Q is a vector of random variables that fully define the seismic excitation (ground
acceleration time history is commonly used); X° is a vector of random variables defining

the values of all relevant structural properties; ¢ and x° are particular values of the

random vectors Q and X°, respectively; fQ "

t,gs) is the joint probability density

function of random vectors Q and X°; and (2 is the failure region comprising all the
values of O and X° for which LSF occurs.

For convenience of calculation, the failure region is wusually given a

mathematical description as follows. Define a function g(, ES) in such a way that it

possesses the following property
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glg.x*)<0 @ g.x"1eQ, 2.2)

meaning that region of negative values of g(, 55) coincides with the failure region.

Function g q,gs) is called a limit-state function for the LSF. Then the probability of LSF

becomes

P(LSF)= £ o \q.2" ) dgax® 2.3)

Limit-state functions can be defined in a number of ways. One example is to

define it in terms of maximum inter-story drift ratio (IDR)

glg.x") = d,-d,(g.5°) 2.4)

where d,, is the maximum IDR resulting from a particular earthquake excitation ¢

applied to a structure with properties x°; d; is a chosen threshold value. This limit-state
function implies that life safety failure occurs once the threshold value is exceeded: d,, >
d;. Therefore, this approach assumes that it is likely that the structure undergoes partial or
complete collapse once the maximum IDR exceeds the threshold value. The choice of
threshold value depends on a structure type and may be based on experimental or field
observations. Substituting (2.4) into (2.3), we obtain a special case of the structural

reliability integral

PILSF)= | f, . (g.x° ) dgdx® (2.5)

d, <d, (Q,ES) B

Evaluation of integral 2.3 (or 2.5) is not a trivial task because vectors Q and X

can contain up to several thousand variables and calculation of the function gt, ES) is
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often computationally expensive because it involves a nonlinear structural analysis. A
number of methods have been developed to estimate integral (2.3). Some of them are
FORM, SORM and various Monte Carlo simulation based techniques (see, for example,
Au and Beck, 2001a and Au and Beck, 2001b).

The well-developed methods of structural reliability are designed for estimation
of the safety performance of structures. They do not provide ready tools for estimation of
the economic performance of real estate. The development of such tools is on the current
agenda of the earthquake engineering community. In this work, we shall discuss the

approaches and methods used for development of such tools in detail.

2.2.2 Performance-based earthquake engineering framing equation
2.2.2.1 Standard integral form for arbitrary decision variables

Economic performance of real estate depends on more variables than safety
performance. From Equation 2.1, it can be seen that in dealing with safety issues,
structural reliability theory considers the sets of random variables that describe the
ground motion and the structural properties. However, the knowledge of these variables
is not sufficient for estimation of many important performance criteria, such as repair cost
or downtime. For example, parameters like equipment price or labor cost are essential for
estimation of the building repair/replacement cost. Including all the variables that affect

the economic performance of the real estate into (2.1) leads to

PEF) = [ forug.x.m)dgdxdm (2.6)

where O defines ground motion time history as before, X contains both structural and

nonstructural properties of the real estate (nonstructural properties can be the properties
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of the building nonstructural elements or the building contents), M is composed of
variables that represents market conditions (prices, availability of materials and

contractors, etc.); f, (g,)_c,m) is a joint probability density function of all the

0.X.M
variables; EF is an event that is classified as an economic failure and (2gr is the failure
region for EF. The term “economic failure” is chosen to be consistent with “life safety
failure.” For different decision makers, EF can mean different things. For example, for an
owner of commercial real estate, economic failure can mean that the repair cost is higher
than some acceptable level. Alternatively, the owner may be intolerant to a downtime that
is too long.

The limit function for EF is defined in a way similar to (2.2), with nonstructural

properties and market conditions included in the independent variables
glg.xm)<0 @ [gxmeq, 2.7)

Depending on the priorities of the decision maker, the limit-state function can be
defined in various ways. For example, it can be expressed in terms of repair cost or some
other performance criteria. For repair cost, the limit-state function can be defined

similarly to (2.4) as: gt, X, m)= C -C; (g, X, m) For the present study, we shall use a

general formulation of the limit-state function
glg.x.m)= DV, - DV(g.x.m) (28)

where DV (decision variable) stands for repair cost, downtime or any other variable that
is important for a decision maker and DJV; is a chosen threshold value. The name

“decision variable” is adopted because it is involved in the performance criterion that is
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used in the decision making process subsequent to the building evaluation. Using (2.7)

and (2.8), we can rewrite (2.6) in the following way

POV>DV)= | forulg.x.m)dgdxdm 2.9)

Comparing (2.9) and (2.5), it can be seen that in general the problem of economic
performance evaluation is more complex than the problem of safety performance
evaluation. First, the number of integration variables is larger, implying a corresponding
increase in the dimensions of the integration space and the computational effort. The
second hurdle stems from the fact that the limit function (2.8) is more difficult to evaluate
for economic decision variables than for decision variables that are typically used in

safety performance analysis. We shall now discuss this problem in more detail.

2.2.2.2 Evaluation of damage and decision variables

Consider the limit function (2.4) for the safety integral (2.5). Besides the

designated threshold value of IDR d,, it contains the maximum IDR which is a function

of the ground motion and structural properties (d,, (g,gs) ). The problem of evaluation of

d,(q, x”) is equivalent to the problem of evaluation of the structural response of the

building with the properties defined by x° subjected to the seismic excitation g. This
problem has been extensively addressed in the past. A number of structural simulation
software packages are freely or commercially available. New tools (e.g., OpenSees,
PEERC, 2004) are under development to provide better accuracy in structural simulation.
Therefore, the limit-state function (2.4) can be readily evaluated with existing tools.
Consider now the limit function (2.8) with the repair cost as DV. The repair cost

of the whole structure can be found as a function of the repair or replacement cost of each
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of its damaged components. Therefore, in order to evaluate (2.8), we need to know the

repair or replacement cost of each building assembly as a function of vector [g,x,m],

where small letters, as before, stand for particular values of the corresponding random

variables [Q,X,M]. For instance, take the repair/replacement cost of a window pane.

The question to answer is: what is this cost for the particular window given that the
building is subjected to the ground motion g, properties of the building structural and
non-structural components are x, and market prices for parts and labor are m? Let us
assume that the window is not repairable, meaning that it can only be left as it is (if
intact) or it can be replaced (if broken). Then if the market conditions are known, we
know the cost of replacement of the window with the known dimensions and quality.
Also, given the ground motion g and building properties x, we can utilize structural
properties x° to obtain the structural response of the building (standard structural
simulation packages can be used). With this kind of information, it is still unknown what
has happened to the window. The window may or may not need replacement, meaning
that the window replacement cost may be the market price of the replacement or zero.
Therefore, we can not determine the exact value of the window repair/replacement cost
and, consequently, we can not evaluate the limit-state function (2.8).

To find the window repair/replacement cost, we need additional information. This
additional information is associated with the damage of the window. It can be easily seen
that once we know how badly the window is damaged, we can determine the
consequences with a high degree of certainty. For the window example, the
repair/replacement cost can be defined with absolute certainty if the market conditions

are also known, where the known market conditions mean that a particular supplier has
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been chosen from the market participants and the supplier’s price for the window (cg) is
fixed. Therefore, if the window is broken, then it needs to be replaced (repair/replacement
cost equals the market price of the replacement), while if the window is intact then it does
not need replacement (repair/replacement cost equals zero). Thus, for a particular

window we have

R

0 DS ="intact"
(2.10)

¢y DS ="broken"

where cg € m is the known market window replacement price and DS denotes the damage
state of the window. A similar relation between damage and repair cost (or any other DV)
can be obtained for every assembly. Such a relation for repair costs is routinely
established by cost estimators for post-earthquake conditions once the damage to the
building is known.

Therefore, once the damage state of the window is known, the repair/replacement
cost can be easily found. We can use the concept of damage states for the estimation of
the limit-state function (2.8). We assume that the damage state of a component is
independent of the market conditions m (for example, damage state of a window does not
depend on how much the window replacement cost is). It is also obvious that the damage
to the window depends on the magnitude of the applied damaging factor and the ability
of the window to resist this damaging factor, that is, its “strength.” In our problem, the
magnitude of the damaging factor (or factors) depends on the seismic excitation g and the
strength of the members and other relevant structural properties that are contained in x.

Therefore, it is reasonable to assume that the damage state of the window is a function of



18

x and g: DS = gps(g, x). The general expression for the window repair/replacement cost
can be rewritten as follows

Cr(g,x,m,) = Cr(gps(g,x),m)

_C.(DS.c.) (2.11)

It is easy to see that (2.10) gives the repair replacement cost (2.11) for the

particular assembly (a window), leading to the limit-state function (2.8) trivially.

2.2.2.3 Performance-based earthquake engineering framing equation

Applying the idea of damage states to the general case, we can find the
probability of DV exceeding the threshold value DV} in a way that is different from (2.9).
Consider now a case of arbitrary DV estimated for the structure under consideration and
the limit-state function in the form (2.8). Suppose that the damage state is some function
of the seismic excitation Q and building properties X: DS = gps (O, X). Suppose further
that damage states are defined in such a way that DV is a function of the damage state and
market conditions only

DV(Q, X, M) = DV(gps (0, X),M)

(2.12)
=DV(DS,M)

where DS is a vector of damage states of all the assemblies that affects the value of DV.
Clearly, (2.12) is generalization of (2.11) for the DV of the whole structure as opposed to
the DV of a particular assembly (a window).

DV is a function of random variables and so it is a random variable itself. Thus,
the probability of exceeding threshold value DV; can be found through integration of the

probability density function (PDF) of DV
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P(DV >DV,) = T For (V)dv (2.13)

DV,

where fpy (v) is the PDF of DV. Using (2.12), it is possible to find the PDF of D)V as a

marginal PDF of the joint PDF of DV and the damage measure DS
For @)= [ fo ps (v, ds) dds (2.14)

where DS is a vector of the damage states of all the damageable components. Actually,
DS is a discrete random variable whose positive values range over all the combinations of
the damage states of all components. Therefore, we can count all the possible
combinations and number them in some order. If there exist N different values of DS (N

different combinations of damage states), then (2.14) can be rewritten as
N
Sor ) =2 for ps(v.ds,) (2.15)
i=l

For the i-th value of the damage state vector DS, we can find the joint PDF as a
product of the joint probability mass function of DS and the conditional PDF of DV given

DS = ds;
fDV,@(V’dii): fDV|D75(V|@i)pD7S(@i) (2.16)
Consider the conditional PDF: f,, s (v|ds,). It can be found by differentiating

the corresponding conditional cumulative distribution function CDF: F,;, ¢ (v|ds,). This

CDF can be evaluated in the following way

FDV\QS(V|@i):P(DVSV|m:@i)
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Substituting (2.12), and assuming independence of damage state and market conditions,

we obtain

Fopps(v1ds,)=P(DV(M,DS)<v|DS =ds,)
P( V(M,ds,)<v|DS = ds)
= P(DV(M,ds,)<v)
P(MEQV,i)

where Q. is the domain in the space of market conditions variables M, which satisfies
the following properties: M € Q. if and only if the inequality DV (M ,ds,) <v holds.

Thus, assuming that the joint PDF of the market conditions variables is known, the

conditional CDF is found as

FDV|DS V|d5 J.fM
and the conditional PDF is
d
Forps(v1ds)=—= [ £y, (m)dm (2.17)
v QV.I

Therefore once the function DV(M,DS) is defined, the conditional PDF

fovps(v1ds,) can be evaluated. Substituting (2.16) and (2.15) into (2.13), the probability

of DV exceeding a threshold value DV can be written as

PDV > DV, = [ 3 forins (71 s, s (ds, v (2.18)

Dy, i=0

where £, 5 (v | ds l.) is obtained according to (2.17).
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The joint probability mass function p (@ i) can be found by the approach
similar to one that is used for the estimation of 1}, (v). Thus, the set of structural response

parameters that are vital for determining DS should be chosen. This kind of idea has been
used for further modification of (2.18). As a result, the analytical methods of seismic
performance evaluation for civil engineering structures with respect to multiple
performance objectives have been proposed (Porter 2000, Porter et al. 2001, Beck et al.
1999, Irfanoglu 2000). Also, the integral (2.18) is rewritten in the form that is proposed to
be the basis of performance-based earthquake engineering (PBEE) (Cornell and

Krawinkler 2000, Krawinkler 2002, Miranda and Aslani 2003) as follows

P(DV > DY, :ﬁ‘j P(DV > DV, | DM = dm, )p s dm, | edp)
0

i=1

o=

(2.19)
Frnpins(edp | im) £, i (edp e im)
where damage measure (DM) is the authors’ term for DS used before, that is, a vector
containing the discrete damage states of all damageable components (henceforth, we shall
use DM while considering a whole structure and DS for a separate component of the
structure); EDP is a vector of engineering demand parameters containing structural
response characteristics such as inter-story drift ratio (IDR), peak diaphragm acceleration
(PDA), etc.; IM is an intensity measure of the ground motion such as spectral acceleration

(Sz ), peak ground acceleration (PGA), etc.; P(DV > DV, | DM =dm i) is the

probability of the decision variable being greater than DV; conditioned on knowledge of
the component damage states, i = 1...N, where N is the number of possible damage states

for vector DM; p s ipp (dﬂ ; ledp ) is the conditional probability mass function that is

equal to the probability that the structure suffered the damage defined by dm; given that it
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has been subjected to the EDP whose value is equal to edp;  fy,p ., (edp | im) is the
conditional PDF of the structural response (EDP) given that the intensity of the ground
motion is im; f,,, (im) is the PDF of the seismic event intensity measure (/M) given that

an earthquake has occurred. Equation (2.19) gives the probability of a decision variable

being greater than some threshold value given that an earthquake has happened.
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Figure 2.3 Implementation structure of the PEER PBEE framing equation.

Note that the left-hand sides of (2.9) and (2.19) are the same and so the integrals
on the right-hand side must be also equal. However, the equality of two integrals can not
be taken for granted. The integration over state space variables O, X, M is implicit in
(2.19) as opposed to the explicit integral form (2.9). Whether the implicit integration
scheme is equivalent to the explicit integral depends on the choice of the intermediate
variables used in the analysis: EDP, DM. One of the goals of the present study is to
develop guidelines that can be used for adopting the proper EDP and DM.

The factoring of the joint PDF in (2.9) into the product chain of conditional joint
PDFs (2.19) provides an additional advantage. The whole problem can be divided into

four separate parts as shown Figure 2.3. Each part can be analyzed independently of the
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others, by the experts that are most qualified in the related area: seismic hazard analysis,
structural analysis, damage analysis and loss analysis. Also, the analysis can be

performed in parallel to provide a quicker result.

2.2.2.4 Fragility functions in PBEE framework

One of the essential parts of the PBEE framing equation is the conditional

probability of being in particular damage state given the response: p e (dﬂ ; ledp ) .

We shall investigate this expression in detail. The vector DM is a collection of damage
states of every damageable component, where damage state is a discrete variable defining
the severity of the damage for each component: DM =[DS;, DS>, ...DSy,], where DS; is
the random variable that is equal to the damage state (DS) of the i-th damageable
assembly, and N, is the total number of the damageable assemblies in the structure. In
practice, it usually suffices to deal with the state of each component of DM independently
rather than with the whole vector at once. Therefore, we consider the j-th damageable

component: P(DS ;=n | EDP = edp ), where n = 1...k is the damage state number, &

being the number of possible damage states of the j-th component. It is also reasonable to
chose EDPs in such a way that only one variable in the vector EDP is relevant for
evaluation of the damage of the j-th component. Denote this variable by EDP;. Note that
in general the number of damageable components is not equal to the number of EDPs,
making the adopted indexing not quite general. However, we shall use the notation for
simplicity, since it does not adversely affect the following considerations. Assuming that
none of the other members of EDP except EDP; provides any information about the

damage state of the j-th component, it is easy to see
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P(DS, =n|EDP =edp ) =P(DS, =n|EDP, = z) (2.20)
where z is the known value of the j-th member of EDP: EDP;.

Damage states for each component are numbered according to the severity of the
damage, giving higher numbers to the more severe damage. For example, for a window
we can define three damage states: “undamaged,” “cracked” and “broken.” Then if the j-
th component happens to be a window, the damage measure is defined as follows: DS ; =
0 means that the window is undamaged, DS ; = 1 corresponds to the window being
“cracked” and DS ; = 2 corresponds to the window being “broken.” These damage states
are mutually exclusive and collectively exhaustive, meaning that none of them can
happen together with the any of the others and there are no other outcomes that can
happen to the window. For such damage states, the conditional probability of the j-th

component being in n-th damage state can be found as follows
P(DS, =n|EDP, = z) =P(DS, 2 n|EDP, = z) ~P(DS, > n+1| EDP, = z)(2.21)

where P(DS ,Zn|EDP, = z) is the fragility function of the j-th component with respect

to n-th damage state, expressed in terms of EDP;. Therefore, fragility functions in PBEE
are used to relate structural response and the induced damage. In the present study, we
shall examine how well the fragility functions can serve this purpose for commonly

encountered earthquake engineering applications.

2.3 Challenges of PBEE design

The difficulty in making seismic performance predictions for real estate comes, in
the first place, from the incomplete knowledge about factors that define the seismic

performance. The most important factors are associated with the seismic loading and the
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ability of the structure to resist this loading. All the particular characteristics of both the
seismic load and the structure are important for obtaining accurate estimates of decision
variables. Different sites are capable of producing ground motions with different
characteristics, such as intensity or frequency content. These characteristics define the
destructive potential of the seismic event. Similarly, different structures have different
strengths to resist the seismic loading. Destructiveness of the seismic event and the
strength of the structure are the key factors that determine the overall seismic
performance. Therefore, by including the knowledge of the particular characteristics of
the ground motions specific to the site under consideration, one can improve the accuracy
of seismic performance analysis. The same is true for the details of a particular building
design. Indeed, the incorporation of site-specific seismic hazard information and
building-specific structural information into seismic performance analysis is an
increasingly popular way to improve the accuracy of seismic performance predictions.
However, the site-specific approach has a shortcoming: the more site-specific
information is included in the mathematical models of seismic performance, the less
verifiable those models are. For example, suppose that a decision maker uses a future
repair cost as a criterion for his decision regarding a shear wall high-rise building located
at a distance of 5 miles from a fault. Suppose further, that some estimate of the expected
facility repair cost is obtained as a result of the seismic performance evaluation carried
out by a method that is based on detailed information about the site hazard, such as soil
conditions and seismicity of the fault, and a detailed structural model of the building. It
turns out that the estimate can be confirmed by neither real-life observations nor

experimental results. This can be seen from the following considerations.
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In general, mathematical model results are verified by comparison with the results
of experimental testing, where all the conditions of the test set up are equivalent to the
conditions used in the mathematical model. Alternatively, verification can be performed
through observations of naturally occurring phenomena in conditions similar to the ones
used in the mathematical models. In the present example, the mathematical model
includes the properties of the whole structure and surrounding terrain, therefore, exactly
the same building and its environment must be recreated for the full-scale experimental
program, which is practically impossible. Similarly, it is unrealistic to find a set of
identical buildings and seismic conditions somewhere among already existing civil
engineering structures, due to the great variety of designs and site conditions. Therefore,
reliable verification of the mathematical model results is practically impossible.

The other potential problem comes from the increasing number of performance
criteria. For example, consider two cases of decision making: one is based on safety and
the other is based on money losses. Suppose in both cases a decision maker has a choice
between two options: mitigate or do not mitigate.

First, consider safety-based decision making. Suppose, as a measure of safety, the
number of lost lives is used. The performance analysis provides the following estimates
for the two decision options: if mitigation is chosen then the future life losses are
estimated to be from 2 to 4; if “do nothing” option is chosen then the life losses can be
from 3 to 7. The usual decision making approach in such situation is conservative: choose
the option with the best worst outcome. The outcomes include both implementation
expenses and future losses

Option: “mitigate,”  the worst outcome: — (cost of mitigation + 4 lives)
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Option “do nothing,” the worst outcome: — 7 lives

Clearly, the “mitigate” option would be preferable if the cost of mitigation is less
than “cost” of three lives. The cost of mitigation is estimated $1.75M. Putting a price tag
on a human life is a very sensitive issue that is usually avoided. At best, a very broad
range of numbers can be inferred based on some real-life situations, such as court
decisions. Facing the uncertainty of human life “cost,” one usually uses a conservative
approach picking up a value from high end of the cost range. For most of the practical
applications, this value is much higher than the mitigation cost. Therefore, the cost of
mitigation might be assumed to be negligible in comparison with the value of human life,
justifying the implementation of mitigation measures irrespective of the cost of such
measures. Now, suppose we have developed a more accurate performance estimation
method that gives a narrower range than in the original loss estimates: in case of
mitigation, the future life losses are from 2.5 to 3; in case of no action, the future life
losses can be from 3.5 to 4.5. The worst case outcomes become

Option: “mitigate,”  the worst outcome: — (cost of mitigation + 3 lives)

Option: “do nothing,” the worst outcome: — 4.5 lives

The rational decision would be to choose the mitigate option if the cost of
mitigation is less than the “cost” of 1.5 lives. However, since the human life is assumed
to be practically invaluable, the mitigation option has to be chosen again, disregarding its
cost. Therefore, in this case the decision making process that is based on safety criteria is
insensitive to the accuracy of the seismic performance estimation method.

Second, consider economic-based decision making. Suppose the performance

analysis provides the following estimates for the two decision options: if mitigation is
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chosen then the future money losses are estimated to be from $2.0 M to $4.0 M; if “do
nothing” option is chosen then the money losses can be from $3.0 M to $7.0 M.
Exploiting the same conservative approach, we have the worst case estimates

Option: “mitigate,”  the worst outcome: — (1.75 +4.0)= —$5.75M

Option: “do nothing,” the worst outcome: — $7.0 M

Clearly, the mitigation option is more attractive, since it provides lesser total
losses. Now, suppose we have developed a more accurate performance estimation
method that provides the following loss estimates: in case of mitigation, the future
money losses are from $2.5 M to $3.0 M; in case of no action the future money losses can
be from $3.5 M to $4.5 M. The worst case outcomes become:

Option: “mitigate,”  the worst outcome: — (1.75 +3.0) = — $4.75 M

Option: “do nothing,” the worst outcome: — $4.5 M

It can be seen that the optimal choice has changed. The best strategy in this case is
to do nothing. Therefore, in this case the decision making process that is based on
economic criteria is sensitive to the accuracy of the seismic performance estimation
technique.

The same conclusion may also be derived from the following considerations. The
economic performance is determined by a monetary value that is expected to be lost in
the future due to seismic activity. The money equivalent life safety performance is
defined by a number of lives lost and the value of a human life. Therefore, uncertainty of
the monetary value loss contributes directly to uncertainty of the overall economic
performance. But uncertainty of the overall money equivalent life safety performance

combines both uncertainty of lives lost and very high uncertainty of the life value. Thus,
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an increase of accuracy of the future money lost estimation (decrease of uncertainty) has
an immediate impact on estimation of economic performance, possibly affecting a
decision making process. The same increase of accuracy of the estimated future lives lost
has a lesser impact on estimation of life safety performance, because it is swamped by the
high uncertainty of human life value. Consequently, the impact on decision making
should be less significant.

As we have seen, there are at least two reasons for a more thorough examination
of seismic performance estimation techniques. First, since the results of a site-specific
analysis are practically unverifiable, the number of assumptions and simplifications made
in the mathematical model has to be minimized and each assumption has to be accurately
estimated in terms of the margin of error that it introduces. Second, utilization of
economic performance criteria in decision making makes the optimal choice more
sensitive to the accuracy of the seismic performance estimation. Therefore, it is especially
important for presumably “more accurate” performance estimates to be reliable and
unbiased, which again depends on the assumptions that are made during the development

of a particular method of seismic performance estimation.
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3 Theory of fragility functions

The PBEE methodology should be applicable to any type of structure that is
exposed to seismic risk, so equation (2.19) is relevant for buildings, bridges and other
structures of concern. Usually such structures consist of many substructures, assemblies
and subassemblies. Since an arbitrary DV is considered, damage to any of the structural
components may affect the value of the DV. Therefore, fragility functions should be
developed for any kind of component that can be damaged: building structural and
nonstructural members, building contents, etc. This is a significant extension from the
original area of application of the fragility functions in nuclear engineering, where
fragility functions are primarily used to estimate damage to nuclear reactors. We

investigate henceforth whether such an extension can lead to potential problems.

3.1 Single damage state

In this section, we shall consider the fragility functions of a component with
respect to a single damage state. However, for generality, we use a notation that is
consistent with the multiple damage state case but we do not discuss in this section the
specific issues arising from the possible multiplicity of the damage states, leaving these
problems for Section 3.2.

By definition, the fragility function of an arbitrary element is the probability of

the element being in the n-th or higher damage state, given that EDP is equal to z
F'(z) = P(DS > n| EDP = z) (3.1)

We apply this definition to a generic type of component, meaning that it may

apply to structural or nonstructural components or building contents. We refer to this
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generic component as “an element.” Thus, consider an element under seismic loading,
which has k& damage states. In general, the occurrence of damage to the element depends
on various conditions: the earthquake characteristics, design of the structure affected by
the earthquake, property of the elements of the structure including the properties of the
element under consideration. As before, we denote the variables that define the
earthquake properties (time history) by the vector O, and variables that define the
structural properties by the vector X. For the vector X, we can write X = [X}, X>,..., X, ...],
where vectors X; contains the properties of the j-th element, j = 1,2...m, and m is the
number of elements in the structure. Suppose there exists a function g,(X, Q) with the

following property
gX Q) <0 & DS=>n (3.2)

It is said in structural reliability theory that the function g,(X, Q) defines the limit state of

the n-th damage state. Given that (3.2) holds, we can rewrite (3.1) as follows
F'(z) = P(go(X, Q) < 0| EDP =2z) (3.3)

Consider the conditioning part EDP = z. Normally, EDP is chosen in a way to
provide some information about the damage state, that is, the knowledge that EDP = z
gives some information about the event g,(X, Q) < 0. In other words, once we know that
EDP = z, the conditional probability of the event g,(X, Q) < 0 is different from the
probability of the event g,(X, Q) < 0 without knowledge of the value of EDP. Therefore,
the limit-state function and EDP are probabilistically related. It is convenient to assume
that the limit-state function and EDP are also functionally related, meaning that the limit-
state function g,(X, Q) can be written as an explicit function of EDP: g,(EDP, X, Q).

Then the fragility function assumes the following form
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F'(z) = P(g.(EDP, X, 0) < 0 | EDP = z)
=P(gn(z X Q) <0|EDP =z) (3.4)

The conditioning part in (3.4) can be dropped in the case that there is no more
relevant information in the event EDP = z, or, using the theory of probability

terminology, events g,(z, X, Q) < 0 and EDP = z are independent

F'(z) = P(gu(z, X, Q) < 0) (3.5)

However, the general form of fragility function (3.5) is very inconvenient for
practical use. In order to find the probability of the event g,(z, X, Q) < 0, it is necessary to

integrate over the whole space of random variables {X, O }

P(g,(2,X,0) <0) = fro(eg)dx dg (3.6)

gl ,K»Q)<0

where f , (g, g) is the joint probability density function of the random variables that are

contained in vectors X and Q. The calculation of the integral (3.6) for the purpose of
finding the fragility function is computationally expensive (we have to calculate the
whole integral for each value of z). Also, the resulting fragility function has little practical
value. Vectors X and Q and their joint PDF are different for each particular site and for
each particular structure. Therefore, the fragility function calculated according to (3.6) is
valid only for that particular element within the particular structure at the particular site.
This leaves no room for utilizing the obtained fragility function for estimation of the
fragility of the same element as part of another structure at some other site. Effectively, it
means that the computational effort that is necessary for estimation of (3.6) would not be

transferable.
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To avoid this problem, let us assume that the limit function g,(X, Q) can be

rewritten in the following way

gn(X, Q) = gWEDP(X, Q), X)), 3.7)

where X; are the properties of the element under consideration. Therefore, (3.5) can be

rewritten
F'(z) = P(gu(z, X) < 0) (3-8)

and the fragility function can be estimated by the following integral

P(g;1(29£[)<0): J‘fgi (Ei)dfi (3.9)

&n (Z?Ki )<0

where f, (g l.) is the joint probability density of the element properties X;. Since X;

includes just a small fraction of the random variables that are contained in the vectors X
and Q, the integral (3.9) can be calculated much more easily than (3.6). Moreover, the
fragility function calculated by (3.9) remains the same for all elements with the

equivalent properties (same X; and f L_’(J_c[)) and does not depend on any external

conditions. Therefore, the problem is made very generic and more convenient to treat.
However, such simplification can lead to potential problems that can be seen by

considering the key step of the solution: the assumption that g,(X, Q) = g.(EDP(X, Q),

X;). Making this transformation, we need to satisfy the assumption (3.2), which for the

current case takes the form
g«(EDP(X, 0), X)) <0 & DS2>n (3.10)

Whether (3.10) is satisfied obviously depends on the choice of EDP and possibly

some other conditions. Note that violation of (3.10) effectively invalidates (3.9), since
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once the event g,(EDP(X, Q), X)) < 0 is not equivalent to the event DS > n, the
corresponding probabilities are not guaranteed to be equal either. Therefore, the
consequence of violation of (3.10) will be that the function estimated by (3.9) is not equal
to the desired function (3.3). In Chapter 4, we shall consider the problems of the
appropriate choice of EDP and conditions to ensure assumption (3.10) is valid. Also, we
shall deal with the estimation of the possible error arising from its violation.

Assuming that (3.10) holds, it is convenient to introduce a new random variable
that is usually called “capacity.” The capacity is assumed to be the only property of the
element that is relevant for determining its damage. Therefore, all the rest of the
properties of the element, which are contained in X, are used only for calculating the

capacity: C = C(X;). Then the limit-state function is usually formulated as follows
gi(X Q) =gu EDP(X, Q).C( X)) (3.11)
=C(X;) - EDP(X, Q)

We shall use this model to estimate the fragility function. Substituting (3.11) into (3.3)

F'(z) = P(C(X;) - EDP(X, Q) < 0| EDP =z) (3.12)
=P(C(X;)-z<0|EDP =z)
=P(C(X;)) <z| EDP =z)

Assuming that C( X;) <z and EDP = z are independent, we find the fragility function as

F'(z) =P(C(X)) <z) (3.13)

We can conclude that if all of the aforementioned conditions are satisfied, then the
fragility function of the element is a cumulative distribution function of its capacity,

providing that capacity is a continuous random variable. To distinguish the particular
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capacity defined in (3.11) — (3.13) from other properties of the element that are similar in
nature we call it “capacity with respect to n-th damage state, formulated in terms of

EDP>

3.1.1 Fragility functions of the structural members

So far, all assumptions that have been made to arrive at formulation (3.13) have
not involved any special provisions regarding the particular characteristics of the element
under consideration. The derivation is made for an abstract, generic element. From now
on we shall consider elements that represent the structural members of a facility, where
we define structural member as a component that significantly affects structural response.
Examples of structural members are beams, columns, shear walls, etc.

We start by exploring the general functional form of engineering demand
parameters: EDP(X, Q). In practice, all EDP that are used in earthquake engineering can
be subdivided into two groups: the parameters that depend purely on the excitation Q,
such as PGA, PGV, and other similar characteristics of ground motion, and EDPs that
depend on the structural response and so both on the excitation Q and the properties of
the structure X. Some of the latter EDPs are: Inter-story Drift Ratio (IDR), ductility
demand, peak diaphragm acceleration (PDA), spectral acceleration S, (since it depends
on the first natural period and damping of the structure), various damage indices — the list
includes practically all of the structural response parameters that are being used by the
earthquake engineering community. We shall consider the EDPs of the second type as
“structure-dependent.” Since such EDPs depend on the structure (X) in general, it is
reasonable to assume that they depend on the each structural member (X;) in particular.

Otherwise, if an element does not have any effect on the structural response (EDP does
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not depend on X)), then that element is not a structural member. Therefore we can write

down EDP in the unfolded form

EDP(X,0)=EDP(X . X ,,....X,.....,0) (3.14)

Substitute (3.14) into (3.12)

F"(z)=P(C(X,)<z| EDP(X,,X,,....X,,...,0) = 2) (3.15)

The classic understanding of conditioning presumes no other knowledge beside
the value of EDP: EDP = z. It corresponds to the case of observation of actual structural
behavior, where EDP is the only relevant observable parameter and we know neither the
properties of the structural members (X, j = 1...m) nor the earthquake time history (Q). In
that case, the only available information is that an earthquake has happened and EDP = z.
This situation is applicable to structural health monitoring.

Recall that the conditioning part in (3.15) can be ignored if and only if events
EDPX; X,..., Xi,...., Q) = z and C(X) < z are independent. Equivalently, the
conditioning in (3.15) can be discarded if and only if event EDP(X;, X, ..., Xi,..., Q) =z
does not contain any information about the event C(X;) < z. In the present case, the events
at issue are not independent in general, because both of them depend on the properties of
the element, for which the fragility function is estimated. Therefore, there is some
information in the event EDP(X;, X>,..., Xi,..., Q) = z, which can change the probability
of the event C(X)) < z. Mathematically, a certain care is needed for the proper application
of conditioning in the multivariate state space (X, Q). A standard way to do it is by

transformation to a different coordinate system. Let us introduce a coordinate system Y =
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w(X, Q) with total number of coordinates (;) equal to the total number of variables in

vectors X and Q. The transformation i is defined as follows
w: yi=EDP, yi=e,i=2.n, (3.16)

where e; are the members of the vector [X, O] and n, is the length of the vector [X O].
Therefore, the new coordinates Y are equal to the old coordinates [X, O] except that the

first variable is equal to EDP. In Y coordinates, (3.15) takes form
F'(z)=P(C(Y:))<z|Y =z (3.17)

where Y; = X; - the properties of the i-th element. Equation (3.17) can be evaluated with

the standard integral expression

F'@)= [ fuly 12y, (3.18)

C(X,')<Z

where the conditional PDF is found as a ratio of the joint PDF of vector [Y,,Y,] and PDF

of ¥;: fxi‘y1 ( v | z)z fX,-,Yl ( Zi,z)/fy1 (z) The joint PDFs for any subset of the state space

variables Y can be found from the joint PDF of the whole set f, ( X) as marginal PDFs

fyi,yl(z,»Z)=Tfy(z,zi,f)df (3.19)

[y ()= TfY(Z’ZR)dXR

where, for each integral, Y are the remaining variables of the vector Y. The joint PDF of
Y can be obtained from the joint PDF of [X, O] and transformation of variables (3.16) via

a conventional mathematical technique (see for example Williams, 2001)
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(3.20)

1)

where X* = [X, O], w/() is the inverse of the transformation (3.16) and |J(.)| is Jacobian

of the inverse transformation: det(dxi* / dy; ), i,j=1.n,.

In general, a fragility function calculated according to (3.18) does not necessarily
equal the CDF of capacity (3.13). Therefore, using (3.13), although convenient, can lead
to potential errors in estimation of the damage. Expression (3.18) provides the exact
fragility function, but due to mathematical complexity it can only be evaluated for
relatively simple cases. Some of such instances can still be of a practical value. For
example, in Chapter 6, we consider in detail the shear fragility of a reinforced concrete
column, which is evaluated according to both (3.13) and (3.18).

Now, consider a problem of structural damage evaluation using a structural
model. This problem is relevant for a case when we want to evaluate seismic
performance of an existing structure by developing its structural model and performing
structural analysis with the model. It is also the case for a building that is planned for
construction, where the seismic performance evaluation of the design is usually based on
a structural model as well. We shall see that in this case we can perform a much better
structural damage evaluation using additional information available from the model,
other than known values of EDPs.

When seismic performance evaluation is conducted for a structural model, the
value of an EDP is obtained as a result of the mathematical simulation rather than as a
result of real-life observation. To perform this mathematical simulation, it is necessary to

have some preliminary work completed: first, a structural model of the structure has to be
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developed, and second, all the parameters of the model have to have known values.
Therefore, some suset of the structural member properties (X, j = 1...m) has to be
specified before the EDP value is obtained. We denote the subset of the member
properties that defines the structural behavior by XX < Xj). In general, the properties
of the element, which are used for the calculation of the EDP, do not coincide with the
element properties controlling the occurrence of damage. For the chosen limit-state
function, damage depends on capacity. We define a subset of X; that defines the capacity
of the element by X;°. It general, the subsets X;° and X;“ do not coincide, but it is typical
that they overlap: X N X;° # @. The size of overlapping depends on the definition of
damage states, on the choice of EDP and on how the structural model is built and how
detailed the structural model is. Incorporating all the available information into the
conditioning part of (3.15), we can obtain the probability of an element being in the n-th

or higher damage state as follows

1

Fy,(2)=P(C(X{)<z| EDP(X],..X},...0)=z,X) =x],..X] =x!,..) (321)

where we denote a fragility function with the known structural model properties included
in the conditioning part by Fy, (z)and x; ,j = 1...m are the specified values of member
properties Xj.

Let us assume that the intersection of the sets )_(Z-S and )_(Z-C is not a null set. Then we
denote by X the part of parameters that affect only the capacity and are not important
for the structural model, by X;° the parameters that enter both structural model and

capacity function (X;° = X, N X7 ) and by X°C the parameters that are input into
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structural model but do not affect the capacity of the element. Then vector X; can be

rewritten in terms of these sub-vectors: X; = [)_(l-CO, )_(l-CS , )_(,-SO], and (3.21) takes the form

Fo,(z2)=P(C(X;°, X" )< z| EDP(...,. X} ,...0) = z,.. X =x; X, =x7,.)(3.22)

Now, beside EDP = z, the conditioning part contains another piece of
information, which is relevant to the event C(X ¢ )< z. This piece is X\ = LCS . Taking

this additional information into account, we can find a probability of the n-th or higher

damage state as

A e ]

F(2)=P(C(X;°,x;")<z| EDP(., X} ,..0) =z,.. X{ =x;", X, =x7,..)(3.23)

= P(C(X/°,x) < 2)

The fragility function with conditioning on structural properties becomes a CDF
of the capacity of the element where some part of the elements properties is known and
the other part is uncertain (random). Therefore, the uncertainty in the damage estimation
is reduced by the knowledge of some parameters. In the limit it is possible to have a case
where we have the complete knowledge about damage. To see this, consider an element

for which the following condition holds
XX’ (3.24)

The condition (3.24) states that all the properties that define the element’s capacity are
also needed for development of the structural model, meaning that knowledge of
structural properties implies a full knowledge of “capacity” properties. Then, a
probability of being in the n-th or higher damage state can be found in a way similar to

(3.23) as follows
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Fj(2)=P(C(X{)<z| EDP(X},...X},....0)=2,X} =x,,..X] =x’,..) (3.2

A joeeey

= P(C(x; ) < 2)

-l

Because of the known value of C()_cl.c), such a structural model based fragility
function becomes deterministic, providing full knowledge about occurrence of damage.
Depending on C()_cl.c), the fragility function takes on the value of 0 or 1. In practice, the

knowledge of the element properties is usually neglected for the purpose of the damage
analysis by fragility functions. Ignoring this information can lead to a less accurate
damage estimation. We shall investigate this in detail in Chapter 4 by considering
damage of the sample model: a reinforced-concrete moment frame.

For the case study in Chapter 4, we shall explore the situation where subset X,
belongs to X5, providing complete information about X once X is known (condition
3.24 holds). This case requires the use of (3.25) for damage estimation. It also should
provide an upper bound on the error arising from neglecting information about element
structural properties.

From the theoretical consideration presented above, it can be seen that difference

between a classic fragility function (F"(z)) and a structural model based fragility

function (F§,,(z)) depends on the size of overlapping of the two sets of element
properties: X;° = X n X/°. If the two sets do not overlap then there is no difference

between F"(z) and F,, (z), implying that the standard fragility function provides the
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best accuracy possible. This case is normally applicable to nonstructural building
components and building contents because it is usually assumed that they do not affect
the response behavior (EDPs) of the structure.

For structural members, the situation is different. It is almost always the case that
there is an overlapping between structural model properties and capacity properties: X;©

N X7 # . In that case we can always achieve better accuracy by using a structural model

based fragility function F,, (z) rather than a standard fragility function F'*(z).

3.2 Multiple damage states

In practice, it is often desirable to consider more than one damage state for some
damageable component. Multiple damage states can be used to represent different levels
of damage (for example, a window can have three levels of damage: intact, cracked or
broken), or to represent different modes of failure. An example of the latter could be a
heavy and valuable piece of equipment for which the following three damage states can
be considered: sliding more than some threshold value, overturning and loss of
functionality (breaking). In this section, we shall consider the theoretical implications of
the multiple damage states case.

Suppose that we want to consider several damage states for a damageable
component. Let us assume that there are N +1 damage states: DS=0,..., N, where DS = 0
corresponds to the undamaged state. For any given level of response EDP = z, there

exists a set of possible outcomes (damage levels)

(2|2)={DS=0,DS =1, DS=2,.., DS = N} (3.26)
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The obvious goal is to find the probability distribution associated with this set, so
that we can determine the probability of occurrence of all possible outcomes including
individual events (DS = 1) and unions and intersections of events. First, we assume the
most general relation between damage states, meaning that all unions and intersections of
events and subsets of the events of the state space have non-zero probability associated
with them. We will use fragility functions for the analysis. Assume that we have found N

fragility functions

F'(z)=P(DS>1|EDP=z)=P(DS=1UDS =2U...uDS =N |EDP=z) (3.27)

F?(z)

P(DS>2|EDP=z)=P(DS=2UDS=3U...uDS=N|EDP=z)
FY(z)=P(DS>N|EDP=z)=P(DS =N |EDP =z)

Now, consider the union of two events

{DS>1}u{DS =0}=0 (3.28)

then it follows

P(DS >1)+ P(DS =0)- P(DS >1n DS =0)=1
regrouping the terms we have

P(DS =0)=1-P(DS >1)+ P(DS >1n DS =0)

where we have skipped the conditioning on EDP for convenience. It is always true
that P(DS > 11 DS =0) =0, because DS = 0 means that the element is undamaged and
the event DS > 1 means that some damage has occurred and so, the event DS=0 N DS > 1

can not happen. Then, the probability of an element being undamaged is

P(DS =0|EDP=z)=1-P(DS>1|EDP=z)=1-F'(z) (3.29)
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Similarly for DS =1

Assuming that events DS > 2 and DS = 1 are also mutually exclusive, then
P(DS =1|EDP=z)=F'(z)- F*(z)
Applying the same procedure to the remaining damage states, we can obtain

P(DS =0|EDP=z)=1-F'(2)
P(DS =i|EDP=z)=F'(z)-F™(z), i=1..N-1
P(DS=N|EDP=z)=F"(z)

providing that the following holds

DS =i, i =0...N are mutually exclusive

(3.30)

(3.31)

(3.32)

(3.33)

The assumption (3.33) is usually satisfied if the damage states are defined to

represent increasing severity of damage. However, if the damage states represent

different failure modes, then they are not necessarily mutually exclusive. In the

aforementioned example of heavy piece of equipment, all the damage states are not

exclusive. For example, the equipment can just break, or it can break and overturn, or it

can break and slide. Therefore, the damage states can happen in any combination, making

the damage analysis more complicated. We shall discuss such a case in Section 3.2.1.

From (3.32), we can easily derive the following property of a set of fragility

functions: for every value of the argument z, the fragility functions provide a decreasing
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sequence of values as DS goes from 1 to N. Since P( DS =i | EDP =z ) > 0 for any i, it

follows
[>F'z)>F@E2>.2F¢) V:z (3.34)

The condition (3.34) holds even when the damage states are not mutually

exclusive. We can show this as follows. Consider events DS >i and DS >i+1. Clearly
{DS=i+1UDS=i+2U...UDS=N}c{DS=iUDS=i+1U...uDS =N} (3.35)
{DS>i+1}c{DS>i} Vi
so giving
P(DS>i+1|EDP=z)<P(DS>i|EDP=z) Vi

Figure 3.1 shows a set of fragility functions for the case of five damage states and
the corresponding probabilities of damage state occurrence. Figure 3.2 shows the
probability space structure for different values of EDP: EDP = z;, EDP = z,. Probability
space is presented in terms of sets 4; denoting the event DS >1i.

It is important to remember that (3.32) can be used to find the probability
distribution on damage states, conditioned on EDP, only if property (3.33) holds. In many
cases, this can be assured by the appropriate definitions of the damage states. Otherwise,
we can not use the simple and convenient relations (3.32), and we need to work out some

other approaches that are discussed in Section 3.2.2.
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3.2.1 Fragility functions (not mutually exclusive damage states)

Consider the case when the damage states are not mutually exclusive. First, we
will investigate a nonstructural element that has three damage states. We assume, as
before, that nonzero damage states exclude the zero damage state, but DS = 1 and DS =2
are not mutually exclusive. Thus, probability of the event DS =1 m DS = 2 is not zero.

In general, the event DS =1 m DS = 2 represents an extra level of damage, that is
equivalent to a damage state that is defined as the onset of both DS =1 and DS = 2. In
this case there are four distinct events corresponding to the four damage states: DS = 0,
DS=1,DS =2, DS =1 n DS = 2. Since the assumption (3.33) is not satisfied, the
relations (3.32) take the following form

P(DS =0| EDP=z)=1-F'(2) (3.36)
P(DS =1|EDP =z)=F'(z)- F*(z)+ P(DS =2~ DS =1| EDP = z)
P(DS =2| EDP = z)= F*(z)

Now we can not find the probabilities of all the damage states of interest from the
standard set of fragility functions alone. From the second equation, we can only find the
difference between the probability of DS = 1 and the probability of DS =1 n DS = 2.
Therefore, the set of two fragility functions does not have enough information to
determine the probabilities of all events, if the damage states are not disjoint. For the case

of two damage states, we need one more function that is defined as follows
F?(z)=P(DS=2nDS =1| EDP = z) (3.37)

then the probability of each damage state is given by

P(DS=0|EDP=z)=1-F'(z) (3.38)
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P(DS =1|EDP=z)=F'(z)- F*(z)+ F"(z2)
P(DS =2| EDP = z)= F*(z2)
P(DS=2nDS =1|EDP=z)=F"(z)

For the general case of N +1 damage states (including undamaged), the number of

all possible distinct events includes all combinations of the damage states and can be

)
N = + +...+ +1 (3.39)
1 2 N -1

The first term is equal to N and represents the individual events. Note that this is

found as follows

exactly the number of distinct events if all the damage states are mutually exclusive. The
second term represents the combination of two types of damage: DS =i N DS =j. The
third term is the number of all possible combinations of three damage states and so on.

The total number of all possible distinct events is given by
N =2 1 (3.40)

In order to find the probability of all these events, we have to have exactly N
fragility functions. This is achievable but quite cumbersome. In some cases, this situation
can be avoided by a proper definition of the damage states or by taking into account

additional considerations, as shown in the Section 3.2.2.

3.2.2 Selecting damage states

There are cases where it is possible to reduce the number of distinct events even if
the damage states are not mutually exclusive. Consider an element with three damage

states: DS = 0, DS = 1, DS = 2, and assume that DS = 1 and DS = 2 are not mutually
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exclusive, implying that there is a nonzero probability of the event DS =1 " DS =2. In
practice, if DS = 2 represents a more severe damage state, it can be true that damage
states DS = 2 and DS =1 N DS = 2 are equivalent in terms of their consequences. This

can be written as a condition
C(DS =2)=C(DS =1nDS =2) (3.41)

where C( ) is some function representing the consequences of the event. Some common
consequence functions are cost of repair or downtime. Then we can combine these two

damage states into one
{DS =2%}={DS =2}u{DS =2 DS =1} (3.42)

For this case, DS = 2* is equivalent to DS = 2. Furthermore, we introduce another

new event
{DS =1*}={DS =1}\{DS =2~ DS =1} (3.43)

This means that DS = 1* is equivalent to DS = 1, without DS = 2 as shown on Figure 3.3.
The redefined damage states {DS = 0, DS = 1*, DS = 2*} are indeed mutually exclusive.
Therefore, the theory developed for mutually exclusive events is applicable. Moreover,
we do not even have to find the new fragility functions. Consider the second equation of

the relations (3.36) for the events DS=0,DS=1,DS=2

P(DS =1|EDP=z)-P(DS=2nDS=1|EDP=z)=F'(z)-F*(z)  (3.44)
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Figure 3.3 Original state space and redefined state space with corresponding probability measures

It can be seen that the left-hand side of this equation is just the probability of DS = 1*.

Using the fact that DS = 2 is equivalent to DS = 2*, we can write

P(DS=0|EDP=z)=1-F'(z) (3.45)
F?(z)

P(DS =1*| EDP = z)=F'(z)-
P(DS =2%| EDP =z)=F*(z)

Fragility functions that have been obtained for damage states DS = 1, DS = 2 are
applicable to the damage states DS = 1*, DS = 2* in the most simple and effective form
(3.32). Therefore, the rule for choosing the damage states might be as follows: the
consequences of a higher damage state should include the consequences of a lower
damage state, so that condition (3.41) will be satisfied. This is usually easy to accomplish
for the case where damage states represent the severity of damage.

In case of different failure modes, distinct damage states may cause very different
consequences. Take the example of a heavy piece of equipment with three damage states
of interest: sliding more than some threshold value, overturning and breaking. The

potential respective consequences for these damage states are: blocking egress, injuring a
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human, and lost of functionality. Clearly, none of the outcomes can be encompassed by
the other. Therefore, condition (3.41) can not be satisfied and we have to develop
fragility functions for all intersections of events (3.39). In the case where developing the
complete set of fragility functions is not possible, it may be reasonable to introduce the
assumption of independence of damage states. Then the probabilities of all events can be
found with the standard set of fragility functions (P(DS >i | EDP = z), i = 1..N, where N
is the number of damage states). In particular, for a component with two damage states,
we have P(DS =2 DS =1|EDP =z)= P(DS =2| EDP = z)P(DS =1|EDP = z), so

substituting into (3.36), we have

P(DS=0|EDP=z)=1-F'(z) (3.46)
P(DS =1\ EDP = z) = (F'(z)- F*(2))/(1- F*(2))
P(DS =2|EDP=z)=F*(z)

Thus, probabilities of all events of interest are expressed in term of fragility functions.
For a general case of N damage states, the assumption of mutual independence of all
damage states allows one to obtain probabilities of each damage state in terms of N
standard fragility functions. The accuracy of such a simplified model depends on whether
the damage states are indeed independent. If the different damage states are only slightly
correlated, the assumption of independence can be a reasonable practical option to exploit

for damage analysis.
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4 Damage estimation coupled with structural analysis (single
damage state)

4.1 EDP dependent on damage

4.1.1 Methods of damage estimation

In structural reliability theory, the probability of damage is estimated by
integration over the failure region in the corresponding state space (Section 2.2.1). Given
the complexity of earthquake engineering applications, the integral is usually calculated
by simulation. Figure 4.1 shows the structure of the state space and relation between
different groups of variables in the space. Notations in this figure are consistent with
those used previously: Q — properties of the earthquake, X°° — properties of the structural
members that are used for structural analysis only, X° — properties of the structural
members that are used both for structural analysis and damage analysis, X“° — properties
that are used for damage analysis only, EDP — engineering demand parameters, DM —

damage measure. Early

Figure 4.1 Relations between the variables in the state space.

In the case that the structural response defining properties overlap with damage
defining properties (X, # &), one should use care while disaggregating the analysis into

two separate modules, one for structural analysis and one for damage analysis. A
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disaggregated analysis assumes that only the vector of EDPs is transferred from the
structural analysis to the damage analysis. Utilizing relation (3.13) instead of (3.23) or
(3.25) assumes that there is no knowledge about X“* when doing the damage analysis,
contradicting the fact that these properties have already been defined during the structural
analysis. Therefore, in the case of Monte Carlo simulation, two distinct samples of )_(C 5
are used: one for structural analysis and another one for damage analysis, as shown in
Figure 4.2. It is foreseeable that such approach could reduce the accuracy of damage
estimation. If equations (3.23) or (3.25) are used for damage analysis, the integration
does not have inconsistencies. But this approach requires that damage analysis is
performed, in part, together with structural analysis as shown in Figure 4.3. We shall
investigate the difference between a coupled damage analysis (Figure 4.3) and an
uncoupled damage analysis (Figure 4.2) by studying three separate simulation methods

for damage assessment.
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Figure 4.2 Uncoupled structural and damage analyses.
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Figure 4.3 Coupled structural and damage analyses

Method 1. Vector X = [)_(SO, /_YCS , )_(C 0] is randomly sampled according to its probability
distribution at the start of each simulation. EDP is then calculated as a result of a
nonlinear dynamic time history structural analysis, using these sampled structural
properties [X°°, X“*] Then DM is calculated according to (3.25) by using the obtained
values of EDP and the sampled values of )_(C 5 and )_(C © For each damage calculation, only
one sample of the structural properties, X, is used. To perform the integration over the
state space of structural random variables, X, they are generated a statistically significant
number of times. In essence, the method performs a coupled damage analysis with a
randomized structural model and a structural model based fragility function (3.23). It
results in an implementation of the scheme presented by Figure 4.3.

Method 2. Vector X° = [X°°, X**] is randomly sampled according to its probability
distribution. EDP is then calculated as a result of a nonlinear dynamic time history
structural analysis using these sampled structural properties. Then DM is estimated from
EDP by using (3.13). This is equivalent to ignoring the previous sample of X“*, used in

the structural analysis, and estimating these damage properties from a new random
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sample of X and X“°. The two samples of X“° are independent and identically
distributed. Effectively, the method implements the structure shown by Figure 4.2, where
a part of the structural model is randomized twice: one time for the purpose of structural
analysis and the other time for the purpose of damage analysis. The method is
inconsistent because of the “double-counting” of the structural properties X<°. However,
it provides a desirable disaggregation of the problem and it is often used in to damage
estimation.

Method 3. The uncertainty in the structural properties is ignored by taken them to be
equal to their expected values X° = E[X%], for the purpose of the structural analysis.
Everything else is the same as in Method 2. The method is the easiest of all three
methods to implement in practice, since in the case of fixed excitation (Q), it uses the
computationally intensive dynamic structural simulation only once. For this reason, it is
often used and so it is included in the present study along with Methods 1 and 2.

In addition to the sampling of structural properties, there exist two ways to apply
the earthquake load Q. One way is to choose different ground motion time histories (by
selecting a set of appropriate recorded time histories or by randomly generating the time
histories from a stochastic ground motion model) and the other way is to use a single time
history for all simulations. In the latter case, the particular properties of the chosen
ground motion can be a factor in the final damage estimation. Therefore, three methods
together with the two ways to apply the earthquake load constitute six different cases of
analysis that will be studied further.

For the present study, we consider the case where the structural properties include

all the damage-related properties, so (3.24) holds and X“° = &. Therefore, a structural
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model based fragility function (3.23) becomes a step function (3.25). Also, we do not
randomize the structural properties that are not used for damage analysis, X, Figure 4.4
illustrates all cases that are considered in the present study; i.i.d. in the figure stands for
independent identically distributed random variables; X is not shown since it is a null

set and X*? is a know deterministic value equal to its best estimate, £ [)_(S © ].
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Figure 4.4 Methods used for the sample case study damage estimation.

It is noted that the idea of Method 1 can be expressed by the following: some
damage to the structural elements is determined by the structural model and is derivable
from the results of the structural analysis. In the examples in this chapter, we deal with

the case when (3.24) holds, therefore damage to the structural elements is completely
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defined by the structural model. Mathematically, Method 1 represents the correct
integration performed according to (2.9). Method 2 ignores the damage information
obtained from the structural analysis and introduces a separate module of damage
analysis on top of the structural simulation that uses the fragility functions.
Mathematically, it is equivalent to double integration over the subset of the structural
properties X°° in (2.9). Method 3 is a variation of the semi-deterministic approach in
damage estimation: for the sake of computational convenience, the uncertainty of the
structural properties is ignored while performing the structural analysis. Then at the last
step, the uncertainty is introduced by fragility functions for the damage estimation. This
“late” introduction of the structural uncertainty, although convenient, is mathematically

inconsistent with rigorous damage estimation.

4.1.2 Structural model description

The reinforced concrete moment frame shown in Figure 4.5 is chosen as a case
study. The frame represents the south frame of a 7-story hotel building located in Van
Nuys, California. For a detailed building and structural model description see Beck et al.
(2002) and Li and Jirsa (1998). The 2-D model of the frame is developed for the present
study. The model is a simplified version of the model that was used in Beck et al. (2002).
The flexural behavior of the beams and columns is represented by one-component
Giberson beams with plastic hinges at the ends (Sharpe, 1974). Shear deformation for the
beams and columns is assumed to be elastic and is incorporated in the flexural elements.
The Q-HYST bi-linear hysteresis (Saiidi and Sozen, 1979) is used to model the stiffness

degradation of reinforced concrete members in flexure as shown in Figure 4.6.
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Properties of the reinforced concrete members are taken from the original
structural drawings (Rissman and Rissman Associates, 1965). The software program for
cross-section analysis of reinforced concrete members, UCFyber (ZEvent, 2000), is used
to calculate parameters of the Q-HY ST hysteretic rule of the force-deformation curves for
each flexural member. Interactions of axial load and flexure and also shear and flexure
are not considered in the model. The inelastic dynamic analysis program, Ruaumoko

(Carr, 2001), is used to perform the structural analyses.
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Figure 4.5. Reinforced concrete moment-resisting frame chosen for the case study.
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Figure 4.6. Flexural members hysteretic rule: Q-HYST.

4.1.3 Damage model

For the present study, only structural damage is considered. It is assumed that
each structural member has only two damage states: “undamaged” (DS = 0) and “yield”
(DS =1). A member is considered to be in damage state “yield” if the yielding point in the
moment-curvature relations has been reached. Alternatively, the damage state can be
defined as a reduction of the minimal stiffness from the original value K to the post-yield
value akK).

The “yield” damage state of the i-th flexural member can be described by the

following damage model

DS = “yield” & d,(X,) < d}, (X.0) “D

where d (X ) is the yield curvature of the reinforced concrete member, d (X, Q) is

the maximum curvature attained by the element during the simulation. For each member,
d, is calculated by UCFyber assuming zero axial load. Since there is no interaction of

axial load and flexure or shear and flexure in the model, the flexural properties of the
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member do not depend on the other member properties or load characteristics. Therefore,
the yield curvature d, of each member depends only on the properties of the member X,
implying that the form (C(X; )) used in (4.1) is valid. It can be seen that (4.1) is satisfied
for the damage state and structural model as we have defined them.

Note that (4.1) is the problem-specific version of (3.10), where the limit-state
function has been formulated according to the particular features of the element under
consideration. Therefore, the validity of (4.1) is essential for further analysis because the
effects of violation of (3.10) can appear in the results of the analysis and disturb the
whole picture. For example, if we were to use a structural model with axial load — flexure
interaction, the yield curvature d, would depend on the axial force, meaning that there is a
dependence on the overall structural properties and earthquake excitation: d, (X, Q). In
this case (4.1) would not be satisfied regardless of the choice of the member yield model
d,(X,).

Comparing the limit state model (4.1) with the one used in (3.11) — (3.13), it can
be noted that & (X,) is, by definition, the capacity of the structural member with respect

i
max *

to the “yield” damage state, formulated in terms of maximum curvature d. . Therefore,

the maximum curvature d| is the EDP chosen for the damage analysis. According to

X

(3.13), the fragility function for this case is a CDF of capacity
Fi(z)=(d (X,)<2) (4.2)

This is the fragility function to be used for the damage estimation in Method 2 and

Method 3.
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Consider the chosen EDP — maximum curvature of the element d._ . In order to

obtain its value, it is necessary to perform a dynamic structural analysis. To do this, we
need to specify the parameters of the structural model. From the flexural hysteresis rule
(Figure 4.6), it can be observed that two of the needed parameters are yield moment, M,,
and initial stiffness, Ky. From these two parameters, the yield curvature can always be

derived: d, = M, /Ky. Therefore, as a result of the dynamic simulation, the value of
maximum curvature ¢, for each element and the value of yield curvature are obtained.

Substituting this information into the conditioning part of (3.21) for the i-th element

max

Fg (2)=P((X,) < z]d},, (X,0) = 2,d}(X,) =d},..) (4.3)

=Pd} <z|d}, (X,0)=zd (X,)=d,..)

max

1 <z

0 d >z
where d y’ is the numeric value of the yield curvature of the i-th element and is drawn

from the probability distribution defined by (4.2), which has been used during the
dynamic simulation. Thus, whenever the maximum curvature attained during the
dynamic simulation exceeds the sampled yield curvature of the element, the element is
considered to be in damage state “yield.” This is the structural model based fragility

function that is used for damage estimation by Method 1.

Note that d y’ is one of the properties of the element, which is known from the

input structural data and which is also relevant to the “capacity” of the element with

respect to the “yield” damage state in terms of the maximum curvature. In fact, for the
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chosen model, this parameter actually is the abovementioned capacity, meaning that
knowledge of the structural properties provides complete information about the element’s
capacity. Therefore, the presented model also satisfies (3.24) as intended for the present
study.

Once the damage state of each element is determined, the global damage is
estimated as the number (%,) of the elements in the “yield” damage state. Since each
structural member (beam or column) can yield at each of its ends, the number of damaged
elements is equal to the number of plastic hinges formed. Therefore, the number of
damageable elements (beam or column ends) is twice of the number of flexural members
in the frame. For the chosen frame, the total number of flexural members is 119, hence
there are 238 damageable elements in the frame. For each dynamic structural simulation,
the number of damaged elements V, is calculated by afore-described three different
methods. The results are presented in Section 4.1.6.

Note that the final goal of the building evaluation is the decision variable. In the
present study, N, is chosen to be a performance criteria primarily for demonstration
purposes and because of the easiness of its calculation. However, this parameter is
closely related to some important decision variables, such as repair cost. The relation
between N, and repair cost can be estimated as follows: if the cost to repair each yielded
beam or column end is denoted by C,;, then the total cost of repair is C,,N,. Therefore,
the conclusions that are made for N, are also valid for a decision variable such as building

repair cost, making the results viable for practical purposes.
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4.1.4 Interpretation of the chosen damage model

In earthquake engineering, damage states are used to quantify structural damage
inflicted by an earthquake. There are different ways to choose damage states. In this
chapter, we used a damage state that is formulated in terms of a structural state —
“yielding.”

In a more conventional approach, damage states are formulated in terms of visible
signs of deterioration. For example, typical damage states of reinforced concrete
members can be defined as cracking, concrete crushing, concrete spalling, buckling of
longitudinal reinforcement and breakage of longitudinal reinforcement.

It is generally accepted within the earthquake engineering community that the
structural states of reinforced concrete members (such as “yielding”) are related to the
visible degradation of the members. There are experimental studies that support this
relation. For example, Tanaka and Park (1990) conducted a test program that
demonstrates a very close relation between yielding of longitudinal reinforcement and a
damage state that they described as “first visible crushing of cover concrete.” Figure 4.7
shows the test results for one of the eight specimens they tested. It can be seen that
crushing of cover concrete occurs shortly after the onset of tensile yielding of the
longitudinal reinforcement. This picture is typical for all eight tested specimens. Crushing
of cover concrete occurs in close proximity to yielding. In six cases, crushing happened

shortly after yielding and in two cases just before yielding.
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Figure 4.7 Relation between force-displacement history and observed damage states of a reinforced

concrete column (Tanaka and Park, 1990)

Based on these results, we can interpret a damage state used in this chapter
(“yielding) as “first visible crushing of cover concrete,” making the chosen damage

model fully meaningful in terms of an intuitive (descriptive) understanding of damage.

4.1.5 Parameters of the damage model and ground motions

Before the damage analysis by either of three methods can be performed, we need
to define the probability distribution of the parameters that are important for damage
analysis. In the present case, the only parameter that is relevant to the damage analysis is
yield curvature. Therefore, for each element we define its probability distribution by

specifying the cumulative distribution function of the yield curvature. For the present
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study, we adopt a lognormal probability distribution. For each element, the parameters of
the probability distribution are found as follows. The yield moment is assumed to be

equal to

M= M'x (4.4)

y

where M ; is the best estimate of the yield moment of the i-th element, as calculated by

UCFyber (ZEvent, 2000) and x is a lognormally distributed random variable with

expectation E[x] = 1 and the coefficient of variation Jx] = 0.08, making the yield
moment a lognormal random variable with expectation E[Myi]= M ; and coefficient of

variation é[Myi] = 0.08. The study by Ellingwood et al. (1980) suggests that coefficient
of variation 0.08 is a reasonable estimate of uncertainty of the flexural strength of
reinforced concrete members. The stiffness K is assumed to be known and equal to the

value calculated by UCFyber (ZEvent, 2000). Therefore, yield curvature is a lognormal

random variable with the following CDF

F, ()~ LN (u, + (3} /K}) o,) (4.5)

where g, = - 0.0032 and o, = 0.08 are mean and standard variation of /n(x) that has
normal distribution. These values of x4 and oy provide the required expectation and
coefficient of variation of x. Formula (4.5) is used for generating a randomized structural
model and as a fragility function (4.2).

Note that for the present study we are not concerned with effects of the
uncertainty of the model parameters on the damage estimation. The focus is on an

investigation of how different ways to implement the uncertainty in the model influence
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the damage estimation. Therefore, the choice of capacity probability distribution is not of

high importance here.
The mass properties and stiffness properties (K;) of the structural model are

assumed to be known. Therefore, the natural frequencies of the original (undamaged)
structural model are the same for all randomly generated samples of the structural model.
The first natural frequency of the present model is 7; = 1.5 sec., which agrees with the
value exhibited by the Van Nuys 7-story hotel in the longitudinal direction during the
1994 Northridge earthquake, as reported by Islam (1996). As the intensity measure of the
input acceleration time histories, we use linear spectral acceleration S, calculated for the
first natural frequency of the model. The software program Bispec (Hachem, 2003) is
used to determine S,. Ground motions for the analysis are taken from the set of the
ground motions developed for the SAC Steel Project (Woodward-Clyde Federal Services,

1997). We refer to this set as the SAC database.

4.1.6 Results and conclusions

In this section, we present the results of damage estimation performed by the three
afore-described methods in terms of the calculated number N, of yielded elements. Out of
all three methods, only Method 1 is strictly correct. Therefore, we treat the results
obtained by Method 1 as exact and results obtained by the other methods as approximate.

To compare the damage evaluation techniques, it is reasonable to isolate any other
factors affecting the damage, such as the uncertainty of the ground motion. Thus, for the
first analysis, we collect the statistics of total damage N, calculated by three different

methods for the same ground motion. For each acceleration time history, we perform 40

dynamic simulations with the structural model where yield curvature d ; is randomly
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generated for every element. These simulations are used to calculate N, by Method 1 and

Method 2. For each acceleration time history, one dynamic simulation is performed with

the structural model where the yield curvature d ; is set equal to its expected value:

Eld ; ], then the total damage A, is estimated by Method 3.

Table 4.1 gives the results of damage estimation for the ground motion time
history LA15 from the SAC database at the level of intensity S, = 0.5g. It can be seen that
for this particular ground motion, Method 2 overestimates the damage on average by
(102.1 — 96.3)/ 96.3 = 6.0% and Method 3 overestimates the damage on average by
(103.7 — 96.3)/ 96.3 = 7.7%. It can be seen from the data that Method 2 gives a the
variance for N, that is 42% of that of Method 1. The variance is underestimated by (76.7 —
32.2)/ 76.7 = 58%. It is also observed that Method 3 produces a damage estimate with a
variance that is 6.7% of the variance of the Method 1 estimation.

The effects that have been observed for this one particular ground motion might
be occasioned by some particular features of this ground motion. To ensure that similar

phenomena take place in general, independently of the individual characteristics of the
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Table 4.1. Results of damage estimation for LA1S ground motion at 0.5g.

Simulation number N; Method 1 N; Method 2 N; Method 3
1 81 97 106
2 94 97 104
3 95 97 103
4 89 103 104
5 97 104 103
6 106 104 97
7 94 102 103
8 91 96 108
9 98 105 105
10 88 103 102
11 103 101 104
12 85 92 108
13 105 104 103
14 82 105 101
15 115 112 106
16 80 91 104
17 96 95 106
18 86 95 104
19 103 103 101
20 85 104 106
21 102 110 106
22 88 102 104
23 103 106 103
24 101 103 103
25 101 98 101
26 90 102 103
27 81 89 102
28 100 96 105
29 109 112 105
30 105 105 102
31 95 105 106
32 95 97 103
33 89 103 104
34 97 104 103
35 106 104 97
36 94 102 103
37 91 96 108
38 98 105 105
39 88 103 102
40 103 101 104

Mean 96.3 102.1 103.7

Variance 76.7 32.2 4.9
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Table 4.2 Statistical properties of the damage estimation for different ground motion time histories.

Ground E[N/] E[NV] E[N/] Var|[NV] Var|N{] Var|[NV]
motion Method1 Method2 Method3 Method1l Method2 Method 3
file

LAOI 1112 115.8 115.9 127.7 62.6 6.5
LAO2 120.1 1233 118.4 46.0 20.7 35
LAO3 106.9 112.9 112.7 125.7 56.7 55
LAO5 108.6 112.3 110.4 75.1 32.8 4.5
LAO7 113.1 117.5 118.9 68.3 26.9 6.3
LAOS 103.1 108.6 107.9 1572 41.6 4.6
LAIO 61.7 65.5 64.9 77.1 74.8 8.4
LAll 92.6 97.8 97.9 92.9 48.1 6.9
LAI2 147.0 151.5 151.6 1573 44.6 93
LAI3 68.8 72.4 72.0 38.4 27.5 6.1
LAl4 89.3 93.4 94.6 71.7 38.9 4.7
LAIL5 96.3 102.1 103.8 76.7 32.2 4.9
LAL6 83.0 87.9 86.8 72.8 41.1 8.0
LAL7 86.9 90.8 91.0 79.1 29.3 32
LAIS 96.3 100.4 101.2 96.1 36.5 6.9
LAI9 124.9 129.1 127.0 85.6 44.9 73
LA20 101.6 106.8 106.3 1122 54.7 7.1
LA22 109.8 113.0 1122 45.0 243 54
LA23 97.3 99.7 95.4 57.8 30.1 53
LA27 87.4 91.7 93.5 75.6 35.3 2.6
LA29 98.3 101.0 96.5 105.9 56.8 9.5
LA30 104.6 111.3 108.6 109.2 49.7 10.3
LA33 71.4 76.6 74.1 52.2 44.0 8.0
LA39 91.9 96.8 95.5 63.7 36.5 7.4
LA41 90.2 93.9 90.8 66.5 39.0 57
LA42 85.0 88.8 86.0 82.0 50.5 7.9
LAS55 77.6 80.9 81.8 71.5 37.0 45
LAS56 46.8 49.7 422 109.2 59.7 5.1
LA58 68.2 72.2 71.2 103.7 71.7 7.8
LA59 132.7 137.5 137.7 47.4 23.9 45
LAGO 111.9 115.5 112.0 60.9 36.3 6.9

Average 96.3 100.5 99.3 84.2 42.2 6.3
values

input excitation, we conduct an analogous analysis for 30 other acceleration time

histories from the SAC database. The chosen records and corresponding results are
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shown in Table 4.2 together with the LA15 time history. All time histories in Table 4.2
are scaled to provide S, = 0.5g. The scaling factor does not exceed 2 for all time histories.
Statistical properties (mean and variance) of the global damage N, are based on 40
dynamic simulations for each ground motion.

For the chosen set of earthquake ground motions, the damage estimated by
Method 2 is on average (100.5 — 96.3)/96.3 = 4.4% greater than the exact solution
(Method 1). This seems to be a reasonably good agreement for practical purposes.
Method 3 exhibits slightly better results for average values: E[N;] has been overestimated
by (99.3 — 96.3)/96.3 = 3.1%, providing essentially the same accuracy for the expected
damage as Method 2. As far as the dispersion of the damage estimates is concerned, it
can be noted that Method 2 gives the variance of N, on average 50% less than the exact
solution. The variance estimated by Method 3 on average is 7.5% that calculated by
Method 1.

For a comprehensive evaluation of the seismic performance of a facility, it is
usually necessary to estimate the decision variable of interest for different levels of
seismic excitation. The accuracy of damage estimation may be different for different
excitation intensities, affecting the reliability of the decision variable estimate. Therefore,
we examine how the damage estimation changes depending on the intensity level. First,
we perform damage estimation at different intensity levels by scaling one ground motion
time history. We choose the ground motion that provides the values of damage that are
the closest to the average values. The ground motion LA15 satisfies this criterion best of
all. We scale LA15 to provide values of S, from 0.1g to 1.0g at a 0.1g step. The results

are shown in Figures 4.8 - 4.11. Figure 4.8 depicts the average values of N, as a function
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of S,. As before, N, is calculated by the three different methods. Assuming that Method 1
provides the exact result, the relative error of V; estimation performed by Methods 2 and
3 is plotted in Figure 4.9. For Method 2, the error decreases from 40.5% to 3.2% over the
range from 0.1g to 1.0g. For the range between 0.4g and 1.0g the error does not exceed
6.8%, averaging at 4.6%. Figure 4.10 displays the variance of N, as a function of S,. We
can see that Method 2 underestimates the variance by approximately 50% for the lower
end and provides roughly the same results as Method 1 for the high values of spectral
acceleration (S, > 0.5g). Method 3 underestimates the variance quite significantly: the
variance of the damage estimate is on average about 10% of the variance obtained by
Method 1 for the chosen range of ground motion intensity.

Figure 4.11 shows the coefficient of variation of the damage estimate. The
average value of the coefficient of variation for Method 1 is 14.6%. For this example, the
uncertainty of the damage estimate is caused by the uncertainty of building properties
only (the ground motion is deterministic). More specifically, it is caused by the
uncertainty of the capacity of the flexural members with respect to the yield damage
state. Therefore, we can see how the one isolated factor of uncertain capacity affects the
uncertainty of the damage estimate. The coefficient of variation of the flexural members’
capacity is 8%. That has resulted in a coefficient of variation of the damage estimate of
14.6%. Thus, uncertainty in building structural properties approximately doubles when it
gets to the damage estimate. Figure 4.11 also reveals that at the lower end, the uncertainty
of the damage estimate is much higher than the average value. In the range of S, < 0.5g
the coefficient of variation is on average 30%. For the high end it is 6.8%, which is lower

than the coefficient of variation of the source of uncertainty, the uncertain capacity. The
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other two methods give much lower estimates of the coefficient of variation, essentially
repeating the behavior shown by the variances: Method 2 — 8.6%, Method 3 — 4.3% on

average over the whole range of S,..
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Figure 4.8. Expectation of damage E[/V,] as a function of spectral acceleration, ground motion LA1S.
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Figure 4.9. Relative errors of estimation of E[/V,] by different methods as a function of spectral

acceleration, ground motion LA1S.
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Figure 4.11. Coefficient of variation of the damage estimate as a function of spectral acceleration,

ground motion LA1S.

In order to isolate the possible influence of the particular characteristics of the
ground motion, we repeat the analysis at each level of the spectral acceleration S, with 40

different ground motions. All ground motion is taken from SAC database. The selection
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process is conducted as follows. For a given intensity level, we pre-select at least 40
ground motion time histories that do not require excessive scaling (no more than 2.0 no
less than 0.5), and then we scale all of them to that intensity level. This way we avoid
over-scaling of ground motion time histories and a possible use of ground motions that
are not typical for the given intensity. Then if there are 40 pre-selected time histories than
we use all of them, if there are more than 40 time histories we arbitrary select 40 of them.
These 40 selected ground motions are used for all structural analyses performed at the
given intensity level, meaning that the same set of 40 ground motions is used for all three
methods of damage analysis. At each value of S,, we performed 40 (one for each of the
selected 40 ground motion time history) dynamic simulations using 40 randomly
generated structural models (Method 1 and Method 2 used for damage estimation, the
same set of 40 generated structural models is used for both methods) and 40 dynamic
simulations with the best estimate structure (Method 3 used for damage estimation). The
results are presented in Figures 4.12 — 4.15. Note that for this case, Method 3 does not
have any computational advantage over Method 1 and 2. For each of the 40 ground
motion records, for each S, value, we need to perform a dynamic simulation. Therefore,
using the best estimate structural model instead of the randomized one does not reduce
the number of dynamic analyses. Method 2 overestimates the expected value of damage
with the relative error in the range 3% to 21%, with the maximum error at 0.2g. The
average error for higher end (between 0.4g and 1.0g) is 4.1%. Method 3 provides damage
estimates closer to the results of Method 1. The estimation error is less than 9.8%, the
maximum occurring at 0.2g. The average error at the high end (0.4g —1.0g) is very low:

0.8%.



76

Figure 4.14 shows the variances of the damage estimates produced by the three
methods for the set of ground motion time histories. There is no statistically significant
difference between the variance estimates provided by the different methods. Therefore,
the case of a set of ground motion records is appreciably different from the case of a
single record (LA15) where the discrepancy between the variance estimates is apparent.
Figure 4.15 shows the coefficient of variation of the damage estimate for the three
methods. The results are practically identical for all three methods. The value of the
coefficient of variation is considerably higher than for the case of the single excitation
(Figure 4.11), reflecting the uncertainty introduced by the multiple ground motion time

histories.
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Figure 4.12. Expectation of damage E[Nt] as a function of spectral acceleration, set of ground motion

records.
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Figure 4.15. Coefficient of variation of the damage estimate as a function of spectral acceleration, set

of ground motion records.

The purpose of this chapter is to compare two different approaches to the
structural damage estimation: the damage analysis uncoupled from structural analysis,
which performs damage evaluation based on the knowledge of EDP alone, and a
proposed, coupled damage analysis approach, which predicts damage using both
knowledge of EDP and knowledge of structural properties. In particular, we want to
study the flaw of the fragility functions as applied to structural damage. This flaw is

present whenever there exist such properties that are used for both structural damage
(capacity) and structural response (X ZC NX f= X I.CS # (J). The usage of fragility functions
in this case results in using two samples of such properties X [CS instead of one. To explore

this flaw, we have developed a damage model (damage state, EDP and limit-state

function) that maximizes the possible discrepancy between the two approaches by
maximizing the set of overlapping properties (X <X, thus X °=X") and excludes

any other possible sources of error such as an imperfect limit-state function (see Chapter
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4.2 for details). Then we have used three different methods of damage estimation. The
approach based on coupled structural and damage analysis is implemented through
Method 1. This method uses one set of randomly generated structural properties to
conduct structural analysis and consecutive damage analysis. Method 2 and Method 3 are
based on uncoupled structural and damage analyses. Both of them make use of two sets
of structural properties. The difference is that Method 2 uses two randomly generated sets
of structural properties, but Method 3 uses the best-estimate structural properties for the
structural analysis and randomly generated properties for damage analysis.

The results have shown that all three methods provide fairly close estimates of the
expected damage, providing some justification of the uncoupled damage and structural
analyses. However, it still needs to be determined if this holds for other problems
encountered in reality. The effects of possibly important factors, such as the level of
uncertainty in the structural properties, the form of the probability distribution of the
structural properties or redundancy of the structural model, have not been studied. These
factors might be an interesting subject of future research. More importantly, the
acceptable performance of the uncoupled analyses is shown for the case where the double
sampling of structural properties is the only cause of the discrepancy between the results
obtained by the uncoupled analyses and the results obtained by the coupled structural and
damage analyses. As we shall see in Section 4.2, this is hardly the case with fragility
functions for practical applications, since there is also usually an error caused by an
inexact limit-state function.

The variance estimates exhibited a more diverse pattern of behavior than the mean

estimates. While the estimates from Methods 1 and 2 in general agree, the variance
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estimated by Method 3 is significantly lower for deterministic excitation. Therefore,
performance of the uncoupled structural and damage analyses is adequate for this
problem only if the randomized structure or multiple ground motion time histories are
used. When the deterministic, best-estimate structure is employed together with a single
ground motion record, the dispersion of the damage estimate is significantly
underestimated. It means that the application of the Method 3 is not justified for the
purpose of the analysis beyond mean values. Whenever one wishes to estimate variance
of the damage or the probability of exceeding (or not exceeding) some damage threshold
value, Method 3 should not be used. This is an important result because Method 3 can be
viewed as a particular implementation of a general family of methods that can be defined
in the following way: deterministic load — deterministic structure — probabilistic damage
model. For example, deterministic load can be a monotonic lateral force used in push-
over analysis. Therefore, it might be possible to extend the present results to a common
damage estimation technique where a deterministic push-over analysis is complemented
with a damage analysis using fragility curves, implying that the results obtained by such

techniques should be treated with caution.

4.2 Inexact damage state description (imperfect limit-state function)

In this section, we deal with limit-state functions that define the damage state
imprecisely. In terms of the theory outlined in Chapter 3, a limit function is imprecise if
the condition (3.2) is violated. The violation of this condition is a common case in
damage analysis. In practice, a perfect limit-state function is rarely used. The reason for
this is that a perfect limit-state function is usually impossible to determine or it is very

complex and unsuitable for practical applications. In order to handle the problem,
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assumptions and simplification are introduced to make the function usable. These
simplifications always introduce some errors, as a result, when the limit-state function is
sufficiently simple for practical use, the condition (3.2) is violated to some extent.
Indeed, the most common form of limit-state function is the one exemplified by (3.11).
The underlying idea of such limit-state function formulation is quite intuitive: a particular
damage state is achieved once “capacity” is less than “demand,” leading to limit-state
function of the kind: “capacity” — “demand” < 0. In the terminology adopted for the
present study, “demand” is referred to as EDP — engineering demand parameter. This
simplistic approach, although convenient, does not always adequately represent the onset
of the damage state. This follows from the fact that only one damaging factor is taken
into consideration, while there may be a combination of independent factors that lead to a
particular damage state.

The error arising from the discrepancy between the failure region and limit-state
function (condition 3.2 violated) can be handled in different ways. In the case that a
perfect limit-state function is unattainable, the conventional approach involves
introduction of a set of parameters into the limit-state function, which are treated as
uncertain. The probability distributions of the parameters are estimated by some
statistical method from experimental observations of real damage (see for example
Kiureghian 1999, Gardoni et al. 2001).

In cases when the exact limit-state function is available, we have a choice
between using the exact (possibly complicated) and inexact (but simple) limit-state
functions. The choice can be made based on some sort of a cost-benefit analysis, where

cost is the error of estimation introduced by the simpler model and the benefits are the
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computational effort and time savings associated with it. In the present section, we
perform a damage analysis based on two limit-state functions: one exact and the other
inexact. Then we compare the results and perform a cost-benefit analysis to find out if the
usage of the simplified limit-state function is justified. We do this as part of the case

study that is described next.

4.2.1 Structural model

The structural mod