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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a
national center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National
Science Foundationin 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward thisend,
the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal
Emergency Management Agency (FEMA), other state governments, academic institu-
tions, foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems. The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112). The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106). These studies were conducted to:

* assess the seismic vulnerability of highway systems, structures, and components;

e develop concepts for retrofitting vulnerable highway structures and components;

* develop improved design and analysis methodologies for bridges, tunnels, and
retaining structures, whichinclude consideration of soil-structure interaction mecha-
nisms and their influence on structural response; and

¢ develop, update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective of
performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems. Specific subjects covered under Project 094 include:

* development of formal loss estimation technologies and methodologies for highway
systems;

* analysis, design, detailing, and retrofitting technologies for special bridges, includ-
ing those with flexible superstructures (e.g., trusses), those supported by steel tower
substructures, and cable-supported bridges (e.g., suspension and cable-stayed bridges);

* seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

* soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
fromnon-destructive assessment of retrofitted bridge components to supporting studies
intended to assistin educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

This report presents the results of an extensive review and evaluation of the Seismic Risk
Assessment (SRA) methodology for highway systems, as documented in “A Risk-Based Meth-
odology for Assessing the Seismic Performance of Highway Systems,” by S.D. Werner, C.E.
Taylor, J.E. Moore I1, ].S. Walton and S. Cho, MCEER-00-0014. The efficacy of all key modules
in the REDARS (Risk of Earthquake Damage for Roadway Systems) software program were
evaluated. The modules included: bridge damage or fragility module, post-earthquake traffic state
module, transportation module and economic loss module. The results from this review were
evaluated by the REDARS development team and subsequently used to update the REDARS
software program. The REDARS methodology and software for seismic risk analysis of highway
systems is presented in a companion MCEER special report, “REDARS 2 Methodology and
Software for Seismic Risk Analysis of Highway Systems,” by S.D. Werner, C.E. Taylor, S. Cho,
J.P. Lavoie, C.K. Huyck, C. Eitzel, H. Chung and R.T. Equchi, MCEER-06-SP08.
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ABSTRACT

This report represents the result of an extensive review and evaluation of the Seismic Risk
Assessment (SRA) methodology for highway systems documented in Werner et al. (2000). The
research team evaluated the efficacy of all key modules in the REDARS (Risk of Earthquake
Damage for Roadway Systems) software program. The modules included: bridge damage or
fragility module, post-earthquake traffic state module, transportation module, and economic loss
module.

The reader should note that the version of REDARS that was evaluated in this study has since
been updated based largely on the conclusions and recommendations of this report. Using the
Northridge earthquake as a validation/calibration event, this early version of REDARS produced
results that were measurably higher than expected or observed. For example, the number of
bridges estimated with some level of damage was approximately two times higher than what was
actually observed in the Northridge earthquake. Furthermore, post-earthquake traffic volumes
and economic losses (derived primarily from travel time increases) were substantially higher
when derived through REDARS. There are many reasons why these overestimations occurred;
however, the primary reason appears to be the incompatibility between the ground motions that
were actually observed during the Northridge earthquake and the bridge fragility models used in
this study. This area certainly deserves more attention.

Some of the key recommendations that were identified in this study include: 1) the uncertainty
factors in the bridge fragility model require further investigation, 2) additional events — beyond
the 1994 Northridge earthquake — should be incorporated in the validation and/or calibration of
the different loss modules, especially related to bridge fragilities, 3) further investigation of the
traffic state model, particularly, in the relationship between link importance and duration of
bridge closure should be conducted, 4) the travel demand model should be enhanced so that
congestion level becomes a critical factor in establishing demand, 5) a more realistic post-
earthquake, route choice model should be developed, and 6) other significant cost items (e.g.,
bridge repair costs, business interruption costs due to disrupted highway segments) should be
included in future enhancements of REDARS.
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SECTION 1
INTRODUCTION

Loss estimation methods have become a key element in many earthquake loss reduction
programs. Largely considered ancillary tools until recently, they are now essential components
in many earthquake preparedness, response, mitigation, and recovery studies. For example, loss
estimation methods are currently being used to quantify the long-term benefits (in terms of
reduction of future losses) associated with specific retrofit strategies, to project possible losses
immediately following significant earthquakes, and to evaluate the benefits of alternative
reconstruction or recovery strategies, 1.e., pre-planning for post-earthquake reconstruction.

The application of loss estimation methods for transportation planning is particularly important.
Like any lifeline system, the failure of key transportation components can lead to larger system
impacts, often affecting the entire community or region. Currently, the only means of gauging or
assessing these larger impacts is through the application of system-type analyses that incorporate
loss estimation models. With respect to transportation analyses, some studies have been
performed to estimate the system-wide impacts after large earthquakes; however, the range of
measures considered in these studies has generally been small and incomplete.

Beginning in the late 1990’s, the Federal Highway Administration (FHWA) through the
Multidisciplinary Center for Earthquake Engineering Research (MCEER) began funding
research on the development of a loss estimation framework for highway transportation systems
(Werner et al., 2000). This research resulted in a scenario-based methodology that estimated
damage to bridges and impacts on the overall transportation network. Output from this
methodology included: GIS displays of the spatial distribution of seismic hazards and their
effects; component damage states; system states at various time periods after the earthquake;
tabulations of economic losses; and travel time increases due to disrupted transportation links. In
2000, the basic methodology and framework (initially referred to as the Seismic Risk
Assessment methodology or SRA) was established and a demonstration example was developed
using Shelby County (including the city of Memphis), Tennessee as a pilot area (Werner, et al.,
2000).

In 2001, formal activities were implemented to transform the methodology into a verified and
publicly-available software tool, with technical documentation and a user’s manual. As part of
this process, a complimentary effort involving an independent evaluation and validation of the
loss estimation methodology was launched. The purpose of this study was to 1) review the
methodology for completeness and technical validity, 2) to perform a comparative analysis on
each loss estimation module to assess its efficacy in producing reasonable results, 3) to perform a
validation study of the methodology using empirical data collected after the 1994 Northridge
earthquake, and 4) to recommend specific enhancements or improvements to the methodology in
order to better match damage and performance data from real events. This report is a
culmination of these tasks; its results have already been used to revise and update the current
SRA software tool which is now called REDARS (Risk of Earthquake Damage to Roadway
Systems).



1.1 Study Objectives

The objectives of this study were to review, validate and recommend changes and/or
improvements to the loss estimation methodology and software program, REDARS. During this
study, the following tasks were performed:

1.

SRA Review. The project team provided a review and evaluation of the SRA methodology.
Particular attention was given to those parameters and models that could be modified or
replaced. Since one of the tasks below dealt with the sensitivity of results to changes in
parameter values, it was important to determine the extent to which these models could be
modified.

Implementation of REDARS 1.0' Code. During this phase of the project, REDARS 1.0 was
installed at ImageCat for subsequent testing and evaluation. Several simple examples were
implemented. As part of this subtask, the research team also evaluated the completeness and
understandability of the User’s Manual.

Develop Input Data for Los Angeles Case Study. To implement REDARS 1.0 for Los
Angeles, the research team compiled data and information on local seismic hazards in the
Los Angeles area (including soil data), bridge information (including bridge types,
configurations, number of spans, etc.), highway network data, and traffic flow information.
The project team also collected damage and post-earthquake traffic information on the 1994
Northridge earthquake. These data were used in both the sensitivity studies as well as the
validation work.

Conduct Sensitivity Studies. The research team conducted sensitivity studies in order to
identify key parameters and modules. The purpose of these sensitivity studies was to 1)
identify the effect that parameter uncertainties had on the final loss estimation results, and 2)
identify possible simplifications in the methodology to facilitate more rapid calculations of
loss or impact. In particular, the research team focused on those simplifications that would
help to improve the modeling of post-earthquake traffic patterns and levels. These sensitivity
studies focused on Los Angeles area.

Conduct Validation Studies using Data from the 1994 Northridge Earthquakes. The research
team began the validation process by developing the input required to run REDARS 1.0 for
the 1994 Northridge earthquake. The Northridge earthquake would test REDARS’ ability to
identify changes in post-earthquake traffic patterns after a major earthquake.

Recommend Changes and/or Improvements to the Methodology to Better Assess the
Performance of Transportation Systems in Earthquakes. Based on the results of the
sensitivity analyses and the validation work completed above, the research team
recommended specific areas where either the methodology or the software routines should be
improved in order to better match actual earthquake performance data, e.g., the Northridge
earthquake.

' This version of REDARS represents the first software implementation of the SRA methodology. At the time of
publication, REDARS 2.0 was introduced which incorporated many of the recommended changes of this study.



1.2 Evaluation Approach

Figure 1-1 shows the evaluation approach for this study. In general, the approach was based on
comparing REDARS results — at a module level - with actual earthquake information from of the
1994 Northridge earthquake. There were four different modules or levels that were evaluated:
bridge damage states; post-earthquake traffic states; post-earthquake traffic volumes; and
economic losses. In order to isolate the comparisons, the input to each REDARS module was
information or data from the actual earthquake. In this way, we prevented the propagation of
errors or variations from one module to another.

Actual Ground
Motions
A 4
Actual Earthquake .| Damage State |, REDARS Damage
Damage Information | Comparison | Analysis
v
REDARS Traffic .| Compare Post- |, Actual Highway
State Module | EQ Traffic States | Closure Data
Observed Traffic Compare Traffic T REDArI??.
Volumes > Volumes < ransporiation
Module
A 4
REDARS Economic .| Compare Direct | Actual Earthquake
Loss Module " Losses X Loss Data

Figure 1-1 REDARS Evaluation Approach

1.3 Study Region and Basic Data Sources

The Los Angeles study area (Figure 1-2) selected for the validation of the methodology
covered 772 square miles. For transportation network data, the National Highway Planning
Network (NHPN) and the Highway Performance Monitoring System (HPMS) databases from
Federal Highway Administration (FHWA) were used. The Transportation network included the
freeways, the major arterials, and the corridors identified by the NHPN database with designated



route numbers. Nine hundred and forty (940) Caltrans maintained bridges were located within
the study area. REDARS uses the National Bridge Inventory (NBI) database format and
Mander’s bridge fragility model (Mander et al., 1998, HAZUS-99 Chapter 7, Baséz and Mander,
1999) to develop bridge fragility functions for the bridges located in the study area. Traffic
demand (Origin-Destination) data was provided by the Southern California Association of
Governments (SCAG). Soil data used in REDARS came from the National Earthquake Hazards
Reduction Program (NEHRP).

Ground motion data from the 1994 Northridge earthquake were used as input to REDARS.
The TriNet ground motion data on this event was the most recent (1997). TriNet data were
displayed as shaking maps with peak ground accelerations, peak ground velocities, and spectral
accelerations at 0.3 second and 1.0 second mapped.

Caltrans data on observed bridge damage states from the Northridge earthquake were used to
assess the efficacy of bridge damage or fragility models. In some cases, the project team re-
evaluated the damage states compiled by Caltrans using aerial photographs taken immediately
after the Northridge earthquake. In four cases, the damage states were modified from the
original Caltrans database.

Table 1-1 Data and their Sources

Data Data Source(s)
Event 1994 Northridge earthquake
Ground Motion Tri-Net (http://www.trinet.org)

National Bridge Inventory Database (FHWA)

Bridge State Bridge Log (Caltrans)

National Highway Planning Network (FHWA)

Transportation Network Highway Performance Monitoring System (FHWA)

1990 OD survey by Southern California Association of

TAZ and OD

Governments
Soil NEHRP soil and amplification data
Damage States Caltrans




Note: cross indicates the epicenter of the 1994 Northridge earthquake
Figure 1-2 Study Area, Network and Bridges

1.4 Report Outline

This report contains seven major sections, including this introduction. Section 2 covers the
different ground motion data sets used in this study to estimate shaking intensities from the 1994
Northridge earthquake. A key issue that is introduced in this section is the wide variation of
results when regional ground motions are sought in this event. Section 3 deals with the
evaluation of the bridge damage or fragility functions. A direct comparison is made between the
number of bridges in each bridge damage state, as computed by the REDARS methodology and
the actual number recorded by Caltrans, the operator of state-owned bridges in California.



Section 4 focuses on the comparison of REDARS-generated traffic states and those reported by
Caltrans. In general, this comparison examines whether the REDARS model accurately predicts
the number of open or closed lanes on bridges that suffered significant earthquake damage.
Section 5 deals with traffic volumes, and how REDARS compared with post-Northridge data.
This comparison is conducted at various levels; a regional comparison is made with traffic
volumes across the Los Angeles basis, and a local comparison is made using arterial data and
information around bridges that suffered major damage or complete collapse. Section 6 covers
the comparison of economic losses. In this case, losses are defined as costs associated with
increased travel times. This comparison does not address structural repair costs or losses
associated with business interruptions. Finally, Section 7 summarizes the major conclusions
and/or observations from the earlier sections. In addition, the research team makes a number of
recommendations to improve the overall loss estimation methodology in REDARS.



SECTION 2
GROUND MOTION

This section describes the ground motion data sets used in this study to validate the different loss
modules contained in REDARS. As described previously, the basis for these ground motions
was the 1994 Northridge earthquake. As will be evident in later discussions, one serious issue
that prevented a straightforward use of these data was the apparent disparity between the
different data sets. A key consideration in the validation work was selecting a ground motion
data set that most closely matched the input ground motions used to develop the bridge fragility
functions used in REDARS. This section also contains guidelines that should be followed in
selecting and implementing future ground motion data sets, e.g., ShakeMap.

2.1 Ground Motion

Although the different ground motion data sets from the Northridge Earthquake utilized the same
seismic network data (614 short-period sensors, 1563 strong-motion sensors, 198 broadband
sensors in California and western Nevada), differences in data interpretation, data interpolation
and extrapolation, and data filtering led to vastly different ground motion contours for this event.
From the standpoint of validating the REDARS methodology, these differences caused many
problems, the least of which was matching damage data on bridges for the Northridge event. For
various reasons, these data sets are not entirely consistent with loss modules in REDARS, nor are
they consistent with each other. Two areas that contribute to these inconsistencies are 1) the way
in which the ground motion parameters are represented (e.g., vector sum estimates of various
ground motion components versus maximum of the two horizontal components), and the
interpolation schemes used to estimate ground motions where no recording instruments were
located. As it turns out, understanding these differences is crucial to explaining the wide
variation of results in bridge fragility and damageability. Section 2 is organized as follows:

= Section 2.2 describes three available data sets for 1994 Northridge earthquake that are
based upon observed ground motion recordings.

= Section 2.3 discusses the relationship used to represent the correlation between peak
ground acceleration (PGA) and spectral acceleration (SA).

= Section 2.4 discusses the processing of the TriNet” data.

= Section 2.5 describes the calculation of site amplification factors that are required by the
bridge damage function in REDARS.

The version of REDARS that was evaluated in this study is different than the currently available
version that Caltrans is using (REDARS 1.0) and certainly different than the version that will
ultimately be delivered to the Federal Highway Administration in 2006 (REDARS 2.0). These
latter versions incorporate changes that reflect improvements to the version evaluated in this
study. One specific difference is that the version reviewed in this study did not have the

? TriNet is the name of the organization that includes the three major seismic network operators, i.e., the California
Institute of Technology (Caltech), the U.S. Geological Survey (USGS), and the California Geological Survey
(CGS). This organization has since been subsumed under the California Integrated Seismic Network (CISN) which
represents seismic networks throughout California.



capability of computing ground motions based on earthquake source information (e.g.,
magnitude and location). Therefore, in lieu of using computed ground motions (which would be
consistent with the validation methodology described earlier), the REDARS validation team
essentially bypassed any evaluation of ground motion models and proceeded directly to an
assessment of bridge fragility, traffic and economic loss models using the Northridge earthquake
as a baseline case.

2.2 Sources of Observed Ground Motion Data for the Northridge Earthquake

This section describes the three sources of ground motion data considered in this study. They
include:

e TriNet ShakeMap files (March 1999),
e USGS Open File Report 94-197 (C.M. Wentworth, R.D. Borcherdt, 1994), and

e Data processed by Paul Somerville (URS Corp.) for the Applied Technology Council
(ATC) in 1995.

2.2.1 TriNet ShakeMap

TriNet ShakeMaps provide near real-time ground shaking data for all significant Southern
California earthquakes. The ShakeMaps incorporate data from three active seismic networks in
Southern California, i.e., TriNet system. TriNet began in 1997, with the goal of unifying the
three separate networks, and harnessing some existing efforts to transmit the ground shaking
records to a centralized location for analysis. The three networks are the Southern California
Seismic Network (SCSN) operated by Caltech and the USGS, the California Strong Motion
Instrumentation Program (CSMIP) operated by the California Geological Survey, and the USGS
National Strong Motion Program (NSMP). Figures 2-1 and 2-2 map the TriNet sensor locations
throughout Southern California that contribute to the ShakeMap system.
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After an event, TriNet interpolates a ground shaking surface from hundreds of accelerograms
produced throughout the region and posts the results in standardized file formats, commonly
known as ShakeMaps. There are two forms of interpolated data, a fine grid that is used for
visualization (see Figure 2-3), and a coarser grid for analysis (Figure 2-4). The fine grid can be
used to visualize results, but because there is a continuous change in color representation, it is
difficult to infer more than an integer representation of instrumental intensity. This is by design,
so that users will not infer more accuracy than is warranted by the number of accelerograms.
The GIS files used to create this visualization are not available for downloading. However, this
detailed interpolation is used to generate contour lines that can be imported into various
programs for analysis.

TriNet ShakeMap: Instrumeantal Intensity Map
JAMN 17 1994 (MB.7) Northridge Eanthquake
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Figure 2-3 TriNet Media Map for Northridge: Data Available for Viewing

The data for the Northridge ShakeMap are not based on the TriNet sensors, which have been
deployed since the Northridge Earthquake, but on existing analog networks including CGS
(Coast and Geodetic Survey), USGS (U.S. Geological Survey), USC (University of Southern
California), and SCE (Southern California Edison. = There have been many versions of the
TriNet map for the 1994 Northridge Earthquake (7/98, 10/98, 3/99, 10/02, 12/02, and 7/03).
Some of the known differences in these versions are discussed below.
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For the Northridge earthquake, the interpolated data set is available on a 0.025 decimal degree
grid, which equates to a 2.3 km East-West by 2.8 km North-South irregular grid in the
Northridge area. Ground Shaking values posted at this resolution for the Northridge Earthquake
are displayed in Figure 2-4.

Ground shaking is estimated between instrument sites by first converting the surface ground
motion at each site to a bedrock ground motion value. This is necessary in order to limit the
interpolation to those factors that are influenced only by the source parameters of the earthquake,
e.g., earthquake magnitude and location. The conversion to bedrock is accomplished by dividing
surface ground motions by site amplification factors (see Table 2-1). The soil classification
system is based on identifying different geologic units, i.e., Quaternary, Tertiary, Mesozoic
(QTM) as described by Park and Ellrick (1998). The attenuation function used in interpolation
scheme is one developed by Joyner et al. (1997) and Joyner and Boore (1988). After the
interpolation is completed, the bedrock ground motions are then converted back to surface
ground motions by multiplying the bedrock ground motions by the soil amplification factors in
Table 2-1.

Legend x|

TriMet Instrumental Intensity for Event: i‘
Morthridge .
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Figure 2-4 TriNet Instrumental Intensity ShakeMap for Northridge: Data Available for Modeling
(1999)
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Table 2-1 Site Amplification Factors Used in TriNet ShakeMap System
(from Borcherdt, 1994)

Input Rock Peak Ground Acceleration
Period (sec)
< 15%g 15-25%g 25-35%g > 35%g

Mesozoic (589 m/sec)

0.1-0.5 1.00 1.00 1.00 1.00

0.4-2.0 1.00 1.00 1.00 1.00
Tertiary (406 m/sec)

0.1-0.5 1.14 1.10 1.04 0.98

0.4-2.0 1.27 1.25 1.22 1.18
Quaternary (333 m/sec)

0.1-0.5 1.22 1.15 1.06 0.97

0.4-2.0 1.45 1.41 1.35 1.29

The peak ground accelerations posted in ShakeMap represent the “maximum” peak ground
acceleration from the two horizontal components of an accelerogram. The final interpolated
ShakeMap is available in a standardized file format for importing into several loss estimation
software programs (e.g., EPEDAT and HAZUS). In future versions of REDARS, the developers
plan to build functions to read these file formats as well. The files are available on an
anonymous FTP server: fip://seismo.gps.caltech.edu/pub/shake/, and can be downloaded as soon
as 5 minutes after an event. Also, TriNet has the ability to "Push," or transmit files automatically
to key computers. These computers at key locations such as The California Office of Emergency
Services, run loss estimation applications that can produce results based on TriNet ground
motions as soon as they are "pushed" to the computers.

There have been several revisions to the “Northridge” ShakeMap ground shaking recordings
since its first release on March 17, 1997. These changes have been based on improved
interpolation techniques, refined geologic maps, revised amplification factors, and other factors
(Dave Wald, personal communication). Additionally, there have been corrections to specific
questionable readings from the Northridge earthquake, such as the anomously high ground
shaking recorded at the Tarzana site. Recently, the site amplification factors used in
“deamplifying” ground motions down to bedrock have been modified to correspond to the
NEHRP soil classification system. The depth of the epicenter has also been added to the header
file as additional information on the earthquake (see Section 2.2). In ShakeMap 2.4 (released
during 2002), the "bias" used in the interpolation scheme has been changed. Dave Wald (USGS)
described the bias in personal communication:

"The bias used in ShakeMap is a scalar correction ... applied to the predicted empirically-
based ground motions used for infilling sparse data areas and for more stable interpolation."

The release notes (s.dist 2 4) for ShakeMap version 2.4 (December 2002) describe this change
in detail:

- Fixed a bias problem in grind.
Because the attenuation curves are only good out to 100km or
so, we included the bias max_range parameter, which allowed
only stations within the specified range to be used in the
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bias calculation. Previously, however, stations beyond this
distance could still be flagged as outliers. The change in
this release is to discontinue the flagging of stations whose
data appear low with respect to the attenuation curve if they
are beyond the bias max_range Data that are too high are still
flagged as outliers.

This fix does not solve all of the bias-related problems
(particularly those that result from deep earthquakes).

Additionally, during this revision, the reference grid by which the data was posted went from 1.5
minutes to 1 minute. Although the spacing of the grids is uniform within a geographic
projection, the spacing of the grid depends upon location. In the Los Angeles area, a single 1.5
minute grid cell corresponds to approximately a 2.8 km (North South) by 2.3 km (East West)
rectangle. The 1 minute grid cell corresponds to approximately a 1.9 km (North South) by 1.6
km (East West) rectangle.

The impact of these changes on the peak ground accelerations computed for a region is
significant, as can be seen in Figures 2-5. Many of the bridges in the San Fernando Valley and
around Santa Monica have much lower recorded peak ground accelerations in the newer data set.
Figure 2-6 shows PGA values for the two data sets; this figure shows that the overall peak
ground accelerations in the newer version is about 15% lower than the previous one, according to
the linear regression slope, £=0.8532.

Additionally, TriNet ground motions produce peak ground motions, rather than geometric means
(Wald, personal communication). It is unclear whether the bridge model is based on peak or
mean ground motions, but the difference in shaking is approximately 14-15% (Somerville,
personal communication). The relationship between ground shaking intensities and REDARS
results is examined briefly in Appendix B.

13
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Figure 2-6 Comparison of Northridge TriNet ShakeMap Peak Ground Acceleration Between the
March 1997 and December 2002 Versions (7,985 grid points for the study area)

2.2.2 USGS - Open File Report 94-197

Open-File Report 94-197 (USGS, 1994) contains maps of peak horizontal and vertical
accelerations, as shown in Figures 2-7 and 2-8. This USGS open file report offers a preliminary
account of the ground motion patterns experienced from the Northridge Earthquake. The
contours that are presented in Figures 2-7 and 2-8 were developed from the initial instrument
readings from the event, and thus include anomalous data, e.g., the Tarzana record. The maps
also show zones of different geologic units. The maps are not available in GIS format.
Furthermore, the ground motion data from the report does not include spectral acceleration
measures, which is the basis of bridge fragility model in Chapter 3. Whenever spectral
acceleration measures are required, the procedure in Section 2.3 is applied to estimate.
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2.2.3 1996 Ground Shaking Update from Paul Somerville et al.

Somerville, et al., (1996) provides an additional interpretation of the regional ground shaking
pattern from Northridge Earthquake.

2.3 Conversion of Peak Ground Acceleration to Spectral Accelerations

Since the bridge fragility functions use spectral acceleration and not peak ground acceleration as
an input parameter, it was necessary to convert the peak ground acceleration data discussed
earlier into spectral accelerations. Based on recommendations from the American Association of
State and Transportation Officials (AASHTO), the conversion equation for spectral acceleration
from peak ground acceleration on site class B (Friedland, et al. 2001) is:

SAp 3 =2.5xPGA , and (1a)
SAI.Osec :PGA (lb)

Peak ground accelerations on any soil type can be derived from a number of different sources,
including equations contained in HAZUS 99. According to Equations 4-15, and 4-18, in the
HAZUS99 Technical Manual, peak ground acceleration and spectral acceleration at 1.0 second at
a site with soil type i are:

PGA;= PGA x Fy;
SAI.Osec, i= SAI.Osec * FVi

where, Fy;, and Fy; are soil amplification factors for 0.3 second (short period) and 1.0 second
(long period), respectively (see Table 4-10 in HAZUS99 Technical Manual). By combining
these equations with Equation (1), spectral acceleration and peak ground acceleration for site
class 7 has following relationship:

SAiosec,i = [Fri | Fai] X PGA;
=F; X PGA;

For soil types C and D, which cover most of Southern California, the ratio of the two respective
amplification factors, F; = [Fy; / Fy], ranges from 1.1 (when SA4¢ 35 < 0.25, and S4; gsec > 0.5)
to 2.4 (when SA¢3sec > 1.25, and SA4; psec < 0.1). With soil type E, the ratio increases up to 3.9

(when SA0,3seC = 1.0, and SA].Osec < 01)

Since the 1994 Northridge earthquake, spectral accelerations have been published along with
peak ground acceleration from TriNet (July 1998, October 1998, March 1999, October 2002,
December 2002, and July 2003) and Somerville, et al. (1996). Using these data, it is possible to
examine the relationship between PGA and SA for the Northridge earthquake. The validation of
ground motion predictions for the Northridge earthquake is not within the scope of this study;
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however, it is important to understand on a general level how these different assumptions and
model results affect the estimation of bridge damage or fragility.

Peak ground accelerations and spectral accelerations (at three periods, 0, 0.3 and 1.0 second) at
7985 locations were examined using a 500-meter rectangular grid within the study area. Using
TriNet data from March 1999 and December 2002, the relationship between spectral
accelerations at 0.3 seconds and peak ground accelerations is close to linear with a slope of about
2.5, which is consistent with the AASHTO scaling criteria in Equation 1 above. However,
Figure 2.8 also shows that there is not a one-to-one correspondence between spectral
accelerations at 1.0 second and peak ground accelerations. Although the relationship between
these parameters is linear, spectral accelerations at 1.0 second are about 1.9 times higher than
corresponding peak ground accelerations in the two data sets (March 1999 and December 2002).
A similar conclusion is found in Somerville, et al. (1996). That is, Somerville found that spectral
accelerations at 1.0 second were about 1.7 times higher than corresponding peak ground
accelerations, see Figure 2-9.

For Southern California, where soil types are either C, D, or E, these spectral amplification
factors also correspond to the AASHTO spectral shape. The relationship between peak ground
acceleration and spectral acceleration at 0.3 second in Somerville’s (1996) is higher than that
found in the TriNet data sets. Figure 2.9 shows that spectral accelerations at 0.3 seconds is more
than 5 times higher than corresponding peak ground accelerations. Note that the regression
coefficients, R% in Figure 2-8 for spectral accelerations at 0.3 seconds and 1.0 seconds are
identical. According to the developers of the data, this is because the spectral accelerations for
0.3 second, and 1.0 second are both calculated based on the peak ground velocity, using
following equation:

272- PGV (cm/sec)
T

SA(cm/sec2 ) = (2)
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Figure 2-9 A Comparison of Peak Ground Acceleration and Spectral Acceleration Data from 1994
Northridge Earthquake, as Performed by Somerville, et al. (1995)

A similar examination of the USGS ground motion from Open File Report 94-197 was not
performed because spectral acceleration data were not provided. Note that Mander’s model is
based on spectral acceleration. In various reports, the developers of the Mander model stated
that they used USGS open file report data as well as information from the Somerville report to
validate their model (Basoz and Kiremidjian, 1998; Basoz, and Mander, 1999). Based on this
information, and confirmed by personal communication (Basoz, 2003), we have concluded that
the original model was validated against spectral accelerations converted from peak ground
acceleration data. However, as demonstrated above, these data - as well as information reflected
in the AASHTO spectral shape - do not support the contention that there is a one-to-one
correspondence between peak ground acceleration and spectral acceleration at 1.0 second for
1994 Northridge earthquake.

2.4 Ground Motion used in Validation Study

Throughout this report, the TriNet ShakeMap (March 1999) data are used. At the time this
analysis was performed, this was the only digital data set publicly available with spectral
accelerations at 1.0 second. The specific file that was used in this validation analysis was
downloaded during 1999, and was current as of the initial runs in 2001. The TriNet data was
distributed and processed by the EPEDAT loss estimation program. EPEDAT converts the raw
ASCII file into a MapInfo geographic table. The ground shaking associated with the grids
depicted in Figure 2-4 was then ‘spatially joined’ to the bridges in the study region through a
point-in-polygon process. The ground shaking intensity for each bridge was then exported to
Excel, where the site amplification factor was derived using the procedure described in Section
2.3.
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The TriNet raw grid *xyz format’ contains the information needed to create the GIS file. The first
line, or header file, provides key information on the event:

Name/CUSPID of event For most events, this is an ID number, if an event is big enough
to be named, such as "Northridge", this replaces the ID.

Mag The Richter magnitude of the event

Epicentral lat The latitude of the epicenter, datum unknown

Epicentral lon The longitude of the epicenter, datum unknown

MMM DD YYYY Date of event

HH:MM:SS timezone Time of Event

W bound West bounding longitude of event

S bound South bounding latitude of event

E bound East bounding longitude of event

N bound North bounding latitude of event

Process time When the file was processed

Location String An optional description of the location, in this case, also
Northridge

The header information from the TriNet file (1999) for the Northridge earthquake is:

Northridge 6.7 34.213 118.5357 JAN 17 1994 04:30:55 PST -119.175
33.775 -117.875 34.65 (Process time: Tue Mar 16 15:35:04 1999)

The header is followed by the attribute data:

Longitude of a given posting

Latitude of a given posting

Peak Ground Acceleration in % g

Peak Ground Velocity in cm/sec

Instrumental Intensity

Spectral acceleration at 0.3 s period, 5% damping in cm/sec
Spectral acceleration at 1.0 s period, 5% damping in cm/sec
Spectral acceleration at 3.0 s period, 5% damping in cm/sec

The reference datum used is the World Geodetic System 1984 (WGS-84).  The increment and
number of postings was not given in the header; these values were computed from the data.

2.5 Calculation of the Soil Amplification Factor

In general, surface ground motions at a site are estimated by applying soil amplification factors
to bedrock ground motions. The effect of soil amplification is already included in published
ground motion data, since surface ground motions are usually reported. However, to implement
the REDARS methodology, a soil amplification factor is required to estimate the bridge damage
state even though surface ground motion data are available. Furthermore, the TriNet
methodology provides an estimate of the ground motion at the site using an arbitrary soil type,
not at bedrock. Because of this, it is necessary to back-calculate the soil amplification factor
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from the estimated surface ground motion. The reason for this step is to estimate the structural
capacity of the bridge to given level of ground motion (See Appendix F of Werner 2000 for
detailed capacity calculation). The following discussion explains the method used to estimate
the Soil Amplification Factor (SAF) that corresponds to the estimated TriNet surface ground
motion.

The surface ground motion is estimated by multiplying the bedrock shaking intensity by the soil
amplification factor that corresponds to local soil type (Technical Report MCEER-00-0014).
The soil amplification factor varies with soil type, as shown in Tables 2-2, and 2-3 for
acceleration at 0.3 second and 1.0 second, respectively.

Table 2-2 Site Amplification Factors Used in HAZUS for 0.3 second (short period)

NES|i_t|5P Modified Peak Rock Acceleration, (PRA)g
Condition <01g 029 039 0449 059
0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 14 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.6

Table 2-3 Site Amplification Factors Used in HAZUS for 1.0 second (long period)

NEsli_:eRP Modified Peak Rock Acceleration, (PRA)gs

Condition < 01g 029 03g 049 059
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 24 2.0 1.8 1.6 1.5
E 35 3.2 2.8 24 2.0

v = SAF xPeak Rock Acceleration

= yz_

y

2

;J}z.(xz—x) -x,
X, —
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Since SAF is a function of the bedrock ground motion, the surface ground motion, y, at the site
can be represented as follows:
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where, x is peak rock acceleration (= peak ground acceleration at bedrock), xi, x, are the lower
and upper bounds of the PGA bin (x;< x < x) in Table 2-2, for the short-period case (0.3
second), and Table 2-3 for long-period case (1.0 second). Note that y;, y, correspond to x, xa,
respectively in the tables. The bracket in the equation, [ ] represents a linear interpolation of the
SAF according to the table. By solving the quadratic equation, peak rock accelerations are
obtained, and by applying it to the tables we calculate the corresponding SAF.

For example, if a bridge built on top of soil type E experiences 0.91g of surface ground motion
(e.g., long period, 1.0 second), the product of the peak rock acceleration and the SAF should
generate a surface ground motion of 0.91g. By replacing the unknown SAF using linear
interpolation, the equality is as follows:

091 = {yz AT “(x, —x)]x

X — X,

i= Vs x? +|:y2 _u.x2]x—0.91 =0

XX, X~ X,
a-x>+b-x+c =0, where 4)
a=2"22 b:yz—yl_y2 -x,, ¢=-0.91

X~ X, X=X,

The upper and lower peak rock acceleration values in each bin determine the coefficients of
Equation (4). For example, in Table 2-4, the fourth column pertains to peak rock accelerations
ranging from 0.3g to 0.4g, and the coefficients of Equation (4), according to the bin are 4, -4, and
-0.91 for a, b, and c, respectively. Solving the equation, we get a bedrock motion that should lie
within the peak rock acceleration bin. In this example, a bedrock motion of 0.35¢g in the bin of
0.3~0.4g is the only relevant solution, as all the other solutions of the peak rock accelerations
(see Table 2-4) are beyond the corresponding bins. Once we solve Equation (4) and obtain the
bedrock motion, we can calculate the SAF. In this example, the SAF is calculated as 2.6 (0.91 /
0.35). This SAF estimation method is used throughout the analysis.
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Table 2-4 Sample Calculation of Bedrock Motion from Surface Motion Data

Peak Bedrock Ground Acceleration
PGA Bin <01g 0.1~0.2g | 0.2~0.3g | 0.3~0.4g | 04~05¢g > 0.59
X4 0.0 0.1 0.2 0.3 0.4 0.5
X2 0.1 0.2 0.3 0.4 0.5 1
Y1 35 35 3.2 2.8 24 2
Y2 35 3.2 2.8 24 2 2
a 0.0 3 4 4 4 0
b -3.5 -3.8 -4 -4 -4 -2
c -0.91 -0.91 -0.91 -0.91 -0.91 -0.91
Estimated PRA 0.26 0.946 0.65 0.65 0.65 0.455
- 0.32 0.35 0.35 0.35 -

In summary, this section summarized the Northridge earthquake ground motion data used in this
study to validate the bridge damage functions. As discussed, there are several versions of these

data available. For purposes of our validation, however, we used the TriNet data of March,
1999.
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SECTION 3
BRIDGE FRAGILITY MODEL

3.1 Introduction

This section describes the REDARS bridge fragility model, and compares its results to bridge
damage states observed following the 1999 Northridge earthquake. In this section, the REDARS
and Mander’s theoretical models are examined separately to identify any possible discrepancy in
implementation. The section includes the following sections:

e In Section 3.2, the theoretical Mander’s model is briefly reviewed, and compared to
REDARS through a controlled experiment. Since real-life data includes a lot of
variation, the controlled experiment shows this comparison absent of these data
uncertainties or variations.

e In Section 3.3 Mander’s model is compared to REDARS once again, but observed
ground motion data based on TriNet (March 1999) is applied to the models in this
section.

e Section 3.4 documents the validation exercise in full, comparing results from the
REDARS model with fragility curves derived from the observation data. There should be
discrepancy of REDARS bridge fragility from observation generated, and where
available, this is discussed.

e In Section 3.5, REDARS is tested with a linear scale factor to ground motion input to test
the sensitivity to the perturbed ground motion input.

e Section 3.6 summaries this section.

A bridge fragility model estimates the damage state of a bridge for a given level of ground
motion. A set of fragility curves portrays the aggregated probabilities of being damaged to
certain damage states (or higher) for sample bridges within the study area. Since REDARS was
developed for region-wide application of the bridge fragility model, validations via fragility
curves is more relevant than comparison of individual damage states. In this study, the following
sets of bridge fragility curves are generated from a sample of 940 bridges in the Los Angeles
study area:

e REDARS model: Mean value of fragility, calculated by applying REDARS SRA method
presented in Appendix A to generate multiple simulations for each bridge.

e Mander model: Theory-based curves. The model was originally validated with respect to
the Loma Prieta and Northridge earthquakes, and serves as an independent check for
REDARS results.

e Observation: A set of fragility curves developed for REDARS validation purposes, using
observed damage states and TriNet spectral acceleration at 1.0 second intervals.
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As mentioned in Section 2, it is important to note that the evaluation of bridge fragility was
performed using a custom version of the model. The central US ground motion model employed
by the original pre-beta version of REDARS is not applicable to study sites in the western US.
Consequently, testing the model performance for the 1994 Northridge scenario requires external
ground motion data. Difficulties inputting this external ground motion dataset required the use
of an externally programmed version of the SRA method (hereafter termed the ‘REDARS
model’). Again, TriNet ground motion data released in March, 1999 is used through out the
analysis.

3.2 Experimental Comparison Between REDARS and the Mander Models

This section provides a brief overview of the theoretical background of Mander’s bridge fragility
model. It is then compared to REDARS through a controlled experiment. The purpose of this
experimental comparison is to verify if Mander’s theoretical model was implemented correctly in
REDARS.

3.2.1 Theoretical Background

The REDARS bridge fragility model is based on the Rapid Pushover method (Dutta and Mander,
1998), which was modified by Baséz, and Mander (1999) to ensure compatibility with the
National Bridge Inventory (NBI) database and HAZUS 99. The rapid pushover method is a
probabilistic model of bridge fragility for a given spectral acceleration.

Equation (5) is a generalized form that represents the probability of damage for any bridge
structure. Spectral acceleration (SA) is x, the probability of being in damage state i (d;) or
higher, follows a log-normal distribution (®) over spectral acceleration (SA4), with a dispersion
factor , and median PGA value (4,) that corresponds to damage state i. The median PGA value
represents the probability of damage (or resistance capacity) for different bridge types at a given
level of ground shaking. Elsewhere, Dutta and Mander (1998) employ the Rapid Pushover
model to estimate the strength of a bridge, by considering its structural characteristics.

Median PGA, 4; was validated (but not calibrated) by the developers of the Mander model using
observed damage states and ground motion levels for the 1994 Northridge and 1989 Loma Prieta
earthquakes (see Bas6z and Mander, 1999).

X

P(d,|S4=x)=® N (5)
ﬂ Ai .K3d 'Kskew
SAF

where f is the constant dispersion factor
4; 1s the standard median PGA for damage state i and corresponding bridge
structure.
Ks4, Koew are coefficients for 3-dimentional effect and skew effect

SAF is the on-site soil amplification factor
x is spectral acceleration normalized to gravitational acceleration
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3.2.2 Experiments to Compare REDARS and Mander Models

To compare and contrast the response pattern resulting from the REDARS and Mander fragility
curves, theoretical curves for a sample bridge were computed under controlled conditions. These
fragility curves should be identical, since they are both based on Equation (5). However,
differences may arise because the Mander model is basically a stochastic model to estimate the
probability of damage for a given bridge structure under on-site conditions, and produces
continuous cumulative probability density curves. REDARS instead estimates the damage state
for individual bridges in a pseudo-stochastic way by incorporating a random variable. Therefore,
the purpose of this test is to verify if REDARS follows the probability distribution given by
Equation (5). To compare these, bridge damage states from REDARS are converted to a
probability distribution.

For comparison, the most common bridge type is selected from the 940 sample bridge data (see
Table 3-1), which is using the following parameters:

e Bridge type = 2 (conventionally designed, multi-span bridge)

e Soil type = B (bedrock)

e Median PGA values assumed according to the bridge type = 0.35g for minor damage,
0.42¢g for moderate damage, 0.50g for major damage, and 0.74g for collapse.

The Mander model was applied, with the given parameters, to develop fragility curves over
continuous spectral acceleration input. The REDARS model was also applied 2'® (65,535) times
to a bridge with the same parameters over continuous spectral acceleration input, and then
damage probabilities were calculated for each of the spectral acceleration bins.

Overlaying the resulting REDARS and Mander fragility curves for damage state 5 (collapsed) in
Figure 3-1, reveals a number of discrepancies. When the ground motion (spectral acceleration)
is higher than 0.3g, the two curves differ by a margin of 12.6%. Minor differences are evident in
curvature and the inflection locations (location along the curve where the second derivative is
equal to zero). These variations are due to differences in the implementation of uncertainty.

As shown in Equation (5), Mander fragility behaves as a cumulative lognormal distribution.
However, based on the implemented REDARS SRA (Appendix A), REDARS produces a
distribution that can be best described as a normal-exponential distribution. More precisely, Step
10 of the implementation process in Appendix A modifies the bridge spectral capacity to a
random variable X. The exponent of X, which follows standard normal distribution, modifies the
capacity as follows:

Capacity C=exp(In(C})+0.35- X) (6)
= C!-exp( N(0,0.35))

where C’j = site-specific median PGA (4; * K3D * Kskew),
X =random variable N(0,1)
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Plotting lognormal and normal-exponential distribution curves in Figure 3-2 depicts these
differences, and exaggerates the offset in distribution between the Mander and REDARS
fragility curves.

In addition to variation in distribution, the REDARS model shows steeper fragility curves.
Steepness of probability distribution is related to the measure of uncertainty (random) effects in
the probability calculation. As an extreme case, if no uncertainty is implemented, REDARS
would estimate either no damage, or damage from all the bridges depending on the ground
motion. In this example case, fragility curves would be distributed stepwise. The probability
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discontinuously jumps from O to 1 at the point that spectral acceleration is the same as the
median PGA, and the slope (steepness) of the curve is infinite. In general, a stochastic event that
has less uncertainty, has steep distribution, and the fragility curve generated from REDARS is
the case. The uncertainty factor of 0.35 in Equation (6) might be responsible for the differences
illustrated in Figure 3-1.

A simple sensitivity test reveals that increasing the uncertainty factor from 0.35 to 0.60 produces
a set of fragility curves that is almost identical to the Mander fragility curves. Figure 3-3 shows
the area surrounded by Mander and REDARS fragility curves. The area is reduced as the
uncertainty factor approaches to 0.6. This suggests that the shape of the REDARS curve is
particularly sensitive to the uncertainty factor, and that an uncertainty factor of 0.60 might
produce an optimal fit with the Mander result.
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Figure 3-3 Area Between Mander and REDARS Fragility Curves

3.3. Comparison between REDARS and Mander Models Using TriNet (March, 1999)
Observed Ground Motion Data

In the previous section, the REDARS fragility model was compared to Mander’s in controlled
experiments (with only one bridge type). This section provides a detailed comparison between
the REDARS model and the Mander model developed from 940 sample bridge data in the Los
Angeles area with TriNet ground motion data (March 1999) from the 1994 Northridge
earthquake.

The following sections present detailed procedures involved in the development of fragility
curves, first using the REDARS model, and second, through an empirical approach employing a
locally calibrated version of the Pushover Method (Equation 5), termed the Mander model. A
comparison is drawn between fragility curves developed using the Mander and REDARS model,
which based on the same Northridge datasets, should theoretically produce the same response.
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3.3.1 Development of Fragility from the REDARS Model

The custom Excel spreadsheet-based REDARS SRA methodology was used to develop a set of
fragility curves for the 940 bridges within the Los Angeles study area. A set of 217 simulations
(an arbitrarily selected number) were performed based on the TriNet (March, 1999) ground
motion data for the Northridge earthquake, resulting in 217 estimations of bridge damage state
for each bridge. For each spectral acceleration bin, the number of structures recording damage
states 1 to 5 was counted. The probability of damage for a spectral acceleration bin and a
particular damage state was then calculated as the ratio of the number of damaged bridges in a
damage state to the total number of bridges in the bin. The mean probability of damage (by
damage state and spectral acceleration bins) for the 217 simulations was used to generate the
fragility curves. Figure 3-4 shows the fragility curves developed from the REDARS model.

Damage State of Higher
o
[6)]

Probability of Bridge Damage in a Given

14

0.0 0.2

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Tri-Net Ground Motion (Spectral Acceleration at T=1.0sec)

—— Minor —aA— Moderate —o— Major —8— Collapse

Figure 3-4 REDARS Fragility Curve for Bridges in Study Area

The REDARS fragility curves exhibit an irregular form over the full range of spectral
acceleration values. Uncertainty in the ground motion data contributes to this irregularity,
together with the geographically uneven distribution of bridges, bridge types, and soil. In order
to compare results from the REDARS and Mander approaches (in Section 3.3.4), REDARS
output for a subset of the 940 bridges were fitted to continuous curves. This subset included
bridges with a spectral acceleration less than 1.2g, therefore 109 structures exposed to spectral
accelerations greater than 1.2g were excluded (shaded area in Figure 3-4). Of the possible
simplistic curves such as polynomial or exponential, the logistic form in Equation (7) offered a
best fit. While the logistic function closely presents sigmoid curve of cumulative lognormal
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distribution, other functions were found to distort the original distribution characteristics and
generate lower correlation coefficients.

R ™
I+exp(ax + f-x)

where x is spectral acceleration normalized to the gravitational acceleration g,
a, [ are estimated coefficients from the curve fitting process.

It is important to note that the purpose of curve-fitting using a form other than log-normal
distribution is not to recalibrate REDARS fragility onto the logistic model, but to display the
difference from the continuous curves generated by the Mander model. Since these functions are
particularly sensitive in terms of inflection point location, where the convex part of a curve
changes to concave, it is easy to visually compare the two sets of fragility curves by overlaying
them.

3.3.2 Development of Mander Fragility Curves

The same sample bridges that were simulated for the REDARS fragility model were also used to
compute Mander fragility curves, based on the empirical model developed by Dutta and Mander
(1998) following the Northridge earthquake.

Based on the median PGA that was validated by Basdz and Mander (1999), fragility curves of
five different damage states were generated for each of the 940 sample bridges. Table 3-1
categorizes the different design characteristics of the bridges in the study area, with a
corresponding median PGA value, 4; for each damage state. For a given spectral acceleration x,
the probability of being in (or higher) than a given damage state i, is calculated according to
Equation (5). These curves were then aggregated by damage state, using the mean probability
values in each of spectral acceleration bins. Figure 3-5 shows developed fragility curves from
Mander model.
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Table 3-1 Bridge Type Composition and Corresponding Median PGA

: Number of Median PGA*
Design Bri .
P ridge group bridges
specification
In sample DS2 DS3 DS4 DS5
1 297 0.33 0.46 0.56 0.83
Conventional
2 409 0.35 0.42 0.50 0.74
1 50 0.45 0.76 1.05 1.53
2 7 0.54 0.88 1.22 1.45
3 9 0.91 0.91 1.05 1.38
Seismic
4 60 0.91 0.91 1.05 1.38
5 105 0.80 0.90 1.10 1.60
6 3 0.60 0.80 1.00 1.60

*Source: Stu Werner et al. (2000) 189-190
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3.3.3 Comparative Analysis

This section compares the bridge damage curves generated by the REDARS and Mander models
above. The Mander model is validated with data from the Northridge and the Loma Prieta
earthquakes. Providing the methodological procedures employed by REDARS are accurate and
reliable, results should correspond closely with those from the empirically based Mander
approach.

The offset between the Mander and REDARS fragility ranges from + 30% of the cumulative
probability (fitted using a logistic curve). As shown in Figure 3-6, the difference between the
curves for DS 2 (Minor) is less than £ 10%. However, for collapsed bridges (DS 5), REDARS
estimates a 30% higher probability than the Mander model. This implies REDARS is likely to
overestimate the number of damaged bridges, or damage states for higher levels of ground
shaking.

The experimental comparison in Section 3.2 is consistent to this finding of overestimation with
higher level of ground motion. A steeper distribution of damage probability can be interpreted as
indicating more damaged bridges. Statistical comparison on similarity between the curves is not
relevant because it is obvious that the mathematical presentations of the fragility are not identical
(lognormal and logistic curves). Also, returning to the methodological procedures employed by
the Mander and REDARS approaches, the former method generates the probability of bridge
damage, while the latter estimates individual bridge damage states, which are subsequently
converted to a probability value. In spite of the obvious discrepancies, the two sets of curves still
show the difference that has been established through Figure 3-1, and 3-2. In addition, as shown
by Figure 3-3, a low uncertainty factor might be responsible for the difference.
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Figure 3-6 Comparison of the REDARS and Mander Fragility Curves Developed Based on TriNet
(March, 1999)
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Curves Developed Based on TriNet (March 1999)

3.4 Comparison between REDARS and Observation

This section validates the REDARS bridge fragility model, with observed data. The locations of
the 940 sample bridges are compared with the observations in Section 3.4.1. Then fragility
curves from the observed data and REDARS model are compared. Methodological issues
relating to the development of observation-based fragility curves are discussed in Section 3.4.2.
The respective fragility curves are then compared in Section 3.4.3, to determine consistencies
and differences between the sets of results. Section 3.4.4 offers some discussion of the
discrepancies between the curves.

3.4.1 Comparison between the REDARS Deterministic Model with Observation

In REDARS, the deterministic analysis method was applied with the TriNet ground motion data
(March, 1999) for the 1994 Northridge earthquake using 940 sample bridges in the Los Angeles
area. Since no uncertainty effect is considered, the result from a deterministic analysis represents
a mean value of the probability of bridge damage.

The results from the deterministic analysis indicate that REDARS overestimates bridge damage
states, not only with regard to the frequency of damaged structures, but also in terms of the
severity of damage. 190 of the bridges included in this study were actually damaged during the
1994 Northridge earthquake. However, the REDARS methodology predicts damage to 365
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structures. While only seven bridges collapsed following the Northridge earthquake, REDARS
estimates a much higher occurrence of 105. As shown in Figure 3-11a, REDARS further
estimates that all bridges within the study area would sustain at least minor damage for ground
shaking levels of 0.8g spectral acceleration at 1.0 second intervals (SA1.0). During the actual
event, similar bridge damage states were observed at much higher levels of shaking: most
bridges that experienced more than 1.5g at SA1.0 level sustained at least minor damage.

Table 3-2 REDARS Estimated and Observed Number of Damaged Bridges from 1994 Northridge

Earthquake
DS2 DS3 DS4 DS5 Total Damaged
Minor Moderate Major Collapse Bridges
REDARS result 01 72 98 102 363
(Deterministic)
Observation 70 78 35 7 190

Figure 3-8c, d draws a visual comparison between results from the REDARS model and
observations of bridge damage, from which the following observations can be made:

e Bridges around I-10 and 1-405 intersection are categorized as severely damaged in both
the REDARS and the observed data. Although this location is relatively far from the
epicenter, local conditions such soil type were effective in the REDARS estimation
process.

e Second, severely damaged bridges were widely distributed following the Northridge
earthquake. Together with two concentrated damage locations around intersection of I-
405 and I-10, and around the intersections of I-405, SR-118, and I-5 (see Figure 3-8a),
REDARS predicts severe bridge damage (damage state DS 4 or higher) at several other
intersections, including: the I-5 and SR-134; and US101 and SR-170.

e Lastly, the REDARS predictions include most of the bridges where damage was
observed. However, the predicted number is much higher than observed.
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3.4.2 Observation-based Fragility Curves

A set of observation-based fragility curves were developed for the 940 bridges within the Los
Angeles study area, using bridge damage states recorded following the 1994 Northridge
earthquake, together with corresponding ground motion measurements estimated for each site.

Damage state observations were gathered by field inspection. Initially, Caltrans’ Post
Earthquake Inspection Team (PEQUIT) evaluated the damage state for 2,021 Caltrans-
maintained bridges in Los Angeles and Orange Counties. The research team of this validation
study then re-evaluated this list of damage states, based on additional information from aerial
photos and Caltrans biweekly traffic state reports. As shown in Table 3-3, most differences
between the PEQUIT and Research Team findings relate to 26 structures that lacked a formally
assigned damage state. In addition, four bridges classified with ‘Major’ damage (DS 4) were
reassigned as ‘Collapsed’ (DS 5)°. Based on the re-evaluated bridge damage states, and TriNet
(March, 1999) ground motion data, a set of fragility curves were developed, as shown Figure 3-
9.

Table 3-3 Assignment of Bridge Damage States by Caltrans, and the Research Team

Damage State Caltrans Evaluated Relszeve;rlzr;t'le'zam Datat?]?ssitﬂfj?/d for
Collapsed (DS5) 6 10 7
Major (DS4) 47 43 35
Moderate (DS3) 84 104 78
Minor (DS2) 95 101 70
Unassigned 26 0 0

Total damaged 258 190
Total bridges evaluated 2021 940

3 A full evaluation of bridge damage states is presented by Baséz and Kiremidijian (1998).
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Figure 3-9 Observed Fragility Curves from 1994 Northridge Earthquake

3.4.3 Comparison of the Fragility Curves

As shown in the comparison between the theoretical model and REDARS fragility curves
(Sections 3.2 and 3.3), minor differences are evident between their probability distributions.
According to the developed fragility curves based on observed damage states, however,
REDARS fragility curves are much higher across all ground motion levels, when compared to
the observed data.

A rigorous statistical comparison between observation-based and REDARS generated fragility
curves is not necessary, because the two sets of fragility curves are drastically different. From
the graphical comparison in Figure 3-11, when ground motion is less then 0.6g, the observed
fragility does not exceed 0.5 in any damage state. In contrast, REDARS estimates that more than
80% of the bridges will have at least minor damage when SA 1.0 is greater than 0.4g. In general,
the observed fragility is lower than 2-standard deviations below the mean fragility estimates for
REDARS when SA 1.0 is higher than 0.4g.

There are several possible explanations for this overestimation, including randomness of the
bridge samples. For example, overestimation may reflect the close proximity between the study
area (as well as the sample bridges) and epicenter of the 1994 Northridge earthquake. Figure 3-
10 shows the distribution of bridges falling within each level of ground motion for the 940
sample bridges. According the figure, the majority of these structures were exposed to less than
0.3g of spectral acceleration, and more than 45% (430 out of 940) of bridges were also exposed
to ground shaking equal to 0.4g or higher as well. While the higher level of ground motion
would lead to a higher number of damaged bridges, there is no reason to believe that the mean
estimation of fragility, which is dependent upon the probability of damage given ground motion,
would be affected by proximity to the epicenter. Selection of a study area with bridges near the
epicenter is not a probable cause of the overestimation of fragility by REDARS.
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Errors in development of the bridge database or ground motion input might lead to the
significant discrepancy between model result and observation. However, both databases are
based on similar data sources. Theoretical models and the observed fragility curves were
developed based on the same data sets. If errors in the data affect the REDARS results, they
would also effect the Mander model. Therefore, the fragility curves should be comparable. The
next section further explores the REDARS overestimation of bridge damage as compared to
observed data.
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3.4.4 Discussion on Possible Reasons of REDARS’s Overestimation

This section explores several possible reasons that might explain the significant overestimation
in REDARS, including uncertainties that were not included in the development of median PGA
values, uncertainty of ground motion data, and the effect of retrofitted bridges.

Uncertainties Associated with Median PGA

The median PGA value represents the capacity of a bridge to resist damage from spectral
acceleration. In the REDARS SRA methodology, the median PGA is the most important factor
in deciding the structure capacity. It was derived based on a series of factors that involve
varying degrees of uncertainty by Dutta and Mander (1998). Uncertainties surrounding the
following factors may have a significant effect on the estimation of median PGA values, and thus
on the REDARS results. However, these uncertainties could not be readily incorporated into the
bridge fragility model.

o Displacement of bridge structure observed in the Northridge and Loma
Prieta earthquakes

o Construction quality control, such as material strength

o Soil amplification factor

o American Association of State Highway and Transportation Officials

(AASHTO) spectral response shape

The relationship between damage states and structural strength is based on observations of
displacement exhibited by structural components of the bridges. Depending on the structural
type, various measurements are used to develop the bridge fragility model, such as vertical
displacement of decks and deformation angles. From the observed damage states, 1.2 meters
was assumed as a representative displacement value (Bas6z and Mander, 1999). However, a
range of values are possible, and it is unclear whether the dispersion factor in the Mander model
includes displacement-related uncertainty.

Although material strength is assumed to be deterministic in the Mander model, material strength
might be uncertain depending on construction quality control and should be modeled
probabilistically. As reviewed in comparative analyses in section 3.3, the overestimation in
REDARS might be due to a less uncertainty factor (steep distributions of REDARS fragility
curves).

Although the type of soil associated with a given bridge site has a deterministic value, the
amplification factor (SAF) may be stochastic. ~The probabilistic analysis of REDARS
incorporates a standard deviation for the amplification factors, according to the time after
shaking, and soil type. However, the use of published ground motion data for SAF calculation
fails to consider any SAF-related uncertainty.
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At a fundamental level, spectral shape is another source of uncertainty. According to the push-
over method (Baséz and Mander, 1999), there is slight time gap between earthquake and
structure damage, normally 0.3 second (short-period), or 1.0 second (long-period). Spectral
acceleration 1s changing over these time periods. The spectral shape represents the time-variant
acceleration, and is established from observed ground motion information®, using a curve fitting
technique. Although it is based on best-fit curves, estimation errors are a source of uncertainty.

Uncertainty in Ground Motion Input

As reviewed in Section 2, several sets of ground motion data have been generated for the 1994
Northridge earthquake. Some of these are distinct to each other significantly, indicating that the
ground motion data is highly uncertain. Publicly available ground motion data sets (in our case,
TriNet-March 1999, TriNet-December 2002, Somerville (1995), USGS- Borcherdt) are often
given as contour maps, which were estimated by applying recorded station data to attenuation
models. Hence, the contour values should be associated with estimation errors across over the
region.

It is also true that differences in ground motion data have a significant effect on the results from
bridge fragility as shown in Figure 3-12. Two sets of bridge fragility curves are shown for
Southern California®. These were developed from USGS Open file report 94-197, and TriNet
peak ground acceleration measure, (March, 1999). Fragility curves based on the USGS open file
report shows that the probability of being damaged (minor or severe) is about 0.78 when PGA is
0.9~1.0 g. For the same PGA, the TriNet ground motion shows that the fragility is about 1.0. It
can be restated such as “all bridges would be damaged when TriNet PGA is 0.9~1.0 g.”
Knowing that even the publicly available data sets show totally different curves, it may not be
possible to have similar fragility by estimation using any kind of data. In other words, without
knowing which ground motion data is valid to the model, it may not be possible to recover the
observed fragility using the model. More detailed REDARS response for distinct ground motion
data is provided in Section 3.6.

* For example, see “Seismograms from the Interactive Deaggregation Web page”,
http://eqintl.cr.usgs.gov/eq/html/Stochastic_Seismgram_Theory.html

> In Figure 3-9, the observed fragility is based on spectral acceleration at 1.0 second in g, while Figure 3-12 is based
on PGA
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Figure 3-12 Differences in Multi-Span Bridge Fragility, Computed Using USGS and TriNet
Ground Motion (March 1999)

Effect of Retrofitting Bridges

This section investigates whether overestimation of bridge damage by the REDARS fragility
model may be attributed to differences in performance between the retrofitted and the non-
retrofitted bridges in the study area. As seen in Table 3-1, median PGA values are given
according to bridge’s structural type, and design specifications -conventional design and seismic
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design®, but no distinction is given between retrofitted and non-retrofitted in bridge performance
(median PGA values). Thus in REDARS’s estimation, fragility for retrofitted bridges is not
different from that of bridges that have not been retrofitted. However, if there were observable
differences between performance due to retrofitting, REDARS’s lack of consideration to
retrofitted bridge performance could be a reason of the overestimation.

Besides the design specification, the California Department of Transportation (Caltrans) began
its Phase 1 Seismic Retrofit Program after the 1971 San Fernando Earthquake. Approximately
1,400 bridges out of a state inventory of 12,000 bridges were retrofitted. The Phase 2 Seismic
Retrofit Program commenced after the 1989 Loma Prieta earthquake. In this case, 1,039 bridges
were retrofitted, together with several toll bridges. As a result of the 1994 Northridge
earthquake, a further 1,364 bridges were chosen for retrofitting. By June 1995, 530 of these had
been retrofitted.

Of the 940 sample bridges that Caltrans maintained within the study area, 56 were retrofitted
prior to the Northridge earthquake under Phase 2 of the Seismic Retrofit Program. Table 3-4
compares damage states for retrofitted versus non-retrofitted structures within this sample. The
retrofit/non-retrofit classification is based on a report by Yashinsky et al. (1995). The frequency
occurrence of each damage state was compiled from observations made by the project team as
summarized in Table 3-3.

Table 3-4 Damage State Comparison for Retrofitted and Non-Retrofitted Bridges

Damage States
Damaged No Total
Damage
Collapsed Major Moderate Minor
) 0 1 9 6 16 40 56

Retrofit (0%) (1.8%) (16.1%) | (10.7%) | (86%) | 71.4%) | (100%)

) 7 34 69 64 174 710 884
No-Retrofit (0.8%) (3.8%) (7.8%) (7.2%) (19.7%) (80.3%) (100%)

Total 7 35 78 70 190 750 940
(0.7%) (3.7%) (8.3%) (7.4%) (20.2%) (79.8%) (100%)

From Table 3-4 there is an insignificant difference between the percentages of damaged
structures categorized as retrofitted (28.6%) and non-retrofitted (19.7%). This result is similar to
the percentages recorded for bridges exhibiting ‘No Damage’ following the Northridge
earthquake. 71.4% of the retrofitted bridges (40/56) were classified as ‘No Damage.” For non-
retrofitted bridge, the figure is 80.3% (710/940).

% In California bridges have been designed seismic standard since 1975.
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One finding that should be noted from Table 3-4 is that, although the percentage difference is
minor, damage states of retrofitted bridges are much lower than their counterparts. While the
percentage of severely damaged bridges (major damage and collapsed) in non-retrofitted bridges
is about 4.6%, less than 2% of retrofitted bridges were severely damaged from 1994 Northridge
earthquake. In the same line, no retrofitted bridges collapsed.

At present, the REDARS program does not distinguish between retrofitted and non-retrofitted
structures. Given the similar performance of bridges following the Northridge earthquake,
irrespective of retrofitting, it is unlikely that failure to consider this variable in the REDARS
model is totally responsible for the overestimation of the bridge damage states.

3.5 Application of a Ground Motion Scale Factor

In previous sections, the REDARS model was compared with observation from the 1994
Northridge earthquake, and the model overestimated the number of bridges damaged. As
possible reasons of overestimation, uncertainty related to median PGA, ground motion input, and
the effect of retrofitting were reviewed.

This section provides results from a simple sensitivity test of bridge fragility model to ground
motion input. To rectify questions related to the uncertainty affecting median PGA values, an in-
depth study might require vast efforts and ingenious statistical analyses. In this validation study,
instead of study on uncertainties, effects of ground motion input are analyzed under the given
condition of REDARS’s overestimation.

This test analyzes the response of the REDARS generated bridge damage states to a linear
stimulus. The TriNet ground motion data (SA) is modified by applying an incremental scale
factor ranging between 0.1 and 1.5. Thus, all the surface ground motion level (demand ground
motion) varies proportionally according to the scale factor. The REDARS model was applied to
the modified ground motion data by the scale factor, and the number of damaged bridges in each
damage state was counted.

In general, linear response of a system to linear stimulus presents stability of the system. If
REDARS responds linearly to the scale factor, the number of damaged bridges will correlate
strictly to the scale factor. In this case, the scale factor can be calibrated so that the REDARS
estimation exactly matches observation without increasing the complexity of the model.

The trend in Figure 3-13 indicates that the REDARS response to a linear scale factors is stable.
The simple regression coefficients for the curves in Figure 3-13 are 0.9898 (F=1258.44), 0.9900
(F=1292.50), 0.9816 (F=692.48), and 0.9453 (F=224.83), for damage states 2, 3, 4 and 5,
respectively. Based on these high R” and F values, REDARS results behave linearly in response
to a linear ground motion scale factor. Thus, it may be inferred that the quality of REDARS
results primarily depends on the quality of ground motion data.

The results in Figure 3-13 indicate that when the scale factor is in the range of 0.5-0.6, the

REDARS model estimates the number of damaged bridges to be equal to the number of observed
damaged bridges. However, it fails to replicate the distribution of damage states. Table 3-5

47



compares the number of damaged bridges by damage state. When a scale factor of 0.56 is
applied to the TriNet ground motion data, REDARS estimates 190 bridges as damaged, which is
the same as the number of bridges observed damaged. However, a majority of bridges were
observed as DS 3 (78 bridges), whereas REDARS estimates a minority to be DS3 (only 31
bridges). For all other damage states, REDARS predictions are consistently higher than
observed.
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o e
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Numbers of bridges
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Scale Factor to Ground Motion Input
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Figure 3-13 Changes in the Predicted Number of Damaged Bridges with Variations in Ground
Motion Scale Factor.

Table 3-5 Number of Damaged Bridges by Damage State

DS2 DS3 DS4 DS5 Total I_Damaged
Bridges
Model result
(Factor=1.0) 91 72 98 102 363
Model result
(Factor=0.56) 86 30 56 18 190
Observed 70 78 35 7 190
Ratio 1.23 0.38 1.60 2.57 1.00
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3.6 Summary

In this section, the REDARS SRA methodology, Mander’s theoretical model, and observations
are compared with respect to bridge fragility under given ground motions. A controlled
comparison of theoretical distributions between REDARS with Mander’s model reveals that
REDARS estimates bridge damage following a distribution that can be best described with a
“normal-exponential” distribution, while Mander’s theoretical model follows lognormal
distribution. Also, REDARS was implemented with less uncertainty factor so that its fragility
curves are steeper than the Mander model. These findings are also identified from the
comparison between REDARS and Mander model using 1994 Northridge earthquake data.

Comparison of REDARS to observed fragility curves expose significant discrepancies between
the two sets of fragility curves, with REDARS showing significant overestimation. Several
reasons can be found, including the limited effect of uncertainty factors to median PGA values,
and changes to the ground motion data. The effect of retrofitted bridges in the overestimation is
not significant. REDARS demonstrates its stability to a linear scale factor to ground motion
input, and results matched the number of bridges with a scale factor of 0.5 - 0.6.
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SECTION 4
THE TRAFFIC STATE MODEL

4.1 Introduction
This section reviews the REDARS traffic state model, and includes the following sections:

e Section 4.2 reviews the traffic state model implemented in REDARS.
e Section 4.3 compares the REDARS model against observed conditions.
e Section 4.4 summarizes the information in the section.

The traffic state model estimates the number of operating lanes on bridges after an earthquake.
These estimates are based on two factors:

e Severity of damage.
e Number of designed lanes.

Bridges that have not collapsed (less than DS 5) may have operable lanes, even immediately
after an earthquake, and the number of available lanes would gradually increase to full capacity
over time. In REDARS, a look-up table converts damage state estimates to the residual capacity
(functional capacity remaining on damaged bridges) for specific time-periods after the
earthquake.

Traffic capacity measures the maximum number of cars allowed to traverse a bridge within a
unit time (usually one hour). Bridge traffic capacity depends on two factors:

e Design specification of the road and bridge.
e Number of lanes.

The design specification determines the possible driving speed on the road by limiting gradient,
curvature, and width per lane. Since the gradient and curvature are unchanged for a damaged
bridge, the damage state is presented by number of lanes operating after an earthquake. Thus,
the number of operating (retained) lanes and remaining (operating) functionality refer to the
same physical entity of remaining ratio of capacity after earthquake. Capacity loss, on the other
hand, refers to the reduction of its functionality.

Following the convention from the previous section, the REDARS model refers to estimated
traffic states by applying REDARS SRA methodology, while observation refers to the number of
closed bridges over the days after the 1994 Northridge earthquake. Since REDARS estimates
traffic states as a number of operating lanes, the observation shows that bridges were rather
operated in full or closed with no functionality.
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4.2 Review the Traffic State Model in REDARS

In the current traffic state model, bridges with damage state 2 (DS2) or higher may be fully or
partially closed for at least 7 days, depending on the number of lanes in each direction.
REDARS uses a simple model to implement this relationship. Table 4-1 is the lookup table used
in the model. For example, if a bridge has a damage state 3 (moderate) and has four traffic lanes,
it would retain 75% of the original capacity with one lane out of four closed at 7 days after the
earthquake.

Table 4-1 Remaining Functionality Over Varying Time-Periods

Damage Number of Capacity
States Designed Lanes 7 days 60 days | 150 days
1 N/A 1 1 !
(None)
2
(Minor) N/A 1 1 1
1 0 1 1
2 1/2 1 1
3 3 2/3 2/3 1
(Moderate)
4 3/4 1 1
5 4/5 4/5 1
1 0 0 !
2 1/2 1/2 1
4 3 13 1/3 1
(Major)
4 2/4 3/4 1
5 2/5 3/5 1
1 0 0 !
(Collapsed)
4 0 1/4 3/4
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As shown in Figure 4-1b, and d, a bridge designed with more lanes will not have fewer
remaining lanes than others under the same damage state. For example, a bridge designed with
five lanes in each direction would have four lanes at 7 days, and 60 days after the earthquake if
the bridge were moderately damaged. And, its retained number of lanes is the same or higher
than those of any other bridges that were designed with fewer than five lanes (the case of damage
state 3, moderate, Figure 4-1b).

Estimating the number of retained lanes depends on the perspective of the model, and whether it
favors safety or efficiency of the transportation system. For example, closing bridges until they
are completely repaired provides maximum safety while sacrificing network efficiency. In this
case, only two traffic states are possible - open and closed. On the other hand, a model can be
applied to estimate number of lanes in continuous measurement, although physically not
possible, such as 0.3 lanes. The method implemented in REDARS is in between these two
methods. REDARS estimates bridge functionality to be quasi-continuous so that the number of
lanes is always an integer value. For each time period of 7 days, 60 days, and 150 days after an
earthquake, a bridge can have from 0 to 5 lanes according to the severity of damage and number
of designed lanes.
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4.3 Comparison between REDARS Model and Observation

As discussed in Section 1, this study validates REDARS methodology by comparing results from
each of its component models to observations. Since the traffic model simply translates bridge
damage states to its traffic states, the overestimation from the bridge fragility model should
provide an effective estimate of traffic states. This section contains two sections:

e The traffic state model in REDARS is reviewed by running the model using only
observed bridge damage state data. This isolates the traffic state model from errors
generated by previous component model.

e The traffic states estimated by using REDARS methodology (including bridge fragility
model) are compared to observation.

4.3.1 Estimation of Traffic State by REDARS using Observed Bridge Damage States

The REDARS traffic state model estimates that fewer than 13% (120 out of 940 bridge) would
be operating at less than original capacity 7 days after the earthquake (point a on Figure 4-2), and
fewer than 5% of the bridges would experience capacity reduction more than half (point b).
Seven bridges (0.7% of 940 bridges) would be severely damaged, and not be fully recovered
even five months later (points ¢ and d). The following section compares these estimates to
observed conditions.
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C
70% /v /'
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Figure 4-2 Traffic Remaining Capacity Over Various Time Periods Estimated
Based on Observed Bridge Fragility

Following the Northridge earthquake, damaged bridges in Los Angeles County did not remain
closed for very long. Figure 4-3 shows the percentage of damaged bridges in the study area,
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together with their duration of closure. Approximately 60 % of the damaged bridges (118 of
190) remained closed for fewer than 5 days, while inspections and minor repairs were completed.
80% of the bridges (154 of 190) were closed for fewer than 15 days. Only 4% of the bridges (7
of 190) were closed for more than one month.
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Figure 4-3 Observed Duration of Link Closure for Bridges in the Los Angeles Study Area,
Following the 1994 Northridge Earthquake

Theses observations are based on the duration of bridge closures, while REDARS estimates are
based on bridge functionality throughout the recovery period. Thus the two sets of traffic states
may not be comparable directly. However, it can be inferred that, based on findings from
observations and estimation, REDARS slightly underestimates traffic states. For example, while
observation shows that 118 bridges were closed five days after the earthquake, REDARS
estimates about same number of bridges would experience partial or full loss of functionality.

4.3.2 Comparison between REDARS Methodology and Observation

Figure 4-4 shows REDARS estimates for the remaining bridge capacity 7, 60 and 150 days after
an earthquake. REDARS SRA methodology (bridge fragility model and traffic state model) was
applied to the Northridge earthquake through TriNet March 1997, and the figure was developed
based on the mean value of the 217 simulations (see Section 3.3.2), REDARS estimates that
approximately 65% of bridges would have more than 90% of their original capacity in the 7 days
after an earthquake (point a). After the same lapse of time, 9.6% of structures (91 out of 940
bridges) would have less than 20% of their original capacity (point b). REDARS estimates that
even two months (60 days) after the earthquake, 10% of bridges would have less than 40% of
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their design capacity (point ¢) available and 40% of bridges would not fully be recovered even
five months (150 days) later.
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Figure 4-4 Remaining Capacity Over Various Time Periods Estimated Based on
REDARS’s Bridge Fragility Estimation

As a systematic model, REDARS SRA methodology overestimates the closure duration for
bridges damaged by the Northridge earthquake when TriNet March 1997 is used. The disparity
between predicted and actual duration is particularly pronounced after 60 days. Furthermore, the
REDARS SRA model suggests that remaining capacity on the damaged bridges is similar after 7
and 60 days have elapsed, which is clearly unrealistic. In reality, recovery durations often have
substantial variations due to the location and relative importance of a given structure.

This overestimation is primarily due to effects of bridge fragility model. While isolated
estimates from the bridge fragility model predict that fewer than 13% of bridges would have a
loss of functionality in 7 days after the earthquake, REDARS estimates that more than 50% of
the bridges would be damaged after the same 7 days. The locations of bridges with capacity
reduction are also primarily those estimated by the fragility model, as shown in Figure 4-5.
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4.4 Summary

This section examined the REDARS traffic state model, which estimates remaining traffic
functionality on bridges according to the severity of damage and number of designed lanes on
the bridge.

If observed bridge damage states were applied to traffic state model, the model slightly
underestimates the loss in functionality, while the result was highly overestimated when the
REDARS bridge fragility model was applied.

Judging the quality of the REDARS traffic state model by comparison with observed Northridge
earthquake data may not be relevant because of the extremely wide variation in the duration of
bridge closures. In the case of high-priority Los Angeles bridges, for example, repairs were
expedited by awarding bonuses to the contractors for reduced repair time after the Northridge
earthquake. In contrast, some of the damaged structures from 1989 Loma Prieta earthquake
never have been repaired, and the local government developed the alternative routes instead.
Given these wide variations in actual recovery durations, establishing a thorough and robust
traffic state model should be based on various cases.
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SECTION 5
TRANSPORTATION NETWORK MODEL

5.1 Introduction

This section assesses the REDARS transportation network model and investigates the influence
of network interruption in transportation network analysis due to a seismic event on model
results. A transportation model, or network model estimates equilibrium states of link traffic
volume and congested travel time given travel demand information (origin-destination
requirements), and network configuration. Damaged bridges reduce link functionality on the
bridges. The reduction in link functionality (capacity and speed) is presented in a network
configuration. Networks with reduced capacity induce higher costs to the given travel demand
than under pre-earthquake conditions.

The application of a network model to earthquake situations might present contradictions. Most
transportation models analyze routes, volumes and congestion within an equilibrium framework,
which assumes drivers are rational and have perfect information about the transportation system.
However, under abrupt reduction of capacity such as after an earthquake, travelers may not have
enough information to choose the best alternative. The principal effects of network interruption
from earthquake events are:

e Capacity reduction. Damaged bridges lose their designed capacities, which reduce route
capacity.

e Reduced/disrupted demand. Reductions in route capacity can cause a decrease in user
demand. Drivers may choose not to travel until the system stabilizes, and they might not
travel if the travel cost is extremely high. In addition, drivers may change their
destination to avoid the impacted area.

e Changes in route choice. Localized capacity reduction can cause areas of concentrated
congestion as drivers use alternate routes to reduce their travel time.

e Lack of route information to drivers. Drivers do not have enough time to try alternatives
provided under a disaster situation and may not be provided with sufficient information
regarding new or alternative routes.

This section presents the first known validation study for the application of an equilibrium model
to an earthquake damaged transportation network. Drivers may not have enough information
and time to select best routes to travel, and thus it is not clear if the equilibrium model is suitable
to use. The assumption that driver's choices are rational after an earthquake may contribute to
the discrepancy between observed and predicted traffic conditions. However, recent studies
sponsored by several earthquake research centers have applied equilibrium models to earthquake
damaged transportation networks without validating the equilibrium model.

The following sections describe the REDARS transportation network model, and compare the
results to observed traffic patterns:
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e Section 5.2 provides an initial review of the user equilibrium traffic assignment model
using “toy” network data.

e Section 5.3 presents a validation study, focused on changes of traffic demand to alternate
routes when the capacity of a link is reduced.

e Section 5.4 presents a comparison between transportation network model results and
observed system-wide traffic patterns.

e Section 5.5 compares REDARS estimates with observed traffic patterns in a subregion
around places of severe bridge damage.

e Section 5.6 discusses network model effects when inaccurate or incorrect network data
are used.

e Section 5.7 briefly summarizes the comparison between the REDARS transportation
network model and observed conditions.

5.2 User Equilibrium Traffic Assignment Model

The REDARS transportation network model is based on the user equilibrium (UE) traffic
assignment paradigm. REDARS alternatively employs an Associative Memory (AM) Matrix to
analyze transportation systems based on a trained stimulus-response system using user
equilibrium traffic assignment model.

A fundamental assumption in transportation planning is that traffic conditions are stable, with
similar conditions each weekday, at the same time of day. The user equilibrium model best
applies where the users have full knowledge of the system, and have sufficient buffers (in terms
of time and information) to accommodate changes by self-adjustment. However, sudden system
changes, such as those caused by a severe earthquake can create a system for which users cannot
plan in advance.

Route travel times are used to establish equilibrium in a transportation system. In a highway
network system, it is possible to use a variety of routes to travel between two zones. In general,
the route with the least travel time (or cost) is preferred. However, congestion may make another
route more desirable. In an equilibrium state, the commonly-used routes have lower travel times
than unused ones. This is the first principal of network equilibrium, as stated by Wardrop
(1952), and it is built-into the User Equilibrium Traffic Assignment model.

The mathematical form of the model is a nonlinear optimization problem with non-negativity,
and flow conservation constraints. The first order condition of the optimization of link travel
time meets Wardrop’s first principal (Sheffi, 1985 Chapter 5).

max z(X) :Zun t,(w) dw (8)
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subject to:
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link performance function of link a.

flow on path k& connecting OD pair r-s.

trip rate between OD pair 7-s.

flow on link a.

1 if link a is on path k£ between OD pair r-s, otherwise 0.

Several algorithms were developed to solve the optimization problem for a large transportation
network, such as column generation algorithm, packet-switching algorithm, and fixed-point
algorithm. REDARS employs the Frank-Wolfe algorithm, which uses six steps (Steps 0 through
5) to solve transportation network problem, as follows:

0. Initialization.
Find an initial feasible flow pattern {x;’ } Set n:=1.

1. Update link travel time
Set t] =t, (x:f ) Va.

2. Find auxiliary link volume by all-or-nothing assignment

vi=2.2.8 6. Va
sk

3. Find best Moving Step
Solve following system for a.

xi+alvi-;)
min z(x) ZJ t, (w)dw » subjectto 0 < <1
aJo

4. Flow Update
X +a, (y;’ - x;’)

n+l _
. =

X
5. Convergence Test
If following inequality holds for very small x, terminate.
Otherwise, set n:=n+1 and go back to step 1.

th =
i

a

<k,and o, <K
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Calculating the first feasible solution in Step 0, and the auxiliary solution in Step 2 requires
building paths between the zones. The user equilibrium model employs the Dijkstra algorithm,
one of the most efficient path-building algorithms. Despite the efficiency of the algorithm, the
model has a prohibitively long running time, primarily because of the large network size (many
links and nodes), number of zones, and iterations to converge. It takes approximately 5 hours for
three time-periods of 217 system states (651 cases) developed from the bridge fragility model
(Section 3.4.2).

Link travel time is a function of the link capacity, design speed, and traffic volume on the link.
REDARS employs the BPR (Bureau of Public Road) function, as link performance function #,.
The mathematical form is, ¢, =7 ‘(1 +0.15-{x,/C, }4) where ¢! is free flow travel time, x, link
volume, and C, capacity. When a bridge is damaged, and retains only partial functionality, link
travel time follows the Greenshield flow-speed relationship (Greenshields 1935, recited from
Sheffi, 1985 Chapter 13). As shown in Figure 5-1, flow is a quadratic function of speed. When
the capacity is reduced to 50%, the original design speed is also reduced by 50% (see the dotted
curve in Figure 5-1).

Flow

Capacity

Capacity reduction
due to bridge damage

< ! ;Speed
. + Design Speed

LY
T
1
1

Speed reduction due
to capacity reduction

Figure 5-1 The Greenshield Flow-Speed Relationship

5.3 Evaluation Using a Toy Network
This section describes a “toy network,” which demonstrates a theoretical evaluation of the UE

traffic assignment model. This test shows the response of the UE model to a forced reduction of
link capacity.
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5.3.1 Synopsis of the Toy Test

A “toy network” tests the REDARS transportation network model to assess the dependability of
its results. This test corroborates the reciprocal effect of typical capacity reduction of a link to
system traffic volume. For a given travel demand, the UE model readjusts the equilibrium
condition for a new network configuration.

Figure 5-2 shows the toy transportation network model. It consists of 6 zones, 28 nodes, and 78
directional links. The network replicates part of a typical urban network, with freeways and
local road segments. Link attributes, such as the number of lanes and design speed, are assigned
typical values. 63,000 vehicles, in passenger car equivalents (PCE), pass through the links
between zones A and B during a three-hour daytime period. Minor demands also generate and
terminate in each of the four remaining zones from each of the corners. Links connecting zone A
with zone B through the middle of the network are assumed to be freeways with four lanes each
direction and a capacity of 2000 PCE/Hour per lane.

Block 1

Block 2

/AR
—/

Block 3

Block 4

Figure 5-2 Toy Network

Each block represents four vertical links (eight directional links) in the network. Traffic volumes
in each block measure the degree of detour. Given the travel demand between zones A and B
(63,000), disconnecting a horizontal link leads to volume changes in the vertical links. To test
the network, the state of the circled links was changed from 1.0 (fully functional) to 0.0 (fully
closed), in 0.2 increments. The system costs and traffic volume of the surrounding network were
recorded at each increment.

5.3.2 Toy Test Results

In a transportation network, travel demands compete for a fixed supply of network capacity.
Congested travel time is the equivalent of the market price (or equilibrium), at which travel
demand meets network capacity. When the network capacity is reduced, congestion is higher for
a given demand, leading to longer travel times.

The validation results consist of traffic volume changes and system-wide travel costs (see Table

5-1) for each link state. The system-wide travel cost represents the total time for all travel
demand to be met (cumulative sum for all links of volume multiplied by travel time). The
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system-wide travel cost and the average zone-to-zone travel time increases as the capacity of the
circled link falls. In this test, link system states 0.2 and 0.0 generate identical system costs and
the travel times, reflecting an identical distribution of travel demand to alternative routes for both
of these link system states.

Table 5-1 Toy Network Response to a Link Capacity Reduction

System Cost Average
Link State i Zone-to-Zone Travel Time
(PCU*Minute) .
(Minutes)
1.0 1,512.997 1.415
0.8 1,518.133 1.416
0.6 1,521.063 1.417
0.4 1,521.485 1.419
0.2 1,523.680 1.422
0.0 1,523.680 1.422

For the baseline situation, the circled link in Figure 5-2 serves as the major route between zones
A and B. As the capacity of the circled link falls after an earthquake, traffic flow between A and
B gradually moves to alternate routes adjacent to the circled link. Figure 5-3 shows the link
volumes in each of the network configurations, with line thickness indicating volume on the link.
As this link capacity drops, traffic volume on the adjacent links increases.

As detouring traffic takes immediately adjacent routes, volume in the vertical links of blocks 2
and 3 increases proportionally to the circled link’s diminished capacity, as shown in Figure 5-4.
However, no volume changes are observed farther away, in blocks 1 and 4. The congestion
increment due to the closure of the circled link in Figure 5-2 does not exceed the additional
travel cost of crossing four additional (two upwards, two downwards) vertical links to reach links
in block 1 or 4. Additionally, the detour traffic volume on the vertical links in block 2 and 3 is
more than three times higher than the baseline traffic volume, with increment ratios of 3.33, and
6.01, respectively. These ratios are exceptionally high and may not be an acceptable
representation of a realistic highway network. In an actual highway network, the observed traffic
volume cannot exceed network capacity. In the toy network, traffic volume can exceed capacity,
and volume will not divert to the outer links until travel time increases unrealistically. The next
sections provide real-world validations, comparing model predictions with observed traffic
conditions following the Northridge earthquake.
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Figure 5-3 Link Volumes Changes by a Reduction in Link Capacity
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Figure 5-4 Vertical Volume Changes in Toy Network

5.4 Comparison of Estimated and Observed System-wide Freeway Volumes

This section compares REDARS user equilibrium traffic assignment model estimations with
traffic data recorded immediately after the 1994 Northridge earthquake. Traffic volumes on
freeways are compared with the REDARS prediction. Freeways account for more than 90% of
vehicle-miles traveled (VMT) in Southern California (Cho, et al. 1999). As such, the majority of
travel cost increment between pre- and post-earthquake conditions should be due to freeway
traffic conditions. Since a highly detailed transportation network for Southern California was
applied to UE model in REDARS (see Section 4.4.1), the effects of closed links to changes in
route choice on freeways, as well as local streets are included in the estimated volumes on
freeway segments. Therefore, although the comparison would be made for only freeway
volumes, it is equivalent to a system-wide comparison. Section 5.5 presents a comparison of
traffic volumes on local streets near the one of the collapsed sites.

5.4.1 Estimation of Freeway Traffic Volume using UE

Transportation network and trip demand data (Origin-Destination) for REDARS is provided by
SCAG (Southern California Association of Governments). Figure 5-5 shows the extent of
SCAG transportation network data. The data covers Los Angeles, Orange, and Ventura counties,
and parts of Riverside, and San Bernardino counties with 22,444 links representing freeways,
arterials and collectors. There are 7,787 nodes including 1,534 traffic analysis zone centroids.
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Figure 5-5 Transportation Network Data Applied to Estimate Freeway Traffic Volume Before and
After 1994 Northridge Earthquake

For the purposes of this analysis, SCAG and OD data are converted to three-hour averages.
Since the observed volume is for 24 hour periods, and REDARS results are for three hour
periods, a direct 1:1 comparison of the observed volume and estimated volume is not possible.
Linear correlation coefficients (R2) were used to quantify the degree of similarity between the
REDARS results and actual traffic counts.

5.4.2 Observed Freeway Traffic Volumes

Vehicle traffic volumes for the ten locations in Figure 5-5 were counted for the 24 hours
immediately following the 1994 Northridge. Comparable traffic volumes were obtained for the
same locations one-year before. As shown in Table 5-2, freeway volumes range between
100,000 and 400,000 vehicles per day under normal traffic conditions. The earthquake and
resulting bridge damage severely impacted these traffic volumes, which dropped to between
2,000 and 300,000. In Table 5-2 reduced volumes were observed for all freeway segments
except segment G. Part of the reason for this discrepancy may be because a complete accounting
of traffic (pre-earthquake) on the I-105 was not available due to its recent completion just before
the earthquake.
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Figure 5-6 Volume Count Locations (Circles represent collapsed bridge sites)

Table 5-2 Freeway Traffic Volumes Before and After the Northridge Earthquake (AADT)

Location Pre-earthquake Post-earthquake
volume (Jan. 1993) volume (Jan. 1994)
A | I-5 on North of SR-14 129,000 2,000
B | SR-143 East of SR-101/SR-170 Junction 212,000 202,000
C | SR-170 North of SR-101 (Southbound only) 145,000 120,000
D | I-405 North of I-10 333,000 265,000
E | I-10 East of I1-405 262,000 55,000
F | I-405 South of I-10 312,000 265,000
G | I-105 East of 1-405 177,000 200,000
H | 1-10 West of I-110 388,000 200,000
I | SR-101 West of 1-405 318,000 315,000
J | SR-118 West of I-405 121,000 40,000

Source: Caltrans (1995), Northridge Earthquake Recovery Report
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5.4.3 Comparison of Freeway Traffic Volumes

For the pre-earthquake condition, the results in Figure 5-7 indicate that REDARS predicts with
accuracy of more than 93% of the observations (R’=0.9314). The coefficient should not be
assumed to be 1, due to the different units of volume measurements (24- versus 3-hour volumes).
Immediately after the earthquake, approximately 80% of the volume is predicted by the user
equilibrium model. In either case, the REDARS traffic volume estimates closely match the
observed traffic counts.
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Figure 5-7 Comparison of Freeway Volumes
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Even though the model uses three-hour time blocks instead daily traffic volume, the ratio of pre-
earthquake to post-earthquake traffic volume should be identical to a similar ratio based on
traffic volume observations, and directly comparable. The response of drivers to abruptly
reduced network capacity leads to changes of route choice, and thus to a variation of link traffic
volume between before and after earthquake conditions. If the UE model in REDARS
adequately simulates the drivers’ behavior, the estimated ratio of pre-earthquake and post-
earthquake volume change should be identical.

The model estimates a higher increment in post-earthquake traffic volume than was actually
observed. The graphical representation of estimated compared to observed volume-change ratio
in Figure 5-8 shows that, in most cases, the estimated ratio lies above the 45-degree line. In
reality, freeway volumes changed from 20-115%, with an average of 73%, between the baseline
condition and after the Northridge earthquake. In contrast, REDARS estimates the percentage of
post-earthquake volume to pre-earthquake volume to be between 55-120%, with a 95% average.
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Figure 5-8 Comparison of REDARS and Observed Traffic Volume Ratios
(Post-Earthquake/Pre-Earthquake)

For the entire system, REDARS estimates are highly comparable to the observed volumes.
However, REDARS overestimates post-earthquake volumes by approximately 30%. Since
system costs depend on travel time, and the travel time is proportional to the 4th power of the
volume-capacity ratio (BPR function, Section 4.2), a small overestimation in traffic volume
within a reduced-capacity system generates a significant overestimation of the system cost.
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5.5. Traffic Volume Comparison on Local Streets near Collapsed Bridges

While the system-wide network performance (compared with freeway volumes in Section 4.4) is
important to economic losses, local traffic patterns are also an important concern in
transportation network analysis under seismic conditions because of emergency plans for
evacuation and detour routes. In this section, REDARS estimates were compared with observed
traffic volumes on arterials for the La Cienega Blvd and Fairfax Ave area, where two bridge
decks on both directions of the I-10 collapsed. This particular interstate is among the most
traveled freeways within the Southern California transportation system. Consequently, the effect
of damage on this link was considerable.

For this comparison, more detailed sub-regional transportation data was established based on
Tiger street databases from the Census Bureau of the Department of Commerce. The lack of
detailed transportation data is a problem for local level comparisons such as this. After the
Northridge earthquake, Caltrans established two detour routes:

e A small collector road (Apple Street near the I-10 at Fairfax Ave., and Washington Blvd.)
e A service road (near I-5, and SR-14).

However, the SCAG regional network data, used for freeway volume comparison, is not
sufficiently detailed to analyze local traffic, because collector roads are usually omitted. The
final network data that was established is presented in the next subsection, followed by
subsections that review traffic count data, and compare results.

5.5.1 Transportation Data

The network data for the transportation model comprises an area 1.5 miles to the west of
downtown Los Angeles. This area, shown in Figure 5-9, is bordered by Wilshire Boulevard to
the north, Jefferson Boulevard to the south, Robertson Boulevard to the west, and Crenshaw
Boulevard to the east. The collapsed bridges on I-10 are located within the area. The circled
area in Figure 5-9a was extracted and converted to the transportation network data shown in
Figure 5-9b. The network comprises 52 zones (26 internal and 26 external zones), 549 nodes,
and 1553 directional links. This subset network topology (relative locations of links) was
derived from the 1998 Tiger street line data. Link attributes, such as design speed and capacity,
are assigned according to the functional category and population density around the link. For
example, links with function types 1, 2, 6, and 7 and design speeds 55 to 65 miles are assigned to
the freeways (see Appendix B for details).

Travel demand information was extracted from the 1990 SCAG OD database. The OD matrices
were used to develop an OD for the sub-regional transportation network within the study area.
First, the person-trip OD data, organized by trip purpose, are merged into one daily vehicle trip
matrix. From the daily person trip demand, a 3-hour representative matrix is developed on a
daily basis, for the entire 1527-zone region. From the regional OD data, a new small OD matrix
for the 52-zone subregion is created by applying the OD sub-setting method.
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Figure 5-9 Network for the Analysis of Arterial Traffic

5.5.2 Count Data

Immediately after the 1994 Northridge earthquake, the Automated Traffic Surveillance and
Control System (ATSCS) of City of Los Angeles Department of Transportation gathered arterial
traffic volumes for 12 hours (January 18, 1994, from 7 AM to 7 PM). Table 5-3 shows pre-
earthquake and post-earthquake traffic volumes on these arterials.
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Table 5-3 Pre- and Post-Earthquake Arterial Traffic Volumes
(Vicinity of 1-10 at La Cienega Blvd)

Pre-quake February Percent of
Street Segment Volume Volume Pre-quake
Jefferson to 1-10 38,000 38,000 100%
La Brea Ave 1-10 to Venice 35,000 36,000 103%
Venice to Wilshire 35,000 33,000 94%
Jefferson to 1-10 26,000 23,000 88%
La Cienega Blvd | I-10 to Cadillac 54,000 54,000 100%
Cadillac to Wilshire 29,000 26,000 90%
I-10 to Washington 15,000 16,000 107%
; : o
Robertson Blvd Was-hlngton Fo Cadillac 38,000 38,000 100%
Cadillac to Pico 33,000 34,000 103%
Pico to Wilshire 27,000 27,000 100%
La Cienega to I-10 28,000 21,000 75%
Fairfax Ave I-10 to Venice 31,000 22,000 71%
Venice to Wilshire 17,000 17,000 100%
Crenshaw to La Brea 20,000 20,000 100%
0,
Washington Bivd La.Brea to Applle 16,000 14,000 88%
Fairfax to La Cienega 13,000 26,000 200%
West of La Cienega 15,000 13,000 87%
H o]
Adams Bivd Washington to La Brea 13,000 15,000 115%
La Brea to Crenshaw 18,000 18,000 100%
La Brea to La Cienega 17,000 31,000 182%
Jefferson Blvd -
West of La Cienega 17,000 31,000 182%
Crenshaw to La Brea 20,000 20,000 100%
) La Brea to Fairfax 26,000 26,000 100%
Venice Blvd -
Fairfax to I-10 27,000 26,000 96%
South of I-10 41,000 39,000 95%
Crenshaw to La Brea 17,000 17,000 100%
Pico Blvd La Brea to La Cienega 21,000 22,000 105%
La Cienega to Robertson 26,000 27,000 104%
, Crenshaw to La Brea 16,000 16,000 100%
Olympic Blvd -
La Brea to La Cienega 28,000 29,000 104%
. Venice to La Cienega 19,000 19,000 100%
Cadillac Ave -
La Cienega to Robertson 7,000 7,000 100%
Jefferson to 1-10 34,000 34,000 100%
Crenshaw Blvd | I-10 to Pico 27,000 26,000 96%
Pico to Wilshire 24,000 24,000 100%
Apple St Washington to Fairfax 13,000 12,000 92%

Source: Caltrans Northridge Earthquake Recovery Report, 1995, p102.
Pre-earthquake volume = monthly average of Oct. 1993
Post-earthquake volume (February volume) = counted on Jan. 18, 7am to 7 pm.

75



The most significant traffic volume difference corresponds with a segment of Washington
Boulevard where a bridge collapsed. Traffic volumes between Fairfax Ave and La Cienega Blvd
on Washington Blvd doubled. However, other segments of Washington Boulevard show a 87%
decline in volume compared to the pre-earthquake volume. Increases in the volume are also
found on the Jefferson Boulevard, which is two blocks south of I-10. Volumes on Robertson
Blvd, Pico Blvd, Olympic Blvd, and Cadillac Ave increased slightly, or showed no significant
change. Despite abrupt increases in traffic volumes for specific road segments near the collapsed
site, these results indicate that, many corridors did not experience significant volume increase.
In the absence of guided detours (which were not established until February 1, 1994), these
counted volumes reflect drivers’ initial response to an altered network.

5.5.3 Comparison of Local Traffic Volumes

Figure 5-10 summarizes the pre-earthquake and post-earthquake conditions of the observed and
estimated traffic volumes. The user equilibrium model in REDARS estimates pre-earthquake
traffic volumes with a linear trend against observed 12-hour traffic counts’.

The R? value of 0.75 is surprisingly high considering the size of the network data. Precise link
volume estimation requires a highly disaggregated zone system. Various combinations of zone
pairs could generate results close to observed changes in link volume. In the SCAG
transportation network shown in Figure 5-5 and Figure 5-6, the ratio of the number of links to the
number of transportation analysis zones is 14. For the network used in this comparison, it is 29
(1,553/52). An amplified link to zone ratio implies that a greater number of routes connect the
zones, and link volume is determined by a few interchanges between zone pairs. Considering
this condition, 75% of accuracy is promising.

Unlike the pronounced linearity between baseline and pre-earthquake conditions, the REDARS
model predicts only 45% (R2=0.4503) of the post-earthquake arterial volumes. As shown in
Figure 5-10b, the low R value® implies that additional random factors influence traffic volumes
including uncertainty in whether drivers make trips and which routes they choose. REDARS
cannot account for these factors.

The change in travel demand following the Northridge earthquake is a possible cause for the
deviation between REDARS and observed values. As shown in Figure 5-7, the slopes of
estimated and observed volume for both pre-earthquake and post-earthquake conditions on the
freeway are stable at approximately 0.35. However, the slopes are 0.28 and 0.43 respectively for
the arterial streets. This implies post-event volume was overestimated relative to pre-earthquake
volume. One simple explanation for overestimation of post-earthquake volume is that the
transportation model does not consider demand deformation due to a disaster or a reduced
capacity. The following section further addresses the effect of reduced capacity.

" If the outlier point (volume from I-10 to Cadillac on La Cienega) is left out, the R? drops to 0.5986.
¥ If the two outlier-points are left out, the R* drops to 0.2846.
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Figure 5-10 Arterial Volume Comparison

5.5.4 Volume Change Ratios

To compare REDARS results with observed data, a ratio was calculated between volumes before
and after the earthquake. In spite of the different time-base of these datasets, the estimated
volume-change ratio should be comparable to the observed volume-change ratio. Volume-
change ratios are depicted in two different ways by Figure 5-11. Figure 5-11a shows that the
linear relationship between REDARS and observed volume-change ratios are not strong with R
=0.65.
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However, Figure 5-11b also indicates that the estimated volume-change ratio is consistently
higher than the observed ratio. When compared with the pre-earthquake volume, only 33% of
the locations observed had more than a £10% change in observed traffic volume. Traffic volume
counts at four locations increase up to 200% after the earthquake and volumes at six locations are
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reduced compared with the pre-earthquake volume. From these results, REDARS estimates do
not agree with observations. As Figure 5-11b indicates, REDARS generates only 12 post-
earthquake link volumes that match the observed data to within 10%. The remaining link
volume estimates are extremely high, ranging from 50 to 1,100% of the pre-quake traffic
volume.

Unrealistic overestimation for post-earthquake volume was also noted during tests with the toy
network. In Section 5.3, the toy network volume increment for links adjacent to the damaged
segment is more than 300% of the pre-earthquake volume. Since the two estimations (with toy
network and real-world network) agree with each other, tendency for overestimation for post-
earthquake volume is consistent. In the observed data, the arterial traffic volumes actually
remained very stable even though the bridges were collapsed.

A logical inference is that the system-wide reduction in total travel demand after an earthquake
creates post-earthquake volume stability. A possible explanation for this reduction in the travel
demand is reluctance to travel due to the increase in congestion levels. Driving ensues from
various activities such as working and shopping. After a seismic event, the benefit from any
given activity is uncertain and drivers lack information on road conditions, capacity, and
increased travel times. If the uncertainty associated with travel cost exceeds the benefit from the
activity, people might decide not to travel.

In the estimation of equilibrium traffic volume, the travel demand data (OD matrix) developed
for the pre-earthquake condition is applied to the post-event network. REDARS assigns all
demand to the network, regardless of whether the travel cost generated is realistic. REDARS
should allocate demand to various alternatives, rather than concentrating demand on certain
advantageous routes with reduced capacity. Overall, the volume estimated dramatically
increases. In reality, this situation would not materialize, since demand cannot exceed capacity
(although this can happen in the REDARS results) and drivers might postpone making trips
under such high levels of congestion.

5.5.5 Effects of Detours on Results Deviations

Examining the pattern of estimated volume changes on specific routes reveals some important
features of REDARS. From the observed data after the earthquake, traffic volumes on most
routes decrease, while volumes on Olympic Blvd, Pico Blvd, Robertson Blvd, and Jefferson
Blvd remain unchanged or increase insignificantly. According to this finding, drivers appeared
to take longer detours to avoid the area surrounding the damaged location, causing the total
system demand in the system to fall.
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Figure 5-12 Travel Routes Following the Northridge Earthquake

In contrast, REDARS allocates the demand to localized or adjacent alternative routes to the
closed route. Although REDARS estimated significant increases in the volumes on Jefferson
Blvd, and Pico Blvd, the most apparent deviation of REDARS from the observed results is the
rapid increase of volume on Washington and Venice Blvd. These are the two closest modeled
corridors to the collapsed bridges and, as such, provide shorter travel times than the other routes.

The effects of this preferential route allocation were also observed in the toy network. The user

equilibrium model works under the assumption that drivers have perfect information about the
traffic situation, creating marginal changes in travel time when they change their route. Since
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the observed data was recorded the day after the earthquake, drivers did not have time to adjust
their routes due to condition. This discrepancy between the assumption that drivers have perfect
information and reality may account for the difference between REDARS and observed traffic
patterns. The inclination to avoid the damaged area is not modeled in the user equilibrium model
of REDARS.

5.6. Effects of Inaccurate or Missing Network Attributes

In general, the reliability of modeling results improves with data accuracy. However, extremely
accurate data is more expensive to produce or obtain. In general, transportation data are
available from regional and federal agencies. Regional planning organizations develop network
data for their own analytical purposes, which is of acceptable quality for REDARS. However,
since there is not a standard format for transportation data exchange, compatibility problems may
arise with respect to issues of accuracy, detail, and data format. Federal transportation data is
also useful, as it provides extensive information for all US territories in a standard format.
However, its compatibility with mathematical models, such as the one implemented in
REDARS, is sometimes limited because network attributes required for analysis such as free
flow speed and capacity may be absent. Additionally, this data needs to be formatted for
modeling purposes, which is a costly process.

Knowledge on the effect of less accurate data on results is useful to validate the reliability of the
analysis. To investigate the importance of accurate network data, the REDARS transportation
network model was tested using modified network data with respect to missing links, and
incorrect attributes. Results from the model were then compared with observed conditions.

5.6.1. Network Scenarios

This section presents several test scenarios with modified transportation network data. The
following six network scenarios are analyzed for comparison with the observed traffic volumes:

Scenario 1: Unique free-flow speed and capacity are assigned according to the Highway
Performance Monitoring System (HPMS) link classifications.

Scenario 2: For all local streets (except centroid connectors and freeways), the same free
flow speed (30mile/hour) and capacity (700 pce/lane) are assigned, regardless of the link
classification.

Scenario 3: For all local streets except centroid connectors and freeways, randomly
generated values are assigned with a uniform distribution. The ranges are 25-40 miles/hour

for free flow speed, and 400-800 pce/lane for capacity.

Scenario 4: All collectors are taken out of the network provided that they do not directly link
zone centroids to the network. The same link attributes are assigned as in scenario 1.

Scenario 5: All collectors are taken out of the network unless they do not disconnect zone
centroids if removed. The same link attributes are assigned as in scenario 2.
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Scenario 6: All collectors are taken out of the network, unless they do not change the
connectivity of the zone centroids if removed. The same link attributes are assigned as in
scenario 3.

Table 5-4 Link Attributes for Subset Network

Link Classification Fr(el\(/TiI]lz\/NH?)?ﬁ;ad (ché’/?_(g;ye)
Centroid connectors 20 10,000
Freeway 60 2,000
Ramp 40 600
Major arterial 35 800
Minor arterial 30 600
Collector 25 400

The principal difference between scenarios 1-3 and scenarios 4-6 is network size. In the first
three scenarios, the network attributes such as free flow speed, and capacity are disturbed for
1,553 links. Link attributes are not always readily available from data sources, and the user
might assume values. Scenarios 4-6 are simplified subsets from scenarios 1-3 where local
collector roads have been eliminated. Collectors represent small roads in blocks, and usually
have low capacity and free flow speeds. In the model, collectors may be removed to simplify the
network unless eliminating the collectors affects zone-to-zone connectivity. Scenarios 4-6 have
1,293 links and the network connectivity is intact.

5.6.2 Results of Comparison for an Unsophisticated Network

Table 5-5 summarizes results for the six scenarios. The R” values reveal several regularities.
First, R? values corresponding with the volume-change ratio in column C are consistently higher
(for all scenarios) than the R* for post-earthquake volume estimations in column B. It may
therefore be deduced that the model is not particularly sensitive to the complexity of network
data.

The results also suggest that simplified networks perform better than more complex ones, with
R? values for Scenarios 4-6 notably higher than for Scenarios 1-3. The only difference between
these groupings is the exclusion of the collector links in Scenarios 4-6. For areas with plenty of
redundant capacity, simplified networks might perform better.

Overall, differences in R? between the base network, (with finely tuned attributes), and the
network with incomplete link attributes, are not significant for the pre-earthquake volumes
(96%-71% of baseline estimation). For the post-earthquake volumes, R? for an unsophisticated
network volume is similar to the base network (Scenarios 1, 4 Table 5-5). If this degree of
difference can be generalized, predefined link attributes can be used, without the time consuming
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editing of attribute values. These preliminary tests therefore suggest that for urbanized areas,
REDARS performs better with simplified networks. This assertion is a subject for further
testing.

Table 5-5 R? for Volumes from Unsophisticated and Observed Network Volumes

R?: Pre-earthquake R?: Post- R?: Volume-
Scenario volumes earthquake volume Change Ratio of
(A) (B) After/Before (C)
1 0.5998 0.3824 0.6051
2 0.5314 0.2468 0.5604
3 0.5916 0.3015 0.4193
4 0.6267 0.3906 0.6221
5 0.7200 0.3341 0.5682
6 0.6352 0.3780 0.4286
Base Network 0.7475 0.4503 0.6526

5.7 Summary

Tests with the toy network user equilibrium model generally corroborated REDARS estimates of
route choice behavior under reduced network capacity. The model estimates the diversion of
traffic after bridge collapse. However, the increment of traffic on routes immediately adjacent to
the damaged bridge is highly overestimated.

REDARS results and observed data for system-wide freeway volumes were compared. The
model estimates higher post-earthquake traffic volumes than were actually observed. The ratio
of average estimated volume-change ratio to average observed volume-change ratio yielded an
overestimation factor of 1.3 (0.955/0.734). The estimated volume-change ratios for local street
level conditions are higher than for the freeways. Traffic volumes observed at 36 locations near
the La Cienega-Washington intersection show an increase in volume of more than 200%
compared with pre-earthquake traffic. For local roads, REDARS results in an overestimation for
the entire study area of 2.5 (2.650 / 1.053) for the ratio of average estimated to observed volume
change. The highest factor of overestimation for any one location was 5.5 (1108% / 200%).

REDARS highly overestimates post-earthquake traffic volumes, which were observed to be
relatively stable. In a transportation system with reduced capacity, traffic volume can be stable
when demand is reduced proportionately to the capacity reduction. However, REDARS uses a
single travel demand for both of pre-earthquake and post-earthquake conditions. Estimated post-
earthquake route choice behavior does not match observations. While drivers took longer
detours to avoid areas surrounding collapsed bridge sites, REDARS assigned a significant
portion of detours to links next to the closed route.
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SECTION 6
ECONOMIC LOSS MODEL

6.1 Introduction

This section reviews and summarizes the REDARS economic loss model. When an earthquake
occurs, increased traffic congestion levels within the network system increases travel costs. The
difference between pre-earthquake and post-earthquake travel times has an associated social cost.
The economic loss model aggregates and translates this indirect social cost into monetary terms.
Economic loss thus becomes a function of the severity of damage, the duration of link closure,
and the congestion level. Performance of the REDARS methodology as a whole (models of
bridge fragility, traffic state, and network) may therefore be judged by comparing results
generated by the economic loss model (in US$) with recorded losses from the Northridge
earthquake.

The following sections discuss the economic loss model:

e Section 6.2 reviews the structure of the economic loss model

e Section 6.3 compares REDARS economic loss estimates with those of Caltrans for 1994
Northridge earthquake.

e Section 6.4 reviews the probability distribution of the economic loss, based on the
simulations of 217 system states (see Section 3.3).

6.2 Model Structure

The increment in traffic delay relative to the baseline delay time is converted to a monetary cost
using a two-stage process. First, the daily travel cost for a given number of days after the
earthquake is calculated, based on the network-wide system delay. And, its increment from the
pre-earthquake network delay is calculated. The positive daily travel costs are then aggregated
over the duration of the system recovery to give an economic loss measure.

As shown in Equation (12), total daily travel cost in US$ (Cror) is the sum of passenger and
freight travel costs, together with additional gasoline costs. The increment in the system-wide
travel time (X;) is the sum of increments in passenger and freight shipment travel time, which
have incomparable values of time (VOT). For passenger trips in cars, vehicle occupancy
(passenger per vehicle, X2) and gasoline consumption (X6) are also considered:

Cmr = C1+C2+C3 (12)
Ci=XixXox Xy

Cry=X; x (I-Xz) X Xz X Xs

Cr=X; x Xs

Xi: increase in total system-wide travel time (in units of hours) over a 24-hour time

period at a given time after the earthquake
X,: proportion of truck traffic to total traffic
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Xj: vehicle occupancy rate for automobile traffic
X4: economic cost of delay for trucks

Xs: economic cost of delay for person

Xe: cost of excess fuel per hour

The economic loss model in REDARS calculates daily costs at time periods of 7, 60 and 150
days after the earthquake. Once the increment of daily travel costs from the pre-earthquake
condition for the predefined time-periods are calculated, all the increments are aggregated into an
economic loss. This aggregation procedure is not programmed into the pre-beta version of
REDARS.

Figure 6-1 demonstrates how the total cost is equivalent to the area below the lines that connect
the increment of daily travel costs of these three time periods. The increment of daily travel cost
is assumed to remain constant between immediately after to 7 days from the earthquake.
Extrapolating the line that connects the points of the 60 and 150 day travel costs to meet the X-
axis gives a point in time when daily travel cost is equivalent to the pre-earthquake baseline cost,
1.e., no increment of travel cost.

Since REDARS uses a three-point estimate, infinite economic loss is a possible result. This
occurs when the daily travel costs for 60 and 150 days are equal. Since the extrapolated line then
is parallel to the X-axis, the area below the line is infinite. To prevent the estimation of infinite
economic losses, the duration of recovery is assumed limited to 500 days.

A

$

\

o4

7 60 150 Days
Figure 6-1 Economic Loss Over Increasing Time-Periods
6.3 Comparison of Economic Loss Estimations by REDARS and Caltrans
This section compares REDARS loss estimates to the Caltrans estimation for direct economic
loss from transportation disruption due to 1994 Northridge earthquake. The Caltrans estimation
is basically accounting for additional travel cost —as a result of the collapse of bridges around the

following three locations:

e [-10 on La Cienega-Washington.
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e Interchange between I-5 and SR-14.
e SR-118 on Gothic Ave - Bull Creek bridges.

While the Caltrans estimation was limited to those three collapsed areas, REDARS estimation
considers the effects of system-wide bridge damage.

Based on the coefficients for converting the delay time to a dollar value suggested by Caltrans’
and SCAG'’, REDARS estimates the total economic loss. Table 6-1 presents the related

coefficients and their sources, and Table 6-2 shows the intermediate calculations.

Table 6-1 Coefficients and Data Sources for the Economic Model

Coefficients Value Source

- 1997 Model Validation & Summary from SCAG
X2 | Proportion of truck traffic 0.04 - Heavy Duty Truck Model and VMT Estimation from

SCAG.
X3 | Vehicle occupancy rate 1.46 1990 OD Survey from SCAG
X4 | VOT of a truck $19.20
Xs | VOT of a person $6.0 :cgréﬁr)ldge Earthquake Recovery Report, Caltrans
Xe | Gasoline price per hour $1.1

In Table 6-2, column A shows the REDARS transportation model estimates. The REDARS
economic loss model converts the system-wide travel time to economic values for each time
period (column B), and calculates the difference from the baseline economic values (column C).
The time before the transportation system would be fully recovered was estimated to be 158.94
days after the earthquake, according to the gradient between the variations of economic values
for 60 days and 150 days. Based on the intermediate calculations, the model estimates
$1,099,741,347 of direct economic loss (approximately $1.1 billion).

? Caltrans (1995), Northridge earthquake recovery report - Final comprehensive transportation analysis
' SCAG, 1997 Model Validation & Summary
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Table 6-2 Calculation of Economic Loss in REDARS

System-wide Economic value of Variation of economic
travel time travel time value from baseline
(hours / day) ($1,000 /day) ($1,000/day)
(A) (B) ()
Baseline 2,083,974 20,938 -
7 days after 4,398,674 44,194 23,256
60 days after 2,504,081 25,159 4,221
150 days after 2,121,926 21,319 381

The actual social cost to Los Angeles drivers was much lower than REDARS predicted. Caltrans
estimated daily delay costs while detours were in place of $0.23 - $1 million for the three
locations with collapsed bridges (on I-10, SR-118, and I-5/SR-14). By assuming that the delay
cost is twice as much before the detours were established, and that route choice is based on the
personal experiences of the drivers, the total delay cost is estimated to be $220 million (Table 6-
3). Apart from the three collapsed bridge locations, Caltrans did not evaluate the economic
impact due to less than severely damaged bridges that recovered quickly.

Table 6-3 Delay Cost Per Bridge Collapse After the Northridge Earthquake

Location Days before Days Detour Delay cost per days | Total delay cost up to
Detour Opened used during detours used | the bridges reopened
I-10 11 70 $999,000 $91,908,000
109 (I-5)
I-5/SR-14 14 160 (SR-14)* $436,000 $70,850,000
SR-118 0 228 $238,000 $54,264,000
Sum $217,022,000*

Source: Caltrans (1995) Northridge Earthquake Recovery Report — Final Comprehensive Transportation
Analysis

* Delay cost before detours were opened is assumed to be twice of the cost incurred once the detour
was in use. For the period after I-5 was opened but the SR-14 detour was still in use, 50% delay costs
were assumed.

The discrepancy between REDARS results and Caltrans loss estimates may in part reflect
differences in coverage. While Caltrans focused on daily costs surrounding the three collapsed
bridge locations, REDARS estimates network-wide economic loss. Although the effect of a link
closure diminishes with network distance, the effect from collapsed bridges should not be
discounted in this case because the three segments of closed links play very important roles in

88



operations, and their effects were system-wide. For example, the I-10 accommodates the
heaviest daily traffic volume in Southern California, and the area around I-5 / SR-14 intersection
provides very little redundancy. Thus, the effects of damage in both of these locations are
significant throughout the network. Given that Caltrans estimates do not consider network-wide
impacts, the $220 million of observed losses should arguably form the lower boundary for
economic loss calculations.

REDARS does not consider several significant economic loss items that, on the basis of the
Northridge earthquake, have a major impact on the indirect social cost. These include:

= Effects on production activity.
= Repair cost of bridges.

Production activity is affected by difficulties experienced in goods transportation. Higher
transportation costs lead to increased input prices, and a reduction in output. The impact on
production propagates across the economic system, due to strong industrial linkages between
sectors. The repair cost of bridges qualifies as a social cost, because the highway system is a
‘public good,” and its maintenance requires public revenue. However, repair subsidies from
outside the region serve as a ‘foreign investment,” that might have a positive effect on the
regional economy.

6.4 Distribution of Economic Loss

As noted in section 3.2, 217 system states were developed using the REDARS bridge fragility
model. These system states were analyzed sequentially in REDARS to calculate economic loss.
This section provides further investigation into the distribution of the economic loss estimates.

Figure 6-2 shows the distribution of economic losses for the 1994 Northridge earthquake
estimated by REDARS SRA methodology. The economic loss follows a stepped distribution,
with each step of the curve near horizontal or flat. Economic losses range from $34 million to
$1,735 million. 65% of the simulations have an economic loss of roughly $1,200 million (point

a).
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Figure 6-2 Distribution of Economic Losses Estimated for Northridge Earthquake

This stepped distribution corresponds with the profile of daily travel costs for each time period
(see Figure 6-3), which is estimated by the transportation network model. Although the
remaining bridge capacity has a continuous profile (see Figures 4-2 and 4-4), the transportation
network model estimates discontinuous system cost increments.

Two explanations are possible for the discontinuity in system-wide travel time estimation, and as
a result, the economic loss distribution.

First, the links and bridges have a one-to-many relationship. Therefore link capacity does not
necessarily correspond directly to remaining bridge capacity. The link capacity is instead
determined by the particular damaged bridge that has the smallest remaining capacity. Under
such a condition, ‘one more’ bridge closure does not cause an additional reduction of link
capacity.

Second, the effect of link closure on travel cost is nonlinear. Link usage differs according to the
spatial concentration of demand. Freeways surrounding central business districts are used more
than those in outlying areas. The effect of two link closures on travel cost is not twice that of one
link closure. Closing an important, heavily utilized link may have a greater impact on the system
cost than closing a redundant link.

If network configuration has an explicit relationship with the economic loss, categorizing the
network configurations with respect to which important bridges are damaged, would simplify the
seismic risk analysis procedure. Once causality between the economic loss value and the
network configuration (or importance of links prior to the analysis) is established, the economic
loss may be approximated, without running the time intensive traffic model.
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Figure 6-3 Distribution of Estimated Daily Travel Costs for Northridge Earthquake

Development of a probability distribution would be another way to simplify the analysis process.
A cumulative probability distribution of the economic loss can be developed, based on the
stepped economic loss distribution. Together with the aggregated economic loss, daily travel
costs for each of the time-periods are converted to a probability distribution, using a form of
sigmoid curve. For example, Figure 6-4 shows the cumulative probability distribution of the
economic loss estimate, overlaid with a best-fit Logistic curve. Developing this type of
probability distribution before running the transportation network model would simplify the
REDARS economic loss estimation process.
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Figure 6-4 Cumulative Probability Distribution of Economic Loss for Los Angeles Transportation
Network

6.5 Summary

In this section, the REDARS economic loss model was compared to the Caltrans estimation for
1994 Northridge earthquake. Using an identical set of coefficients, REDARS estimates $1.1
billion loss, while the Caltrans estimation is about $220 million. Since the Caltrans estimation
focused on the additional detour costs around the three sites of collapsed bridges, its estimation
should be regarded as a lower bound of economic loss from Northridge earthquake.

Estimated economic losses from stochastic analysis of REDARS are distributed in steps.
Therefore, simulated network configurations can be categorized into each of the corresponding
groups (or steps). This is due to the nonlinearity between bridge damage states, link
functionality, and system-wide travel cost. Categorizing system states would support the
possibility of a systematic approach to reduce computing time for estimating economic loss,
without running the costly transportation analysis model for every network configuration.
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SECTION 7
KEY FINDINGS AND RECOMMENDATIONS

7.1 Key Findings

The REDARS software program estimates the economic impact of earthquakes on transportation
networks by evaluating damage to bridges and modeling subsequent impacts on traffic flow.
The component models in REDARS:

Estimate ground motion from a given earthquake.

Calculate bridge damage states from the given ground motion.

Convert the bridge damage states into traffic states.

Analyze additional travel costs under damaged network configurations.
Aggregate the increased travel cost into an economic value.

Each of these component models are reviewed and evaluated in the present study. The following
sections summarize overall performance, as well as findings from each of component models.

7.1.1 Overall Performance of REDARS

In general, the results indicate that REDARS is a conservative tool for seismic risk analysis of
transportation networks. Tests establish that REDARS responds stably and linearly to the
variation of some input variables. REDARS estimates are higher than observed values with
respect to the number of damaged bridges, duration of bridge closures, traffic volume on freeway
and local streets, and most importantly, economic loss. Further study revealed that over-
estimation of the severity of bridge damage propagated throughout the process.

Estimation errors from the bridge fragility, traffic state and transportation network models
cumulatively influence the economic loss computed by REDARS. Figure 7-1 summarizes the
performance. Twice the number of damaged bridges, longer bridge closure durations, and up to
three times higher link traffic volume estimates, results in five times higher economic loss than
actually occurred after the Northridge earthquake. In addressing this overestimation, the bridge
fragility and transportation network models require further detailed review.

While the current structure of the traffic state model and economic loss model are simple—
aggregating the delay costs produced by other model components—these two models were
developed on the basis of concrete theories, and improvement of the component models might
require serious debates. Due to the sequential structure of REDARS, bridge fragility and
transportation network models are also important independently.

However, the results require careful interpretation because they are generated from only one
particular event (the 1994 Northridge earthquake), in a single location (Southern California).
The results may not be transferable to other locations or events with different characteristics
(intensity).

Detailed findings are presented below for each model component, as computed using TriNet
ground motion data (released on March 7, 1997).
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Figure 7-1 Overall Performance of REDARS

7.1.2 Bridge Fragility Model

The fragility curves developed by REDARS are similar to Mander fragility curves. The
difference in the inflection points is due to the low uncertainty for spectral capacity, and
different probability distribution implemented in REDARS.

REDARS estimates higher fragility than observations from the 1994 Northridge earthquake,
in terms of the number of damaged bridges. The model estimates 363 damaged bridges out of
940 bridges, seven days after the earthquake. 190 out of the same 940 bridges were actually
damaged immediately after the earthquake,

Observation-based fragility curves are less than 2-standard deviation from the mean fragility
estimated by the REDARS probabilistic analysis when ground motion input (spectral
acceleration at 1.0 second) is higher than 0.4g. Therefore REDARS estimation of bridge
fragility is significantly higher than reality, specifically when on-site ground motion is high.

Model results are highly dependent on various uncertainties that are not considered in the
methodology. These uncertainties include: the probability distribution of the observed
displacements of the structural components; material strength for bridges; estimation errors
of on-site ground motion, the soil amplification factor, and the AASHTO spectral response
shape.
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The difference in the ground motion data for REDARS has a significant effect on results.
Fragility curves based on TriNet PGA (released on March 7, 1997) do not match those based
on USGS PGA (OFR-197-94).

Lack of independent consideration of retrofitted bridge performance is one reason for the
overestimation.

When a scale factor is used to modify the ground motion input in REDARS, the estimated
number of damaged bridges changes linearly to the factor. When the factor is 0.5 - 0.6, the
predicted number of damaged bridges matches the number observed. Based on this finding,
the bridge fragility model in REDARS overestimates the number of damaged bridges by a
factor of two for the 1994 Northridge earthquake.

7.1.3 Traffic State Model

For the Northridge scenario, REDARS estimates 10% of the 940 bridges will have less than
20% of their design capacity seven days after the earthquake. In addition, the residual
capacity on the damaged bridges after 60 days is similar to that computed after seven days.
This finding is unrealistic. In reality, observed recovery durations exhibit substantial
variation.

A possible reason is overestimation of damaged bridge frequency and the severity of damage
by the bridge fragility model. Actually, to the observed bridge damage states, the traffic state
model slightly underestimates the rate of reduction in bridge functionality. For example, only
seven bridges (0.7% of 940 bridges) were estimated to be severely damaged for the first two
months, and not fully recovered even five months later (point ¢ and d), while in reality, 20%
of 190 damaged bridges were closed more than 15 days after Northridge earthquake.

7.1.4 Transportation Network Model

For the volumes on freeways in a region-wide transportation network, REDARS results and
the counted volume are highly similar. The R® are 0.93, and 0.81 for pre- and post-
earthquake network configurations respectively. Comparing volume-change ratios (post-
earthquake volume: pre-earthquake volume), REDARS results show a linear relationship
with actual observations.

Observed traffic flows immediately after the Northridge earthquake show that traffic demand
in the sub-regional network declined, and therefore the volumes on the intact local arterials
exhibited little change, although no traffic was allowed on closed freeway links. However,
REDARS wuses identical travel demands for both pre- and post-earthquake network
configurations, which is unrealistic.

REDARS predicts that local link volume changes may exceed by 10 times the pre-earthquake

volume, which is not possible in reality. These results are obtained because the model does
not restrict link volume up to its capacity.
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e REDARS results demonstrate that the links immediately adjacent to the collapsed bridge site
have comparative advantages over the other links, in terms of travel time. Those links are
estimated to be heavily used in a post-earthquake situation. Immediately after the Northridge
earthquake, observations show that drivers took long detours to avoid collapsed bridge sites.
This finding proves that the transportation model in REDARS does not correctly account for
travelers’ response to the earthquake-damaged network.

e Variations in the link attributes, such as free flow speed and capacity, do not have a
significant impact on REDARS results. In general, performance of the transportation network
model is more effective where the network comprises fewer links.

7.1.5 Economic Loss Model

e The economic loss model estimates $1.1 billion as the direct cost due to increased traffic
congestion levels from the 1994 Northridge earthquake. Actual observations and data show
the total cost to be $220 million.

e Estimated economic loss from damaged transportation network distributes with steps, in spite
of the system states (bridge damage state), which distribute continuously. The step-wise
distribution is due to nonlinearity between bridge damage state, link functionality, and
system-wide travel cost. Based on this finding, all network configurations can be categorized
into a limited number of groups for each economic loss step.

Table 7-1 summarizes the key findings from the components models.
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Table 7-1 Summary of Key Findings

How different from the
observation

Why different

How sensitive to input

Bridge fragility
model

The model estimates 363
bridges damaged, while
190 bridges were damaged
due to Northridge
earthquake

Observed fragility is lower
than 2-standard deviation
from the mean fragility of

the model result

0 Uncertainties from

- Observed displacements

- Material strength

- On-site ground motion

- Estimation of soil
amplification factors

- AASHTO spectral response
shape

o Difference in ground motion
data sources for calibration
and validation of the model

o In terms of the number
of damaged bridges, the
model results are
linearly sensitive to a
scale factor applied to
the ground motion input.

o The model results match
with observed data
when the scale factor is
0.5~0.6

The model estimates 91
bridges (9.6%) have less
than 20% of the original
capacity, while 7 bridges
collapsed in reality

o0 The model results cannot be
generalized because of:
- The lack of calibration data
- Wide variation in terms of
closure duration in the

o The model tested with
observed bridge fragility
to isolate the effect from
bridge fragility model

;\I'/Irafflclz State immediately after the available data o Traffic states were
ode earthquake slightly underestimated
than observed.
Overall the duration of
capacity reduction is longer
than observation
Volume changes between |0 The model does not take into |0 The model results are
pre and post earthquake account the reduction in not so sensitive to
conditions are travel demand unsophisticated network
overestimated by 30% for attributes such as the
system wide freeway o Route choice relies only on free flow speed, and the
volumes, and 150% for the travel time. capacity when
local street volume near a considering the pre and
) collapsed bridge site. post-earthquake volume
Traffic Model changes.
The model estimates the
links adjacent to the closed
bridge is the best
alternative detour, while in
reality, volume increments
are observed in a wider
area.
Model estimates 5 times o In the model, the whole N/A
higher social cost region was included in the
increment from the travel cost calculation, while
baseline condition in reality, designated
Economic boundaries are considered
Loss Model around the collapsed bridges

o Errors from other models
affect this model results
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7.2 Recommendations

To enhance the reliability and quality of the REDARS results, the component models require
some improvement. Selected recommendations for future development and improvement, based
on the key findings of this evaluation, are as follows:

e When publicly available ground motion data is used, various uncertainty factors need to be
considered. The original methodology in REDARS considers several uncertainty factors
throughout the procedure (uncertainties for attenuation of ground motion, soil amplification
factors, and spectral capacity). However, if external ground motion data is used, the spectral
capacity is the only uncertainty factor considered. The median PGA value estimated should
be verified for this condition.

e Uncertainty factors in the bridge fragility model require further investigation. For example, it
appears that the model is calibrated with the assumption that the available ground motion is
deterministic. The fragility model can be refined by the consideration of stochastic
characteristics from various observations.

e Designation of a ground motion data source in calibration and application of a bridge
fragility model is required. Results from the bridge fragility model vary widely, depending
on the ground motion data used. The development of a more flexible model should enable it
to be used with various sources of ground motion data. However, in situations where such a
model is not readily available, it would be recommended to designate a single source of
ground motion data for the development, calibration, and application of the model.

e Results of the REDARS models are very specific to one event, in a particular location and
are optimized by employing the data used during original model calibration. There are
unified data sources available, such as the TriNet data, and the models using data sources
other than those employed for calibration, should be recalibrated. Alternatively, there should
be systemic methods for converting ground motion data from one source to match with a
different source such as applying simple scaling factor.

e For the traffic state model, further research is required concerning the relationship between
the importance of a link and the duration of bridge closure. Pre-earthquake traffic volume is
an index to measure the importance of any particular link. Currently, the severity of damage
and number of designed lanes are the parameters that determine the duration of bridge
closure. However, it is reasonable to assume that if one link is more important than the
others, repairs for the bridges on that particular link would be expedited.

e In the transportation network model, travel demand should be sensitive to the level of
congestion. There was a reduction in the travel demand around collapsed bridge sites
following the Northridge earthquake. Therefore the congestion levels did not change
significantly though the system lost its capacity. However, in REDARS, one fixed demand
(OD) is used in both the pre and post-earthquake networks. REDARS results generate an
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unrealistic increment of link volumes in the post earthquake network. To produce realistic
results, the model should account for the post-earthquake travel demand reduction.

e Investigation of a more realistic route choice model in the post earthquake network is
required. For the Northridge case, wide and long detours were observed. Regardless of the
additional travel time required for the longer detours, drivers chose to avoid collapsed bridge
sites. The traffic model fails to demonstrate this behavior. Research is required concerning
other types of path-finding algorithm that can account for such stochastic behavior.

e The transportation network model should be consistent with the other component models, in
terms of running time. The bridge fragility and traffic state models take less than a few
minutes to generate several hundred system state data files, while the transportation network
model takes more than 8 hours to analyze them. This long and inconsistent running time can
hinder the use of REDARS. Improving the algorithms and/or simplifying the procedures can
reduce the running time.

e (Categorization of the network configurations would be a way to simplify the seismic risk
analysis procedure. The economic loss analysis from 217 simulations reveals that the
distribution of the social costs can be grouped into fewer than ten categories. Once causality
between the US$ value of economic loss and the network configuration, or importance of
links prior to the analysis is established, economic loss could be estimated without running
the time intensive traffic model.

e Other significant cost items need to be included in the earthquake economic loss model.
Repair cost of damaged bridges, and business interruptions due to high transportation cost
could prove top be important in the calculation of a thorough economic impact.

These findings and recommendations are specific to the 1994 Northridge earthquake and for
southern California conditions. The validity of REDARS for other events and locations with
different networks cannot be evaluated with any certainty. To generalize the findings, further
investigations are required. These should include various network configurations, composition
of soil types, different intensity and location of the earthquake events.

In addition to the generalization of the findings, parameter sensitivity analysis is required.
Sensitivity tests for some of the component models are performed in the present study.
Parameters are modified to investigate the effects on intermediate results for the component
models. However, the degree to which each parameter affects the estimation of the economic
loss remains uncertain. Unless the sequential structure of REDARS constituent models is
revised, errors from each component will have a cumulative effect on the economic loss
estimation. Each of the component models contributes to the existing differences between model
results and actual observations. By investigating the combinatorial effects on the economic loss
estimations, key parameters and their contributions to the results should be identified.
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APPENDIX A
CALCULATION STEPS FOR REDARS FRAGILITY MODEL

The project team reprogrammed the bridge fragility model of REDARS methodology in
Microsoft Excel. This was done to use external ground motion data from the Northridge
earthquake, instead validating REDARS with a ground motion attenuation model for the mid-
west United States. This appendix provides detailed procedures implemented in the
spreadsheets. This independent implementation of REDARS SRA methodology from its
developers should be verified.

Incorporating the REDARS methodology into a spreadsheet involved the 13 steps outlined
below, which are documented in full by REDARS Technical Report (MCEER-00-0014).
Several departures from the exact procedure should be noted. Steps relating to calculation of the
demand surface motion (on-site ground motion) are either omitted (Steps 1, 2 and 11), or
replaced (Steps 3 and 4) using observed TriNet ground motion data and mathematical
calculations to convert bedrock to surface motion.

Step 1. Calculate bridge distance from the earthquake epicenter (in kilometers)

R=\{x,~x,)" +(v. ~,)’} /1000

- X, Ve : coordinates of epicenter in meters
- Xp, Vb : coordinates of bridge in meters

- Coordinates are State plane in meter
- Assumed 10km in depth for the Central US
- Note: this step is not used for the Northridge earthquake

Step 2. Calculate deterministic bedrock motion

InY=C,+C, M, +C, ~ln(\/R2 +H? +0.O6-exp[0.7~MW])+ CANR+H’

- Y = Bedrock spectral acceleration at each of times of 0.0, 0.3, and 1.0 second

- () to C4=Regression coefficients of Table 27 in Werner et al. (2000)

- M, = Moment magnitude of earthquake

- R = Distance from earthquake source to bridge site, including minimum source-site
distance for NEHRP soil types D and E

- H=Focal depth of earthquake, assumed to be 10km for CUS

- Note: for the Northridge earthquake scenario, TriNet ground motion data for surface
shaking is converted to bedrock motion, using the Soil Amplification Factor (see
Section 3.3)
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Step 3. Calculate soil amplification factors

In(SAF)=a-Y(T =1t)+b

SAF = Deterministic estimate of the site amplification factor

a,b = Regression coefficients of Table 30 in Werner et al. (2000)

Y (T=t) = Sample acceleration calculated in step 2

Note: for the Northridge earthquake scenario, amplification factors are used
according to NEHRP soil type, defined in Table 4-10, HAZUS 99

Step 4. Calculate demand surface motion

Y!

'=Y - -SAF

Y’: Deterministic ground surface motion

Y : Deterministic bedrock motion calculated in Step 2

SAF: Deterministic soil amplification factor calculated in Step 3

Note: for the Northridge scenario this Step is replaced by using the TriNet ground
motion data

Step 5. Calculate median PGA for standard bridges by damage state

Group bridge structure type based on following parameters, as defined by Table 36
and 37 in Werner et al.(2000)

0 NBI class

0 Applied design standard according to built year and location

0 Seismic design if built after 1990 outside of California, or 1975 in California

0 Damage state

For the bridges where damage state 2 is governed by short period (0.3 second),
median PGA values are multiplied by —1 for simple identification.

Step 6. Convert median PGA to Spectral Acceleration Capacity

C(0.3);n=-2.5* PGA; », (if short periods govern, thus PGA; ,,<0)
C(1.0);m=PGA; (if long periods govern)

C(0.3);, : Short period spectral capacity of bridge m for damage state i.
C(1.0); : long period spectral capacity of bridge m for damage state i.

Step 7. Calculate bridge skewness coefficient, Kskew
K., =+/sin(4ngle/ ) was applied according to HAZUS 99.

136 from 940 bridges in the Los Angeles bridge database were used in the validation
study Skew angle of 99 was replaced with 90 (no skew)

106



Step 8. Calculate 3-dimensional effect coefficient, Ksgq

- Calculated K34 value based on Table 38 in Werner et al. (2000)

Step 9. Calculate on site bridge capacity

For damage state 3,4,5,& 2 governed by longer period
c'1.0),,=K,, K, -C(1.0)

i,m i,m

For damage state 2 governed by short period
C'(0.3),,,=C(0.3),,,

i,m

Kew : Skewness coefficient calculated in step 7
- Ks; : 3-dimensional effect coefficient calculated in step 8

Step 10. Incorporate uncertainty in capacity spectral calculation

damage state 3,4,5,& 2 governed by longer period
0., = In(C(1.0),,)+035X

- for damage state 2 governed by short period
0., = In(C(0.3),, )+0.35x

- Qim : Spectral capacity with uncertainty
- X: Random variable developed based on the procedure explained in F.2.7.2 Werner et
al. (2000)

Step 11. Modify bedrock motions at 0.3 second and 1.0 second and corresponding soil
amplification factor

Peak Rock Acceleration(PRA) = 1.589 * Y

- Y :bedrock motion calculated in step 2
- According to PRA, find corresponding soil amplification factor from following Table
A-1 and A-2. Call the SAF as S(1.0), and S(0.3)
Step 12. Calculate of On-site Spectral Capacity

- damage state 3,4,5,& 2 governed by longer period
C"(1.0),, =exp(0(1.0),,,)
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- for damage state 2 governed by short period)
C"(0.3),, =exp(0(0.3),,,)

Qi m : Capacity with uncertainty calculated in step 10.
- §:Modified soil amplification faction calculated in step 11

Step 13. Determine Damage States

- Compare the demand surface calculated in Step 4 with on-site spectral capacity
calculated in Step 12, for each of damage states

- For deterministic analysis, if the demand surface motion is higher than the on site
spectral capacity for damage state “i”, the bridge is assumed to have damage state “i”
or higher.

- For probabilistic analysis, if demand surface motion is the same as on-site spectral
capacity, the probability of being damaged is 50%.

Table A-1 Lookup Table for Short Period (0.3 second)

NES|i—t|eRP Modified Peak Rock Acceleration, (PRA)g
Condition < 0.1g 02g 03g 049 2059
0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.6
Table A-2 Lookup Table for Long Period (1.0 second)
N%‘;SP Modified Peak Rock Acceleration, (PRA)gs
Condition <01g 0.2g 03g 049 =2 05¢g
0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 24 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 24 2.0
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APPENDIX B
REDARS RESPONSE TO VARIOUS GROUND MOTION INPUT

It is important to recognize that a sensitivity analysis of ground motion is outside the scope of
this project, as REDARS 1 does not import ground motions, and does not have attenuation
functions available for the west coast. However, there is considerable variation in the number of
damaged bridges with ground motions based on the Northridge earthquake alone. The ground
motions themselves from the earthquake vary considerably, even when published by the same
source. This section compares REDARS estimations, from the various ground motion input with
regard to the number and distribution of damaged bridges. Although it is not our intent to
validate any particular ground motion source, a few issues are identified for future versions of
REDARS that will incorporate recorded ground motions.

As reviewed in Appendix A, REDARS relies on spectral acceleration measures. Three sets of
spectral acceleration ground motion data are examined — TriNet March 1999, TriNet Dec 2002,
Somerville, 1995. USGS data (Borchardt, 94) only gives PGA. However, these data, in
conjunction with Somerville, 1995 were used by the developers of the bridge model for
validation. According to the AASHTO spectral shape, for site class B, it is possible to estimate
spectral acceleration from PGA: SA 0.3 second = 2.5 * PGA, and SA 1.0 second = PGA. Using
this conversion, PGA from TriNet (both of Mar 99, and Dec 02) and Somerville, 1996 provide
an additional set of spectral acceleration ground motions. This assumption was used by the
developers while validating the Mander model (Basdz, personal communication). The purpose
here is to test the applicability of this assumption for validation. The REDARS results of the
following seven ground motion data sets are examined in this section:

1) Spectral acceleration from TriNet data published in March of 1999. This data set is used
throughout much of the report.

2) Spectral acceleration from TriNet data published in December of 2002.

3) Spectral acceleration from Somerville, published in 1995

4) Spectral accelerations estimated from peak ground accelerations from USGS OFR-94-
197

5) Spectral acceleration (estimated from peak ground accelerations) from TriNet data
published in March of 1999.

6) Spectral acceleration (estimated from peak ground accelerations) from TriNet data
published in December of 2002.

7) Spectral acceleration (estimated from peak ground accelerations) from Somerville,
published in 1995.

The number of damaged bridges varies significantly based on the source of ground motion (see
Table B-1). The highest number of damaged bridges is about twice the minimum number.
Somerville, 1995 (PGA) results in 214 damaged bridges out of 940 sample bridges, while
TriNet-Mar 99-PGA results in 417 damaged bridges. The number of collapsed bridges ranges
from 11 to 102 bridges. Overall, ground motion data sets based on PGA (i.e., calculated as SA
0.3 second=2.5 * PGA, and SA 1.0 second = PGA) predict fewer collapsed bridges than
estimates based directly on spectral acceleration.
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PGA based Somerville’s ground motion is closest to matching the actual number of damaged
bridges, both in terms of the number of bridges damaged and collapsed. Direct use of Spectral
Acceleration at 1.0 second rather than conversion from PGA has the greatest influence on the
results. As reviewed in Section 2.3, the published spectral accelerations are 70-80% higher than
PGA. Assuming that spectral acceleration at 1.0 second is equal to PGA results in a number of
damaged (and collapsed) bridges that is very close to the actual number, which may have led to

incorrect conclusions during the validation of the Mander's model.

Table B-1 Estimated Numbers of Damaged Bridges vs Ground Motion Data

Ground Motion Data Co:?aSpSsed I\I/?asj;lr Mo?:!i?ate I\I/Dliﬁcz)r Sum
TriNet-March 1999-SA 102 98 72 91 363
TriNet-Dec 2002-SA 80 72 70 120 342
Somerville-95-SA 52 53 37 113 255
USGS-94-PGA to SA 11 47 49 123 230
TriNet-March 1999-PGA to SA 25 88 88 216 417
TriNet-Dec 2002-PGA to SA 11 61 27 148 247
Somerville-95-PGA to SA 12 47 50 105 214
Actual 7 35 78 70 190

The Mander bridge model was validated based on the assumption that peak ground acceleration
is equal to spectral acceleration, which does not hold given soil types in the region. Therefore,
the Mander model should be revisited or another model should be used. Additionally, TriNet
ShakeMap reports peak horizontal ground motions, rather than geometric means. Although
documentation of the Mander's model is not explicit, geometric means are probably more
appropriate. If TriNet ground motions are to be used in the future, an adjustment should be
made.
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