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ABSTRACT

The objective of this study is to evaluate the consequences of earthquake events to transportation
network systems and to develop a probabilistic framework in which to quantify them. The esti-
mation of structural damage to bridges due to earthquakes is discussed, and a methodology is
presented to assess the probability density function of the structural loss for single or multiple
bridges. The two new uncertainties that are included in the formulations are those related to the
replacement cost and the damage factor. Operational loss is computed based on the fixed-
demand assumption. The total daily delays of the commuter traffic of the transportation network
are used to measure its post-earthquake performance.

The expected value of the annual loss of the transportation network is found to be
$13.3M. The operational loss is smaller than the structural loss at low-magnitude ground mo-
tions; however, it governs in the higher ground motions. Moreover, the Hayward fault is found to
cause higher operational losses than the San Andreas fault. In the evaluation of the probability
density function of the structural loss, consideration of the uncertainty in the replacement cost

increases the risk. This is not the case when the uncertainty in the damage factor is considered.
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1 Introduction

1.1 MOTIVATION

The 1989 Loma Prieta earthquake closed 142 roads in the San Francisco Bay Area, several of
which remained closed for more than six months. Five years later, the 1994 Northridge earth-
quake produced approximately the same number of closures, with 140 reported. More than a
dozen remained closed for months after that event as well. If the San Francisco peninsula seg-
ment of the San Andreas fault ruptures, an estimated 428 roads may be put out of commission
(ABAG 1997), more than three times the number disrupted by Loma Prieta or Northridge. If the
northern segment of the Hayward fault ruptures, nearly 900 roadways could face closure, more
than six times the impact from the 1989 event. The worst-case scenario, a rupture along the en-
tire length of the Hayward fault, would close nearly 1500 streets and highways (ABAG 1997).

As societies progress, our activities get more complicated and our time becomes more
valuable. Under this perspective, the functionality of transportation networks becomes critical.
Until recently, people focused on the direct consequences of earthquakes, such as structural
damage or ground failures, but experience has shown that we also need to account for the indi-
rect consequences, and to quantify all the changes that earthquakes cause to our daily activities,
personal or professional.

The problem of risk assessment of transportation network systems is relatively new and
has been addressed by only a few studies. The problem can be described as a spatially distributed
system subjected to various ground excitations due to the same earthquake event. The most vul-
nerable parts of a transportation system are its bridges; therefore, site-specific analysis is needed

to estimate their damage and use it to define its impact on the performance of the network.



1.2 RELATED RESEARCH

Limited studies have investigated the loss of transportation networks due to reduced efficiency.
Basoz and Kiremidjian (1996) made the first attempt to quantify for emergency planning pur-
poses the risk to transportation network after an earthquake. Shinozuka et al. (2000) looked at
the performance of the highway network in the Los Angeles area after the 1994 Northridge
earthquake and developed a probabilistic framework to predict the effect of bridge repairs after
the event. In another study for the same area, Shinozuka et al. (2003) used Monte Carlo simula-
tion to estimate the damage of bridges and its consequences to the performance of the transporta-
tion network.

Kiremidjian et al. (2003) assessed the damage to the Bay Area transportation network
bridges after four earthquake scenarios and estimated the network delays for fixed- and variable
post-event trip demand. The same study addresses the problem of post-event emergency re-
sponse planning and presents a small application for six hospitals located in the East Bay.

Moore et al. (2005) explored the economic impact of electric power loss in the Los Ange-
les—Orange County area on the transportation network and the local economy. Cho, Fan, and
Moore (2003) studied the transportation network variable-demand post-event performance and
estimated the losses based on the total delays.

The Federal Emergency Management Agency developed Hazards U.S. (HAZUS), a
software for risk mitigation and planning. The methodologies in HAZUS (1999) estimated the
structural and downtime losses after natural disasters; however, these methodologies do not have
capabilities for transportation network post-event analysis.

Until recently, no software packages were available for the risk assessment of network
systems. Absence of software packages means that researchers and practitioners need to develop
their own models and assumptions. Further, it is not easy to create benchmarks and compare the
results of any analyses. In an effort to overcome this lack of tools, the California Department of
Transportation is developing software for Risks from Earthquake Damage to Roadway Systems
(REDARS). REDARS is a seismic-risk-analysis software package that estimates the structural
and operational losses of transportation network systems, and is expected to enable the California
Department of Transportation (Caltrans) to improve its ability to plan for and respond to earth-

quake emergencies.



1.3 OBJECTIVES AND SCOPE

The goal of this study is to formulate a methodology to quantify the risk to transportation net-
work systems. In contrast to the general norm that deals solely with the estimation of the struc-
tural loss, this study proposes a framework that accounts for the operational loss from damage
due to network disruption.

Additionally, we will investigate analytically more accurate methods for the estimation of
structural loss. Expected value does not seem to be enough for strategic decision making and
planning and thus we have to seek more advanced methodologies to account for the uncertainties

that are currently ignored.

1.4 ORGANIZATION OF REPORT

Chapter 2 presents the general methodology for the risk analysis of transportation networks. It
starts with the structural loss estimation of the bridges of the network and continues with the
methodology to obtain the losses due to reduced network efficiency. Finally, it describes the de-
velopment of the transportation network risk curve.

Chapter 3 consists of two applications. The first is the estimation of the structural and op-
erational loss for the San Francisco Bay Area transportation network for various scenario earth-
quakes and the development of the annual risk curve. The second application is a demonstration
of the framework proposed for the estimation of the probability density function of the structural
loss.

Chapter 4 discusses our observations during the elaboration of this study and illustrates
our conclusions. Our ideas for future research are also included in the same chapter. The Appen-
dix presents detailed information regarding the HAZUS (1999) methodology for the estimation
of the structural loss and explains our assumptions. Tables with the characteristics of all the sce-

narios investigated are also included in the Appendix.



2 Methodology for Seismic-Risk Assessment

2.1 PROBLEM DEFINITION

The performance of transportation networks when subjected to earthquakes is highly dependent
on the performance of their components. These components are subject to various ground mo-
tions over time and are expected to experience various levels of damage. Damage at the compo-
nent level directly affects the functionality of the network. This report assesses the seismic risk
not only due to structural loss but also due to post-event network disruption, and express these
losses in monetary units.

For the purposes of discussion, the problem is broken into three parts. The first part con-
sists of the risk analysis at the component level (bridges) and the estimation of the structural
damage. In the second part we compute the impact of component damage on network functional-
ity. In the last part, we aggregate the losses due to structural damage and network disruption in

order to define the total loss.

2.2 NETWORK COMPONENTS RISK ANALYSIS

Estimation of the risk due to structural damage for a specific time window has always been a ma-
jor challenge for civil engineers. Many probabilistic methodologies have been developed to solve
this problem. We use the methodology proposed by the Pacific Earthquake Engineering Re-
search (PEER) Center.



2.3 PEER METHODOLOGY

The PEER methodology is characterized by four generalized random variables: intensity meas-
ure (IM), engineering demand parameter (EDP), damage measure (DM), and decision variable
(DV). Recognizing the inherent uncertainties involved, these variables are expressed in a prob-
abilistic sense as conditional probabilities of exceedance, i.e., p[A|B]. The PEER equation is

shown in Equation 2.1 below.

PIDV > dv]=[[[[dF,, . dFy.dF s AF,

DV|DM EDP|IM M

2.1)

where
DV 1is the decision variable;
DM s the damage measure;
EDP is the engineering demand parameter;
IM  is the intensity measure; and

F 1s the cumulative distribution of the random variable.

IM represents the hazard uncertainty and is adjusted for the area of interest. It can be ei-
ther a single variable or a vector of variables. /Ms are obtained through conventional probabilis-
tic seismic hazard analysis. The most commonly used /Ms are the peak ground acceleration and
the spectral acceleration. Typically, the /M is described as a mean annual probability of ex-
ceedance, which is specific to the location and design characteristics of the facility. The design
characteristics might be described by the fundamental period of vibration, foundation type, mate-
rial type and geometric parameters.

Given the /M, the next step is to perform structural simulations to compute engineering
demand parameters (EDP), which characterize the response in terms of deformations, accelera-
tions, induced forces, or other appropriate quantities. For buildings, the most common EDPs are
interstory drift ratios, inelastic component deformations and strains, and floor acceleration spec-
tra. The relationships between EDP and IM are typically obtained through inelastic simulations,
implementing structural, geotechnical, and nonstructural damage simulation models. Various ap-
proaches have been considered by the PEER researchers, such as the incremental dynamic analy-

sis technique, to systematize procedures for characterizing the conditional probability,
6



p[EDP=edp|IM], which can then be integrated with the annual probability of exceedance, to cal-
culate mean annual probabilities of exceeding the EDPs.

The next step in the process is to perform a damage analysis that relates the EDPs to
damage measures, DM, which describe the physical damage and resulting consequences to a fa-
cility that can then be related to the decision variables, DV. The DMs include descriptions of
damage to structural elements, nonstructural elements, and contents, in order to quantify the nec-
essary repairs along with functional or life-safety implications of the damage (e.g., falling haz-
ards, release of hazardous substances, etc.). In our case, where we are dealing with bridges, DM
describes only the damage to their structural elements. The conditional probability relationships
derived, p/DM=dm|EDP], can then be integrated with the EDP probability, to give the mean an-
nual probability of exceedance for the DM.

The final step in the assessment is to calculate the decision variables, DV, in terms of
mean annual probabilities of exceedance, v(DV). Generally speaking, the DV’s relate to one of the
three decision metrics that follow, direct dollar losses, downtime (or restoration time), and casu-
alties. In a similar manner as done for the other variables, the DVs are determined by integrating
the conditional probabilities of DV given DM, p/DV=dv|DM], with the mean annual DM prob-
ability of exceedance, v/DM].

24  TRANSPORTATION NETWORK RISK ASSESSMENT

Damage to the components of the network often results in the closure of specific links until these
components are repaired. This action increases the level of congestion and the travel time. Re-
search has shown (Shinozuka et al. 2003) that these cause a reduction in trip making. This reduc-
tion is very difficult to predict; however, logical estimates can be made given the socioeconomic
profile of the area of study.

The increase in travel time can be found with respect to the baseline scenario. Of course,
the estimation of the delays is strongly correlated to the number of trips that are lost. The prob-
lem of the risk assessment of a transportation network becomes more complex under this ap-
proach, since the indirect loss has two components that are strongly correlated: the cost of delays

and the cost of lost trips.



2.4.1 Traffic Assignment Model

It is impossible to predict human behavior and describe it with a single model. The general ac-
cepted principle is that users behave rationally and follow the route perceived as optimum. Sev-
eral traffic assignment models are characterized by different assumptions. The most popular
models are the fixed- and variable-demand models. The formulation of those two models was
developed by Moore and Fan (2003) and is summarized in the Highway Demonstration Project
(Kiremidjian et al. 2003). We present a brief synopsis of this method for completeness and clar-
ity of the methodology.

The fixed-demand model for traffic assignment assumes that the demand between each
origin and each destination is constant and does not change after earthquake events. The advan-
tage of this model is its simplicity. The disadvantage is that it fails when the demand greatly ex-
ceeds the capacity of the network due to unrealistic results. The increase of the travel time versus

the trips for the fixed-demand model can be seen in Figure 2.1 below.
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Fig. 2.1 User-equilibrium flows for fixed travel demand (from Kiremidjian at al. 2003,
PEER Center Highway Demonstration Project).



As can be seen in Figure 2.1 above, the demand curve is a vertical line and does not
change for the different levels of delay. The supply curve is expected to shift upwards after the
event, since several links will be shut down. Travel time is the only measure of the network ser-
viceability in this case, since no trips are lost.

The variable-demand model for the traffic assignment assumes that the trip rates are in-
fluenced by the level of service of the network. If traveling becomes too expensive in terms of
time or distance, the users are expected to change their habits in order to avoid the discomfort.
Naturally, this will be the case after a major earthquake event. People will have to accept the new
congestion level and decide if they still want to travel or not. It is not easy to define how many
passengers will not travel; yet, reasonable assumptions can be made for the function for the trip

rate between an origin and a destination and travel time.
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Requirement d, Requirement d,

Fig. 2.2 User-equilibrium flows for variable travel demand (from Kiremidjian at al. 2003,
PEER Center Highway Demonstration Project).



Figure 2.2 demonstrates the variable-demand model and shows the equilibrium points be-
fore and after the event. Prior to the event, the supply of trips in the network is S;, and P travel
time is required for d; trips. After the earthquake, the network supply drops to S, and the demand
responds to this change in performance by dropping at d,. The travel time at the new equilibrium
point is then P,. It should be noted that the travel time at the equilibrium point for the variable-
demand model is less than the corresponding travel time for the fixed-demand model. The loss in

this case is due to the travel time increase and due to the cost of the trips forgone.

2.4.2 Traffic Assignment Algorithm

The idea behind the solution of the traffic assignment problem is based on Wadrop’s first princi-
ple. This principle states that in equilibrium, the journey times in all routes actually used are
equal or less than those which would be experienced by a single vehicle on any unused route.
Each user noncooperatively seeks to minimize his cost of transportation. The traffic flows that
satisfy this principle are usually referred to as "user-equilibrium" (UE) flows, since each user
chooses the route that is the best. Specifically, a user-optimized equilibrium is reached when no
user may lower his transportation cost through unilateral action.

Wadrop presented the user-equilibrium principle in 1952 and only 4 years later Beckman
et al. (1956) compared the equilibrium assignment problem to equilibria problems encountered
in theoretical mechanics. One characteristic of such problems is that they may be expressed as
extremum problems. He showed that by assuming the cost, ¢,, on any link a is a function of the
flow x,, on link a only and that the link performance functions are increasing. Then the flows sat-

isfying Wadrop’s first principle are unique and equal to those that minimize Equation 2.2 below.

minz(x)= ZTca(u)du
a0 (2.2)

The method normally used to solve this problem is the convex combination algorithm,
originally suggested by Frank and Wolfe (1956) as a procedure for solving quadratic program-

ming problems with linear constraints.
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The travel time, c,, can include numerous components reflecting travel time, number of
stops, safety, fuel consumption, etc. Of course, many, if not all, of these components can be ex-
pressed as a function of travel time. Therefore, for the purposes of this work, we will use travel

time instead of travel cost.

2.4.3 Estimation of Total Loss

The total loss is the summation of the loss due to structural damage and the loss due to network
disruption for all the components of the transportation network. The general equation that ac-

counts for the expected value of the two losses is shown below:

E(LIE)=[Lf,  (L|E)dl+[Lf, (1, 1E)dI, 2.3)
where
Ls is the structural loss of the components;
E is the scenario event;
L, is the loss due to network disruption;
f is the probability density function of the random variable; and

E(L|IE is the expected value of L given E.

The structural loss described in Equation 2.3 can be estimated based on the PEER meth-
odology described above. The operational loss in the same equation requires traffic assignment
software. This software must allocate the traffic within the components of the network based on
the supply and the demand for trips. The results of such an analysis are the flow and the time
needed to travel through each component.

The annualized risk for the system from all possible events that occur with rate v; is ex-
pressed in Equation 2.4 below. It uses the results of Equation 2.3 or a sample scenario and then

finds the results for all possible scenarios.

E(LIE)= % v,*{Lf, (L |E)dl +[Lf, (L |E)dl} (24)

all events

where
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=~

is the structural loss of the components;

Iy

is the scenario event;

is the loss due to network disruption;

N

is the probability density function of the random variable; and

<= N~

is the rate of occurrence of the event in the forecast period.

2.5 GENERAL APPROACH

The probabilistic framework for risk analysis of network systems is presented in this section. It is
characterized by three parts. The first part of the framework deals with the hazard analysis and
the second with the assessment of the structural loss. Network analysis is the last part and is

based on the results of the previous analyses.

2.5.1 Seismic Hazard Analysis

Seismic hazard analysis is the study of expected earthquake ground motions at any point on the
earth. In the PEER framework, seismic hazard analysis is used to define the /M level at the site
of interest. There are several descriptors that can be used to quantify the /M. These include peak
ground acceleration, spectral acceleration, peak ground displacement, moment magnitude and
distance. The use of vectors with combinations of /Ms is also an option. In this study, the spectral
acceleration at the first mode of vibration of each bridge (S,) and the peak ground deformation
(PGD) are used to define the bridge damage.

The choice of IMs is consistent with the HAZUS (1999) methodology we use for the
structural loss estimation. This methodology relates the structural damage with the PGD and S,
at the site. Particularly, the spectral acceleration is used for the estimation of the ground shaking

damage and the peak ground deformation for the estimation of the ground failure damage.

2.5.1.1 Estimation of Spectral Acceleration

There are many attenuation functions available for our area of study that are updated periodi-

cally. We use the Boore, Joyner, and Fumal (1997) attenuation function. This function estimates
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the horizontal response spectra and peak acceleration for shallow earthquakes in western North
America. It gives ground motion in terms of spectral acceleration at the predominant period of
the structure and is a function of moment magnitude, distance, and site conditions for strike-slip,
reverse-slip, or unspecified mechanisms. The general equation of the attenuation function fol-

lows:

lnY:b]+b2*(M—6)+b3*(M—6)2+b5*lnr+bv*ln(;

A4
wherer =,[r, +h’

b, for strike slip earthquakes

)

and b, =4 b, for reverse slip earthquakes

b,,, if mechanismis not specified 2.5)

In the previous equation, Y is the ground motion parameter such as PGA or S, in terms of
g. The predictor variables are moment magnitude (A/), distance (7, in km), and average shear
wave velocity (¥, in m/sec). Coefficients to be determined are b;ss, birs, bran, b, b3, bs, b, and
V4. They are given by Boore, Joyner, and Fumal. The distance rj, is equal to the closest distance
from the site to a point on earth’s surface that lies directly above the fault rupture. The parameter
h is a fictitious depth that is determined by regression and is also given by the authors.

The shear wave velocities used are those suggested by the National Earthquake Hazards
Reduction Program (NEHRP 1997). For the intermediate soil classes, we assume that the shear
wave velocity is the average of the shear wave velocities of the adjacent soil classes. The average

shear wave velocities for each soil class are presented in Table 2.1.

Table 2.1 NEHRP shear wave velocities (1997).

NEHRP Site Class Average shear velocity (m/sec)
B 1070
C 520
D 250
E 180
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2.5.1.2 Estimation of Permanent Ground Deformation

We account for two causes of ground failure: liquefaction and landslide. In case they both occur

at a bridge site, we assume that the maximum deformation governs. This assumption yields that:

PGD = max{ PGD, PGD

iquefaction ’ Landslide } (2 '6)
where
PGDpiquefaciion 18 the permanent ground deformation due to liquefaction; and

PGDyanasiiqze 1S the permanent ground deformation due to ground settlement.

2.5.1.3 Liquefaction

Liquefaction is a soil-behavior phenomenon in which excess pore pressure is generated under
undrained loading conditions. For saturated cohesionless soils, static and cyclic loading cause
rapid loading to occur under undrained conditions. The tendency for densification causes excess
pore pressures to increase and effective stresses to decrease. Liquefaction results in permanent
ground deformation such as settlement and/or lateral spreading.

The permanent ground deformation is computed at each bridge site due to lateral spread-
ing and ground settlement according to the methodology presented in HAZUS (1999). The
maximum of the deformations due to the two different hazards is used for the estimation of the
damage due to liquefaction. A detailed description of the methodology followed for the liquefac-

tion analysis is presented in Appendix A.

2.5.1.4 Landslide

Landslide is the rapid slipping of a mass of earth or rock from a higher elevation to a lower level
under the influence of gravity and water lubrication. More specifically, rockslides are the rapid
downhill movement of large masses of rock with little or no hydraulic flow, similar to an ava-
lanche. Earthquake-induced landsliding occurs when the static plus inertial forces within the

slide mass exceed the friction forces of the slide mass. The minimum value of the peak ground
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acceleration within the slide mass required to cause this failure is denoted by the critical or yield
acceleration ac.

The permanent ground deformation due to landslides is computed at each bridge site ac-
cording to HAZUS (1999). The complete methodology followed is described in Appendix B for

reference.

2.5.2 Generation of Fragility Curves

Fragility curves are conditional cumulative distribution functions that define the exceedance
probability of a damage state for a given level of ground shaking or ground deformation. The
five damage states considered in this study are None, Slight, Moderate, Extensive, and Complete.
The HAZUS (1999) recommendation for the damage states is summarized as follows:

Slight Damage is defined by minor cracking and spalling to the abutment, cracks in
shear keys at abutments, minor spalling and cracks at hinges, minor spalling at the column (dam-
age requires no more than cosmetic repair), or minor cracking to the deck.

Moderate Damage is defined by any column experiencing moderate (shear cracks)
cracking and spalling (column structurally still sound), moderate movement of the abutment
(<2”’), extensive cracking and spalling of shear keys, any connection having cracked shear keys
or bent bolts, keeper bar failure without unseating, rocker bearing failure or moderate settlement
of the approach.

Extensive Damage is defined by any column degrading without collapse—shear fail-
ure—(column structurally unsafe, significant residual movement at connections, or major settle-
ment approach, vertical offset of the abutment, differential settlement at connections, shear key
failure at abutments.

Complete Damage is defined by any column collapsing and connection losing all bear-
ing support, which may lead to imminent deck collapse or tilting of substructure due to founda-
tion failure.

The probability of being or exceeding a damage level is modeled with a cumulative log-

normal distribution. Such a distribution is expressed in Equation 2.7 below.
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P[DS. | IM ]=<p[i( M )} (2.7)

ds * median
where
Bs is the standard deviation of the natural logarithm of spectral acceleration of damage
state ds;
IM s the intensity measure, usually PGA or PGD;
Smedian 18 the median value of the of PGA or PGD at which the bridge reaches the threshold
of the damage state ds, and

0] 1s the standard normal cumulative distribution function.

There are three methods for developing fragility functions: heuristic, empirical, and ana-
lytical. Heuristic methods are based on learning that takes place through discovery. The Applied
Technology Council Technical Report 13 fragility functions fall into this category. Empirical
fragility functions are based on data from past earthquakes. The most popular empirical fragility
functions are probably the ones suggested by Shinozuka et al. (2000) and Kiremidjian et al.
(1999, 2004), using data from the Northridge earthquake. Analytical fragility functions are based
on mathematical frameworks and are usually combined with simulations. Such fragility functions
were introduced by Basoz and Mander (1999), Mackie and Stojadinovic (2001, 2004), Des
Roches (2004), and Shinozuka et al. (2000).

In this study fragility functions are required for all bridge classes found in a region. The
fragility functions developed by Mackie and Stojadinovic provide information only for two
bridge categories. Fragilities by Des Roches are developed for bridges in the central US and, fi-
nally, the functions introduced by Shinozuka use a bridge classification system other than the
HAZUS (1999) and thus cannot be adopted. Considering the above constraints, we can only
adopt the Basoz and Mander (1999) fragility functions. A detailed description of the methodol-
ogy proposed by Basoz and Mander (1999), is also included in the HAZUS (1999) technical

manual and can be found in Appendix C.
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2.5.3 Damage Factor

The scope of fragility functions is to provide the probability of being or exceeding each damage
state. Damage state expresses a range of damage. This range is completely subjective and de-
pends on the methodology used. It is characterized by a central damage factor, a minimum and a
maximum value. In the HAZUS methodology used in this study, extensive damage state means
that the damage varies from 15% to 40% of the replacement cost of the bridge. Table 2.2 de-

scribes the bounds considered for each damage state.

Table 2.2 Variation of damage for each damage state (modified by HAZUS).

HAZUS Damage | Central Damage Minimum Maximum
State Factor Damage Factor | Damage Factor
None 0.00 0.00 0.00
Slight 0.03 0.01 0.03

Moderate 0.08 0.03 0.15

Extensive 0.25 0.15 0.40
1.0 fn<3

Complete nifn>3 0.40 1.00

*n =number of spans

For the fragility curves shown in Figure 2.3 below, there is a 65% probability of being in
the slight damage state or higher, 50% for the moderate damage state or higher, 38% for the ex-
tensive damage state or higher, and 19% for the complete damage state or higher when the PGA
equals 1.0g. The probability of being in a specific damage state can be computed from the differ-
ences of the exceedance probabilities at each ground motion level. If we multiply these prob-
abilities with the central damage factors of each damage state, we obtain the expected value of

the damage of the component.
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Fragility Functions Example
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Fig. 2.3 Example fragility functions for single-span highway bridges (HAZUS bridge
class 4).

Since we have two possible failure modes, ground shaking and ground failure, we select
the maximum damage each time and evaluate the loss based on the damage caused from that

hazard.

2.5.4 Evaluation of Structural Loss for a Single Site

Two different methodologies are presented for the estimation of the direct loss. The first is the
methodology suggested by HAZUS (1999). It computes the expected value of the loss. The sec-
ond is an approach by the authors and it evaluates the probability density function of the loss. In
both approaches, we deal with ground shaking and ground failure separately and we keep the
dominating hazard, since we cannot have two different failure modes occurring at the same time.

Namely, we have:

GS”?

Loss = max<L0ss LOSSGF> (2.8)

where
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Lossgs is the loss due to ground shaking; and

Lossgr  1s the loss due to ground failure.

2.5.4.1 Estimation of Expected Value of Structural Loss for a Single Site

The computation of the expected value of the loss uses the mean value of the intensity measure
as input to the fragility functions. The probability of being at each damage state is then defined
separately for ground shaking and ground failure. The product of this probability with its central
damage factor gives the expected value of the damage of the bridge for that event. If we know
the replacement cost of the bridge we are studying, we can determine that the expected loss is
nothing more than the product of the damage factor and the replacement cost of the component.

The replacement cost for a single bridge is computed after the methodology suggested by
Caltrans. According to this methodology, the replacement cost of a bridge is the product of its
deck area and a constant number, its comparative cost. The comparative bridge cost expresses
the cost per area (in $/m” or $/ft?) to rebuild the bridge and depends on its structural characteris-
tics. The comparative bridge costs used in this study are provided by Caltrans (2004).

The advantage of this methodology is that it is easy to apply and requires only keeping
track of the mean value of the loss of each bridge. The disadvantage of this approach is that the
loss estimates depend on the replacement cost we assign to each component. Furthermore, we do
not get information for the skewness or the properties of the loss distribution, making it difficult
to allocate resources for retrofit, repair, and replacement of bridges that are consistent with the

exposure risks.

E(l)=RC* max{ Y{CDF * P[DS. | PGA]}, >{CDF * P[DS | PGD]}}
all DS; all DS;

0! =RC'* S{CDF* P[DS, | IM]}- E(1) 2
where

/ is the loss for one bridge;

RC  1is the replacement cost of the bridge;

CDF 1is the central damage factor (Table 2.2);

DS is the damage state;
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PGA s the peak ground acceleration; and

o; is the variance of the direct loss of one bridge.

2.5.4.2 Estimation of PDF of Structural Loss for a Single Site

Expected value computations provide an estimate of the mean value of the potential loss of a
component; however, they cannot provide information regarding the properties of the decision
variable and its dispersion. In order to assess the probability density function of the loss, we need
to evaluate its conditional density.

Our enhancement of the general PEER equation used in this study makes two new as-
sumptions: (1) the damage factor of each damage state is a truncated normal random variable,
bounded between the damage factor limits set by HAZUS (1999) for each damage state and (2)
the replacement cost of the structure is a truncated random variable following a normal distribu-

tion.

2.5.4.3 Modeling of Damage Factor Uncertainty

By definition, the damage factor is equal to the quotient of the damage (expressed in monetary
units) by the replacement cost. It is a damage measure varying from zero to one. According to
HAZUS (1999), each damage state expresses a range of damage factors. Each range is not equal
to the others. In the expected value computation, where we use a central damage factor for each
damage state, this difference in the damage factor variation between the different damage states
cannot be taken into account. For instance, in slight damage state, damage varies from 1% to 3%
compared to 40% to 100% for the complete damage state. We find that this difference in the
damage dispersion between the damage states is important and should be reflected in our compu-
tations.

To this effort, we assign a truncated normal distribution to the damage factor. We assume
the mean to be equal to the central damage factor and the coefficient of variation to be equal to
30% (or 6=0.30). The truncation of the distribution is done at the minimum and maximum dam-

age factors of the damage state. The distribution follows:
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fi(x)=N* , a<x<b
o~ 2m

o, =0.30*u, (2.10a)
! (2.10b)

" F.(b)—F,(a)

where

. is the central damage factor of the damage state;

Oy is the standard deviation computed according to 2.10a;

N is the normalization factor defined in 2.10b;

a b
Jx(x)

are the truncation bounds each damage state;

is the PDF of the damage factor; and

Fx(x) is the CDF of the damage factor.

(2.10)

The damage factors for each damage state as well as the properties we used for their

modeling as random variables are given in Table 2.3. The distributions of damage states are

shown in Figure 2.4.

Table 2.3 Properties of damage factor for each damage state.

HAZUS | Central Damage Mmnimum Maximum N
Damage State Factor Damage Factor Damage Factor
None 0.00 0.00 0.00 0.00 -
Slight 0.03 0.01 0.05 0.30 0.974
Moderate 0.08 0.05 0.15 0.30 0.893
Extensive 0.25 0.15 0.40 0.30 0.886
Complete 0.70 0.40 1.00 0.30 0.847
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Fig. 2.4 Probability density functions of damage factor.

2.5.4.4 Modeling of Replacement Cost Uncertainty

The replacement cost of a structure is usually estimated by experts or by the owner. It is based on
assumptions for the resources we would need today to rebuild the structure. This way, errors in
the estimation of the replacement cost will be directly reflected on the loss computations.

The reason we propose variable replacement cost is two-fold. First, we believe it is not
easy to predict the future replacement cost of a structure and, second, the current methodologies
for this estimation are very abstract, at least for the time being (e.g., area of bridge deck multi-
plied by a constant).

In our approach, we assume that the replacement cost is a truncated normal random vari-
able with mean value equal to the replacement cost we get through the Caltrans method de-
scribed earlier. The standard deviation is assumed to be 50% of the mean value (or 6=0.5). The

equation for the replacement cost uncertainty follows.

-1
2

e 20
, c<y<d
oN 21 Y

f,()=N* (2.11)
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where
Hy
Oy
N
c, d
)
Fy(y)

(2.11b)

is the replacement cost we get according to Caltrans;

is the standard deviation computed according to 2.11a;

is the normalization factor defined in 2.11b;

are the truncation bounds taken as 50% and 150% of the mean value;
is the PDF of the replacement cost; and

is the CDF of the replacement cost.

2.5.4.5 Loss PDF Computation

Based on the modeling discussed earlier, we need to modify the general PEER equation for

ground shaking and ground failure and account for the new uncertainties that are introduced. In

that case the formulas for the damage from ground shaking and ground failure become:

Ground Shaking

(2.12a)
P [L > 11] = .[ .[ .[ .[ .[ dFL\Rc DF, SadF RCdF DF\SadF DS\SadFSa
Ground Failure

(2.12b)

PlL>1]=[][]]dF,

where
PGA
PGD
DS
DF
RC
L

dF,

PGD|PGA

dF,

PGA

dF  dF,, dF

|RC.DF,PGD prips®t psipap
is the peak ground acceleration;

is the permanent ground deformation;
is the damage state;

is the damage factor depending on the damage state;
is the replacement cost; and

is the structural loss.
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The computations of Equations 2.12a and 2.12b cannot be done analytically because of
the nature of the distributions involved. Thus, we need to evaluate the integrals numerically. The

formula used for the numerical integration follows:

P [L >Z1]: Z Z Z Z z RL\DF,RC]RRC]P[DF\DS]RDS\PGA]RPGA]

@l PGA all DS all DF all RC all L>L, (2.13a)

P [L > 11]: Z Z Z Z Z Z P[L\DRRC]Fch]P[DF\DS]FfDS\PGA]P[PGD\PGA]P[PGA]
all PGA all PGD all DS all DF all RC  all L>L, (2.13b)

where

P[X|Y] = P[X=x|Y] for general random variables X and Y.

For each loss level, we can find its probability of exceedance through Equations 2.13a
and 2.13b for the ground shaking and the liquefaction hazard, respectively. If we repeat this
computation for values of the loss covering the range of the possible values of the repair cost, we
generate a curve that is the complementary CDF of the loss for each hazard. We can also differ-
entiate the CDFs to obtain their generating PDFs. As discussed earlier, we keep the loss curve of

the hazard that governs, since we cannot have two failure modes at the same time.

2.5.5 Estimation of Expected Value of Structural Loss for Multiple Sites

Decision makers are usually interested in methodologies that are applicable to multiple bridges,
in order to make decisions for retrofitting strategies or planning. In this section, we will general-
ize the two methods for the estimation of the loss at a single site and apply them to a set of
bridges.

According to probability theory, the sum of the expected values of the loss of all the
components will be equal to the expected value of the total loss. The variance of the total loss is
equal to the sum of the variances, under the assumption that the damage of the components is

independent. The equations follow:

E(Total Loss) = MZ_E{{E(Z, )}

; (2.14)

c’= Yo’

all bridges
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where
E(;) is the expected value of the loss at a single site; and

o; is the variance of the loss at a single site.

2.5.6 Evaluation of PDF of Loss at Multiple Sites

Equations 2.13a and b provide information for the probability density function of the loss of each
component for the different hazards. We need to aggregate all those PDFs and obtain the distri-

bution of their sum. This aggregation can be done through the convolution density formula.

me, =L1+L2+L5+...+Ln (2,]5)
fo.,. =0,/ ®f ®.8f (2.16)
where

Lo 1s the total loss for the set of bridges;
L; is the loss of a single bridge;
f is the PDF of a random variable; and

® s the symbol for convolution.

Using this property, convolution in the time domain becomes multiplication in the fre-
quency domain and can be computed by transforming the individual PDFs of the loss, f;, into the
frequency domain, multiplying them in the same domain, and then doing the inverse transforma-
tions to convert the result back to the time domain. In our case, we used successive convolutions

of two random variables because, this way, the numerical error is reduced.

2.5.7 Evaluation of Network Loss

Undoubtedly, the network performance drops after an earthquake event because of the decrease
of the capacity or the closure of its components. The question is how much. The methodology
followed in this study estimates the operational loss of the network relative to the baseline per-

formance, which is the performance prior the earthquake.
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The damage of each of the components of the network computed above is used to reduce
the capacity. For example, a bridge with 20% damage will have to reduce its traffic by the same
percentage in order to reduce the acting loads. When the damage exceeds 40%, we assume that
the bridge is closed and passengers have to detour.

The total travel time for the modified network is estimated and its difference with the
baseline scenario travel time is found. It is possible to convert this delay to monetary units, if we
know the value of time and the number of passengers.

As time passes, some bridges are repaired and become functional again. In order to have
a realistic assessment of the total operational loss, we have to account for its evolution over time.
To this effort, we are using the HAZUS estimates for the downtime for the different damage
states and perform network analyses immediately after the event and after 1, 3, 7, 14, 30, 180 and
365 days. This way, we create a curve with the change of the operational loss over time. The to-
tal indirect loss is the integral of this curve and must be added to the structural loss in order to
estimate the total loss of the scenario. The time to restoration for each damage state is taken after

HAZUS (1999) and is shown in Table 2.4 below.

Table 2.4 Repair time (from HAZUS 1999).

Highway Bridges
Damage State l%/lheany( days%
Slight/Minor 0.6
Moderate 2.5
Extensive 75.0
Complete 230.0

2.5.8 Uncertainties in Loss Estimation

The term uncertainty in statistics means a risk that has not been measured. It reflects the amount
that an observable quantity may differ from its real value. In general, there are two kinds of un-
certainties, epistemic and aleatoric.

Aleatoric uncertainty is randomness which is usually modeled by probability distribu-
tions. Epistemic uncertainty is a knowledge gap: our understanding of the phenomena is incom-
plete or erroneous, so models of the phenomena are uncertain. Often the random (aleatoric) ele-
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ments of the phenomena are poorly understood, so probability models are themselves subject to

epistemic uncertainty as well.

2.5.8.1 Uncertainties in Direct Loss Estimation

The methodology used in this study for the computation of the direct loss involves several uncer-
tainties. In particular, the /M distribution is accompanied by the aleatoric uncertainty of the
ground motion given the characteristics of the earthquake and the extent of the fault rupture
given the location and the magnitude. Moreover, the ground motion attenuation model used
(Boore, Joyner, and Fumal 1999) and the geometric characteristics of the fault also include epis-
temic uncertainty.

Fragility functions include epistemic uncertainty in the assumptions needed for the struc-
tural and geometric characteristics of the structure as well as for the models to develop them.
They also ignore the three-dimensional effects in the response of the structure and its interaction
with the soil.

Damage states have epistemic uncertainties associated with the establishment of the
structural response and the assessment of the damage factor. Finally, our estimates for the re-
placement cost of the structures are based on expert opinion and on future predictions for labor

cost, cost of materials, etc. The last two assumptions also introduce epistemic uncertainty.

2.5.8.2 Uncertainties in Operational Loss Estimation

The transportation network operational loss evaluation is based on the estimation of the struc-
tural loss; therefore, all the uncertainties associated with it are expected to propagate in the op-
erational loss computations.

The damage of each of the components given an earthquake event is not known with cer-
tainty and the user-equilibrium algorithm for the traffic assignment cannot model it as a random
variable. Only stochastic network analysis can solve the network problem with time-varying link
travel times, yet such an analysis would go beyond the goals of this study. Also, because of the
size of the area of interest, any probabilistic approach of the network becomes too expensive in

terms of computational running time. Dynamic and nondynamic stochastic networks are pre-
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sented in the paper by He, Kornhauzer, and Ran (2002), and future research should investigate
their application to seismic-risk assessment of transportation networks.

The user-equilibrium algorithm for the traffic assignment is also based on assumptions
about the behavior of passengers, which is random in reality. In addition, our assumption regard-
ing the demand and the supply of trips in the network is associated with epistemic uncertainty.
Another source of uncertainty in the operational loss computation is associated with the assump-

tions made about socioeconomic factors, like the value of the time or the passenger-car occu-

pancy.

2.6 TRANSPORTATION NETWORK RISK CURVE DEVELOPMENT

Scenario-based analysis is useful and can reveal the weaknesses of the transportation network
system being investigated; however, it does not provide information about the likelihood of the
scenarios we are studying.

The alternative to this deterministic approach is the probabilistic approach in order to de-
velop a risk curve for the total loss of the network. This curve will express the structural and the
operational loss of the network in a probabilistic context. That is considering all the possible sce-
narios and estimating the probability of exceeding each loss level.

In general, there are three methods to develop a risk curve: (1) analytical methods,
(2) Monte Carlo simulations, and (3) importance sampling. Analytical methods consider the full
assessment of the equations describing the risk model. Monte Carlo simulation is an approximate
method that randomly selects scenarios over time and evaluates the loss. It has to be repeated
many times to obtain stable results or it needs to be run over long forecast periods to capture all
possible events. Importance sampling is again a simulation-based approach that selects scenarios
in the region where the function being integrated (loss) is large.

Considering the nature of the transportation network problem, we cannot use analytical
methods for the risk assessment. Of the two remaining applicable methods, we choose to follow
the importance sampling method because it minimizes the analyses that have to be performed
without loss in accuracy.

We investigate the San Andreas and the Hayward faults and account for all the scenarios

that exceed moment magnitude 6.75. The probability of each scenario occurring within a certain
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time horizon is defined with Equation 2.17, and the total loss (structural and operational) is com-
puted. We then rank the losses and find the probability of exceeding each of them according to
Equation 2.18:

P[E ]=v, *P[m =M|m >m,]* P[location|m,] (2.17)
where
Vo is the rate of exceeding m, within the time horizon investigated. In our

case, the forecast period is one year;
P/m=M|m; >m, | is the probability of experiencing a specific moment magnitude;

P[location|m;] is the probability of the location of the rupture; and

P[E] is the probability of event E; occurring.
n
Ly>L,_;>..>Lg>..>L; then P[Ly >1]=1-IT1(1-P[E;]) (2.18)
1=
where
L, 1s the total loss after event n;

P[E] is the probability of event E; occurring; and
P[I>L;] 1is the probability of exceeding L.

It should be noted that the probability of experiencing a certain magnitude is computed

based on the magnitude density function shown in Equation 2.19.

Pe )
fM(m):W, Jor M, <m<M, and >0 (2.19)
where
My, M; are the minimum and the maximum events considered; and

S is a parameter computed by regression analysis of the historical data of the fault.

All the fault segments are assumed to be equally likely to rupture; therefore, the probabil-
ity of the location depends only on the number of the scenarios we are investigating. For exam-

ple, consider an event in a fault with total length equal to 120 km and rupture length equal to 30
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km. Assume we want to examine 10 scenarios. In that case, each of the scenarios will be as-
signed 10% probability and we will slide the rupture 10 km each time. In this way we will have

10 different positions for the rupture locations.
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3 Application to San Francisco Bay Area
Transportation Network

3.1 DATA SYNTHESIS

A demonstration of the methodologies explained in the previous chapter is presented here in. We
study the San Francisco Bay Area transportation network and its components and we predict the
total loss not only due to structural damage but also due to network disruption. For the loss due
to network disruption, we compute it until the network is fully repaired. Based on our loss esti-
mates from the scenario events and their corresponding annual rate of occurrence, we develop
the annual risk curve of the Bay Area transportation network due to the hazards of the San An-
dreas and the Hayward faults. In the last section, we demonstrate the computation of the distribu-

tion of the loss for a portfolio of ten bridges and its sensitivity to the uncertainties we introduce.

3.2 CLASSIFICATION OF BRIDGES

The bridge database used in this study contains 2921 state and local bridges in five counties of
the San Francisco Bay Area. The database with bridge locations and physical characteristics is
provided by the California Department of Transportation (Caltrans). Of all the bridges, 281 are
excluded from the analyses for various reasons (e.g., pedestrian and railroad bridges, and bridges
lacking sufficient information) and 1515 cannot be included in our transportation network model,
either because they belong to the street network or because we do not have sufficient information
to assign them to the appropriate link. Figure 3.1 below gives the spatial distribution of the 1125
bridges used in the study and Table 3.1 shows their categorization by type and by county.
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Fig. 3.1 Bay Area highway network.

All the bridges are classified into 28 classes based on their structural properties according
to the HAZUS (1999) technical manual. The last bridge class (28th) includes all bridges that have
unknown characteristics. This classification brings into the same class many bridges which have

nothing in common, yet they are treated as if they are similar.
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Table 3.1 Bridges by county and type.

County State Local @ Total Number of  Number of
Bridges Bridges Bridges Bridges Used
Alameda 505 243 748 360
Contra Costa 291 320 611 208
San Francisco 104 53 157 63
San Mateo 234 140 374 164
Santa Clara 552 479 1031 330
Total 1686 1235 2921 1125

The local soil conditions are provided by the California Geological Survey (CGS) while
the liquefaction susceptibility categories are obtained from the US Geological Survey Open File
Report 00-444 (USGS 2000). Figure 3.2 below shows the local soil conditions in the study area
according to the eight National Earthquakes Hazards Reduction Program (NEHRP 2000) site

categories, ranging from firm soil (class B) to bay mud (class E).
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Fig. 3.2 NEHRP soil classes in San Francisco Bay Area (from NEHRP 2000).
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3.2.1 Transportation Network Selection

The Metropolitan Transportation Commission San Francisco Bay Area highway network is used
in the analyses of this study. It represents the major roads of the street network and it is mainly
used for analysis and planning purposes. Although it does not fully reflect the geometry of the
streets, it includes all their characteristics, such as direction, capacity, free flow speed, connec-
tivity, and length.

The network is defined by a set of nodes and links. The nodes consist of locations where
two or more highways intersect (usually interchanges), as well as locations where a highway
crosses the boundary of the study area. Links are defined by lines (not self-intersecting) between
two nodes with no other nodes in between. The link characteristics are described by free flow
speed and flow capacity. The MTC network representation consists of 29804 links and 10647
nodes. The links and the nodes of the Metropolitan Transportation Commission network are

shown in Figure 3.3 below.
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Fig. 3.3 Links and nodes of MTC network.

We consider 1120 Transportation Analysis Zones (TAZ) to account for both the intra-
and inter-regional traffic. By definition, a TAZ is a geographic area that identifies land uses and
associated trips that is used for making land-use projections and performing traffic modeling. It
predicts the trip demand in that specific area based on the homogeneity of its population and its

economic characteristics. The TAZs used in this study can be seen in Figure 3.4 below.
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Fig. 3.4 Transportation analysis zones of Bay Area.

3.2.2 Origin-Destination Matrix Selection

The two-hour peak demand estimate for the Bay Area highway network is provided by the MTC,
based on the 1990 household survey. It categorizes the trips according to their purpose (home-
based—work, home-based—shop, home-based—social/recreation, home-based—school and non-

home-based).
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The two-hour peak demand matrix expresses the demand of the passengers during the
peak hours. For our purposes, we need to assess the daily trips in the network to define the daily
travel cost. In order to convert the two-hour peak demand to daily demand we have to define the
scaling factor that expresses the daily traffic in terms of the peak hour traffic. Therefore, we con-
sider the San Francisco Bay Area daily profile (Purvis, MTC 1999) of the demand, as shown in
Figure 3.5 below, and compute the ratio of the demand of the trips during the two-hour morning

peak demand to the total daily demand.
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Shop/Other School
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Fig. 3.5 Person trips by time of day and by trip purpose (from Purvis, MTC 1999).

The scaling factor based on the previous daily travel profile is equal to 5.40. This means
that our total travel time estimate for the two-hour peak demand has to be multiplied by that scal-
ing factor in order to estimate the daily total travel time.

Another assumption related to the origin destination matrix has to do with the vehicle car
occupancy. The demand is expressed in passenger cars; therefore, we need to assume an average

occupancy factor in order to estimate the number of passengers traveling. The reason for this
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conversion is that the operational loss can be computed based only on the man-hours lost; thus,
the number of users is needed. We use vehicle car occupancy equal to 1.40 in all our analyses, as
suggested by the Metropolitan Transportation Commission for the Bay Area (Caltrans 2002).
Finally, the value of time for the users of the Bay Area transportation network is assumed
to be equal to $12.00/Hour. This hypothesis is in accordance with the California Life Cycle
Analysis Model and is based on the socioeconomic profile of the Bay Area (Booz, Allen and

Hamilton Inc. 1999).

3.2.3 Network Performance Measures

Our measure for the network performance is the total delay of the passengers of the network.
This is defined as the increase in the total travel time caused by earthquake-induced damage. Es-
sentially, it is the difference between the total travel time of the damaged network and the total
travel time of the undamaged network. The total travel time is computed by the well known for-

mula presented in Equation 3.1 and the total delay with Equation 3.2 below.

T= Yxt(x) (3.1)
all links
D = ]-;wfore - ]-:gfter = all[%k‘sx'jiti (xl ) - al[[;nk‘_sx':iti (xl ) (3'2)
before after
where
X; is the flow on the link;

ti(x;) 1is the travel time on link;
Therore 1s the total travel time before the event;
Tuner 1s the total travel time after the event; and

D is the delay (and the primes refer to the parameters before the event).

The travel time on a link is calculated by utilizing a link performance function developed

by the United States Bureau of Public Roads shown in Equation 3.3.

, :tf(]+a(%)ﬂj (3.3)
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where

t. is the congested link travel time;
tr is the free flow link travel time;
V is the link volume;

C is the link capacity; and

a, f are calibration parameters, taken as 4 and 0.15, respectively, for the Bay Area.

The idea behind this adjustment of the link travel time is that after some users have cho-
sen a specific link, it becomes less attractive to the other users. It is based on empirical data and

that is why the calibration parameters a and £ differ with location, time of day and road type.

3.2.4 Scenarios Considered for Estimation of Transportation Network Risk Curve

The earthquake sources that are taken into account are the events occurring on San Andreas and
the Hayward faults. Uniform probability distributions are assigned to each fault, implying that
earthquakes are equally likely to occur everywhere within these two source zones.

We only consider events greater than My, > 6.75 for both faults and go up to 8.0 and 7.5
for the San Andreas and the Hayward fault, respectively, with magnitude step equal to 0.25. For
each event, the rupture zone is assumed to take several different positions on the fault in order to
catch the spatial uncertainty. The San Andreas and Hayward faults can be seen in Figure 3.6 be-

low, while the events considered in this study are shown in Table 3.2:
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Fig. 3.6 San Andreas and Hayward faults.
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Table 3.2 Scenarios considered by moment magnitude and fault.

Fault Lfault Mw Lrupture (km) N
San Andreas| 235 @ 6.75 28 9
San Andreas| 235 @ 7.00 43 9
San Andreas| 235 @ 7.25 66 8
San Andreas| 235 @ 7.50 100 6
San Andreas| 235  7.75 153 4
San Andreas| 235 @ 8.00 235 1

Hayward 100 | 6.75 28 8
Hayward | 100 @ 7.00 43 6
Hayward | 100 @ 7.25 66 4
Hayward 100 | 7.50 100 1

In the previous table, all the scenarios considered for the generation of the risk curve are
shown. For each scenario, N represents the number of events we simulate in order to account for
the spatial uncertainty of the rupture. Thus, the loss for each rupture location will be different
even though the magnitudes of the events are the same. The enumerated scenarios with the same
intensity always move from south to north. A table with the exact location of the rupture zone of
each scenario can be found in Appendix G. An example with the six different scenarios consid-

ered for the Hayward 7.00 event is shown below.
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Fig. 3.7 Demonstration of rupture sliding along length of fault.
The annual rate of exceedance M, = 6.75 for the San Andreas fault is equal to vs 75 =

0.007, whereas for the Hayward fault is v4 75 = 0.008. The parameter b is assumed to be equal to
0.68 and 3.2 for the same faults according to the USGS study (2003). A plot with the results of
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that study for the exceedance probabilities of moment magnitudes greater than 5.5 for the main
faults in California follows.

We have assumed that ruptures along the fault corresponding to a particular magnitude
have equal probability of occurrence. This assumption simplifies the model even though the rup-
ture locations do not correspond to the characteristic event model presented in the USGS (2003)
study. This simplification is introduced to make the risk computations for a large network system

computationally tractable.
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Fig. 3.8 Exceedance probabilities for main faults in California (from USGS 2003, Open
File report 03-214).

In the previous plot, we can see that the Hayward fault annual rate decreases rapidly in
the vicinity close to Mw = 7.25. This is the reason for the rather large value of the parameter b

for that fault (b = 3.20). For the San Andreas fault, we can see that the slope is less than 45 de-
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grees within the range M, = 6.75 — 8.00 and is estimated as b = 0.68. The general equation for
the bounded recurrence relationship is shown in Equation 3.4, while the modified equations for

the two faults are presented in Equations 3.5 and 3.6, respectively:

e—b*ln{l())*(m—M 77777 )_eb*ln(l())*(M -M,, )

rrrrrrrrrrrr

Vm = l/6.75 ] _ eb*[,,(j())*(Mm -M,. ) ’ Mm[n S m S Mmax (34)
~1.28945(M~6.75) _
v, . =0.0075 019933 " 75 <m<8.0 (3.5)
' 0.80047
=7.36827(M-6.75) __
v =0.008% 000395 5 75<m<75 (3.6)
’ 0.00602
where
b is a parameter equal to b*In(10);

M yin, Moy are the minimum and the maximum moment magnitudes considered in this

study;

V.75 is the annual rate of occurrence of events with AM,, > 6.75; and

Vin is the annual rate of exceeding any magnitude m within the range of 6.75 and
Mopax -

3.3 LOSS DUE TO STRUCTURAL DAMAGE OF NETWORK BRIDGES

The expected value of the structural damage of the bridges is computed for the 56 scenarios pre-
sented in Table 3.2. The reason why this type of analysis is chosen instead of the computation of
the probability density function of the loss has to do with the size of our portfolio. Moreover, we
only need to define the damage of each link to perform network analysis. The evaluation of the
PDF of the loss will be demonstrated for a smaller network later in this chapter.

The total replacement cost of the 1125 bridges in the San Francisco Bay Area that are
considered in this study is equal to $2,891 M. The structural damage varies from $0 to $1,180 M
for the San Andreas and from $225 to $1013 M for the Hayward fault. Plots with the expected

value and standard deviation of the structural loss from the different faults follow.
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Fig. 3.9 Structural loss from San Andreas fault rupture.
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Fig. 3.10 Structural loss from Hayward fault rupture.
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The structural loss estimates vary with the location of the rupture, especially for the San
Andreas fault. This variation can be attributed to the geometry of the fault because rupture zones
can be very far from the Bay Area.

The structural loss caused by the Hayward fault events seems to have smaller variation,
probably because Hayward is located in the heart of the network. Moreover, a seismic event in
the Hayward fault causes greater damage than an event in the San Andreas fault with the same
moment magnitude.

Among the three hazards, ground shaking, liquefaction and landslide, we can say that lig-
uefaction governs in the Bay Area. Ground shaking is the second most important failure mode
while landslides do not seem to occur. Of course, these results strongly depend on the method-
ologies used for the computation of the damage and the authors are aware that the HAZUS
(1999) methodology for the estimation of the ground failure is very conservative. A chart with
the expected values and the standard deviations of the losses, categorized by the different haz-

ards follows.
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Fig. 3.11 Structural loss from San Andreas fault rupture by hazard.
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Structural Loss from the Hayward Fault Rupture by Hazard
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Fig. 3.12 Structural loss from Hayward fault rupture by hazard.

Based on this analysis, the loss due to liquefaction is significantly greater than the losses
from the other two hazards. This trend is definitely correlated with the poor soil of the Bay Area,
however, we believe that further investigation is needed before we can rely on these results. The
loss from ground shaking is proportional to the loss from liquefaction and is usually between
30% and 50%. Loss from landslides is rather small in all the scenarios investigated, independ-
ently of the rupture location and moment magnitude. This behavior does not necessarily mean
that earthquake-induced landslides are not possible in the Bay Area. Small losses from landslides
result most likely because the methodology does not predict landslides reliably at bridge loca-
tions.

Overall, our loss estimates increase with magnitude and decrease with distance. For the
same level of intensity, the Hayward fault leads to higher losses than the San Andreas fault be-
cause of its location. As observed, the San Andreas fault can cause the maximum structural loss,

equal to $1.1B.
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3.4 LOSS DUE TO NETWORK DISRUPTION

For each of the events considered, the loss due to the disruption of the San Francisco Bay Area
Highway Network is estimated. The expected damage of each link is used to account for its re-
duced capacity. In case the damage exceeds 40%, the link is assumed to be closed until the dam-
age 1s repaired. The daily operational loss is then converted to monetary units by multiplying the
total daily delays with the assumed value of time ($12.00/Hour per passenger).

In order to estimate the total losses over time, we perform six network analyses corre-
sponding to 1, 3, 7, 14, 30, 180, and 365 days after the event has occurred. If we assume linear
decrease of the daily loss between the days computed, we can construct a plot of the change of
the daily loss over time. The total operational loss is then computed through integration of that

curve. The change of the daily loss is plotted below for three selected cases.
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Fig. 3.13 Evolution of operational loss over time for three scenarios.
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In the previous plot we have the evolution of the daily loss for the San Andreas 7.50 and
8.00 and the Hayward 7.50 scenarios. We can see that the daily loss from the Hayward 7.50 sce-
nario is always higher than the other two daily losses. Another interesting observation is that the
San Andreas 8.00 daily loss does not differ significantly from the daily loss caused by a scenario
with moment magnitude equal to 7.50 in the same fault. This implies that the damage caused by
the rupture of the San Andreas fault is not very sensitive to the moment magnitude.
By repeating the same procedure for all the investigated events, we compute the total operational
loss of each event. Graphs with the operational losses from rupturing in the different faults fol-

low.
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Fig. 3.14 Operational loss from San Andreas fault rupture by moment magnitude and
scenario.
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Operational Loss from the Hayward Fault Rupture by

Moment Magnitude and Scenario
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Fig. 3.15 Operational loss from Hayward fault rupture by moment magnitude and
scenario.

The operational loss varies from 0 to $1,380 M for the San Andreas fault and from $110
to $2,120 M for the Hayward. Again, the Hayward fault causes more severe losses to the trans-
portation network than the San Andreas fault, even for the smaller moment magnitude of its
events.

The estimated losses are for the fixed-demand case, where we assume that the demand
remains constant after the earthquake event. It should also be clarified that the previous losses
only reflect the losses due to commuter traffic delays and not due to freight traffic. If freight traf-
fic had been considered, the operational loss would further increase, since freight trips are five
to six times more expensive than the passenger trips.

Another important remark in the study of the operational loss is that it reflects the net-
work damage caused by the 1125 bridges considered. If additional data were available and we
were in position to model all the bridges of the Bay Area transportation network including the

street network, our estimations for the operational loss would most likely change.
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3.5 AGGREGATION OF STRUCTURAL AND OPERATIONAL LOSS

The structural and the operational losses are summed in order to estimate the total loss for each
event. Again, it should be mentioned that the results below reflect only the losses due to com-

muter traffic delays. The aggregated losses for the different events are shown below.

Total Loss from the San Andreas Fault Rupture by
Moment Magnitude and Scenario
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Fig. 3.16 Total loss from San Andreas fault rupture by moment magnitude and scenario.
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Total Loss from the Hayward Fault Rupture by
Moment Rupture Magnitude and Scenario
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Fig. 3.17 Total loss from Hayward fault rupture by moment magnitude and scenario.

For the San Andreas fault the operational loss is very close to the structural, unlike the
Hayward events where the operational loss governs. Again, this difference can be attributed to
the spatial distribution of the network relative to the two faults and the fact that the Hayward

fault crosses many of the ACT zones.

3.6 ANNUAL RISK CURVE FOR SAN FRANCISCO BAY AREA
TRANSPORTATION NETWORK

Risk curves are a useful mean to convey information to decision makers regarding the overall
risk of the system. Such curves express the probability of exceeding a specific value and are
widely used in civil engineering. In this study we present the annual risk curve of the aggregated
loss of the San Francisco Bay Area transportation network due to the seismic hazard from San
Andreas and Hayward. With the term aggregated loss we denote the structural and the opera-
tional loss.

The concept we use is straightforward. We assume that no events can happen at the same

time (which is reasonable given that we consider rare large events), and we treat the probabilities
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of each of the events to occur as realizations of the PDF of the loss. In this way we obtain the

following curve.

Annual Risk Curve for the San Francisco Bay Area
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Fig. 3.18 Annual risk curve for transportation network.

The total losses can reach $3.1 B, whereas the expected value of the annual risk is $13.3
M. Thus, a decision maker can reduce the risk (e.g., insurance) by spending this amount in miti-
gation annually. This kind of cash flow is a perpetuity with annual payment of $13.3 M and its

present value (PV) is computed using Equation 3.7:

PV ¢ _¢ (3.7)

where
PV s the present value of the perpetuity;
T is the time of the last payment;
C is the amount paid every year; and

R 1s the effective interest rate.
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The effective interest rate in Equation 3.7 is very difficult to predict; therefore, we pre-

sent a plot with the sensitivity of the present value of the annual risk to that parameter below.
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Fig. 3.19 Present value of annual risk vs. effective interest rate.

From this figure, we can see that the potential loss of the transportation network studied
varies from $150 to $2,650 M (structural and operational loss due to commuter traffic). This is a
very useful conclusion for retrofitting and planning purposes, since it enables decision makers to
quantify the risk of the transportation system. For example, if we assume that the transportation
network disruption will not cause any other type of losses (business downtime, casualties etc), a
retrofitting strategy that costs more than the estimated potential loss, should be rejected simply

because society will choose to keep the risk.

3.7 DEMONSTRATION OF ASSESSMENT OF PROBABILITY DENSITY
FUNCTION OF STRUCTURAL LOSS FOR PORTFOLIO OF TEN BRIDGES

The methodology we propose for the evaluation of the distribution of the structural loss of a
portfolio of bridges after an earthquake event is presented in this section for demonstration pur-
poses. Several cases are examined. First, we estimate the PDF of the structural loss without con-

sidering the uncertainties of the replacement cost and the damage factor. Then we assume vari-
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able replacement cost and variable damage factor separately. Finally, we account for all the un-
certainties introduced at the same time.

We select ten bridges in South San Francisco on Highway 101 and assume that the San
Andreas 8.0 event occurs. We then estimate the distribution of the loss of all those bridges indi-
vidually and aggregate it through convolution. The total replacement cost for the ten bridges is
$29.8 M. A description of the selected bridges and their properties can be found in Table 3.3 be-

low, while the generated loss curves follow.

Table 3.3 Bridges selected for demonstration.

BRIDGE ID NAME LOCATION VALUE
1 350130 SIERRA POINT OVERHEAD 04-SM-101-23.66-BSBN  $7,948,248
2 3501308 SIERRA POINT OFF-RAMP OH  04-SM-101-23.66-BSBN  $2,749,725
3 3501318 SIERRA POINT OFF-RAMP OC 04-SM-101-23.39-SSF $1,123,122
4 350094L SOUTH SAN FRANCISCO OH 04-SM-101-21.92-SSF $5,269,880
5 350094R SOUTH SAN FRANCISCO OH 04-SM-101-21.92-SSF $4,644,640
6 350121 SOUTH SF BELT RAILWAY OH  04-SM-101-21.80-SSF $2,343,000
7
8
9

350119 COLMA ROAD UC 04-SM-101-21.69-SSF $2,221,110

350118 COLMA CREEK 04-SM-101-21.61-SSF $1,929,840

350281F NORTH CHANNEL(W380-N101) 04-SM-380-6.48-SBR $583,200
10 350261R 7TH AVE UC 04-SM-380-6.20-SBR $1,021,680

| TOTAL $29,834,445

Aggregated Loss Curves for the 10 selected bridges
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Fig. 3.20 Aggregated loss curves for 10 bridges.
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If we compute the loss curve without considering any of the uncertainties we introduce,
we obtain the green curve for the aggregated loss with x, = $16.8 M and o, = $4.4 M. When we
assume that the damage factor (DF) is variable only within the limits suggested by HAZUS
(1999), we compute the purple curve with g, = $16.7 M and o, = $4.4 M. In case the Replace-
ment Cost is considered as a truncated normal random variable, the expected value of the loss
becomes u, = $17.4 M and o, = $5.1 M. Finally, if we assume that both the uncertainties in the
RC and the DF are present, the expected loss becomes u, = $17.5 M and o, = $5.0 M.

Our results indicate that the consideration of the uncertainty in the replacement cost re-
sults in higher risk estimations, especially in the vicinity of $20 M. On the other hand, when the
damage factor is modeled as a random variable, it does not seem to change our estimates. In case
we consider the two uncertainties present at the same time, the estimated risk level increases but
this happens mostly due to the consideration the replacement cost uncertainty.

In order to further investigate the influence of the uncertainty in the damage factor, a few
more cases are examined. The additional analyses assume a wider interval of the possible values
of the damage factor for each damage state and keep the same mean value resulting in larger dis-
persion. A table with the new limits of the damage factors and the loss curves that correspond to

those limits follow.

Table 3.4 Limits of damage factor by damage state (modified by HAZUS).

HAZUS Central Damage  Minimum Maximum N
Damage State Factor Damage Factor Damage Factor
None 0.00 0.00 0.00 0.00 -
Slight 0.03 0.01 0.06 0.30 0.986
Moderate 0.08 0.04 0.20 0.30 0.952
Extensive 0.25 0.12 0.45 0.30 0.955
Complete 0.70 0.30 1.00 0.30 0.895

In the previous table, d, represents the coefficient of variation and N the normalization

factor for the truncated normal distributions.
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Aggregated Loss Curves for the selected bridges - New DF
limits
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Fig. 3.21 Aggregated loss curves for enhanced damage factor limits.

Even with a wider range of possible values, the damage factor does not affect the com-
plementary cumulative distribution function when considered together with the replacement cost
uncertainty (purple curve). When considered alone, it seems to slightly reduce the probability of
exceedance estimates.

The reason for the slight reduction of the loss curve when considering variable damage
factors is because the damage factor is spread over a wider range and is related to the shape of
PDF we assume for them. Particularly, the truncated normal distributions we assume, are not
truncated symmetrically but tend to have a longer tale towards higher values of the damage fac-
tor. Consequently, the density is gathered towards the lower values and this does not change
when we multiply with the normalization factor N. The result is a distribution skewed to the left
that slightly decreases the loss curve.

The previous results imply that the replacement cost uncertainty has a greater influence
on the loss estimates and can lead to a significant increase of the probability of exceedance.
Damage factor variation does not seem to play an important role in the estimation of the aggre-

gated loss and results to slightly lower loss estimations.
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4 Summary and Conclusions

4.1 SUMMARY

A method is developed for the risk assessment of transportation networks that not only accounts
for the structural loss of the bridges of the network, but also for the operational loss due to net-
work disruption. The structural loss is computed based on HAZUS (1999). The operational loss
is computed based on the total delays after the seismic event, until the transportation network is
fully repaired.

The annual risk curve of total losses of the Bay Area transportation network (structural
and operational) is developed for the earthquake hazards of the San Andreas and Hayward faults.
We account for moment magnitudes from 6.75 to 8.00 and 6.75 to 7.50 on the San Andreas and
the Hayward fault, respectively, and account for 56 events in total.

Formulations of structural loss that include uncertainties in the replacement cost and the
damage factor are presented. We assume that the losses for the individual bridges are independ-
ent and apply the convolution density formula to obtain the distribution of the total loss of a port-
folio of bridges after a seismic event. All prior assessments of portfolios of bridges provide only

the expected value of the loss and not the PDF.

4.2  CONCLUSIONS

Two types of analyses are performed in this study. Estimation of the loss due to structural dam-
age and estimation of the loss due to transportation network disruption. The major observations

from our analyses were:



The structural loss estimates for the 1125 pre-retrofitted bridges that were identified in
the network varied with the moment magnitude and the location of the fault. In particular, for the
San Andreas fault the structural loss could be in the order of a few thousands for an event in the
northern segment with My, = 6.75 and reach $1,200 M for the M, = 8.0 event. For the Hayward
fault, the minimum structural loss is $ 225 M for the M,, = 6.75 event and the maximum loss is
$1,013 M for the M,, = 7.50 event.

From the three hazards considered in this study, liquefaction, ground shaking, and land-
slide, liquefaction was the main cause of failure. Specifically, it contributed more than 90% of
the structural loss in all the scenarios investigated and was eight or nine times greater than the
loss caused by ground shaking. Although this may be true in reality, the authors believe that it is
a result of the methodology used to predict the damage from ground failure. In particular, the fra-
gility functions proposed by HAZUS (1999) appear to be overly conservative; hence, the esti-
mated damage appears to be very high.

In the computation of the PDF of the loss of a single structure, consideration of the uncer-
tainty in the replacement cost results in an increase of the risk that can be 75% higher than when
it is modeled as a constant. The reason for this change is that the introduction of variability in the
RC increases the variance of the loss. At the same time, consideration of the uncertainty in the
damage factor slightly decreases the risk. This behavior is most likely related to the asymmetric
shape of the truncated normal distributions used to model this uncertainty. The asymmetry is
caused by the fact that the central damage factor of each damage state does not have symmetric
bounds but is skewed to the left; thus lower damage factor values weigh more after the truncation
normalization.

The convolution proposed for the estimation of the PDF of the aggregated loss of a set of
bridges (convolution) reveals more information to the decision makers than the expected value
estimates. In particular, the shape and the higher order moments of the distribution of the loss
can be evaluated, in addition to its expected value as demonstrated through the application to ten
bridges.

Based on the mean repair times suggested by HAZUS (1999), the operational loss can
reach $1,376 M for the San Andreas M,, = 8.0 event and $2,129 M for the Hayward M,, = 7.50
event. The estimates are on the average 62% and 146% of the structural loss of the San Andreas
and the Hayward scenario events, respectively. In general, structural loss governs in the small
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magnitudes and as we move to higher magnitudes, the operational loss governs. It should be
noted that our operational loss estimates do not include the freight traffic trips and the authors
believe that such a consideration would further increase the losses.

Our results indicate that events in the Hayward fault cause more severe structural and op-
erational losses than events in the San Andreas. This trend is counterintuitive because of the
higher moment magnitudes that the San Andreas events can have compared with the Hayward
events. Nevertheless, a careful look at the map of the Bay Area will reveal the strategic position
of the Hayward fault in the heart of the Bay Area transportation network. In other words, al-
though the San Andreas fault causes higher structural damage, the Hayward fault governs be-
cause of its more important consequences to the transportation network.

The annual probability of loss exceedance curve developed for the Bay Area transporta-
tion network increases significantly with consideration of the operational loss. The expected an-
nual loss for the transportation network is $13.3 M. The present value of this risk depends on the
future value of money implied by the effective interest rate and was found to vary from $200 to

$2,500 M for interest rates between 10% and 0.5% respectively.

4.3 FUTURE RESEARCH

Undoubtedly, there are several areas of further research that would help towards the estimation
of the structural and the operational loss of transportation systems. First, we believe that more
accurate methods for the estimation of the structural loss are needed, especially for the damage
due to ground failure. We lack practical methodologies to describe the liquefaction hazard, while
the fragility functions that describe the vulnerability of the bridges due to that hazard are very
conservative.

Second, we believe that the case where adjacent sites have correlated losses needs to be
examined. In the current study, all the loss estimates for multiple bridges are based on the as-
sumption that individual losses are independent. Bridge losses are likely to be correlated because
ground motions and bridge performance of similar bridges are correlated.

Equally important is the focus on the estimation of the PDF of the loss of an individual

bridge or a portfolio of bridges. Expected value loss estimates carry limited information. Thus,
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the performance of bridges of different risk levels is best represented by a probability density
function.

Regarding the network analysis part, the variable-demand model in the traffic assignment
should be investigated in addition to the fixed-demand model that is used in the current study.
Also, post-event emergency traffic needs to be explored by future researchers and has to be in-

corporated in the post-event trip demand.
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Appendix A: Liquefaction Computation

A method of estimating the maximum deformation due to liquefaction is presented in the HA-
ZUS (1999) technical manual and is based on the approach of Youd and Perkins (1978). This
method categorizes soils according to their susceptibility to liquefy and then defines the expected
value of the permanent ground deformation due to lateral spreading and ground shaking. The
susceptibility of each site to liquefy is expressed by its liquefaction susceptibility category.
However, it is not always the case that liquefaction occurs after an earthquake. The like-
lihood of experiencing liquefaction at a specific site is primarily influenced by the susceptibility
of the soil to liquefaction, the amplitude and duration of the ground shaking, and depth of the
groundwater. Therefore, the probability of liquefaction for a given susceptibility category is de-

termined by the following relationship:

P[Lig| PGA=a]
KMKW ml

P[ Liquefaction] = (A.1)

K, =0.0027M° —0.0267M° —0.2055M +2.9188 (A.la)
K, =0.022d,, +0.93 (A.1b)

where
P[Lig|PGA=a] is the conditional probability for a given susceptibility category at a speci-
fied level of peak ground acceleration;
Ky is the moment magnitude (M) correction factor computed in A.la;
Ky is the groundwater correction factor as a function of the water depth dW
defined in A.1b; and
P is the proportion of map unit susceptible to liquefaction defined in Table

A.1 below.



The conditional liquefaction probability relationships for all the liquefaction susceptibil-
ity categories are shown in Figure A.1, and the proportion of map unit susceptible to liquefaction

1s shown in Table A.1.
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Fig. A.1 Conditional liquefaction probability relationships for liquefaction susceptibility
categories (from Liao et al. 1988, HAZUS Technical Manual 1999).

Table A.1 Map unit susceptible to liquefaction (from HAZUS 1999).

Mapped Relative Susceptibility | Proportion of Map Unit
Very High 0.25
High 0.2
Moderate 0.1
Low 0.05
Very Low 0.02
None 0

After the calculation of the probability experiencing liquefaction at a site, the expected
value of the permanent ground displacements due to lateral spreading is found. The relationship
used is developed by combining the liquefaction severity index (LSI) relationship presented by

Youd and Perkins (1987) with the ground motion attenuation relationship developed by Sadigh,

et al. (1986).
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The expected permanent ground displacement due to lateral spreading is then determined

by the relationship:
E[PGD] =K *E[PGD|PGA=a] (A.2)
K,=0.0086 M’ —0.0914M" +0.4698M —0.9835 (A.2a)
where

E[PGD/(PGA=a)] is the expected permanent ground displacement for a given susceptibility
category under a specified level of normalized ground shaking. The nor-
malization is made with the values corresponding to zero probability of
liquefaction (PGA(t)). The expected value of the displacement is then de-
fined in Figure A.1.

PGA(t) is the threshold value of the ground acceleration necessary to induce lig-
uefaction (normalization value). It is defined in Table A.2.

K4 is the displacement correction factor as a function of the moment magni-

tude introduced by Seed and Idriss (1982). It is defined in equation A.2a.

Table A.2 Threshold ground acceleration corresponding to zero probability of liquefac-

tion.
Susceptibility Category | PGA(t) in g
Very High 0.09
High 0.12
Moderate 0.15
Low 0.21
Very Low 0.26
None N/A

The permanent ground deformation due to ground settlement associated with liquefaction
is assumed to be related with the susceptibility category assigned to each location. This assump-
tion is consistent with the work presented by Tokimatsu and Seed (1987) and Ishihara (1991)
that indicate strong correlations between strain (settlement) and soil relative density (a measure

of susceptibility). Based on these considerations, the ground settlement amplitudes are given in
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Table A.3 for the portion of a soil deposit estimated to experience liquefaction at a given ground

motion level.

Hence, the expected settlement at a location is the product of the probability to experi-
ence liquefaction for a given ground motion level and the characteristic settlement amplitude ap-

propriate to the susceptibility category.

Table A.3 Ground settlement amplitudes for liquefaction susceptibility categories.

Relative Susceptibility | Settlement (inches)
Very High 12
High 6
Moderate 2
Low 1
Very Low 0
None 0

The combined effect of the two different causes of liquefaction described above, lateral

spreading and ground settlement, is assumed to be the maximum of the individual PGD.

PGD,,, = max{PGD,;,PGD} (A3)

where

PGDys is the permanent ground deformation due to lateral spreading; and

PGDgs is the permanent ground deformation due to ground settlement

In the last relationship the hypothesis is that the expected displacement due to lateral

spreading for a normalized ground shaking cannot exceed 100 in.
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Appendix B: Landslide Computation

The landslide hazard evaluation requires the characterization of the landslide susceptibility of the
soil/geologic conditions at each site determined by the geologic group, the slope angle, and the
critical acceleration. The landslide susceptibility geologic groups are shown in Table B.1 The
categorization of the landslide susceptibility category at each bridge site is based on the work of

Kiremidjian et al. (2003) for the Highway Demonstration Project.

Table B.1 Landslide susceptibility geologic groups (from HAZUS 1999).

Geologic Group Slope Angle, degrees
0-10 | 10-15 | 15-20 | 20-30 | 30-40 | >40

(a) DRY (groundwater below level of sliding)

Strongly Cemented Rocks (crystalline
A | rocks and well-cemented sandstone, None | None [ 11 v VI
¢ =300 psf, §' = 35

Weakly Cemented Rocks and Soils (sandy

B | soils and poorly cemented sandstone, None 111 IV V V1 Vil
¢ =0, ¢' =359
Argillaceous Rocks (shales, clayey soil,

C | existing landslides, poorly compacted fills, A% VI VI IX IX IX
¢ =0 =20

(b) WET (groundwater level at ground surface)

Strongly Cemented Rocks (crystalline
A | rocks and well-cemented sandstone, ¢ | None I1I V1 VII VIII VIII
=300 psf, ¢’ = 35)

Weakly Cemented Rocks and Soils (sandy

B | soils and poorly cemented sandstone, ¢’ =0, A% VIII IX [X IX X
o' =359
Argillaceous Rocks (shales, clayey soil,

C | existing landslides, poorly compacted fills, | VII X X X X X

¢ =0 ¢' =20




The critical acceleration for each susceptibility category is defined as a function of the

critical acceleration with the help of Table B.2 Then using the relationship proposed by Wilson

and Keefer (1985) as shown in Figure B.1 the susceptibility categories are assigned.

Table B.2 Critical accelerations for susceptibility categories (from HAZUS 1999).

Susceptibility Category I 11 1m v v VI

vil vl IX X

0.05

Critical Accelerationac(g) | 0.6 0.5 0.4 035 03 025 0.2 0.15 0.1
0.8
07 == _mC (We)
C) 0.6 T (D)
‘é 0.5 \ = = == " B (Wet)
= 04
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= 03 s
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Fig. B.1 Critical acceleration as function of geologic group and slope angle (from Wilson

and Keefer 1985).

The permanent ground displacements are then defined using the Equation B.1

E[PGD]=FE[d|a ]*a *n
n=0.3419M° —5.5214M° +33.6154M —70.7692

where

(B.1)
(B.1a)

E[d|ais] is the expected displacement factor shown in Figure B.2. The produced equation is

found after regression analysis with a second-order polynomial, based on the graph

presented by Makdisi and Seed (1978).

ais is the induced acceleration (in decimal fraction of g’s).
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n is the number of cycles as a function of the magnitude of the moment magnitude

(M) defined in Equation B.1a.

Displacement Factor vs Ratio of Critical Acceleration and Induced
Acceleration

0.5

Log[Displacement] (cm)
S

y 5-2.1129x* - 1j515x +1.67
I T 2-0.995

a./ag

Fig. B.2 Relationship between displacement factor and ratio of critical acceleration and
induced acceleration (from HAZUS 1999).

Because of the conservative nature of the Wilson and Keefer equation (1985), an assess-
ment of the percentage of the landslide susceptibility category that is expected to fail is made.
Wieczorek and others (1985) suggest values of probability for each susceptibility category,
which are shown in Table B.3. The final value of the deformation due to landslide will be the

product of the probability and the expected value.

Table B.3 Percentage of map area having landslide susceptible deposit (from HAZUS
1999).

Susceptibility Category| 1 11 11 IV V VI VI VII IX X
Map Area 0.00 0.01 0.01 0.03 0.05 0.08 0.10 0.20 0.25 0.30
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Appendix C: Fragility Functions Computation

C.1 FRAGILITY FUNCTIONS FOR GROUND SHAKING

There are 28 primary bridge types for which all four damage states are identified and described.
The median values of the acceleration for each damage state suggested by HAZUS (1999) are
modified to take into account the characteristics of each bridge. The modification depends on the
angle of skewness and the number of the spans of the bridge. The angle of skewness is defined as
the angle between the centerline of the pier and a line normal to the roadway centerline. For the
cases for which information regarding the angle of skewness are not available, it is assumed to
be zero. The base bridge fragilities are modified by three parameters, Kgew, Kshape, and Ksp, re-
spectively, accounting for skewness, shape, and three-dimensional effects. These empirical fac-

tors are computed after the following equations.

Kgkew =+/51n(90—2a) (C.1)

where a is the skew angle

K shape=2.5%S,(1.0)/5,(0.3) €2)

where
Sa(1.0), Sa(0.3) s the spectral acceleration at the site for period equal to 1 and 0.3, respec-
tively

K3D :1+A/(N—B) (C3)

where A and B are parameters given in Table C.1 below.



Table C.1 Coefficients for evaluating K3D (from HAZUS 1999).

Equahan A B Kap
Ect | 025 1 1+025/(N=1)
Exz | 023 0 1+0.337 (N
Ecs | 023 1 1+ 033/ (N=1)
EC4 0.0% 1 1+0.08/(MN-1)
EQS 0.05 0 1+ 0057 (N}
Ecs | o0zo 1 1+0.20/(N-1)
EQT 010 0 1+ 0107 (M)

Equation C.3 is used for K;p defined by the category of the bridge as shown in Table C.1.
For bridge class 28, the value of Kj3p is not defined; thus, it is assumed to be 1. The modified

medians are found according to the algorithm:

New Mediansugm = Sa,median,Slighl * FaCtorSlighl
New Median,,,. = Sa,median,Moderale Ko *Kyp (C.4)
New Median, . = S, median Bxiensive K *Ksp .
New Median Complete — Sa,median,Complete Ko *Ksp

where

FactorStht =1if Ishape =0or

The parameter /4. 1s given by HAZUS for each bridge category. The standard deviation

was taken £ = 0.6 for all the cases.

C.2  FRAGILITY FUNCTIONS FOR GROUND DEFORMATION

Unlike the five damage states that can be observed in ground shaking, it is assumed that only
damage states 1, 4, and 5 can be observed in ground failure. This constraint implies that the me-
dians for damage states 2, 3, and 4 are equal. It practically means that damage states 2 and 3

never occur.
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Similar to ground shaking, a modification procedure is followed to find the new medians for
each bridge. It is made with the help of Table 3.4, where the modification parameters for all the
categories are shown. For this modification, the assumption that if the angle of skewness is zero
or infinite, then it is equal to one needed to be done, since it is not possible to have the median
value of a lognormal distribution outside the interval (0,inf). The equations used for the modifi-

cation are shown below.

New Median,, =S, .umsign * i

New Median Moderate — Sd,median,Moderate * fl (C.5)
New Median Extensive Sd,mcdian,ExtCnsivc * fl |
New Median .. =S, ciancome L2

The parameters f1, f2 are defined in Table C.2 below. The standard deviation was taken
= ().2 for all the cases.
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Table C.2 Modifiers for PGD medians (from HAZUS 1999).

CLASS f f>
HWB1 I 1
HWB2 l 1
HWB3 l 1
HWB4 I l
HWBS 05*L/[N.W.sin ()] 05*L/[N.W.sin(a)]
HWB6 0.5*L/[N.W.sin(c)] 0.5*L/[N.W.sin (o) ]
HWB7 05%L/[N.W.sin(a)] 05*L/[N.W.sin(c) ]
HWBS l sin (o)
HWBY9 l sin ()
HWBI10 I sin (o)
HWBI1I l sin (o)
HWB12 0.5*L/[N.W.sin(c)] 0.5*L/[N.W.sin (o) ]
HWBI13 05*L/[N.W.sin(a) ] 05*L/[N.W.sin(c) ]
HWB14 0.5*L/[N.W.sin(o)] 05*L/[N.W.sin(a)]
HWBI15 l sin (o)
HWBI16 I sin (o)
HWB17 0.5*L/[N.W.sin()] 0.5*L/[N.W.sin(c)]
HWBI18 0.5*L/[N.W.sin ()] 05*L/[N.W.sin(x)]
HWB19 0.5*L/[N.W.sin(c)] 0.5*L/[N.W.sin (o) ]
HWB20 l sin (o)
HWB21 I sin (o)
HWB22 0.5*L/[N.W.sin(a) ] 05*L/[N.W.sin(c) ]
HWB23 05*L/[N.W.sin(x)] 05*L/[N.W.sin(a)]
HWB24 0.5*L/[N.W.sin(a) ] 0.5*L/[N.W.sin(c) ]
HWB25 05*L/[N.W.sin(a) ] 05*L/[N.W.sin(c) ]
HWB26 I sin (o)
HWB27 l sin (o)
HWB28 l 1
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Appendix D: Tables with Locations and Loss
Estimates of Scenarios

Table D.1 Rupture locations of the scenarios of San Andreas fault.

) Coordinate A Coordinate B

Scenario | Case Fault Mw Longitude | Latitude | Longitude | Latitude
1 1 |San Andreas| 6.75 -121.6300 36.8000 -121.8167 37.0014
2 2 |San Andreas| 6.75 -121.8059 36.9898 -121.9928 37.1913
3 3 |San Andreas| 6.75 -121.9822 37.1796 -122.1696 37.3811
4 4 |San Andreas| 6.75 -122.1590 37.3695 -122.3469 37.5709
5 5 |San Andreas| 6.75 -122.3362 37.5593 -122.5246 37.7607
6 6 |San Andreas| 6.75 -122.5139 37.7491 -122.7027 37.9505
7 7 |San Andreas| 6.75 -122.6921 37.9389 -122.8813 38.1404
8 8 |San Andreas| 6.75 -122.8706 38.1287 -123.0604 38.3302
9 9 |San Andreas| 6.75 -123.0497 38.3186 -123.2400 38.5200
10 1 |San Andreas| 7.00 -121.6300 36.8000 -121.9160 37.1084
11 2 |San Andreas| 7.00 -121.7936 36.9764 -122.0800 37.2849
12 3 |San Andreas| 7.00 -121.9576 37.1529 -122.2446 37.4613
13 4 |San Andreas| 7.00 -122.1220 37.3293 -122.4097 37.6378
14 5 |San Andreas| 7.00 -122.2868 37.5058 -122.5751 37.8142
15 6 |San Andreas| 7.00 -122.4519 37.6822 -122.7410 37.9907
16 7 |San Andreas| 7.00 -122.6175 37.8587 -122.9072 38.1671
17 8 |San Andreas| 7.00 -122.7834 38.0351 -123.0739 38.3436
18 9 |San Andreas| 7.00 -122.9498 38.2116 -123.2409 38.5200
19 1 |San Andreas| 7.25 -121.6300 36.8000 -122.0684 37.2722
20 2 |San Andreas| 7.25 -121.7955 36.9783 -122.2344 37.4505
21 3 |San Andreas| 7.25 -121.9613 37.1565 -122.4013 37.6287
22 4 |San Andreas| 7.25 -122.1276 37.3348 -122.5686 37.8070
23 5 |San Andreas| 7.25 -122.2942 37.5130 -122.7363 37.9852
24 6 |San Andreas| 7.25 -122.4613 37.6913 -122.9044 38.1635
25 7 |San Andreas| 7.25 -122.6287 37.8695 -123.0729 38.3417
26 8 |San Andreas| 7.25 -122.7966 38.0478 -123.2419 38.5200
27 1 |San Andreas| 7.50 -121.6300 36.8000 -122.3023 37.5230
28 2 |San Andreas| 7.50 -121.8154 36.9994 -122.4886 37.7224
29 3 |San Andreas| 7.50 -122.0013 37.1988 -122.6763 37.9218
30 4 |San Andreas| 7.50 -122.1877 37.3982 -122.8645 38.1212
31 5 |San Andreas| 7.50 -122.3746 37.5976 -123.0532 38.3206
32 6 |San Andreas| 7.50 -122.5620 37.7970 -123.2424 38.5200
33 1 |San Andreas| 7.75 -121.6300 36.8000 -122.6620 37.9070
34 2 |San Andreas| 7.75 -121.8205 37.0043 -122.8539 38.1114
35 3 |San Andreas| 7.75 -122.0115 37.2086 -123.0477 38.3157
36 4 |San Andreas| 7.75 -122.2030 37.4130 -123.2421 38.5200
37 1 |San Andreas| 8.00 -121.6300 36.8000 -123.2166 38.4950




Table D.2 Rupture locations of scenarios of Hayward fault.

Coordinate A

Coordinate B

Scenario | Case Fault Mw

Longitude | Latitude | Longitude | Latitude
38 1 Hayward | 6.75 -121.8030 37.4500 -121.9948 37.6494
39 2 Hayward | 6.75 -121.8740 37.5238 -122.0658 37.7232
40 3 Hayward | 6.75 -121.9450 37.5976 -122.1371 37.7970
41 4 Hayward | 6.75 -122.0161 37.6714 -122.2084 37.8708
42 5 Hayward | 6.75 -122.0873 37.7452 -122.2798 37.9446
43 6 Hayward | 6.75 -122.1586 37.8190 -122.3512 38.0184
44 7 Hayward | 6.75 -122.2299 37.8928 -122.4227 38.0922
45 8 Hayward | 6.75 -122.3013 37.9666 -122.4943 38.1660
46 1 Hayward | 7.00 -121.8030 37.4500 -122.0968 37.7553
47 2 Hayward | 7.00 -121.8821 37.5321 -122.1760 37.8374
48 3 Hayward | 7.00 -121.9612 37.6143 -122.2555 37.9196
49 4 Hayward | 7.00 -122.0404 37.6964 -122.3351 38.0017
50 5 Hayward | 7.00 -122.1198 37.7786 -122.4147 38.0839
51 6 Hayward | 7.00 -122.1992 37.8607 -122.4944 38.1660
52 1 Hayward | 7.25 -121.8030 37.4500 -122.2533 379174
53 2 Hayward | 7.25 -121.8828 37.5329 -122.3334 38.0003
54 3 Hayward | 7.25 -121.9628 37.6157 -122.4138 38.0831
55 4 Hayward | 7.25 -122.0428 37.6986 -122.4944 38.1660
56 1 Hayward | 7.50 -121.8030 37.4500 -122.4936 38.1656
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Table D.3 Loss estimates for San Andreas fault scenarios.

. Structural Loss|Ground Shaking| Liquefaction | Landslide | Network] Total
Scenario| Case
E(x) Ox E(x) Ox E(x) ox | EX) ox E(x) E(x)
1 1 9.9 4.7 5.7 1.5 9.6 451 0.01] 0.0 0.2 10.1
2 2 130.7 | 25.2 3.6 4.1 130 1 25.1] 1.3] 0.8 1.4 132.1
3 3 2842 | 38.1 14.8 6.9 281.7 | 37.9] 14] 05 2.9 287.2
4 4 35751 973 38.8 17.1 | 349.7 1 96.7] 0.8 ] 0.5] 3904 | 7479
5 5 410.1 | 126.7 | 77.5 36.5 | 402.8 |126.2] 02| 0.1 | 4145 | 824.6
6 6 | 2659 | 1274 214 28.5 | 2584 11269] 00| 0.0 335 299.5
7 7 69.5 77.3 1.5 6.2 682 | 77.1]1 0.0] 0.0 0.2 69.7
8 8 0.3 0.2 0.3 0.2 0.0 00 1] 0.0] 0.0 0.0 0.3
9 9 0.1 0.1 0.1 0.1 0.0 00 1] 0.01] 0.0 0.0 0.1
10 1 92.2 21.8 33 4.2 90.7 | 21.6] 32.6] 9.8 1.1 93.3
11 2 289.1 | 39.6 14.8 8.1 2858 | 39.4] 1.5] 05 2.7 291.7
12 3 4624 | 89.8 42.8 13.5 | 456.1 | 89.4| 24 ] 0.8 1382 | 600.6
13 4 710.8 | 139.0 | 119.7 | 35.7 | 701.7 | 1385] 16| 0.7 ] 731.6 |1,4424
14 5 518.1 | 1202 | 1253 | 476 | 5084 | 119.2] 09| 0.6 ] 620.8 |1,138.9
15 6 391.0 | 117.8 | 729 443 | 383.8 |1169] 0.7] 0.1 | 287.8 | 678.8
16 7 | 2055 | 115.9 9.6 17.8 | 199.1 | 115.6] 0.0 | 0.0 26.6 232.1
17 8 42.9 62.2 1.7 6.0 414 | 620] 0.0] 0.0 0.0 42.9
18 9 04 2.8 0.4 2.8 0.0 00 ] 0.0] 0.0 0.0 0.4
19 1 3679 | 46.5 26.2 115 | 3625 | 460 1.5] 04 32 371.1
20 2 547.1 | 92.8 68.0 18.6 | 5364 | 92.0| 40| 1.7 6824 |1,229.5
21 3 875.1 | 1409 | 1769 | 44.1 | 862.2 | 140.1] 54 33| 941.5 | 1,816.6
22 4 831.2 | 1255 213.6 | 59.6 | 811.6 | 121.2] 7.2 | 3.5]| 9262 |1,757.4
23 5 589.8 | 120.7 | 1783 | 59.0 | 569.1 | 116.2] 49| 2.0] 6325 |1,2223
24 6 | 4372 | 118.0| 1058 | 55.6 | 419.1 | 113.6] 2.8 ] 0.6 ]| 3055 | 742.7
25 7 | 2517 | 127.7] 182 24.4 | 2409 | 127.2] 0.0 ] 0.0 27.4 279.1
26 8 76.3 77.6 4.0 9.5 729 | 7721 0.0] 0.0 0.0 76.3
27 1 811.1 | 133.8 | 149.2 | 352 | 790.8 | 133.1] 15.9] 8.8 | 918.6 | 1,729.7
28 2 9753 | 127.6 | 306.6 | 71.0 | 946.7 | 121.1] 36.7] 14.0] 1,095.1 | 2,070.4
29 3 965.5 | 127.5| 3055 | 71.2 | 936.5 | 121.0] 36.6] 22.9] 1,082.1 | 2,047.6
30 4 8544 | 1255 276.8 | 70.5 | 825.6 | 118.9] 34.4] 15.0] 1,082.1 | 1,936.5
31 5 5947 | 120.8 | 213.7 | 68.7 | 566.1 | 114.1] 20.3| 10.7] 608.5 ] 1,203.1
32 6 363.7 | 119.1] 676 50.3 | 3457 | 117.6] 0.0] 0.0 ] 181.5 | 5452
33 1 ]1,092.6] 126.6 | 407.4 | 80.9 | 1,057.4] 117.9] 61.2] 26.4] 1,225.7 | 2,318.3
34 2 | 1,0884| 126.5| 406.2 | 81.2 |1,053.0] 117.8] 61.3] 23.3] 1,241.1 | 2,329.5
35 3 11,071.2] 126.5| 401.7 | 81.0 | 1,035.4] 117.8] 61.4] 15.5] 1,190.2 | 2,261.4
36 4 954.2 | 125.5 ] 355.1 79.8 | 918.9 | 116.8] 58.2] 19.6] 1,097.9 | 2,052.1
37 1 | 1,179.5] 1232 | 5209 | 88.5 | 1,134.3] 112.8] 88.7] 50.6] 1,376.6 | 2,556.1
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Table D.4 Loss estimates for Hayward fault scenarios.

. Structural Loss|Ground Shaking| Liquefaction | Landslide | Network] Total
Scenario| Case
E(x) Ox E(x) Ox E(x) ox | EX) ox E(x) E(x)

38 1 3645 | 73.1 16.5 9.2 3612 | 72.8] 0.0 0.0 ] 461.1 825.6
39 2 388.5 | 88.1 23.6 119 | 3846 ] 879 00] 0.0] 4%.1 882.7
40 3 4578 | 95.5 35.5 172 | 4533 19521 00] 0.0] 5109 | 968.7
41 4 | 4858 | 1048 | 50.1 214 | 480.6 | 1044] 0.0] 0.0 ]| 563.0 | 1,0488
42 5 4722 | 1047 | 47.8 21.3 | 467.8 | 104.3] 00| 00| 5303 |1,002.6
43 6 | 405.1 ] 103.5] 44.6 21.1 | 400.7 {103.1] 0.0] 00| 3160 | 721.1
44 7 337.0 | 1024 ] 328 194 | 3329 ] 102.0] 0.0] 0.0 ] 214.7 | 551.6
45 8 2244 | 89.6 13.6 132 | 221.1 | 8921 00] 0.0 ] 1169 | 3413
46 1 653.3 | 103.2 | 57.6 20.7 | 646.6 | 102.7] 0.0 ] 0.0 | 989.4 | 1,642.7
47 2 708.0 | 123.2 | 83.6 27.5 | 699.9 | 122.8] 0.1 ] 0.0 ] 1,070.4 | 1,778.3
48 3 6443 | 1240 844 284 | 634.8 | 123.6] 0.2 ] 0.1 | 1,032.6 | 1,677.0
49 4 598.5 | 1232 | 834 284 | 589.6 | 122.8] 0.2 ] 0.1 | 980.2 | 1,578.7
50 5 547.6 | 1228 | 73.0 279 | 5399 | 122.4] 0.2 ] 0.1 | 639.6 |1,187.2
51 6 | 4622 | 121.5] 63.5 274 | 454.6 | 121.1] 0.1 ] 0.0 ]| 307.7 | 769.9
52 1 930.4 | 138.8 | 1485 | 37.8 | 916.6 | 1382] 1.0 | 0.4 ] 1,966.7 |2,897.1
53 2 877.6 | 138.6 | 143.5 | 372 | 863.7 | 138.0] 1.2 ] 0.7 | 2,045.8 | 2,923.4
54 3 752.8 | 1359 | 131.7 | 36.7 | 738.7 | 1353] 1.2 ]| 0.3 ] 1,948.6 | 2,701.5
55 4 673.2 | 1345 | 1248 | 365 | 658.6 | 133.8] 1.2 ]| 0.7 | 1,848.3 ]| 2,521.6
56 1 ]1,013.6] 139.5]| 221.1 47.5 | 993.3 |138.5] 9.7 34| 2,129.5 | 3,143.1
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