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ABSTRACT

Over the past decade, the use of Probabilistic Seismic Hazard Analysis (PSHA) to assess seismic
hazards has expanded, leading to the creation of a number of new PSHA computer codes
throughout the industry. Additionally, recent seismic source and ground-motion characterization
studies have led to more complex source and ground-motion models, which necessitate
implementation in PSHA codes. This project was undertaken to update previous PSHA computer
code verification efforts by running an expanded set of verification tests on codes currently in use
for PSHA calculations. Following an announcement to the community, fifteen owners of PSHA
codes from private consulting companies, academic institutions, risk analysis firms, and
government agencies participated in the verification project by running verification tests on their
own codes. The project included three sets of tests that increased in complexity from the first test
in Set 1 to the last test in Set 3. Over the course of the project the group held ten meetings to discuss
and finalize the results. Tests were often re-run several times before the results for all codes were
finalized. This report documents the specifications and benchmark answers for the verification
tests. Common issues and programming errors are also summarized, along with standard modeling
approaches and key discussion points from the meetings. Where differences in modeling
approaches lead to differences in reported hazard, those different modeling approaches are
described. Through participation in the project, code owners verified the primary functions of their
codes as benchmark answers were reached. The PSHA codes developed in the future can be
verified by running the tests and comparing the results to the benchmark answers documented in
this report.

Note: the scope of this project is PSHA computer code verification. This project does not
make recommendations on how to model earthquake scenarios from the specified source-
characterization or ground-motion characterization inputs.
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1 Introduction

1.1  OBJECTIVE

The objective of the project was to create a set of standardized tests with benchmark answers that
can be used to verify the primary functions of Probabilistic Seismic Hazard Analysis (PSHA)
codes. Through participation in the project, code owners can verify their code as tests are
developed and consensus answers are reached, and codes developed in the future can be verified
by comparing test results to the benchmark answers documented in this report.

The project also serves as a platform for community discussion amongst the primary PSHA
code developers. Where different modeling approaches were found to result in differences in the
reported hazard, the project provided an opportunity for participants to discuss and understand the
causes of those differences, and to document the various modeling approaches in this report. Note:
this project does not make recommendations on how to model earthquake scenarios from the
specified source-characterization or ground-motion characterization inputs.

1.2 REVIEW OF 2010 VERIFICATION PROJECT

In 2001, the Pacific Earthquake Engineering Research Center (PEER) began a project to test and
verify PSHA software as part of its goal to improve tools in seismic hazard assessment. This was
the first comprehensive, organized, and structured verification of PSHA software. A working
group was organized, members tested their own computer codes, and working group meetings
were held to discuss and evaluate the test results. Acceptable answers were established either
through analytical solutions or as the consensus answer from test results, and the results from eight
participating codes were published in a PEER report in 2010 [Thomas 2010].

Two sets of tests were developed to evaluate elements of the PSHA codes. The objective
of the Set 1 Tests was to test basic elements of the codes, including how rupture areas were
modeled on a fault plane, how recurrence models were used, and how the standard deviations in
ground-motion models were incorporated into hazard calculations. Through several iterations,
consensus answers for Set 1 were reached, and the results were published in the 2010 PEER report
[Thomas 2010]. The purpose of the Set 2 Tests was to test more sophisticated elements of the
codes such as the modeling of non-planar faults, multiple seismic sources, and the intraslab regions
of subduction zones. The tests for Set 2 were run, but because of the extended duration of the
project, the differences between the results were not resolved and only sample results for Set 2
were included in the 2010 PEER report.



1.3 MOTIVATION FOR CURRENT PROJECT

The current verification project aimed to update and build-upon the work completed in the 2010
project. The primary motivation for the current project was to address the unresolved verification
of the more complex tests, which reflected more realistic earthquake scenarios, and whose
verification was therefore of high importance. The current project was also driven by the expansion
of PSHA over the past decade, which has resulted in the creation of a number of new PSHA codes
throughout the industry. Since the time of the previous verification project, numerous engineering
and risk management firms have developed their own in-house PSHA codes, nearly doubling the
number of codes that participated in this verification project compared to the 2010 project.
Additionally, recent seismic-source and ground-motion characterization studies have led to more
complex source and ground-motion models, which necessitate implementation in the PSHA codes.
One example is the 2014 NGA-West2 ground-motion models, which introduced new distance
parameters to further describe the geometry of the rupture. Implementation of the NGA-West2
ground-motion models is not just a matter of programming the new equations but also automating
the calculation of these new distance values for each possible rupture plane location.

1.4 PARTICIPANTS AND CODES

In August of 2014, the project coordinators began reaching out to potential participants in order to
compile a list of codes currently in use for PSHA calculations. To encourage as much participation
as possible, a PEER News Alert was sent out to individuals and organizations with a PSHA code
to contact PEER and participate in the project. In addition to hazard analysts at various firms with
known PSHA codes, participants from the 2010 verification project were also contacted. A list of
codes was shown to participants at the kick-off meeting, and additional potential participants were
contacted based on feedback from the group regarding the completeness of the list of codes.

Ultimately, the project included fifteen codes from private consulting companies, academic
institutions, risk analysis firms, and government agencies. A list of the codes, participating
individual, and affiliation are given in Table 1.1. The participant listed is the individual who ran
the tests for the code, with the exception of OpenSHA, OpenQuake, and HAZ45, which were run
by Christie Hale, with support from the participant listed. Out of the fifteen codes, four codes are
composed of the same base code and should not be considered independent. Those four codes are
HAZA45, HAZ45b, HAZ38-URS, and THAZ. It was important when examining the results to
recognize that these codes were not developed independently; see Section 1.5.1.



Table 1.1 List of codes and participants.

Code Participant Affiliation
Mario Gustavo Ordaz Universidad Nacional Auténoma de
CRISIS "
Schroeder México
EZ-FRISK Jason Altekruse Fugro
FRISK88 Jason Altekruse Fugro
HAZ38-URS Patricia Thomas URS
HAZ45 Norm Abrahamson Pacific Gas and Elecric Co.
HAZ45b Nick Gregor Bechtel
Gilbert Molas &
HazMapEQ ! Risk Management Solutions
Trey Apel

Marco Pagani &

OpenQuake Graeme Weatherill Global Earthquake Model
OpenSHA Peter Powers U.S. Geological Survey
PROBHAZ Roland LaForge Fugro / Nuclear Regulatory Commission

PROSIT Daniel Duggan AIR Worldwide
RIZZO-HAZARD Jose Blanco RIZZO Associates
SISMIC Manuela Villani Arup
THAZ Arash Zandieh Lettis Consultants International, Inc.
XCD55, HAZ51, TREE51 Valentina Montaldo Amec Foster Wheeler

1.5 APPROACH

The first step of the project was to develop the test instructions. The verification tests were
designed to test the primary functions of the PSHA codes. When possible, the tests isolate the
feature being tested by using a delta function (single value) for other functions that would normally
be modeled by a probability density function. This means that some of the tests do not include
variability in the magnitude or even variability in the ground motion. Although this simplified
modeling was done intentionally for the project, it should not be used outside of the verification
test environment.

The project included three sets of tests that increased in complexity from the first test in
Set 1 to the last test in Set 3. Test instructions were distributed to participants one set at a time,
and participants ran the tests on their own codes. The results were compiled by the authors and
redistributed to each participant in a blind feedback loop, meaning that when the participant
received the compiled results, only their results were identified and all other results were
anonymous. This gave participants an opportunity to identify outliers and fix any errors on their
own prior to sharing the results with the group. Figure 1.1 shows an example of the blind feedback
loop with the early hazard results for Test 2.2¢ at Site 6. Only the first round of resubmittals was
blind, after which results were distributed to the group with all codes identified. Meetings were
held to discuss the results and understand the differences in modeling approaches that led to



differences in reported hazard. Over the course of the project, the group held ten meetings to
discuss and finalize the results. Tests were often re-run several times before the results for all codes
were finalized. The group sought to finalize the results for a given set of tests before moving on to
the next set.

Test 2.2¢ Site 6
(Early Results)

0.1

0.01

0.001

Annual Exceedence Probability

0.0001

=©= Your code

== 10 other codes

0.00001
0 0.2 0.4 0.6 0.8 1
Peak Ground Acceleration (g)
Figure 1.1 Example of the blind feedback loop, where participants received early

results from all codes with only their results identified.



Throughout the project, there were many changes or modifications to the codes by project
participants. The improvements to the codes fall into three general categories: (1) added features;
(2) enhancements; and (3) fixes to bugs and programming errors. An example of an added feature
is the mixture model for ground-motion distributions (Test 2.5b). At the beginning of the project,
only three codes had the capability of modeling the ground-motion distribution with a mixture
model; by the end of the project, many codes had added this feature and twelve codes participated
in this verification test.

An example of an enhancement is modeling the extreme tails of the ground-motion
distribution (Test 2.5a). At the beginning of the project, some codes used normal distribution
functions that were accurate up to three or four standard deviations, which is perfectly adequate
for the majority of projects. By the end of the project, many codes had implemented normal
distribution functions that could calculate probabilities of exceedance for ground motions at six
standard deviations. An example of a fix to a bug or programming error is a code that was
incorrectly calculating Zuypro as Zror. This type of error may go unnoticed when running a hazard
project with multiple ground-motion models because only one of the NGA-West2 ground-motion
models uses Zuyro so the error in the mean hazard is small.

1.5.1 Benchmark Answer and Acceptance Criteria

A benchmark answer was defined for each test and each site. To determine the benchmark answer,
an algorithm was developed to search for the five codes whose answers were in best agreement for
a given test and site. These codes are referred to as the core codes and can be different from test to
test and even from site to site for the same test. A criterion that those five codes be independent
was also followed, such that only one code out of those five could be from the HAZ family. The
benchmark answer was then computed as the mean of the hazard from the five core codes. When
practical, a hand solution was computed by the project coordinator, Christie Hale. For tests with
hand solutions, the benchmark answer was compared to the hand solution as a check on the
accuracy of the benchmark answer. These comparisons showed that the difference between the
hand solution and the benchmark answer was exceptionally small — generally a difference of less
than half a percent. This was very encouraging and provided confirmation that the benchmark
answer was reliable.

An acceptance criterion of +5% in hazard from the benchmark answer was applied to the
results. Note that all comparisons and acceptance criteria are applied to the reported hazard (i.e.,
along the y-axis of the hazard curve). Participants were asked to look into results and provide an
explanation for results that were more than 5% from the benchmark answer. This typically resulted
in the participant discovering that they were not using a small enough discretization step size on
one of the parameters, finding an error in their input files, or an error in their code, resulting in the
participant submitting revised results. The only code with a prominent feature that caused the
hazard results to be significantly different from the group is CRISIS. The CRISIS code models
ruptures as ellipses, and this feature causes differences in hazard for many tests compared to the
other codes, which model ruptures as rectangles. The CRISIS code submitted an additional set of
results where the rupture planes were modeled with rectangles, allowing the results to be directly
compared with the other codes. The CRISIS results with elliptical ruptures are provided in the
electronic supplement but are not included in the reported ranges and are not discussed in this
report.



1.6 ELECTRONIC SUPPLEMENT

The results from all tests are provided as an electronic supplement to this report in Electronic
Appendix D. There are three Excel workbooks corresponding to the three sets of tests. Each
workbook contains a tab for every test in that set, and within each tab there are tables for every
site. The final hazard results from all participating codes are presented in a table; see Figure 1.2,
which shows the tabular results from the electronic supplement for Test 1.2 at Site 1. The five core
codes for this test are highlighted in yellow, and the mean hazard from the core codes is shown
beneath the table and represents the benchmark answer. The percent difference between the core
codes and the percent difference between all codes is reported beneath the benchmark answer. The
percent difference is calculated as (max-min)/min and reflects the range in the results. The percent
difference between the core codes is often less than 1%. With an acceptance criterion of 5%, the
percent difference between all codes can be as high as 10% but is typically much less.

Conditional formatting is used to highlight any results in red that are outside of the £5%
acceptance range, with reference to the benchmark answer. No red-highlighted cells indicates that
all codes meet the acceptance criteria. As seen in Figure 1.2, the only results that are highlighted
in red are from the CRISIS code where the rupture is modeled as an ellipse. These results should
not be viewed as problematic; instead, the red highlighting from the CRISIS-ellipse results shows
the difference in hazard due to the shape of the rupture plane. As mentioned previously, the CRISIS
results with elliptical ruptures are not included in the reported percent difference between all codes.

Test 1.2 Site 1

PGA 0.001 0.1 0.2 0.4 0.45 0.5 0.55 0.6 0.7
HAZA4S5 1.59E-02| 1.59E-02/ 1.59E-02| 1.18E-02| 823E-03 5.33E-03| 2.75E-03| 4.86E-04| 1.00E-20
THAZ 1.59E-02| 1.59E-02| 1.59E-02| 1.17E-02| 8.32E-03| 5.23E-03| 2.62E-03| 3.28F-04| 1.00E-20
HAZ45b 1.59E-02 1.59E-02 1.59E-02| 1.17E-02| 8.23E-03 5.17E-03 2.59E-03| 3.24E-04| 1.00E-20
HazMapEQ 1.59E-02| 1.59E-02| 1.59E-02| 1.17E-02 8.18E-03| 5.21E-03| 2.63E-03 M 1.00E-20
PROSIT 1.59E-02 1.59E-02 1.59E-02 1.17E-02 8.23E-03 5.23E-03 2.63E-03 m 1.00E-20
OpenQuake 1.59E-02| 1.59E-02| 1.59E-02| 1.16E-02| 8.15E-03 5.28E-03 2.72E-03 M 1.00E-20
OpenSHA 1.59E-02 1.59E-02| 1.59E-02 1.17E-02] 821E-03 521E-03 2.63E-03| 3.96E04| 1.00E-20
SISMIC 1.59E-02 1.59E-02 1.59E-02 1.18E-02 8.31E-03 5.12E-03 2.56E-03 “04| 1.00E-20
PROBHAZ 1.59E-02| 1.59E-02| 1.59E-02| 1.16E-02| 8.15E-03 5.28E-03 2.73E-03| 4.8tF-04| 1.00E-20
XCDsS5, HAZ51, TREES1 1.59E-02 1.59E-02 1.59E-02 1.16E-02 8.15E-03 5.28E-03 2.72E-03 -04| 1.00E-20
CRISIS - rectangle 1.59E-02| 1.59E-02| 1.59E-02| 1.17E-02| 8.24E-03| 5.25E-03| 2.63E-03| 3.76F-04| 1.00E-20
CRISIS - ellipse 1.59E-02 1.59E-02 1.59E-02 1.36E-02 9.14E-03 5.25E-03 1.73E-03 -06| 1.00E-20
Benchmark 1.59E-02 1.59E-02 1.59E-02 1.17E-02 8.22E-03 5.23E-03 2.64E-03

% diff 5 core 0.02% 0.02% 0.02% 0.38% 0.36% 0.72% 0.82%

% diff all 0.14% 0.14% 0.14% 1.39% 2.13% 4.13% 7.31%

Figure 1.2 Test 1.2 at Site 1, Example 1: explanation of electronic supplement and

tabular results; some PGAs (columns) are hidden for size.



As shown in Figure 1.2, the very last peak ground acceleration (PGA) that returns a hazard
value does not have a benchmark answer and acceptance criteria are not applied. The results are
still shown but are struck through. This is because for this test, the results at a PGA of 0.6g are
highly sensitive and require an exceptionally small rupture location step size to reach results that
are stable. The sensitivity of the results is primary caused by the lack of ground-motion variability,
and a hand solution was used to inform the exclusion of these very sensitive PGAs. As seen in
Figure 1.2, a dummy zero value of 1E-20 was added at the end of each codes’ results so that the
graphs clearly show when the hazard results go to zero. This dummy zero value was only needed
for tests with no ground-motion variability. Figure 1.3 shows these hazard results for Test 1.2 at
Site 1 in graphical form. As seen in Figure 1.3, the results are in such good agreement that the
hazard curves for each code plot nearly on top of each other.

Test 1.2 Site 1
0.1

0.01 HAZ38-URS
=B -=HAZ45
THAZ
—A—HAZ45b
FRISKS88
EZ-FRISK
= ®-=HazMapEQ
0.001 RIZZO-HAZARD
=®=PROSIT
== OpenQuake
=#=0OpenSHA \t
—=—SISMIC ﬂ\“
6

Annual Exceedence Probability

—@=PROBHAZ |
== XCD55, HAZ51, TREES1 ‘

CRISIS - rectangle |
0.0001

0 0.2 0.4 0.
Peak Ground Acceleration (g)

Figure 1.3 Test 1.2 at Site 1, Example 1: explanation of electronic supplement and
graphical results.



Figure 1.4 shows another example of the tabular results from the electronic supplement,
this time for Test 1.8a at Site 1, a test that includes ground-motion variability. Figure 1.5 shows
these hazard results for Test 1.8a at Site 1 in graphical form. Note that when ground-motion
variability is included, all specified PGAs have a benchmark answer, and a hazard value is reported
for all PGAs, including the highest PGA of 1.0g.

Test 1.8a Site 1

PGA 0.001 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1
HAZAS 1.59E-02| 1.59E-02] 1.47E-02| 123E-02| 9.45E-03 6.99E-03 5.08E-03 2.63E-03 1.38E-03
THAZ 1.59E-02| 1.59E-02| 1.48E-02| 1.23E-02| 9.45E-03| 7.00E-03| 5.08E-03 2.63E-03| 1.38E-03
HAZASb 1.59E-02| 1.59E-02| 147E-02 122E-02 9.42E-03 6.96E-03 5.05E-03 2.61E-03 1.36E-03
HazMapEQ 1.59E-02| 1.59E-02| 1.47E-02| 1.22E-02 9.42E-03| 6.97E-03| 5.06E-03| 2.62E-03| 1.37E-03
RIZZO-HAZARD 1.59E-02| 1.59B-02| 1.47E-02| 1.22E-02| 9.43E-03| 6.98E-03 5.06E-03| 2.62E-03| 1.37E-03
PROSIT 1.59E-02 1.59E-02 1.47E-02 1.22E-02 9.43E-03 6.98E-03 5.06E-03 2.62E-03 1.37E-03
OpenQuake 1.59E-02| 1.59E-02| 1.47E-02| 123E-02| 9.45E-03| 6.99E-03| 5.08E-03 2.63E-03| 1.38E-03
OpenSHA 1.59E-02| 1.59E-02/ 1.47E-02/ 123E-02 9.45E-03 6.99E-03 5.08E-03 2.63E-03| 1.38E-03
SISMIC 1.59E-02 1.59E-02 147E-02 1.22E-02 9.43E-03 6.98E-03 5.07E-03 2.63E-03 1.38E-03
PROBHAZ 1.59E-02| 1.58E-02| 1.47E-02| 1.22E-02| 9.43E-03| 6.98E-03| 5.06E-03| 2.63E-03| 1.37E-03
XCD55, HAZ51, TREES1 1.59E-02 1.59E-02 1.47E-02 1.22E-02 9.43E-03 6.98E-03 5.06E-03 2.62E-03 1.37E-03
CRISIS - rectangle 1.59E-02| 1.59E-02| 1.47E-02| 1.22E-02| 9.43E-03| 6.98E-03| 5.06E-03| 2.62E-03| 1.37E-03
CRISIS - ellipse 1.59E-02 1.59E-02 1.48E-02 1.24E-02 9.65E-03 7.17E-03 520E-03 2.69E-03 1.40E-03
Benchmark 1.59E-02 1.59E-02 147E-02 1.22E-02 9.43E-03 6.98E-03 5.06E-03 2.62E-03 1.37E-03
% diff 5 core 0.02% 0.02% 0.02% 0.03% 0.05% 0.06% 0.07% 0.08% 0.10%
% diff all 0.14% 0.14% 0.17% 0.28% 0.39% 0.48% 0.59% 0.86% 1.10%

Figure 1.4 Test 1.8a at Site 1, Example 2: explanation of electronic supplement and

tabular results; some PGAs (columns) are hidden for size.



Test 1.8a Site 1
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Figure 1.5 Test 1.8a at Site 1, Example 2: explanation of electronic supplement and
graphical results.

1.7 ORGANIZATION OF REPORT

This report is organized into three main chapters corresponding to the three sets of verification
tests. Chapter 2 discusses the tests in Set 1, Chapter 3 discusses the tests in Set 2, and Chapter 4
discusses the tests in Set 3. The chapters are intended to offer enough detail so that someone who
did not participate in the project can complete the tests on their own. Common issues and
programming errors are summarized along with key discussion points from the meetings. Ground-
motion and source-characterization experts may also find the discussions useful in understanding
some of the issues that arise when attempting to model earthquake scenarios as specified in hazard
input documents.
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2 Set1 Results

21  INTRODUCTION

Tests in Set 1 verify basic elements of the codes, including how ruptures are modeled on a fault
plane, how magnitude recurrence models are implemented, how area sources are modeled, and
how the standard deviation in a ground-motion model is incorporated into the hazard calculations.
Table 2.1 presents a short description of each test, and Table 2.2 indicates which codes completed
which tests. Test instructions for Set 1 are provided in Appendix A and include test specifications
as well as figures of the sources and site locations.

Full hazard results as well as quantitative information about the range in hazard results are
provided in the electronic supplement. In Table 2.3, in order to offer remarks about the overall
agreement between codes, the range in hazard results between the five core codes and the range in
hazard results between all codes are reported as being less than a given percentage for each test.
For example, if Table 2.3 reports a range of less than 4%, then the range in results across all PGAs
and for all sites within that test is less than 4%. In this way, 4% represents a maximum range in
results for that test, not an average.

Table 2.1 Set 1 tests and descriptions.
Test Description

1.1 Rate calculation

1.2 Rupture location variability

1.3 Rupture area variability

1.4 Dipping fault

1.5 Truncated exponential magnitude pdf

1.6 Truncated normal magnitude pdf

1.7 Youngs and Coppersmith magnitude pdf
1.8a Ground-motion variability, untruncated
1.8b Ground-motion variability, truncate 20

1.8¢c Ground-motion variability, truncate 3o

1.10 Areal zone with point sources, single depth
1.11 Areal zone with point sources, depth range

11



Table 2.2

Set 1 tests completed by each code.
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Table 2.3

Set 1 tests: range in hazard results.

Range in results for core codes

Range in results for all codes
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The sections below summarize the discussions and findings from the tests in Set 1, with a
focus on the range in hazard results and differences in approaches discovered through the
verification tests. For a complete set of hazard results and plots, the reader is referred to the
electronic supplement in Appendix D.

22 TEST141

2.2.1 Purpose

Test 1.1 is a single magnitude event on a strike—slip fault, which produces a rupture plane that fills
the entire fault plane. With no ground-motion variability, the test requires the code to calculate the
fault activity rate, the closest distance to the rupture, and the median ground motion. The test also
requires the code to convert the rate of exceedance to a probability of exceedance using the
standard assumption of Poissonian earthquake occurrences.

2.2.2 Discussion and Results

Due to the lack of variability in the distance and ground-motion calculations, the hazard curve at
each site is a horizontal line at the fault activity rate until the median PGA is reached, after which
the hazard becomes zero. The fault activity rate for this test is 0.0028528 events/yr, and the
Poissonian probability of exceedance is 0.0028487 per year. Some participants noted that their
code does not perform the calculation of rate given the slip rate within the code. Instead, these
codes require the rate of earthquakes greater than Mmin as an input, or the total moment
accumulated by the slip of the fault as an input. For these codes, the test is more an indication of
whether or not the individual running the code can calculate the required input correctly.
Additionally, some codes do not convert the rate of exceedance to Poisson probability within the
code and instead perform this step post-processing.

Test 1.1 also tests the ability of the code to restrict the rupture area to the fault area. The
precise rupture area and rupture width calculated from the magnitude-dimension scaling
relationships are 316.23 km? and 12.57 km, respectively. The stipulation that ruptures are not
allowed to exceed the defined fault boundary means that the rupture area must be limited to 300
km?, and the width must be limited to 12 km. This is accomplished by limiting the rupture width
to the fault width, and then increasing the rupture length until the maximum length is reached. In
this way, the rupture area is conserved at the expense of aspect ratio, and the fault boundary is
maintained at the expense of rupture area. Though the restricted rupture area is less than the
original rupture area calculated for the M = 6.5 event, the magnitude is not downgraded to reflect
this new rupture. The original M = 6.5 value is carried through to the ground-motion model
calculations. Discussion amongst participants confirmed that all codes follow this approach, and
results for Test 1.1 showed good agreement in the calculated rate.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
1%, and the range in hazard results between all codes is less than 2%. This small difference in
results is a reflection of the differences in the calculated rate, and may be due to small differences
in the conversion of fault and site longitude and latitude coordinates to distances, differences in
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the numerical precision of the calculations, and differences in the number of significant digits
reported by each code.

23 TESTA1.2

2.3.1 Purpose

Test 1.2 is a single magnitude event, which produces a rupture plane smaller than the fault plane.
With a rupture plane that does not fill the entire fault, the test requires the code to move the rupture
around the fault plane and address the aleatory variability in the location of the rupture.

2.3.2 Discussion and Results

There are slight differences in approaches in terms of how each code models a rupture smaller than
the fault plane. Some codes create a rupture plane, which is incrementally moved along the strike
of the fault and down the dip of the fault by a specified step size. This approach is illustrated in
Figure 2.1, using the fault plane and rupture plane dimensions for this test. This approach often
allows for the step sizes along strike and down dip to be different, in which case each can be
optimized such that the rupture plane fits evenly into the available space either along strike or
down dip, leaving no gap at the end of the discretization. Although the figure uses a relatively
large step size of 1.0 km for illustrative purposes, a step size of 0.05 km was utilized by most codes
in order to meet the acceptance criteria over the range of PGAs.

Another approach is to turn the fault plane into a mesh or grid, and then keep track of the
cells that make up the dimensions of the rupture plane. This approach, as illustrated in Figure 2.2,
does not maintain the exact rupture plane dimensions, as the rupture area must equal a multiple of
whole cell areas. Although codes utilizing the gridded fault approach lose some accuracy, this
approach has other advantages when modeling more complex fault geometries. The majority of
codes using this approach require the grid cells to be squares, in which case the discretization along
strike and down dip must be the same. This difference between the specified rupture area and
dimensions, and the modeled rupture plane area and dimensions, leads to slight differences in the
distance parameter calculations. A smaller grid cell discretization reduces the impact of these
differences. Again, although Figure 2.2 uses a relatively large grid cell size for illustrative
purposes, a grid cell with length and width of 0.05 km was utilized by most codes in order to meet
the acceptance criteria over the range of PGAs.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
1%, and the range in hazard results between all codes is less than 8%. The difference in results can
be attributed to the difference in step size used by each code, and the differences in approaches of
modeling a rupture plane smaller than the fault, which leads to slight differences in the distance
calculations, in addition to the differences described in Test 1.1.
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24 TEST1.3

2.41 Purpose

Test 1.3 is a single magnitude event, which is identical to Test 1.2 but with variability of the rupture
plane area. With rupture area variability, the test requires the code to calculate a range of rupture
planes and associated probabilities from the magnitude-area relationship.

2.4.2 Discussion and Results

The original instructions from the 2010 Verification Project specified three separate equations for
rupture area, width, and length based on magnitude. Each of these equations had an associated
standard deviation. Participants ran the test with these instructions and found that the test could
not be implemented as described. With the rupture dimension relationships all based on magnitude,
the equations could produce an area, width, and length that were not internally consistent. Absent
any specifications about the correlation between the rupture dimensions, participants took a
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number of different approaches when initially running this test. Some participants only varied the
rupture area, others calculated rupture areas and widths from the equations provided without
imposing any restrictions, others applied the area and width equations with a fully correlated
epsilon, and others used all three equations with a fully correlated epsilon. In addition, the initial
instructions did not specify a truncation level for the rupture dimension relationships, so in theory
the rupture dimensions could approach zero on the low end and infinity on the high end. Due to
the differences in approaches taken, initial results showed poor agreement.

Revised instructions specified variability in the rupture area only, with sigma truncated at
two standard deviations on both the low and high end. One rupture width and length are defined
per rupture area, using the specified aspect ratio of 2. For codes that are not programmed to
calculate rupture width and length from an aspect ratio, the width could be calculated using the
magnitude-width scaling relationship with a sigma of 0.125 and a full correlation between area
and width variability. For example, if a rupture area at one standard deviation is calculated from
the magnitude-area scaling relationship, a rupture width, also at one standard deviation, would be
calculated from the magnitude-width scaling relationship. Both the aspect ratio approach and the
fully correlated area and width approach yield the same width. The decision to vary only the
rupture area was made to simplify the test, but also because variability in the rupture area has a
bigger impact on the hazard than variability in the rupture width. Discussion amongst participants
confirmed that for projects, if variability in the rupture dimensions is included, it is typically only
applied to the rupture area.

Revised results showed much better agreement between codes. Figure 2.3 provides a side-
by-side comparison of early results using the original instructions and final results using the
revised instructions for Site 1. The improved agreement can be attributed to the simplified
instructions, as well as participants decreasing their step sizes and increasing the number of rupture
areas modeled for the final submittal in order to reach more stable results. The time interval
between the initial results and final results was about one year, so some of the improved agreement
is due to the fact that codes were modified after working through some of the later tests, which
allowed participants to rerun this test with their improved code. Again, this test intentionally does
not include ground-motion variability, so the results are sensitive to the step sizes utilized by each
code. This sensitivity was explored by running a series of hand calculations, which confirmed that
results were highly sensitive to the rupture location step size and number of rupture areas modeled,
particularly at the higher PGA test values. Satisfactory results were generally achieved by using a
rupture location step size of 0.05 km and at least 25 rupture areas.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
4%, and the range in hazard results between all codes is less than 8%. The difference in results can
be attributed to the difference in step size used by each code, and the difference in the number of
rupture planes generated, in addition to previously described differences in approaches.
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Figure 2.3 Test 1.3, Site 1: comparison of early results and final results.
25 TEST14

2.5.1 Purpose

Test 1.4 is a single magnitude event, similar to Test 1.2, but on a reverse fault that dips 60° west
and is buried at a depth of 1 km. This test requires the code to calculate distance metrics for a more
complicated geometry and correctly pass on the fault mechanism to the ground-motion model.

2.5.2 Discussion and Results

All other tests involving fault sources in Set 1 utilize a purely strike—slip fault (dip = 90°). When
a fault is modeled as purely strike—slip, the closest distance to the rupture plane, Rrup, is always
the distance from the site to the top of the rupture plane. In contrast, for sites on the hanging wall
of dipping faults, the closest distance to the rupture plane can be the distance to the top of the
rupture, the bottom of the rupture, or a point in between where a line from the site to the rupture
forms a 90° angle. Figure 2.4 illustrates these various Rrup distances in plane view for the seven
sites in Test 1.4, with the more complicated geometry of a buried dipping fault.

Because this test does not include ground-motion variability, and many of the sites are very
near the fault, the results are quite sensitive to any inaccuracies in the Rrup distance values. Initial
results indicated that the distance calculation functions for some codes were not precise enough at
these short distances to meet the acceptance criteria. Discussion amongst participants led to the
understanding that some codes are not typically used for site-specific hazard calculations or have
only been used on projects where the relevant sources were far from the site. These codes utilized
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simplified distance calculation functions that met the needs of their users but didn’t have the level
of precision required by this test. Participants for these codes modified their distance calculation
functions in order to correctly calculate Rrup for sites at short distances. Additionally, a hand
solution was utilized by participants to troubleshoot results with outliers, and coding errors or bugs
were identified in some codes and fixed.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
2%, and the range in hazard results between all codes is less than 8%. Similar to Test 1.2, the
difference in results can be attributed to the difference in step size used by each code, and the
differences in approaches of modeling a rupture plane smaller than the fault, which leads to slight
differences in the distance calculations.

9

‘]. 4,56 ‘ 4 ‘:‘

(a) (b)

()

Figure 2.4 Test 1.4: possible Rrup distances in plane view for (a) sites directly above
the fault trace or on the footwall; (b) sites close to the fault on the hanging
wall; and (c) sites far from the fault on the hanging wall.

26 TEST1.5

2.6.1 Purpose

Test 1.5 uses the same strike—slip fault from Test 1.2 but replaces the single magnitude event with
a truncated exponential magnitude density function; see Figure 2.5(a). With variability in the
magnitude of the earthquake on the fault, the test requires the code to calculate the probability of
each magnitude, the corresponding rupture plane dimensions, and the fault activity rate from a
range of magnitudes.
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2.6.2 Discussion and Results

A number of small differences in the codes were discovered relative to Test 1.5, all of which
resulted in small or negligible differences in results, but are discussed briefly here for
completeness. One difference is that a few codes do not allow for the slip rate as a direct input.
For instance, when running this test on OpenSHA, the user must calculate the fault area and then
use the specified slip rate to calculate the total moment accumulated on the fault, which is then
input into the hazard code. For this test, that total moment rate is 1.8E16 Nm/yr. When running
this test on OpenQuake, the user must calculate the fault area and then use the slip rate to balance
the moment on the fault in order to calculate the rate of earthquakes above a magnitude of zero.
That rate is then used to calculate the a-value, which is input into the hazard code. For this test,
the rate of earthquakes greater than magnitude zero is 1347 earthquakes/yr and the associated a-
value is 3.129.

Discussion also revealed differences in codes related to the discretization of the magnitude
density function. Because the truncated exponential relationship has an analytical solution, the
majority of codes solve the magnitude density function analytically; however, a few codes
calculate the probability of each magnitude numerically. The analytical approach requires
calculating the probability of the magnitude by solving the integral from the upper and lower
bounds of the discretized magnitude range, while the numerical approach requires solving the
equation for the center value of the discretization only and then multiplying by the discretization
step size. Satisfactory results were generally achieved by using a magnitude step size of 0.05 and
a rupture location step size of 0.1 km, although many of the core codes used smaller discretization
values.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
2%, and the range in hazard results between all codes is less than 6%. This difference between all
codes is reduced from previous tests due to the added variability in the magnitude of the
earthquakes, which tends to smooth through other differences in codes amplified in previous tests.
The differences in results can be attributed to the differences in step size used by each code and
slight differences in the truncated exponential magnitude recurrence calculations, in addition to
previously described differences in approaches.

27 TEST1.6

2.71 Purpose

Test 1.6 is similar to Test 1.5 but uses a truncated normal magnitude density function,
representative of a purely characteristic earthquake. An illustration of the truncated normal
magnitude density function is provided in Figure 2.5(b). This test similarly requires the code to
calculate the probability of each magnitude, the corresponding rupture plane dimensions, and the
fault activity rate from a range of magnitudes.
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2.7.2 Discussion and Results

The magnitude density function for this test specifies a normal distribution with a fairly severe
truncation at the high end. This severe truncation tended to highlight any inaccuracies in a code’s
magnitude recurrence function for the truncated normal magnitude distribution model. A hand
solution with incremental occurrence rates was utilized by participants to troubleshoot results with
outliers, and coding errors or bugs were identified in some codes and fixed. Additionally, four
codes do not have built-in functions for modeling a normal magnitude distribution and instead rely
on the modeler to perform moment balancing and magnitude probability calculations outside of
the code. For these codes, the test is more an indication of whether or not the individual running
the code can balance the moment and calculate the magnitude probabilities correctly.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
2%, and the range in hazard results between all codes is less than 6%. The difference in results can
be attributed to the difference in step size used by each code and slight differences or inaccuracies
in the truncated normal magnitude recurrence calculations, in addition to previously described
differences in approaches.

28 TEST1.7

2.8.1 Purpose

Test 1.7 is similar to Tests 1.5 and 1.6, but uses a Youngs and Coppersmith [1985] characteristic
magnitude density function; see Figure 2.5(c). This test similarly requires the code to calculate the
probability of each magnitude, the corresponding rupture plane dimensions, and the fault activity
rate from a range of magnitudes.

2.8.2 Discussion and Results

Initial results for Test 1.7 showed strong agreement between codes and few revisions were
necessary to obtain the final test results. The Youngs and Coppersmith [1985] relationship is a
composite model consisting of an exponential portion and a constant probability (boxcar) portion,
and the majority of codes solve the magnitude density function analytically. Note that four codes
do not have fully automated functions for modeling the Youngs and Coppersmith magnitude
density function and require the user to perform some calculations manually outside of the code.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
3%, and the range in hazard results between all codes is less than 8%. The difference in results can
be attributed to the difference in step size used by each code and slight differences or inaccuracies
in the Youngs and Coppersmith magnitude recurrence calculations, in addition to previously
described differences in approaches.
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29 TEST1.8

2.9.1 Purpose

Test 1.8 is a single magnitude event, identical to Test 1.2, but with the inclusion of ground-motion
variability. This test requires the code to calculate the probability of exceeding the PGA test value
using the standard assumption of a log-normal distribution for ground-motion variability.

2.9.2 Discussion and Results

Test 1.8 includes three sub-tests with different truncation levels of the ground motion. Test 1.8a
specifies no truncation, Test 1.8b specifies a truncation level of 2 standard deviations, and Test
1.8c specifies a truncation level of 3 standard deviations. These are the first tests that included the
variability in the ground motion, moving toward more realistic hazard results and a percentage
difference that better reflects the numerical differences between codes.

Results for Test 1.8a showed exceptional agreement between codes; however, the results
did indicate a larger range in hazard results between all codes at Site 3 for the highest test PGAs.
The reason for the increase at Site 3 is that the site is 50 km away from the fault, causing the
probabilities of exceeding the test PGAs to be associated with high epsilon values. For instance,
at a PGA of 0.45g, the mean epsilon needed to exceed the test value is approximately 5 standard
deviations. The larger percent difference is therefore likely caused by a few codes whose normal
distribution functions cannot precisely calculate probabilities at these high epsilons. The larger
percent difference may also be caused by participants who specified a truncation level that they
thought was high enough to be equivalent to running sigma untruncated, say, four standard
deviations, but is too low for the highest test PGAs. Differences in normal distribution functions
are specifically tested in Test 2.5a and discussed in Section 3.6 of this report. For this test, PGAs
beyond 0.45g were excluded from the acceptance criteria. Note that the core codes still show
exceptional agreement at Site 3 up to a PGA of 0.45g despite the high epsilon values.

While results for Test 1.8a were in very good agreement, initial results for Test 1.8b showed
a small but clear division between two groups of codes. Discussion amongst participants led to the
understanding that when truncating the ground-motion distribution, one group of codes truncates
and renormalizes the ground motion on both the low and high end, and one group of codes
truncates and renormalizes the ground motion on the high end only. Out of the fifteen codes, four
codes were initially truncating on both ends, while eleven codes were truncating on the high end
only. Though the difference in results based on these approaches was relatively small, the group
discussed the merits of each approach and sought to recommend one approach for consistency in
practice.

The group consensus is that the truncation should be performed on both ends of the
distribution. The reason for truncating on both sides is to reflect a statistical deviation from a log-
normal distribution, recognizing that the deviation we see in practice is actually a higher
probability of rare ground motions rather than fewer, as a truncation would imply, but the deviation
applies to both sides. The basis provided by many participants for truncating on the high end only
was to place an upper bound on earthquake ground motions due to physical limits. However, this
physical limit in truncation is more closely tied to a limit on the amount of shaking that the earth
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can transmit, for instance 8.0g, rather than a statistical limit defined by a number of standard
deviations. Importantly, many participants noted that in practice, they no longer truncate ground
motions, or they apply a high truncation level, say, four standard deviations.

The difference in truncation approaches can only be seen in the results for Test 1.8b, where
sigma is truncated at two standard deviations. The group recommendation meant that eleven codes
should be modified to truncate on both ends; however, participants were not required to rerun this
test due to the small impact on hazard results and the time limits of the project. Instead, the results
were split into two groups, and a benchmark answer for each approach is reported in the electronic
supplement. Two participants did modify their code and rerun the test, bringing the total number
of codes with truncation on both ends up to six. The results for Test 1.8c do not show a difference
between the two truncation approaches, as a truncation level of three standard deviations is high
enough that it has no impact for this specific test. Therefore, the results for Test 1.8c were not split.

As shown in Table 2.3, for Test 1.8a, the range in hazard results between the five core
codes is less than 1%, and the range in hazard results between all codes is less than 8%. For Test
1.8b, the results have been split into two groups based on whether the code truncates on both ends
or the high end only. Five codes are still used to define the benchmark answer for both groups.
The range in hazard results between the five core codes is less than 3%, and the range in hazard
results for all codes is less than 4% for both groups. For Test 1.8c, the range in hazard results
between the five core codes is less than 1%, and the range in hazard results between all codes is
less than 8%. The difference in results can be attributed to the normal distribution function
implemented by each code, in addition to previously described differences in approaches.

210 TEST 1.10

2.10.1 Purpose

Test 1.10 is an area source zone with a truncated exponential magnitude density function. The area
boundary is a circle, and point sources are fixed at a constant depth of 5 km. For codes that model
an area source zone by creating a grid of point sources, the recommended point source spacing is
0.5 km on the horizontal plane. This test requires the code to model an area source zone, calculating
distance metrics and probabilities for point sources. Ground-motion variability is included.

2.10.2 Discussion and Results

The original instructions from the 2010 Verification Project recommended a point source spacing
of 1 km on the horizontal plane and did not include variability in the ground motion. Initial results
for this test showed reasonable agreement between codes, but hazard results were not close enough
to declare a clear benchmark answer or apply the strict £5% acceptance criteria at all sites. Through
discussion and a number of sensitivity studies, the group gained an understanding for the
differences, ultimately leading to modifying the test instructions.

Similar to Test 1.5, one difference concerned the inputs required by each code to calculate
rate. The test instructions specify a source activity rate of N (M > 5) = 0.0395; however, some
codes require different input parameters. For this test, the rate of earthquakes greater than
magnitude zero is 1308 earthquakes/yr, and the associated a-value for the Gutenberg-Richter
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relationship is 3.116. Inaccuracies or errors in these calculations led to differences in the rate
calculated by some codes. Also, while the instructions recommended a point source spacing of 1
km, some codes define the spacing in longitude and latitude degrees, and participants of those
codes were initially using a degree spacing that turned out to be much larger than 1 km. Another
difference is that while many codes treat all point sources separately, several codes group point
sources that are at similar distances from the site, and then use a representative distance to carry
through the ground-motion calculations. Codes that performed this simplification generally had to
specify narrow grouping criteria such that the distances were more precise. Additionally, one code,
FRISKS88, does not model area source zones with a grid of point sources and instead uses the
swinging arc approach, where the area source zone is discretized into arcs, and the area of each arc
is used to partition the activity rate. Finally, a series of diagnostic tests related to this source zone
led to some participants modifying their code to implement a more precise conversion of latitude
and longitude coordinates to kilometers.

Even with the above issues resolved, results were not in close enough agreement to define
a benchmark answer, particularly at Site 3, which is located at the edge of the source boundary.
Discussion amongst participants led to the theory that this site may be more sensitive to the
particular grid orientation that a code creates. Because Site 3 only has point sources on one side,
two codes may both create a grid of point sources with 1-km spacing, but one code may place the
closest point directly on top of the site and the other may place the closest point 0.99 kilometers
from the site.

A sensitivity study was performed by varying the starting point of the grid in increments
of 0.1 km, which confirmed that the hazard results were sensitive to the specific grid orientation.
Figure 2.6 shows the results of this sensitivity study, plotting the hazard results from each of the
100 possible grid orientations. A high sensitivity to the specific starting point of the grid indicates
that the 1-km grid spacing is not small enough to produce stable results. For a code that utilizes
the swinging arc approach, this means that an arc spacing of 1 km is likely not small enough to
produce stable results. Note that this sensitivity was greatly amplified because the test was initially
being run with no ground-motion variability.

It’s important to mention that the exact grid spacing of 1 km and where a code starts the
grid is not really the issue. The grid of points is being used to model a zone of seismicity with a
continuous distribution, allowing the earthquake to occur anywhere within that zone. For this test,
when the site is at the center of the circle (Site 1), a grid spacing of 1 km produces results that are
relatively stable because there are point sources on all sides of the site. Stable results indicate that
the point source spacing being utilized is correctly modeling the intended continuous distribution;
however, for Site 3, there are only point sources on one side of the site, so the results become more
sensitive to the spacing. Therefore, a smaller spacing should be used to correctly model the
continuous distribution for sites at the edges of area source zones.
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Figure 2.6 Results from sensitivity conducted using HAZ45 code with 1-km grid
spacing and no ground-motion variability. The sensitivity study shows
the difference in hazard when the starting point of the grid is shifted in
increments of 0.1 km to run all possible grid orientations.
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Revised instructions recommended a point source spacing of 0.5 km and included ground-
motion variability with sigma untruncated. These two modifications produced much more stable
results and allow a code to reach acceptable answers without extensive run times for the test. Figure
2.7 shows the results for the same sensitivity study performed previously, but with ground-motion
variability included. To illustrate the stability in hazard results gained by reducing the point source
spacing to 0.5 km, results are shown for a point source spacing of 1 km as well as 0.5 km. The
revised results showed much better agreement between codes, even out to the highest PGA of 1.0g,
where the hazard results are very low and beyond the typical range of interest for most engineering
projects. For instance, at Site 1, which is in the center of the area source, the benchmark hazard at
a PGA of 1.0g is 1.91E-6, which corresponds to a return period greater than 500,000 years.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
3%, and the range in hazard results between all codes is less than 6%. The difference in results can
be attributed to differences in how a code models an area source zone, including differences in
latitude and longitude conversions, and differences in locations of point sources, in addition to
previously described differences in approaches.

211 TEST1.11

2.11.1 Purpose

Test 1.11 is an area source zone, identical to Test 1.10, but with added variability in the depth of
the point sources. This test similarly requires the code to model an area source zone, calculating
distance metrics and probabilities for point sources. Ground-motion variability is included.

2.11.2 Discussion and Results

Instructions for this test were also revised to achieve more stable results, recommending a point
source spacing of 0.5 km on the horizontal plane and the inclusion of ground-motion variability.
Again, stable results indicate that we are correctly modeling the intended continuous distribution,
which reflects the assumption that an earthquake can occur anywhere within the area source zone.

Initial results and discussions revealed two main differences between codes related to the
distribution of point sources with depth. First, because the instructions did not make a
recommendation regarding the discretization of the depth range, participants specified different
numbers of point sources to discretize the depth. Second, some codes include the boundaries of
the seismogenic zone when discretizing the depth range, while others place the point sources in
the center of the specified depth discretization increment. These different modeling approaches are
illustrated in Figure 2.8 for a depth discretization step size of 1 km. At the time of this test, the
group was not able to reach a consensus on which of these two modeling approaches was best.
Because the majority of the codes were including the boundaries of the seismogenic zone in the
depth discretization, and given the possible run-time issues for some codes if a very fine
discretization was used, the recommendation was made for everyone to include the boundaries of
the seismogenic zone in their depth discretization and use a step size of 1 km for the depth range.
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Figure 2.8 Test 1.11: different modeling approaches for the depth distribution of
point sources in an area source zone.
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A sensitivity study indicated that the difference in hazard between using the 1-km-depth
discretization and a much smaller depth discretization of 0.05 km was about 3% at the highest test
PGA. Obviously, this recommendation produces relatively stable hazard results. Ten codes used
the recommended 1-km-depth step size, while two codes used significantly smaller depth step
sizes, resulting in more stable hazard results. The results from the two codes that used the finer
discretization are about 3% lower than the results from the other ten codes at the highest test PGA,
confirming the results from the sensitivity study.

As shown in Table 2.3, the range in hazard results between the five core codes is less than
4%, and the range in hazard results between all codes is less than 8%. The difference in results can
be attributed to differences in the distribution of point sources with depth, in addition to previously
described differences in approaches.

After the results for this test were finalized, the group revisited the issue of whether the
seismogenic zone boundaries should be included in the discretization of point sources with depth,
or if the point sources should be placed in the center of the discretization increment. A sensitivity
study was performed where both approaches were modeled, and the depth step size was varied.
The best modeling approach should be the one that produces results closest to the stable results
while using a larger depth step size. When the seismogenic zone boundaries are included, the
difference in hazard between using the 1-km-depth step size and a 0.05-km-depth step size was
about 3% at the highest test PGA. When the point sources are placed in the center of the
discretization increment, the difference in hazard between using the 1-km-depth discretization and
a 0.05-km-depth discretization is less than 0.25%. This sensitivity study was performed using the
Sadigh et al. [1997] ground-motion model as Test 1.11 specified, but the process was repeated

28



with some of the NGA-West2 ground-motion models that have a depth dependent term; the results
were the same.

The sensitivity study concluded that the best approach is to place point sources in the center
of the discretization increment. In hindsight, the group should have recommended that point
sources always be placed in the center of the discretization increment rather than including the
boundaries of the seismogenic zone. The instructions should have recommended a point source
spacing of 1 km for the depth distribution; this results in very stable hazard values when the point
sources are placed in the center of the discretization increment.
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3 Set 2 Results

3.1  INTRODUCTION

Tests in Set 2 verify more sophisticated elements of the codes, including modeling multiple seismic
sources and providing deaggregation information, implementing the more complex NGA-West2
ground-motion models, and calculating probabilities of exceedance for ground-motion
distributions described by a mixture-model. Table 3.1 presents a short description of each test, and
Table 3.2 indicates which codes completed which tests. Test instructions for Set 2 are provided in
Appendix B, and include test specifications as well as figures of the sources and site locations.
Test results for Set 2 are provided as an electronic supplement in Appendix D. Similar to Set 1,
the range in hazard results between the five core codes and the range in hazard results between all
codes are reported as being less than a given percentage for each test in Table 3.3.

Table 3.1 Set 2 tests and descriptions.
Test Description
2.1 Multiple sources
2.1 Avg Deaggregation averages
2.1 Tables Deaggregation percentages
2.2a Abrahamson Silva and Kamai [2014]
2.2b Boore Stewart Seyhan Atkinson [2014]
2.2¢ Campbell and Bozorgnia [2014]
2.2d Chiou and Youngs [2014]
2.3a Hanging Wall, ASK14
2.3b Hanging Wall, BSSA14
2.3c Hanging Wall, CB14
2.3d Hanging Wall, CY14
2.4a Uniform hypocenter distribution
2.4b Triangular hypocenter distribution
2.5a Upper tails, ground-motion distribution
2.5b Mixture model, ground-motion distribution
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Table 3.2 Set 2 tests completed by each code.
Test 21| 21Avg | 21 Tables | 2.2a-d | 2.3a-d | 2.4a | 2.4b | 2.5a | 2.5b
HAZ38-URS 4 4 4 4 4
HAZ45 v v v v v v v v v
THAZ v v v v v v v v v
HAZ45b v v v v v v v v v
FRISK88
EZ-FRISK
HazMapEQ v v v v v v v v v
RIZZO-HAZARD v v v v v v v v v
PROSIT v v v v v v v v v
OpenQuake v v v v v v v v v
OpenSHA v v v v v v
SISMIC v v v v v v v v
PROBHAZ v v v v v v v v v
XCD55, HAZ51, TREE51 | v v v v v v v v v
CRISIS v v v v v v v
Table 3.3 Set 2 tests: range in hazard results.
Range in results for core codes Range in results for all codes
Test 1% | <2% | <3% | <4% | <5% <2% | <4% | <6% | <8% | <10%
2.1 4 v
2.2a v v
2.2b v 4
2.2¢c v v
2.2d 4 4
2.3a v 4
2.3b v 4
2.3c v v
2.3d v v
2.4a v v
2.4b v 4
2.5a v v
2.5b v v
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3.2 TEST241

3.2.1 Purpose

Test 2.1 includes an area source zone, similar to Test 1.11, and two fault sources. The test requires
the code to calculate and sum the hazard for multiple sources and perform a deaggregation on the
magnitude, distance, and epsilon values. Ground-motion variability is included.

3.2.2 Discussion and Results

Initial hazard results indicated that a couple of codes were incorrectly converting the rate of
exceedance to Poisson probability for each source and then summing the Poisson probabilities.
Those codes were revised to correctly sum the rates of exceedance from all sources and then
convert the total rate of exceedance to Poisson probability. The area source specifications are
essentially the same as Test 1.11, but because the site is in the middle of the area source, results
are stable with a point source spacing of 1 km on the horizontal plane. As with Test 1.11, the
difference in the number of point sources used to model the depth of the area source is primarily
responsible for the difference in hazard results at the higher PGAs where the hazard from the area
source is driving the total hazard.

As shown in Table 3.3, the range in hazard results between the five core codes is less than
3%, and the range in hazard results between all codes is less than 8%. The difference in results can
be attributed to differences in the distribution of point sources with depth for the area source, in
addition to previously described differences in approaches.

Participants were also asked to provide deaggregation information at three different PGAs.
Two of the PGAs were specified directly, while a third problem asked for deaggregation
information for the PGA corresponding to an annual probability of exceedance of 0.001.
Deaggregation results included two parts. The first part asked participants to report the mean
magnitude, distance, and &* (epsilon star) values at each of the three PGAs. The second part
specified magnitude, distance, and epsilon bins, and asked participants to report the percent
contribution to the total hazard for each bin, again at each of the three PGAs. More information on
the deaggregation specifications can be found in the instructions for this test in Appendix B.

One difference related to the deaggregation had to do with how participants arrived at the
deaggregation values for the case where the annual probability of exceedance was specified rather
than the PGA directly. This applies to both the mean deaggregation values and the deaggregation
bins. Some participants used log—linear interpolation between hazard results and deaggregation
values to obtain the deaggregation results corresponding to the specified hazard level. Other
participants used log—log interpolation between hazard results to obtain the associated PGA, and
then reran their code with that PGA as a test value in order to have the code provide the
deaggregation information directly. This difference did not cause a large range in deaggregation
results; however, the agreement between the interpolation and the results from rerunning the
hazard analysis depends on the particular problem at hand. If PGA test values are spaced farther
apart, or if the mean magnitude, distance, or epsilon* values plotted against the log of the hazard
does not exhibit a linear relationship for the hazard level of interest, interpolation may not provide
deaggregation results as accurately.
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Another difference related to the deaggregation concerns how the codes deaggregate on
epsilon. One method is to assign the entire marginal hazard contribution for a given scenario to
the epsilon bin corresponding to the test spectral acceleration value. For example, for a given
earthquake scenario, if the median PGA from the ground-motion model is 0.5g, the standard
deviation is 0.7 natural log units, and the specified test PGA = 0.25g. Then the epsilon
corresponding to the test PGA is -1, and the entire probability of exceedance for that scenario
would be assigned to the bin containing € = -1. In this first method, the epsilon is typically referred
to as epsilon*.

A second method is to assign the proportional contribution of the probability of exceedance
for a given scenario to the full range of epsilons that satisfy the exceedance of the test value. In the
above example, this would entail dividing the probability of exceedance for a given scenario into
the epsilon bins above ¢ = -1, with the appropriate contribution based on the probability density
function used for the ground-motion distribution. For a more detailed explanation of these two
methods, the reader is referred to the explanation on page 508 of Bazzurro and Cornell [1999]. Per
Bazzurro, both methods are perfectly legitimate—they simply correspond to different
specifications—but when the results are reported it should be made clear which method was used.
The binned deaggregation results for epsilon (or epsilon*) were split into two groups based on
these methods.

An acceptance criteria of £2% was used for the deaggregation results. As an example, if
the benchmark answer for the mean magnitude was 6.02, acceptable answers ranged from 5.90 to
6.14. For the deaggregation tables, if the contribution to the total hazard for the distance bin from
40-60 km was 33%, acceptable answers ranged from 31% to 35%. All participating codes were
well within this acceptance criteria. Complete deaggregation results and comparisons between
codes can be found in the electronic supplement Appendix D.

3.3 TEST2.2

3.3.1 Purpose

Test 2.2 uses a strike-slip fault, which produces a range of earthquake magnitudes from a truncated
exponential magnitude density function. The test includes multiple sub-tests for each of the four
NGA-West2 ground-motion models tested. The test requires the code to calculate the median and
standard deviation from the more complicated NGA-West2 ground-motion models, including
distance parameters Ris, ZToR, and Znyp, which were not required in previous tests.

3.3.2 Discussion and Results

Test 2.2 includes four sub-tests with different NGA-West2 ground-motion models. Test 2.2a
specifies the ASK14 model, Test 2.2b specifies the BSSA14 model, Test 2.2¢ specifies the CB14
model, and Test 2.2d specifies the CY 14 model. 114 was not tested because it did not require a
code to program any new predictor variables. This test was designed to require the code to go
through all of the magnitude breakpoints in the NGA-West2 ground-motion models, which is why
a truncated exponential magnitude density function from Mmin = 5 to Mmax = 7 was specified. An
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85-km-long fault was used to accommodate a rupture plane for the high end of the magnitude
range.

At the beginning of the project, many of the codes had not yet implemented the NGA-
West2 ground-motion models, and initial results indicated programming errors for many codes.
Discussion amongst participants highlighted a few particularly tricky aspects of the NGA-West2
ground-motion models, which are summarized here for the benefit of the reader:

e ASKI14: The depth to a shear wave velocity of 1.0 km/sec, Zi.0, should be in
kilometers. There is a typo in ASK14 in the list of parameters, which incorrectly
shows Zi.0 with units of meters.

e ASK14,BSSA14, and CY14: Both ASK14 and BSSA14 require Z1.0 in kilometers,
while CY14 requires Zio in meters. This means that a code will likely have to
convert the units for the Zio input within one of the ground-motion model
subroutines, depending on the units the code’s input file requires.

e BSSAI14: The electronic supplement provides coefficient values out to four decimal
points, however most applications that open the file will only show the values out
to three decimal places with the default view. Some participants used the
coefficients with three decimal places in error, rather than the correct coefficients
with four decimal places.

e BSSA14: For other NGA-West2 ground-motion models, the shortest period is 7=
0.01 sec, and the coefficients for 7= 0.01 sec should be used for PGA. However,
BSSA14 provides coefficients for both 7= 0.01 sec and PGA. Some participants
used the 7= 0.01 sec coefficients in error rather than the PGA coefficients.

e (CBI14: When calculating rock PGA, 41100, the code should use the depth to a shear
wave velocity of 2.5 km/sec, Z»5, calculated from equation 33 or 34 in CB14.

e (CY14: The centered depth to the top of the rupture plane, AZtor, must be calculated
for every rupture plane by calculating the depth to the top of the rupture plane, Ztor,
and the mean depth to the top of the plane £ [Zror], calculated from equation 4 or
5in CY14.

Through a series of revisions, programming errors were fixed and results converged to a
consensus answer. Although this test did help many participants identify errors in their codes, it
did not provide a complete validation of the NGA-West2 ground-motion models. Testing all
periods, site locations, and site conditions is beyond the scope of the project, and participants were
encouraged to perform their own full validation by creating validation tables from the PEER NGA-
West2 Excel spreadsheet.

As shown in Table 3.3, the range in hazard results between the five core codes is less than
4%, and the range in hazard results between all codes is less than 8%. The ranges for Site 6 drive
these maximum reported ranges up and are due to Site 6’s location off the end of the fault, which
causes the results to be more sensitive to the rupture location step size. The difference in results
can be attributed to differences in step sizes used by each code, in addition to previously described
differences in approaches.
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3.4 TEST23

3.4.1 Purpose

Test 2.3 is a single, large magnitude event on a reverse fault that dips 45° west and is buried to a
depth of 1 km. The test includes multiple sub-tests for each of the four NGA-West2 ground-motion
models tested. This test requires the code to calculate the hanging-wall terms of the NGA-West2
ground-motion models, including new distance parameters Rx and Ryo. The test does not include
ground-motion variability.

3.4.2 Discussion and Results

Similar to Test 2.2, Test 2.3a specifies the ASK14 model, Test 2.3b the BSSA14 model, Test 2.3¢c
the CB14 model, and Test 2.3d the CY 14 model. The single M 7 event produces a large rupture,
which is always passing in front of the sites located at the midpoint of the fault along the strike.
Due to this lack of variability in the distance and ground-motion calculations, the hazard curves at
Sites 1-5 are a horizontal line at the fault activity rate until the median PGA is reached, after which
the hazard becomes zero. Site 6 is located off the end of the fault, so variability in the distance
calculations is included as the rupture moves from the north end of the fault to the south end of the
fault. The hazard curves for Site 6 exhibit some curvature due to the variability in the location of
the rupture on the fault.

Initial results indicated some programming errors in the hanging-wall terms of the ground-
motion models. Programming of the ASK14 hanging-wall model proved the most challenging for
participants. The ASK 14 hanging-wall model provides two options for calculating 75, a taper used
for scaling off the end of the rupture. The first option is to calculate 75 based on Ryo, a new distance
parameter introduced in ASK14. This is the preferred method for calculating 75. The second
option is to calculate 75 based on Ris. This alternative option was offered so that codes that did
not have the capability to compute Ryo could still use the ASK 14 ground-motion model. For Sites
1-3, the hazard results from the two ASK14 options are the same, but for Sites 4-6, the results
from the two options are different. Seven codes implemented the preferred 75 taper, while six
codes implemented the alternative option. Results for Sites 4—6 were split based on which option
was used. Programming errors in the hanging-wall models were identified and fixed through
discussions and the use of a hand solution. An error in the PEER NGA-West2 Excel file related to
the Ryo term in ASK 14 was also discovered and fixed.

As shown in Table 3.3, the range in hazard results between the five core codes is less than
5%, and the range in hazard results between all codes is less than 10%. At Sites 1-5 the ranges are
less than 1% and are simply a difference in the reported rate. Again, the reported ranges for Site 6
are due to Site 6’s location off the end of the fault. The difference in results can be attributed to
differences in step size used by each code, in addition to previously described differences in
approaches.
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3.5 TEST24

3.5.1 Purpose

Test 2.4 is a single magnitude event on a strike slip fault with an increased fault width of 30 km.
The test specifies a triangular distribution of hypocenter locations down dip, requiring the code to
calculate rupture location probabilities for a distribution other than the typical uniform distribution.
The test does not include ground-motion variability.

3.5.2 Discussion and Results

Test 2.4a specifies the typical uniform distribution of hypocenters down dip, while Test 2.4b
specifies a triangular distribution. The purpose of Test 2.4a was to have a comparison for the
triangular distribution in Test 2.4b. A further explanation of the triangular distribution of
hypocenter locations is provided in the instructions for this test; see Appendix B. The use of non-
uniform hypocenter distributions is relatively new in PSHA, and the majority of codes that ran this
test added this feature to their code as a result of the verification project. From a practical
standpoint, the actual moving around of ruptures on the fault doesn’t change, but the probability
assigned to each rupture location with depth is different and is based on the location of the
hypocenter for that rupture. Some discussions about how to implement the new distribution took
place prior to running the test, which resulted in a uniform approach across codes. Initial results
showed strong agreement between codes.

As shown in Table 3.3, the range in hazard results between the five core codes is less than
1%, and the range in hazard results between all codes is less than 8%. The ranges in results for
Test 2.4a and Test 2.4b are very similar, indicating that the difference in results did not increase
significantly with the introduction of the triangular depth distribution. The difference in results can
be attributed to slight differences in the modeling of a triangular depth distribution, in addition to
previously described differences in approaches.

3.6 TEST25

3.6.1 Purpose

Test 2.5 is a single magnitude event on a strike-slip fault, with PGA test values up to 7.0g. With
the site 15 km away from the fault and high PGA test values, the code is required to calculate
probabilities of exceedance for high epsilon values on the extreme tails of the ground-motion
distribution.

3.6.2 Discussion and Results

Test 2.5a specifies the standard lognormal distribution and was designed to test how far out on the
tails of the ground-motion distribution a code could reliably compute probabilities of exceedance.
The hazard results at the highest PGA test value of 7.0g correspond to a mean epsilon of about 6.
Despite the much higher epsilon values associated with the hazard results for this test, the range in
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hazard results between the five core codes is still exceptionally small and about the same as it was
in Test 1.8a. The benchmark answer was also checked against a hand solution, and the two agreed
very well. The hand solution utilized the normal distribution function built into Excel, which was
also checked against the normal distribution function built into R code, and the two were found to
be in strong agreement.

Test 2.5b specifies a mixture model of two lognormal distributions. Use of a mixture model
distribution, similar to the one specified for Test 2.5b, is gaining recognition for projects with long
return periods, as residuals have shown a deviation from the standard lognormal distribution, with
higher probabilities of ground motions on the tails of the distribution. Appendix B provides
instructions for this test and additional explanation of the mixture model. The majority of codes
that ran this test added this feature to their code through the verification project.

As shown in Table 3.3, the range in hazard results between the five core codes is less than
1%, and the range in hazard results between all codes is less than 10%. Note that the range in
hazard results between all codes is closer to 3% at a PGA of 1.5g, which is still associated with a
high epsilon of about 4. The electronic supplement indicates that one code does not meet the
acceptance criteria for Test 2.5a at the highest PGA of 7.0g, reporting results that are just under
the -5% acceptance criteria. This outlier is not significant, as the hazard results at an epsilon of 6
correspond to such long return periods that they have no practical use; they are only reported here
to determine when the normal distribution functions start to break down. The difference in results
can be attributed to the different normal distribution functions implemented by each code, in
addition to previously described differences in approaches.
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4 Set 3 Results

41 INTRODUCTION

Tests in Set 3 build on the complexities of the tests in the previous two sets and verify more
challenging elements of the codes. The tests in Set 3 include modeling a bending fault, calculating
the mean hazard and fractiles from a logic tree, modeling the intraslab region of a subduction zone,
and modeling an area source with finite ruptures. Table 4.1 presents a short description of each
test, and Table 4.2 indicates which codes completed which tests. Test instructions for Set 3 are
provided in Appendix C, and include test specifications as well as figures of the sources and site
locations. Test results for Set 3 are provided as an electronic supplement in Appendix D.

Unlike the tests in Set 1 and Set 2, the tests in Set 3 do not have benchmark answers and
acceptance criteria. For the majority of tests in Set 3, there are multiple modeling approaches
currently used by the codes. Specifying the best approach is beyond the scope of this project.
Separate workshops with seismic-source characterization, ground-motion characterization, and
hazard analysts are needed to validate the methods and develop consensus recommendations. The
results are therefore split into groups based on the different approaches, and the project’s role was
to reach agreement within each group. The participants also worked to understand why one
modeling approach would lead to higher or lower hazard than another approach, and these
observations are documented in this chapter. For quantitative information regarding the ranges in
hazard between the codes and across different approaches, the reader is referred to the electronic
supplement in Appendix D.

Table 4.1 Set 3 tests and descriptions.
Test Description

3.1a Bending fault, dipping east

3.1b Bending fault, dipping west

3.2 Logic tree, percentiles

3.3 Intraslab zone

34 Areal zone, finite ruptures

39



Table 4.2 Set 3 Tests completed by each code.

Test 31a | 31b | 3.2 | 3.3 | 34

HAZ38-URS
HAZ45
THAZ
HAZ45b
FRISK88
EZ-FRISK
HazMapEQ
RIZZO-HAZARD
PROSIT

OpenQuake
OpenSHA
SISMIC
PROBHAZ
XCD55, HAZ51, TREES51
CRISIS

IR IEN IEN BN RN
IR IEN IEN BN RN
NI IENI IR
NI IENI IR
<] s

42 TEST 31

4.2.1 Purpose

Test 3.1 is a single magnitude event on a dipping fault whose trace bends along strike. The test
requires the code to model the geometry and calculate distance metrics for a bending fault with
strike variation along the fault length. Ground-motion variability is included.

4.2.2 Discussion and Results

The fault for Test 3.1 is 60 km long and made up of four segments that create a bending fault. Here
the term “segment” is meant to imply a section of the fault that has a different strike than the
neighboring section, not that the fault is segmented with points that stop the rupture. The large
magnitude 6.75 event creates a rupture that takes up the entire width of the fault, so the rupture is
only moved along strike. The test includes two sub-tests with the fault dipping in different
directions. Test 3.1a specifies an east-dipping fault, while Test 3.1b specifies a west-dipping fault.
The test specifies use of the CY 14 ground-motion model, which includes a hanging-wall term that
utilizes the Ry distance parameter.

There are two aspects to a bending fault that are modeled differently by the codes. The first
is the fault geometry. When a dipping fault bends along the strike, gaps or overlaps are formed
where the fault segments meet at the bend if the dip direction is maintained orthogonal to strike.
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These gaps or overlaps must be resolved by the code so that a rupture can be moved uniformly
around a continuous fault. One group of codes addresses these areas by filling in gaps and
removing overlaps. The other group of codes projects the bottom points of the fault trace along an
average strike and then connects those points at depth to form the bottom of the fault.

This second approach was suggested during the first verification project by Mark Stirling
and is sometimes referred to as the Stirling approach. Although the Stirling approach offers a
consistent method for handling fault traces with severe bends, it violates the standard assumption
that the dip direction is orthogonal to the local strike for each segment. The different approaches
for modeling the fault geometry result in different fault areas and can also result in different Rrup
and Ris distances, both of which cause differences in the hazard results. These two geometry
approaches are illustrated in Figure 4.1 for the east-dipping fault and Figure 4.2 for the west-
dipping fault. The fault areas for each approach are also provided in Figures 4.1 and 4.2.

The second aspect to modeling a bending fault is the calculation of Rx. For a straight
rupture, Rx is simply the horizontal distance from the site to the top of rupture trace measured
perpendicular to strike. For a bending rupture, the calculation of Rx becomes more complicated
because the perpendicular distance changes as the rupture bends, creating as many Rx values as
there are bending segments of the rupture. The issue is that only one Rx value can be used in the
GMPE. Again, there are two different methods utilized by the codes to calculate Rx for a bending
fault.

One approach is to calculate Rx for the rupture segment that is closest to the site. This
approach is straightforward and follows the logic that the segment closest to the site contributes
most to the hanging-wall effect. Note that this is not necessarily the minimum Ry; it is the Rx for
the segment that produces the minimum rupture distance, Rrup. Another approach is to calculate a
local Rx for each rupture segment and then use a weighted-average of those local Rx values to
produce a single global Rx. The weights for the local Rx distances are based on the distance from
each segment to the site, with the weights being highest for segments closest to the site. This
approach was developed by Spudich and Chiou [2015] and is part of the generalized coordinate
system (GC2). The GC2 approach is more involved from a calculation perspective, but offers a
solution for incorporating the hanging-wall effect for all rupture segments. The GC2 methodology
was also used in the development of the NGA-West2 ground-motion models and thus provides
consistency in terms of how those distance measures were derived from data. Nine out of the ten
codes participating in this test use one of these two Rx approaches. The tenth code, OpenSHA,
uses an approach where Rx is calculated for the rupture segment closest to the site if the site is
located along the strike, and Rx is calculated from an average strike if the site is off the end of the
rupture.

The results were split into groups based on the different geometry and Rx approaches. Three
codes use the Stirling approach and GC2, five codes use the Stirling approach and Rx to the closest
segment, and three codes project the segments orthogonal to strike and use Rx to the closest
segment. Ten codes participated in this verification test, but RIZZO-HAZARD has the capability
to model the fault geometry using both approaches, resulting in eleven hazard results for each site.
The OpenSHA results were grouped with codes that calculate Rx to the closest segment for Sites
1, 3, and 4, and grouped with codes that calculate Rx using GC2 for Site 2 because GC2 produces
Rxvalues that are similar to those from an average strike method when the site is off the end of the
rupture.
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Figure 4.2 Test 3.1b (west dipping): fault trace and projection of bottom of fault for
different geometry approaches.
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Site 1 is located 1.5 km east of the trace of the fault on the hanging wall at the intersection
of two segments, such that an overlap forms if the segments are projected orthogonal to strike. The
results for Site 1 show strong agreement between codes utilizing the same approaches, with a
maximum difference in hazard results of 1 or 2% within each group. The approach used to
calculate Rx has a negligible effect on the hazard results for this site, as both the closest Rx approach
and GC2 approach yield similar Rx distance values when the site is close to the trace of the rupture.
The different approaches used to model the fault geometry result in a 9% difference in the fault
area but don’t appear to result in drastically different distance values (i.e., Rrup and Ris). A
comparison of the results across all approaches shows that the difference in hazard is
approximately 9% at all test values. This means that the difference in fault area, which is carried
through to the rate calculation, is responsible for the majority of the difference in results from all
approaches.

Site 2 was intentionally placed off the southern end of the fault trace to highlight
differences in the approaches used to calculate Rx. The severe bend at the southern end of the fault
caused problems for multiple codes, and led to the identification of errors in many codes. For codes
that project the segments orthogonal to strike, the original coordinates of the fault trace were
problematic because the very southern bend of the fault overlaps entirely with the third segment
when projected orthogonal to strike. Participants with codes that use this geometry method noted
that their code would flag this geometry as unphysical, and they would adjust the coordinates of
the fault trace slightly to resolve the issue. For the three codes that model the geometry by
projecting segments orthogonal to strike, the following revised coordinates were used for Test 3.1a
(east dipping fault, Sites 1 and 2):

From south to north:
-0.45236 -64.78365
-0.44700 -64.80164
-0.36564 -64.90498
-0.16188 -65.00000
0.00000 -65.00000

Codes utilizing the Stirling method used the original coordinates specified in the
instructions. Some of the errors that were identified and fixed included a misunderstanding of the
implementation of the Stirling method, errors in the calculation of Rx (particularly off the end of
the fault), and errors related to the code’s ability to correctly identify when the site is on the
hanging wall and when the site is on the footwall. The final results for Site 2 show fair agreement
between codes utilizing the Stirling method and GC2, with a maximum difference in hazard results
of 4% within the group. The results for Site 2 show strong agreement between codes utilizing the
Stirling method and closest Rx, with a maximum difference in hazard results of 1.5% within the
group. A comparison of the results between these two groups shows that the maximum difference
in hazard results is about 17%, which can be attributed to the different Rx approaches. When the
rupture is located at the very southern end of the fault, the GC2 approach produces a positive Rx
distance with the site on the hanging wall, while the closest-segment approach produces a negative
Rx distance with the site on the footwall. As expected, this difference results in higher hazard
results from codes utilizing the GC2 approach. The results for Site 2 show decent agreement
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between codes that project the segments orthogonal to strike and use the closest Rx method, with
a maximum difference in hazard results of about 8%. A comparison across all approaches is not
meaningful here as the coordinates of the fault are not the same and greatly impact the results for
this site.

Site 3 is located about 3 km west of the trace of the fault on the hanging wall at the
intersection of two segments, such that a gap forms if the segments are projected orthogonal to
strike. The results for Site 3 show fair agreement between codes utilizing the same approaches,
with a maximum difference in hazard results of 2 to 5% within each group. A comparison of the
results across all approaches shows the difference in hazard ranges from about 9% at the lower
PGAs to about 13% at the highest PGA. The different approaches used to model the fault geometry
again account for this 9% difference due to differences in the fault area.

Site 4 is located about 5 km west of the trace of the fault, on the hanging wall at the
intersection of two segments, such that a gap forms if the segments are projected orthogonal to
strike. The results for Site 4 show good agreement between codes utilizing the same approaches,
with a maximum difference in hazard results of about 1 to 3% within each group. A comparison
of the results across all approaches shows the difference in hazard ranges from about 9% at the
lower PGAs to about 6% at the highest PGA. The fault area accounts for the 9% difference;
differences in the calculated distances are likely narrowing the difference at the higher PGAs by
working in the opposite direction.

43 TEST3.2

4.3.1 Purpose

Test 3.2 uses a strike—slip fault, similar to Test 2.2, but includes epistemic uncertainty in the source
and ground-motion characterization. The test requires the code to calculate the mean hazard from
a logic tree and provide the hazard at the 10th, 50th (median), and 90th percentiles. Ground-motion
variability is included.

4.3.2 Discussion and Results

Test 3.2 includes a logic tree that specifies three slip rates, two magnitude recurrence relationships,
three maximum magnitudes, and two ground-motion models. There is no correlation between
branches on the logic tree, resulting in thirty-six possible alternative hazard curves.

Some of the maximum magnitudes specified in this test produce rupture areas larger than
the defined fault area. Although this is not the first test where this scenario occurs, the difference
between the largest rupture area and the defined fault area was generally small for previous tests,
so results within the acceptance criteria could still be obtained without following the common
practice of restricting the rupture to the fault area. In this test, the difference is large, and initial
hazard results indicated that some codes were not restricting large ruptures to the fault boundaries.
These codes were modified and revised results showed better agreement between all codes.

Initial results for the mean hazard showed a division between two groups of codes at the
lower PGA test values. Discussion amongst participants led to the understanding that the majority
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of the codes were not converting rates of exceedance to Poisson probability correctly when
epistemic uncertainty is included. To compute the Poisson probability from a logic tree correctly,
the code must first calculate the unweighted rates of exceedance from each branch of the logic
tree. These unweighted rates of exceedance must then be converted to Poisson probabilities. The
Poisson probabilities are then weighted, and those results are summed. Initially, only two codes
were following this scheme and reporting the mean hazard correctly as Poisson probabilities. The
remaining seven codes were summing up the weighted rates of exceedance and converting to a
Poisson probability at the end: this is not correct. This error is largest at the lower PGA test
values—where the hazard results are relatively high—and diminishes as the PGA test values
increase. The maximum difference due to this error is about 9% at the first PGA test value of
0.001g.

Although the instructions ask participants to report results as Poisson probabilities, many
participants noted that their codes output is reported as annual frequencies of exceedance, and this
is what they always report for projects. These participants were converting results to Poisson
probabilities as a post-processing step to be consistent with the instructions; however, when
epistemic uncertainty is included, it is not possible to convert the mean hazard to a Poisson
probability, as described above. Because the users of these codes have no practical use for
modifying their codes to compute Poisson probabilities, these participants were given the option
of reporting results for the mean hazard as annual frequency of exceedance, and the results were
split into two groups. The results for all other tests, including the fractiles results for this test, are
still reported as Poisson probabilities to be consistent with the initial instructions. The range in
mean hazard results between the codes in each group is less than 1%.

Participants were asked to report the hazard at the 10th, 50th (median), and 90th
percentiles. These are commonly referred to as fractiles. Codes participating in this test compute
the fractiles using two different approaches. The first approach is to interpolate between the
cumulative weight and the hazard to obtain the hazard at the fractile of interest. The majority of
codes using this approach are using linear—linear interpolation, but the interpolation should be
linear on the cumulative weights and log on the hazard. The second approach does not use
interpolation but reports the hazard at the first cumulative weight exceeding the fractile of interest.
Due to the simplicity of this test, and the very small logic tree, there can be large jumps between
cumulative weights, causing relatively large differences in the reported fractile when comparing
the two methods. The jumps in cumulative weight are shown in Figure 4.3, where the cumulative
weights are plotted against the hazard for one PGA. In this plot, there are thirty-six markers, one
for each of the thirty-six possible combinations from the logic tree. When looking at a particular
fractile, for instance the 10th percentile (0.1 on the y-axis), a cuamulative weight does not fall there,
so some codes would interpolate between the two closest fractiles, and some codes would report
the first point exceeding 0.1. The difference in fractile hazard results at the 10" percentile is 29%,
as shown on Figure 4.3, and is the maximum difference in results for this test. A typical project
contains multiple sources and thousands of combinations from the logic tree; therefore, large
jumps between cumulative weights do not exist. For these reasons, on a typical project, the
difference in reported fractiles based on whether a code interpolates or reports the first value
exceeding is expected to be negligible.
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Figure 4.3 Test 3.2: cumulative weights versus hazard for one PGA.

The fractile results were split into groups based on the two different approaches, with five
codes using interpolation and four codes reporting the first value exceeding. The range in fractile
hazard results between the codes in each group is less than 2%. When comparing the results across
these two groups, the maximum difference is about 29% and can be attributed to the different
fractile approaches.

44 TEST3.3

441 Purpose

Test 3.3 is an intraslab region of a subduction zone, consisting of a 12.5-km-thick slab with a dip
of 30° in the shallower portion and 45° in the deeper portion. The test requires the code to generate
ruptures in a three-dimensional volume, calculate distance metrics from those ruptures, and
correctly pass on the source-type parameter to the ground-motion model. The Zhao et al. [2006]
ground-motion model is specified, and ground-motion variability is included.

4.4.2 Discussion and Results

The approaches used to model intraslab sources vary greatly across the codes and can even vary
from one analyst to the next using the same code. The central issue is how to model a rupture that
occurs within the slab. The codes generally have a couple of different built-in source types that are
used to model ruptures for different sources. For example, one source type might be used for faults,
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where the user can define the boundary of the fault as a plane, and then the code generates a rupture
on that plane, which is moved around to all possible locations. A different source type might be
used for areal sources, where the user can define the boundary of the areal zone as a polygon and
specify the seismogenic thickness of the zone, and then the code generates point sources within
that volume. Because a majority of the codes do not have a specific source type for intraslab
sources, one of the built-in source types is used to model the slab.

Each code contains nuances and variations in its approach to model the ruptures from the
specified intraslab zone. The discussion here will focus on the four main approaches, which are
illustrated in Figure 4.4 with a side view of the entire slab looking north. Approach (a) models the
intraslab as an areal zone and fills it with point sources. This is typically accomplished by using
staircasing blocks of areal zones to approximate the slab shape; see Figure 4.4(a). Approach (b)
ignores the thickness of the slab and models only the top of the slab or the middle of the slab as a
dip-varying fault, similar to a listric fault. Ruptures with finite dimensions are then moved around
the dip-varying fault; see Figure 4.4(b). Approach (c) involves filling the slab with pseudo faults
that approximate the slab shape; see Figure 4.4(c). The faults are merely a mechanism to establish
boundaries so that ruptures can be created and moved around. Approach (d) is similar to approach
(a) where staircasing blocks of areal zones are used to approximate the slab shape; only finite
ruptures are used instead of point sources. This approach is similar to the virtual-fault method used
in typical areal zones. This is accomplished by filling the slab volume with point sources, which
represent the hypocenter, and then expanding those hypocenter points into finite ruptures; see
Figure 4.4(d).

Specific inputs for each of these four approaches were provided to the participants so that
hazard results from codes using the same approach would not be dissimilar due to differences in
how the participant divided the slab into faults or stairsteps. For approaches (c) and (d), the
participants needed to know what dip to use for the ruptures. Although this level of detail is not
often specified in the source characterization, the participants were instructed to use a dip of 35°
relative to the slab corresponding to an absolute dip of 65° in the shallower slab section and 80° in
the deeper slab section. The relative dip of 35° came from looking at some of the preliminary finite
rupture data for the ongoing PEER NGA-Subduction project.

An example M6.5 rupture for each of the four approaches is shown in Figure 4.5 with a
view of a vertical slice of the slab looking west. The hypocenter location and shortest distance to
the rupture, Rrup, are shown for each approach. As illustrated in Figure 4.5, approach (a) models
the ruptures as point sources while the other three approaches model the rupture as a plane with
finite dimensions. Figure 4.5 also illustrates the different treatment of the boundaries by the
approaches using finite ruptures. In approach (c), the slab defines the boundaries of the ruptures,
and no rupture is allowed to leak out of the slab. In approach (d), the slab defines the boundaries
of the hypocenters, and ruptures are allowed to leak out laterally, i.e., ruptures associated with
hypocenters located at the southern and northern ends of the slab will leak out of the slab to the
south and north.
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Figure 4.4 Test 3.3 looking north: different approaches for modeling intraslab
region.

To explain why these modeling approaches lead to differences in reported hazard, Figure
4.6 compares approaches (a) and (c) with the same example M6.5 rupture, and in addition to Rrup,
shows the hypocenter depth, Zuyr. As shown in the figure, the point source in approach (a) is
associated with a larger Rrup distance, which leads to lower median ground motions and thus lower
hazard. Additionally, the point source in approach (a) is associated with a smaller Zuyp depth,
which also leads to lower median ground motions and thus lower hazard. Though this effect from
Zuyrp may seem counterintuitive to some, deeper ruptures are associated with higher ground
motions; therefore, a smaller Zuyp leads to lower median ground motions. Note that the difference
in hazard from Zuyr is specific to the instructions for this verification test where the hypocenter is
constrained to the center of the rupture plane. Had the instructions specified randomizing the
hypocenter location on the rupture plane, there would be no difference in Zuyp between approaches
(a) and (c).

48



a) Areal zones filled with point sources b} Top or middle of slab as histric fault

A A
Iypocent od Slab bounda S Slab bound
- T o R /
\\\ '—" Rt / LY & = v
\ - ; \ ¥ K
3 r .
=M | v LT 1 I
Rupture is a point source Rupture has finite dimensions

Rupture dip = slab dip (307)

No lateral leakage of rupture

¢} Fill slab with pseudo faults d) Areal zones filled with virtual faults

Rupture has finite dimensions Rupture has finite dimensions
Rupture dip = 35" relative to slab (657 abs) Rupture dip = 35" relative to slab (65 abs)
No lateral leakage of rupture Lateral leakage of rupture
Figure 4.5 Test 3.3 looking west at a vertical slice: different approaches for modeling

intraslab region.

Figure 4.7 shows the hazard results for Test 3.3 at Site 1 for codes utilizing one of the four
main approaches. The results are grouped by approach, and there is good agreement between codes
utilizing the same approach. As expected, the point sources in approach (a) lead to significantly
lower hazard results than the approaches utilizing finite ruptures. Note that although the point
source approach has obvious shortcomings in terms of being able to model the real dimensions of
a rupture, it cannot be reasonably eliminated as a viable approach and is the most consistent with
current ground-motion models. The majority of current intraslab ground-motion models, including
Zhao et al. [2006], were predominantly derived from data using hypocentral distance, not Rrup.
The Zhao et al. [2006] publication states, “Source distance x is the shortest distance to the rupture
zone for earthquakes with available fault models, and hypocentral distance for the other events.”
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Figure 4.6 Test 3.3: comparison of two approaches for modeling ruptures in an

intraslab zone and their impact on hazard.

Overall, the differences in hazard are well-understood and primarily due to different
modeling approaches for generating ruptures within a dipping slab volume. The results show good
agreement between codes utilizing the same approaches, with differences in hazard results
generally less than 5% within each group. The differences in hazard are large when the results are
compared across all approaches. For the industry to move forward with a consistent approach
requires: (1) additional seismic source characterization work in terms of understanding how finite
ruptures occur within the slab; (2) additional ground-motion characterization work in terms of
developing a model consistent with these observed ruptures and utilizes appropriate distance
measures to describe the ruptures, as opposed to current models that rely heavily on hypocentral
distance; and (3) more detailed specifications in hazard input documents including preferred dip
of ruptures and whether the slab volume represents the limits of hypocenters or the limits of
ruptures. For expanded studies on modeling intraslab earthquakes in PSHA, the reader is referred
to LaForge and Hale [2017] and Weatherill et al. [2017].
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Figure 4.7 Test 3.3: comparison of hazard results when different approaches are

used to model the ruptures for the intraslab zone.

4.5 TEST34

4.5.1 Purpose

Test 3.4 is an area source zone, similar to Test 1.11, but with an increased depth range from 5 to
25 km. Rather than modeling earthquakes as point sources, the test requires the code to use virtual
ruptures to account for the rupture dimensions. The Chiou and Youngs [2014] ground-motion
model is specified, and ground-motion variability is included.
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4.5.2 Discussion and Results

This test adds significant complexity to the area source zone used in previous tests by specifying
additional information related to the characteristics of future earthquakes. Faulting styles were
specified as 60% strike-slip with a dip of 90°, 20% normal with a dip of 60°, and 20% reverse with
a dip of 30°. The approaches used to model areal zones with virtual faults vary across the codes.
The central issue is whether the seismogenic zone represents the boundaries of the ruptures or the
boundaries of the hypocenters. This level of detail is not typically provided to the hazard analysts,
and the participants interpret the boundaries in different ways, resulting in four main approaches,
as described below.

Each code contains nuances and variations in its approach to model the ruptures in the areal
source zone. The discussion here will focus on the four main approaches, which are illustrated in
Figure 4.8. Approach (a) assumes that the seismogenic zone is based on hypocenter data, and thus
the top and bottom boundaries define the hypocenter locations. Ruptures are allowed to go above
the top boundary and below the bottom boundary if necessary. This approach is illustrated in
Figure 4.8(a), where the limits of the seismogenic zone are shown along with two example M6
ruptures. Approach (b) also interprets the boundaries of the seismogenic zone as defining the
hypocenter locations, but it does not allow the rupture to go above the upper boundary. This
approach is illustrated in Figure 4.8(b). Approach (c) assumes that the boundaries define the
rupture limits, and no part of the rupture is allowed to go above the top boundary or below the
bottom boundary, as illustrated in Figure 4.8(c). This approach is similar to how ruptures are
modeled on a fault source and results in a narrower depth range for the hypocenters, particularly
for large ruptures. Approach (d) assumes that the seismogenic zone boundaries define the top of
ruptures, as illustrated in Figure 4.8(d). In all of these approaches, the areal zone polygon is treated
as a leaky boundary for ruptures such that hypocenters are constrained within the areal zone
polygon, but rupture planes are allowed to leak out laterally if necessary.

To explain why these modeling approaches lead to differences in the reported hazard,
Figure 4.9 compares approaches (a) and (d) with the same example M6 ruptures, along with the
closest distance to the rupture, Rrup, and the depth to the top of rupture, Ztor. As shown in the
figure, the shallower ruptures in approach (a) are associated with smaller Ztor distances, which
lead to lower median ground motions and thus lower hazard. At the same time, the shallower
ruptures in approach (a) are associated with smaller Rrup distances, which lead to higher median
ground motions and thus higher hazard. These competing effects require a more critical
interpretation of the hazard curves.

Figure 4.10 shows the hazard results for Test 3.4 at Site 1 located in the middle of the areal
zone for codes utilizing one of the four main approaches. The results are grouped by approach,
and there is good agreement between codes utilizing the same approach. The impact from Zror
can be seen at the portion of the hazard curve corresponding to low intensity values, where all
rupture scenarios contribute to the hazard. As expected, here, the shallower ruptures in approach
(a) lead to lower hazard results. The impact from Rrup can be seen at the portion of the hazard
curve corresponding to high intensity values, where close-in rupture scenarios dominate the
hazard. As expected, here, the shallower ruptures in approach (a) lead to higher hazard results.

Overall, the differences in hazard are well-understood and primarily due to different
interpretations of the seismogenic zone boundaries. The results show good agreement between
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codes utilizing the same approaches, with differences in hazard results generally less than 5%
within each group. The differences in hazard are large when the results are compared across all
approaches. For the industry to move forward with a consistent approach requires: (1) additional
studies of the bounds of the hypocenters and the ruptures, especially for the larger magnitude
events where data is limited; and (2) more detailed specifications in hazard input documents
regarding the treatment of the seismogenic zone boundaries, as well as specifications for the
ruptures including faulting styles, dip, and strike.

a) Boundaries define hypocenters b} Boundaries define hypocenters,
but upper limit is strict
— 0Okm —— 0Okm
‘ :
* — 5km * —— Skm
Selsmogenic selsmogenic
Zone zone
* — 25km * 25 km
¢) Boundaries define rupture limits d) Boundaries define top of ruptures
—— 0Okm —— Okm
5 km —— 5>km
SEISMOZENICc selsmogenic
Zone zone
— 25km 25 km
Figure 4.8 Test 3.4: different approaches for modeling an area source zone with

virtual faults.
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Test 3.4 Site 1 all scenarios contributing to hazard
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Figure 4.10 Test 3.4: comparison of hazard results when different approaches are
used to model the ruptures for the areal zone.
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5 Conclusions

51 SUMMARY AND CONCLUSIONS

The objective of the project was to create a set of tests with benchmark results that can be used to
verify the primary functions of PSHA codes. Three sets of verification tests were developed during
this project, and participants ran the tests on their own PSHA codes. A major accomplishment of
the project is the close agreement in the final hazard results for the verification tests in Set 1 and
Set 2. The reported benchmark answers are robust, and the narrow range in results from all codes
indicates consistency across the practice for the fundamental PSHA code functions verified by
these tests. The Set 1 and Set 2 final hazard results from all participating codes along with
benchmark answers are available through the electronic supplement in Appendix D.

Though not as close as the results for Set 1 and 2, the final hazard results for the verification
tests in Set 3 are also in good agreement when the hazard analysts use the same modeling
approaches. Another key accomplishment of the project was the identification and understanding
of several outstanding issues for source modeling approaches that led to significant differences in
reported hazard for the tests in Set 3. The Set 3 final hazard results from all participating codes are
also available through the electronic supplement in Appendix D.

As aresult of the project, many PSHA codes were modified to correct programming errors,
enhance existing functions, and add capabilities for more advanced source and ground-motion
modeling. These improvements to the PSHA codes are a significant accomplishment of the project
and benefit the earthquake engineering community by increasing consistency and improving the
tools used in seismic hazard studies.

5.2 FUTURE WORK

With the goal of improving the tools used in seismic hazard analysis in mind, future verification
efforts should aim at including all codes in use at the time, and expansion of the use of verification
tests to include more functions of PSHA codes used in practice. One important topic for future
verification tests is the incorporation of directivity models in PSHA codes. Future verification
efforts should also include tests to verify implementation of additional magnitude density
functions, such as the WAACY model [Wooddell et al. 2014] and event sets such as UCERF3
[Field et al. 2013]. Verification tests should be developed for ground-motion models that introduce
new distance measures, such as the NGA-Subduction models currently under development. It will
also be important to develop a verification test for the NGA-East ground-motion models, which
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include median estimates published as look-up tables and site amplification estimates published as
equations. It would be beneficial to develop a test requiring the codes to calculate hazard for
multiple periods and include relevant specifications like period-dependent logic tree weights on
the median ground-motion models (as in NGA-East). Finally, the authors recommend that future
verification efforts include tests for sources with more complex geometries such as listric faults
and non-continuous ruptures. These proposed future test topics offer a starting point and can be
undertaken in the next verification project, pending necessary funding.
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APPENDIX A SET 1 INSTRUCTIONS

GENERAL INSTRUCTIONS

Provide mean hazard results (probability of exceedance) for peak horizontal
acceleration (PGA) defined at 0.001, 0.01, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,
0.5,0.55,0.6,0.7,0.8, 0.9, and 1.0g.

Assume a Poisson model when converting rates to annual probabilities of exceedance
Use 16.05 (not 16.1) in the equation logMo = 16.05 + 1.5M
Use 4 =3x1011 dyne/cm?2

Use a magnitude integration step size small enough to define the specified magnitude
density function. The bin size for magnitude integration should be defined such that
Mmin is at the lower edge of a bin, not in the center (i.e., if your magnitude step size is
0.01, one magnitude bin should be from M 5.0 to 5.01)

When integrating over the magnitude density function, integrate from zero (not Mmin)

Use uniform slip with tapered edges. Down dip and along-strike integration step size
should be small enough to produce uniform rupture location. Do not allow rupture off
the ends of the fault.

Maintain the aspect ratio defined until maximum width is reached, then increase length
(conservation of area at the expense of aspect ratio)

Sigma = 0 for the ground-motion model implies that the sigma in the relationship is
artificially set to zero, not that the sigma is truncated

Rupture dimension relationships:

Log (A)=M — 4 (A.1)
Log (W) = 0.5%M — 2.15 (A.2)
Log (L) = 0.5*M — 1.85 (A.3)

The above equations are equivalent to an aspect ratio of 2

You should be using as small a step size as feasible/necessary to produce stable results.
This may be much smaller than you normally use on projects.

e For cases where you are asked to truncate the ground-motion sigma (Tests 1.8b and 1.8¢),
you should be renormalizing the pdf so that the probabilities for ground motion sum to 1.
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Table A1 Set 1 test instructions.
o Mag-density Ground- Buptu_re
Name Description Source . . dimension
function motion model ) .
relationship
Rat Fault 1 Delta Function | Sadigh et al Eq. A1, A2, A3
Test 1.1 ate Strike slip 90° atM 6.5 (1997), rock oa=0,0w=0, 00
calculation . _ _
Slip rate = 2 mm/yr o=0 =0
Rupture Fault 1 Delta Function | Sadigh et al Eq. A1, A2, A3
Test 1.2 location Strike slip 90° atM 6.0 (1997), rock oan=0,0w=0, 0L
variability Slip rate = 2 mm/yr o=0 =0
Rupt Fault 1 Delta Function | Sadigh et al Eq. A1, 0a=0.25
Test 1.3 v:r?att;?ﬁetarea Strike slip 90° atM 6.0 (1997), rock truncate 20
4 Slip rate = 2 mm/yr 0=0 Aspect Ratio = 2
Fault 2 Delta Function | Sadigh et al Eq. A1, A2, A3
Test 1.4 Dipping fault Reverse 60° atM 6.0 (1997), rock oa=0,0w=0, 0L
Slip rate = 2 mm/yr o=0 =0
Fault 1 Truncated Sadigh et al. Eq. A1, A2, A3
Truncated Strike slip 90° exponential (1997), rock oa=0,0w=0, 0L
Test 1.5 exponential Slip rate =2 mm/yr | b-value=0.9 |0=0 =0
magnitude pdf Mmin =5
Mmax = 6.5
Fault 1 Truncated Sadigh et al. Eq. A1, A2, A3
Strike slip 90° normal [1997], rock oa=0,0w=0, 0L
Truncated . _ - - -
Slip rate =2 mm/yr | Mmin =5 o=0 =0
Test 1.6 normal _
magnitude pdf Mahar = 6.2
Mmax = 6.5
0=0.25
Fault 1 Y&C Sadigh et al Eq. A1, A2, A3
Youngs and Strike slip 90° b-value = 0.9 (1997), rock oa=0,0w=0, oL
Test 1.7 Coppersmith Slip rate = 2 mm/yr | Mmin =5 o=0 =0
magnitude pdf Mechar = 6.2
Mmax = 6.45
Ground- Fault 1 Delta Function | Sadigh et al. Eq. A1, A2, A3
motion Strike slip 90° atM 6.0 [1997], rock orn=0,0w=0,00
Test 1.8a o X
variability, Slip rate = 2 mm/yr o untruncated =0
untruncated
Ground- Fault 1 Delta Function | Sadigh et al. Eq. A1, A2, A3
motion Strike slip 90° atM 6.0 [1997], rock, oa=0,0w=0,0L
Test 1.8b o X
variability, Slip rate = 2 mm/yr truncate 20 =0
truncate 20
Ground- Fault 1 Delta Function | Sadigh et al. Eq. A1, A2, A3
motion Strike slip 90° atM 6.0 [1997], rock oa=0,0w=0, 0L
Test 1.8¢ - X
variability, Slip rate = 2 mm/yr truncate 3o =0
truncate 30
Fest+9
Area 1 Truncated Sadigh et al Point sources
Areal zone N(M = 5) = 0.0395 exponential [1997], rock with
with point b-value = 0.9 o untruncated re_comme.nded
Test 1.10 Mmin = 5 grid spacing of
sources,
. M =6.5 0.5kmto
single depth max . ]
simulate uniform
distribution

62



Table A.1

Set 1 Test Instructions (continued).

Name Description Source Mag-Density Ground- Rupture
Function Motion Model Dimension
Relationship
Area 1 Truncated Sadigh et al. Point sources
N(M = 5) = 0.0395 exponential [1997], rock, with
b-value = 0.9 o untruncated recommended
Mmin = 5 grid spacing of
Areal zone Mmax = 6.5 0.5 kmto
Test 1.11 with point simulate uniform
’ sources, depth distribution. For
range the depth
distribution use 1
km spacing,
inclusive of 5 and
10 km.
Fest+142
Table A.2 Tests 1.1 — 1.8: coordinates for Fault 1 and Fault 2.
Latitude Longitude Comment
38.00000 -122.000 South end of fault
38.22480 -122.000 North end of fault
Table A.3 Tests 1.1 — 1.8: coordinates for Sites 1-7.
Site Latitude Longitude Comment
1 38.113 -122.000 On fault, at midpoint along strike
2 38.113 -122.114 10 km west of fault, at midpoint along strike
3 38.111 -122.570 50 km west of fault, at midpoint along strike
4 38.000 -122.000 On fault, at southern end
5 37.910 -122.000 10 km south of fault along strike
6 38.2248 -122.000 On fault, at northern end
7 38.113 -121.886 10 km east of fault, at midpoint along strike
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Tests 1.10 and 1.11: coordinates for Area 1.

Table A.4
Point Latitude Longitude
1 38.901 -122.000
2 38.899 -121.920
3 38.892 -121.840
4 38.881 -121.760
5 38.866 -121.682
6 38.846 -121.606
7 38.822 -121.532
8 38.794 -121.460
9 38.762 -121.390
10 38.727 -121.324
11 38.688 -121.261
12 38.645 -121.202
13 38.600 -121.147
14 38.551 -121.096
15 38.500 -121.050
16 38.446 -121.008
17 38.390 -120.971
18 38.333 -120.940
19 38.273 -120.913
20 38.213 -120.892
21 38.151 -120.876
22 38.089 -120.866
23 38.026 -120.862
24 37.963 -120.863
25 37.900 -120.869
26 37.838 -120.881
27 37.777 -120.899
28 37.717 -120.921
29 37.658 -120.949
30 37.601 -120.982
31 37.545 -121.020
32 37.492 -121.063
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Point Latitude Longitude
33 37.442 -121.110
34 37.394 -121.161
35 37.349 -121.216
36 37.308 -121.275
37 37.269 -121.337
38 37.234 -121.403
39 37.203 -121.471
40 37.176 -121.542
41 37.153 -121.615
42 37.133 -121.690
43 37.118 -121.766
44 37.108 -121.843
45 37.101 -121.922
46 37.099 -122.000
47 37.101 -122.078
48 37.108 -122.157
49 37.118 -122.234
50 37.133 -122.310
51 37.153 -122.385
52 37.176 -122.458
53 37.203 -122.529
54 37.234 -122.597
55 37.269 -122.663
56 37.308 -122.725
57 37.349 -122.784
58 37.394 -122.839
59 37.442 -122.890
60 37.492 -122.937
61 37.545 -122.980
62 37.601 -123.018
63 37.658 -123.051
64 37.717 -123.079




Table A.4

Tests 1.10 and 1.11: coordinates for Area 1 (continued).

Point Latitude Longitude
65 37.777 -123.101
66 37.838 -123.119
67 37.900 -123.131
68 37.963 -123.137
69 38.026 -123.138
70 38.089 -123.134
71 38.151 -123.124
72 38.213 -123.108
73 38.273 -123.087
74 38.333 -123.060
75 38.390 -123.029
76 38.446 -122.992
77 38.500 -122.950
78 38.551 -122.904
79 38.600 -122.853
80 38.645 -122.798
81 38.688 -122.739
82 38.727 -122.676
83 38.762 -122.610
84 38.794 -122.540
85 38.822 -122.468
86 38.846 -122.394
87 38.866 -122.318
88 38.881 -122.240
89 38.892 -122.160
90 38.899 -122.080
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Table A.5 Tests 1.10 and 1.11: coordinates for Sites 1—4.

Site Latitude Longitude Comment
1 38.000 -122.000 At center of area
2 37.550 -122.000 50 km from center (radially)
3 37.099 -122.000 On area boundary
4 36.874 -122.000 25 km from boundary
FAULT 1 FAULT 2 AREA 1
25 km < 25 km
(Test 10)
A lkm & L
5km
) ®
2km 11 km
(Test 11)
A
Fault Type: Strike Slip Fault Type: Reverse 5 km
Dip: 90 degrees Dip: 60 degrees west ®
Fault Depths: 0 — 12 km Fault Depths: 1 — 12 km ' 5 km
¢
Area Point Sources
Test 10 Depth: 5 km
Test 11 Depths: 5 — 10 km
Figure A.1 lllustrations and dimensions of sources for Set 1 tests.
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T FAULTS 1 & 2

e A B

12.5 km

A ‘? ‘1 " e 25 km

[0 km [ 10 km

12.5 km

10 km

Site 1: On fault, at midpoint along strike
Site 2: 10 km west of fault, at midpoint along strike

Site 3: 50 km west of fault, at midpoint along strike
Site 4: On fault, at southern end

Site 5: 10 km south of fault along strike
Site 6: On fault, northern end
Site 7: 10 km east of fault, at midpoint along strike

AREA1

r=100km

Site 1: At center of area

Site 2: 50 km from center (radially)
Site 3: On area boundary

Site 4: 25 km from boundary

Figure A.2 lllustrations and dimensions of sites for Set 1 tests.
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APPENDIX B SET 2 INSTRUCTIONS

General instructions are the same as Set 1.
TEST 2.1 INSTRUCTIONS

Description: Calculate the hazard for Site 1 shown in Figure B.1 due to Area 2, Fault B, and Fault
C. See Tables B.1-B.4 for source and site coordinates.

Area 2
Geometry: circle with » = 100 km, seismogenic zone is from 5-10 km

Rupture dimension relationships: use point sources with recommended grid spacing of 1
km to simulate uniform distribution, for depth distribution use 1 km spacing
inclusive of 5 and 10 km

Activity: N(M > 5) = 0.0395 eq/yr

Mag-Density Function: truncated exponential, b-value = 0.9, Mmin = 5, Mmax = 6.5
Fault B

Geometry: length 85 km, fault plane depths 0—12 km, strike-slip, dip 90°

Activity: slip rate 2 mm/yr

Mag-Density Function: Y&C, b-value = 0.9, Mmin = 5, Mchar = 6.75, Mmax = 7
Fault C

Geometry: length 50 km, fault plane depths 0—12 km, strike-slip, dip 90°

Activity: slip rate 1 mm/yr

Mag-Density Function: Y&C, b-value = 0.9, Mmin = 5, Mchar = 6.5, Mmax = 6.75
Rupture dimension relationships for Fault B and Fault C

Log(A)=M -4 oa=0

Log (W) =0.5*M —2.15 ow=0

Log (L)=0.5*M - 1.85 or=0

The above equations are equivalent to an aspect ratio of 2

Uniform distribution along strike and down dip

69



Ground-motion model for all sources: Sadigh et al. [1997], rock, ¢ untruncated
Deaggregation: Provide deaggregation results for the following three PGA values at Site
1:
PGA 0.05g
The PGA corresponding to a hazard of 0.001
PGA 0.35¢g

Tables: Provide a table for each PGA with distance (Rrup), magnitude, and epsilon* bins.
Distance bins should each be 20 km, starting at 0 km and ending at 100 km, with an extra bin for
> 100 km. Magnitude bins should each be 0.1 M, starting at M 5.0 and ending at M 7.0. Epsilon*
bins should be defined as <-1,-1t0 0, 0 to 1, 1 to 2, >2. This results in 6 distance bins, 20 magnitude
bins, and 5 epsilon* bins. See Table B.5 for the expected deaggregation tables.

Means: Provide the mean M, Rrup, and &¢* for ecach PGA at Site 1. A more detailed
explanation on epsilon* and deaggregation mean values follows the tables and figures for this test.

Table B.1 Test 2.1: coordinates for Fault B.
Latitude Longitude Comment
0.44966 -65.38222 West end of fault
0.44966 -64.61778 East end of fault

Table B.2 Test 2.1: coordinates for Fault C.

Latitude Longitude Comment
-0.22483 -65.22484 | West end of fault
-0.22483 -64.77516 East end of fault

Table B.3 Test 2.1: coordinates for Site 1.

Site Latitude Longitude Comment

1 0.00000 -65.00000 In center of area source
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Table B.4
Point Latitude Longitude
0 0.8993 -65.0000
1 0.8971 -64.9373
2 0.8906 -64.8748
3 0.8797 -64.8130
4 0.8645 -64.7521
5 0.8451 -64.6924
6 0.8216 -64.6342
7 0.7940 -64.5778
8 0.7627 -64.5234
9 0.7276 -64.4714
10 0.6899 -64.4219
11 0.6469 -64.3753
12 0.6017 -64.3316
13 0.5537 -64.2913
14 0.5029 -64.2544
15 0.4496 -64.2211
16 0.3942 -64.1917
17 0.3369 -64.1662
18 0.2779 -64.1447
19 0.2176 -64.1274
20 0.1562 -64.1143
21 0.0940 -64.1056
22 0.0314 -64.1012
23 -0.0314 -64.1012
24 -0.0940 -64.1056
25 -0.1562 -64.1143
26 -0.2176 -64.1274
27 -0.2779 -64.1447
28 -0.3369 -64.1662
29 -0.3942 -64.1917
30 -0.4496 -64.2211
31 -0.5029 -64.2544
32 -0.5537 -64.2913
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Test 2.1: coordinates for Area 2.

Point Latitude Longitude
33 -0.6017 -64.3316
34 -0.6469 -64.3753
35 -0.6889 -64.4219
36 -0.7276 -64.4714
37 -0.7627 -64.5234
38 -0.7940 -64.5778
39 -0.8216 -64.6342
40 -0.8451 -64.6924
41 -0.8645 -64.7521
42 -0.8797 -64.8130
43 -0.8906 -64.8748
44 -0.8971 -64.9373
45 -0.8993 -65.0000
46 -0.8971 -65.0627
47 -0.8906 -65.1252
48 -0.8797 -65.1870
49 -0.8645 -65.2479
50 -0.8451 -65.3076
51 -0.8216 -65.3658
52 -0.7940 -65.4222
53 -0.7627 -65.4766
54 -0.7276 -65.5286
55 -0.6889 -65.5781
56 -0.6469 -65.6247
57 -0.6017 -65.6684
58 -0.5537 -65.7087
59 -0.5029 -65.7456
60 -0.4496 -65.7789
61 -0.3942 -65.8083
62 -0.3369 -65.8338
63 -0.2779 -65.8553
64 -0.2176 -65.8726
65 -0.1562 -65.8857




Table B.4 Test 2.1: coordinates for Area 2 (continued).

Point Latitude Longitude
66 -0.0940 -65.8944
67 -0.0314 -65.8988
68 0.0314 -65.8988
69 0.0940 -65.8944
70 0.1562 -65.8857
7 0.2176 -65.8726
72 0.2779 -65.8553
73 0.3369 -65.8338
74 0.3942 -65.8083
75 0.4496 -65.7789
76 0.5029 -65.7456
77 0.5537 -65.7087
78 0.6017 -65.6684
79 0.6469 -65.6247
80 0.6889 -65.5781
81 0.7276 -65.5286
82 0.7627 -65.4766
83 0.7940 -65.4222
84 0.8216 -65.3658
85 0.8451 -65.3076
86 0.8645 -65.2479
87 0.8797 -65.1870
88 0.8906 -65.1252
89 0.8971 -65.0627
90 0.8993 -65.0000
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Table B.5

Test 2.1: deaggregation tables.

Distance (km) | Magnitude Epsilon* Deaggregation results
0-20 5.0-51 <-1
20 -40 5.0-51 <-1

v 5.0-5.1 <-1

80 -100 5.0-51 <-1

>100 5.0-51 <-1

0-20 51-52 <-1

20 -40 51-52 <-1

\7 51-5.2 <-1

80 -100 51-52 <-1

>100 51-52 < -1
v

6.9-7.0 <-1

v

>2
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Fault B

85 km

I

‘l Fault B

12 km

Fault C ‘l

v

5 ki A . r=100km
<2 KM Fault C

50 km

12 km

Area 2

5km
®

5 km
®

Figure B.1 Test 2.1: illustrations and dimensions of sources and site.
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TEST 2.1 EXPLANATION: EPSILON* AND DEAGGREGATION MEANS
Epsilon*

The epsilon corresponding to a particular ground motion would just be epsilon, but in PSHA we
calculate the probability of EXCEEDING a particular ground motion. Therefore, the epsilon
(which we’ve denoted epsilon*) actually corresponds to any ground motion greater than the ground
motion specified and can be thought of as the minimum epsilon needed to exceed that ground
motion, as illustrated in Figure B.2.

Probability Density

3 -2 -1 0 |\

Epsilon ¥

Figure B.2 lllustration of ¢* (epsilon star), the minimum epsilon needed to exceed a
ground motion.

Mean deaggregaton values

Starting with the typical equation for a seismic hazard analysis, the total annual rate of events, v,
with spectral accelerations, Sa, that exceed a specified value, z, is given by:

Niource

v(Sa >z): Z N, (Mmin)j I S, (m)f, (r)P(Sa >z|m,r)dr dm

= =0 m=Mpin

where N; (Mmin) is the annual rate of earthquakes with magnitude greater than or equal to Mmin, 7
is the distance from the source to the site, m is earthquake magnitude, fn(m) and f-(r) are probability
density functions for magnitude and distance, and P(Sa>z|m,r) is the conditional probability of
observing a spectral acceleration, Sa, greater than z for a given earthquake magnitude and distance.

The mean magnitude and mean distance values are the weighted averages with the weights
given by the deaggregation. More specifically, the mean is the conditional mean given the
exceedance of the specified ground motion. The equation for the mean magnitude is given by
multiplying the magnitude inside the hazard integral (in other words multiplying the magnitude by
the marginal hazard). Likewise, the equation for the mean distance is given by multiplying the
distance inside the hazard integral:
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Z N, (Mmm)j I M f, (m)f, (r)P(Sa >z m,r)dr dm
]\7[ _ r=0_ m=Mpin
v(Sa > Z)
Noource L M
z M(Mmin) .[ I R f.. (m)f, (r)P(Sa >z m,r)dr dm
E: i= =0 m=Mwin
v(Sa > Z)

The mean epsilon* is computed in exactly the same way, but for clarity, let’s first rewrite
the seismic hazard equation to replace the P(Sa>z|m,r) term with an equation that explicitly shows
e*:

P(Sa>z m,r):l—q)(g*)
v(Sa>z)= 3 Ni(Mua) [ [ fo (m) £, (D[1= O )dr dim

where @( ) is the standard normal cumulative distribution function, and &* is computed by:

. Inz—InSa
E =—
O'nsa
Now the equation for the mean epsilon* is given by multiplying the epsilon* inside the
hazard integral:

Niource

0

XN M) [ [ E S (m) £, =D dr dm

* i=l1 r=0 m=Mpin

- v(Sa >z)
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TEST 2.2 INSTRUCTIONS

Description: Calculate the hazard for the six sites shown in Figure B.3 due to Fault 3 using the
specified NGA-West2 ground-motion models. See Tables B.6 and B.7 for source and site
coordinates.

Fault 3
Geometry: length 85 km, fault plane depths 0—12 km, strike—slip, dip 90°
Activity: slip rate 2 mm/yr
Mag-Density Function: truncated exponential, b-value = 0.9, Mmin = 5, Mmax =7

Rupture dimension relationships

Log (A)=M -4 oa=0
Log (W)=0.5*M —2.15 ow=0
Log (L)=0.5*M —1.85 or=0

The above equations are equivalent to an aspect ratio of 2

Uniform distribution along strike and down dip

Use a hypocenter depth location in the geometric center of the rupture plane
Ground-motion models

a. Abrahamson, Silva, and Kamai [2014], ¢ untruncated

b. Boore, Stewart, Seyhan, and Atkinson [2014], ¢ untruncated

c. Campbell and Bozorgnia [2014], ¢ untruncated

d. Chiou and Youngs [2014], ¢ untruncated

Damping ratio = 5%

Vs30 =760 m/sec

Vs30 1s measured

Z10=0.048 km

Z>5=10.607 km

Region = California
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Table B.6 Test 2.2: coordinates for Fault 3.

Latitude Longitude Comment

0.38221 -65.00000 North end of fault

-0.38221 -65.00000 South end of fault

Table B.7 Test 2.2: coordinates for Sites 1-6.
Site Latitude Longitude Comment
1 0.00000 -64.91005 | 10 km east of fault, at midpoint along strike
2 0.00000 -65.04497 5 km west of fault, at midpoint along strike
3 0.00000 -65.08995 | 10 km west of fault, at midpoint along strike
4 0.00000 -65.13490 | 15 km west of fault, at midpoint along strike
5 0.00000 -65.22483 | 25 km west of fault, at midpoint along strike
6 -0.42718 -65.00900 5 km south of southern end, 1 km west
FAULT 3
N f—
: " .
A AAAN A |s5m A A A AN
5 km () km
kil 12.5 kn
km
42 KIm
A
A
| km

Figure B.3 Test 2.2: illustrations and dimensions of source and sites.
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TEST 2.3 INSTRUCTIONS

Description: Calculate the hazard for the six sites shown in Figure B.4 due to a single-magnitude
event on Fault 4 using the specified NGA-West2 ground-motion models. See Tables B.8 and B.9
for source and site coordinates.

Fault 4
Geometry: length 85 km, fault plane depths 1-12 km, reverse, dip 45°
Activity: slip rate 2 mm/yr
Mag-Density Function: delta function at M 7

Rupture dimension relationships

Log (A)=M -4 oa=0
Log (W)=0.5*M —2.15 ow=0
Log (L)=0.5*M —1.85 or=0

The above equations are equivalent to an aspect ratio of 2

Uniform distribution along strike and down dip

Use a hypocenter depth location in the geometric center of the rupture plane
Ground-motion models

a. Abrahamson, Silva, and Kamai [2014],6=0

b. Boore, Stewart, Seyhan, and Atkinson [2014], =0

c. Campbell and Bozorgnia [2014], 0 =0

d. Chiou and Youngs [2014],6=0

Damping ratio = 5%

Vs30 =760 m/sec

Vs30 1s measured

Z10=0.048 km

Z>5=10.607 km

Region = California
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Table B.8 Test 2.3: coordinates for Fault 4.

Latitude Longitude Comment
0.38221 -65.00000 North end of fault
-0.38221 -65.00000 South end of fault

Table B.9 Test 2.3: coordinates for Sites 1-6.

Site Latitude Longitude Comment
1 0.00000 -64.91005 | 10 km east of fault, at midpoint along strike (FW)
2 0.00000 -65.04497 | 5 km west of fault, at midpoint along strike (HW)
3 0.00000 -65.08995 | 10 km west of fault, at midpoint along strike (HW)
4 0.00000 -65.13490 | 15 km west of fault, at midpoint along strike (HW)
5 0.00000 -65.22483 | 25 km west of fault, at midpoint along strike (HW)
6 -0.42718 -65.00900 | 5 km south of southern end, 1 km west (HW side)
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Figure B.4 Test 2.3: illustrations and dimensions of source and sites.
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TEST 2.4 INSTRUCTIONS
a. Uniform Distribution Down Dip

Description: Calculate the hazard for the site shown in Figure B.5 due to a single-magnitude event
on Fault 5 using the specified NGA-West2 ground-motion models. The purpose of this test is to
have a comparison for the triangular distribution in part b. See Tables B.10 and B.11 for source
and site coordinates.

Fault 5
Geometry: length 25 km, fault plane depths 0—30 km, strike-slip, dip 90°
Activity: slip rate 2 mm/yr
Mag-Density Function: delta function at M 6

Rupture dimension relationships

Log(A)=M -4 oa=0
Log (W)=0.5*M —2.15 ow=0
Log (L)=0.5*M — 1.85 or=0

The above equations are equivalent to an aspect ratio of 2
Uniform distribution along strike and down dip
Use a hypocenter depth location in the geometric center of the rupture plane
Ground-motion model: Chiou and Youngs [2014], 0 =0
Damping ratio = 5%
Vs30 =760 m/sec
Vs30 1s measured
Z10=10.048 km
Z25=10.607 km
Region = California
b. Triangular Distribution of Hypocenter Locations Down Dip

Description: Use the same specifications above, but replace the uniform distribution down dip with
a triangular distribution of hypocenter locations down dip. The depths that define the triangular
probability density function are 0 km, 10 km, and 30 km. A more detailed explanation on triangular
depth distributions follows the tables and figures for this test.
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Table B.10 Test 2.4: coordinates for Fault 5.
Latitude Longitude Comment
0.11240 -65.00000 North end of fault
-0.11240 -65.00000 South end of fault
Table B.11 Test 2.4: coordinates for Site 1.
Site Latitude Longitude Comment
1 0.00000 -65.00900 1 km west of fault, at midpoint along strike

7 —

FAULT 5

25 km

30 km

Figure B.5 Test 2.4: illustrations and dimensions of source and site.
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TEST 2.4 EXPLANATION: TRIANGULAR DISTRIBUTION OF HYPOCENTER
LOCATIONS DOWN DIP

The location of the rupture plane on the fault in the down dip direction is based on hypocenter
observations. When source-characterization experts specify a triangular distribution, they are
basing that on hypocenter locations on the fault plane. Therefore, it is not simply the rupture plane
that follows the triangular distribution but specifically the hypocenter location on the rupture plane.

The distribution of the hypocenters down dip is specified as a triangle with z coordinates
of 0, 10, and 30 km. The area of the triangle, which is a probability density function, must equal
1. With the given depth specifications, the probability density associated with the peak of the
triangle, denoted here as )2, is 0.0667. The triangular depth distribution of hypocenters with these
specifications is illustrated in Figure B.6 in planar view.

The location of the hypocenter on the rupture plane itself can be modeled with a probability
density function. For simplicity, this distribution is modeled as a delta function, with the
hypocenter location always in the center of the rupture plane or at one half the rupture plane width.
To sample the possible down-dip locations of the rupture on the fault, the rupture plane is moved
down the dip of the fault. As ruptures are not allowed to go into the air, the first rupture plane’s
top edge is at a depth of zero, and 1’s hypocenter is at a depth of one-half the rupture width. As the
rupture plane is moved down the dip of the fault, the location of the hypocenter corresponds to a
probability density on the triangular distribution. Figure B.7 illustrates the resulting uniform
distribution of rupture locations down dip with a triangular distribution on the hypocenter depths.
Figure B.7 uses a relatively large step size for illustrative purposes, but participants should use a
step size as small as necessary to reach stable results.

Note that in Figure B.7, the points on the triangle represent the portion of the pdf that was sampled.
Because the entire pdf was not sampled, the probabilities will not sum to one and the pdf must be
renormalized so that the probabilities sum to one. The pdf should be renormalized based on the
hypocenter locations that were sampled.
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Figure B.6 Test 2.4: illustration and specifications of triangular depth distribution of

hypocenters; note that y2 is not drawn to scale.

N rupture plane
=
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5 hypocenter
=3
2
' rupture width
rupture width
Figure B.7 Test 2.4: illustration of uniform distribution of rupture locations down dip

with triangular distribution of hypocenter depth locations.
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TEST 2.5 INSTRUCTIONS
a. Extreme Tails

Description: Calculate the hazard for the site shown in Figure B.8 due to a single-magnitude event
on Fault 6 using the specified NGA-West2 ground-motion model. The purpose of this test is to
test the ability to model a normal distribution out to high epsilon values. Because we are interested
in the tails of the distribution, we need to change the PGA values. Please provide mean hazard

results for PGA defined at 0.001, 0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.25, 1.5, 2.0, 2.5, 3.0, 4.0,
5.0, 6.0, and 7.0g. See Tables B.12 and B.13 for source and site coordinates.

Fault 6
Geometry: length 25 km, fault plane depths 0—12 km, strike-slip, dip 90°
Activity: slip rate 2 mm/yr
Mag-Density Function: delta function at M 6

Rupture dimension relationships

Log(A)=M -4 or=0
Log (W)=0.5*M —-2.15 ow=0
Log (L)=0.5*M — 1.85 or=0

The above equations are equivalent to an aspect ratio of 2
Uniform distribution along strike and down dip
Ground-motion model: Chiou and Youngs [2014], use a fixed o = 0.65, untruncated
Damping ratio = 5%
Vs30 =760 m/sec
Vs30 is measured
Z10=10.048 km
Z25=10.607 km
Region = California
b. Mixture Model

Description: Use the same specifications above, but adjust the sigma (still fixed o = 0.65) with the
following mixture model specifications. A more detailed explanation on mixture models follows
the tables and figures for this test.

Mixture model: two normal distributions
Distribution 1: weight wmix1 = 0.5, sigma owmix1 = 1.20

Distribution 2: weight wwmix2 = 0.5, sigma omix2 = 0.80
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Table B.12

Test 2.5: coordinates for Fault 6.

Latitude Longitude

Comment

0.11240 -65.00000 North end of fault
-0.11240 -65.00000 South end of fault
Table B.13 Test 2.5: coordinates for Site 1.
Site Latitude Longitude Comment
1 0.00000 -65.13490 15 km west of fault, at midpoint along strike
FAULT o
N
‘] 25km ‘1
1
km 12 km
Figure B.8 Test 2.5: illustrations and dimensions of source and site.
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TEST 2.5 EXPLANATION: MIXTURE MODEL

A mixture model is a combination of two distributions. In the case of ground motions, the mixture
model is a combination of two log-normal distributions. The mixture model is used because
ground-motion data do not exactly fit the standard log-normal distribution at high epsilons. For
the case of shallow crustal earthquakes, the log-normal distribution is a good model for ground
motions up until the tails of the distribution at about 2.5 epsilons, and then the data start to deviate
from a log-normal distribution. The observed deviation is a higher probability of rare ground
motions, sometimes referred to as “fat tails.”

The typical approach to represent a heavy-tailed distribution for ground motions is to use
a mixture model consisting of a weighted mixture of two log-normal distributions. The standard
deviation for each distribution is specified as a ratio of the standard deviation for the standard log-
normal distribution. The two distributions are combined with a specified weight to obtain the
mixture model. For this test the standard deviation ratios are specified as 1.2 and 0.8 and the weight
for each distribution is 50%. The conditional probability of exceeding a ground motion given a
mixture model is calculated from the following equation:

P(Z > 2) = Wi (1—@2_”j+wmixz(1—q>z_“j

O mix1 O mix2

The two log-normal distributions with standard deviations equal to 0.8¢ and 1.2, where o = 0.65,
are illustrated in Figure B.9.

These two log-normal distributions are weighted and combined to produce the mixture
model distribution. The resulting mixture model distribution is compared to the standard log-
normal distribution in Figure B.10. As shown in Figure B.10(a), when the distributions are plotted
with a linear scale on the y-axis, the difference is indistinguishable. Note that the misfit near the
median in Figure B.10(a) is not significant. When plotted with a log scale on the y-axis, the higher
probabilities of rare ground motions beyond epsilons of about 2.5 are evident, as shown in Figure
B.10(b).

The standard log-normal distribution and mixture model distribution can also be compared
on a quantile—quantile plot, where the standard log-normal distribution is considered the theoretical
distribution and the mixture model distribution the observed. The mixture model distribution is
compared to the standard log-normal distribution on a quantile—quantile plot in Figure B.11.
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Figure B.9 Test 2.5b: two log-normal distributions used to create the mixture model.
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Figure B.10

Probability Density

Probability Density (log)
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Test 2.5b: comparison of standard log-normal distribution and mixture
model distribution with (a) linear scale on y-axis and (b) log scale on y-

axis.

90



Observed Quantiles

= Standard log-normal

= Mixture model

-5 - -3 -2 -1 0 | 2 3 4 5
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Figure B.11 Test 2.5b: comparison of standard log-normal distribution and mixture
model distribution on a quantile-quantile plot.
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APPENDIX C SET 3 INSTRUCTIONS

General instructions are the same as Set 1.

TEST 3.1 INSTRUCTIONS
a. Dipping East

Description: Calculate the hazard for Sites 1 and 2 shown in Figure C.1(a) due to Fault 7a. See
Tables C.1 and C.2 for source and site coordinates. Note that in Figure C.1, the bottom edge of the
fault plane (dashed grey line) is only meant to make it clear which direction the fault is dipping,
and is not intended to indicate the correct way to model the fault geometry.

Fault 7a
Geometry: length 60 km, fault plane depths 0—12 km, reverse, dip 60°
Activity: slip rate 2 mm/yr
Mag-Density Function: delta function at M 6.75

Rupture dimension relationships

Log(A)=M-4 oa=0
Log (W)=0.5*M —-2.15 ow=10
Log (L)=0.5*M —1.85 o.=0

The above equations are equivalent to an aspect ratio of 2
Uniform distribution along strike
Ground-motion model: Chiou and Youngs [2014], o untruncated
Damping ratio = 5%
Vs30 =760 m/sec
Vs30 1s measured
Z10=0.048 km
Z>5=10.607 km

Region = California
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b. Dipping West

Description: Use the same specifications above, but with the fault dipping to the west. Calculate
the hazard for Sites 3 and 4 shown in Figure C.1(b) due to Fault 7b. See Table C.3 for site

coordinates.

Table C.1 Test 3.1a and 3.1b: coordinates for Fault 7a and 7b.
Latitude Longitude Comment

0.00000 -65.00000 | North end of Segment 1

-0.16188 -65.00000 | South end of Segment 1/North end of Segment 2
-0.36564 -64.90498 | South end of Segment 2/North end of Segment 3
-0.45236 -64.80164 | South end of Segment 3/West end of Segment 4
-0.45236 -64.78365 | East end of Segment 4

Table C.2 Test 3.1a: coordinates for Site 1 and Site 2.

Site Latitude Longitude Comment
1 -0.15738 -64.98651 1.5 km East, 0.5 km North of Seg 1/2 intersect
2 -0.45686 -64.77466 1 km East, 0.5 km South of Seg 4 East end

Table C.3 Test 3.1b: coordinates for Site 3 and Site 4.

Site Latitude Longitude Comment
3 -0.38363 -64.92747 | 2.5 km West, 2 km South of Seg 3/4 intersect
4 -0.17088 -65.05396 6 km West, 1 km South of Seg 1/2 intersect

94



a) FAULT 7a
(dipping east)

Segment 1: 18 km
(Segment 1)

j{'){) &

12 km
Segment 2: 25 km

Segment 3: 15 ki

Segment 4: 2 km

‘2

b) FAULT 7b
(dipping west)

Segment 1: 18 km
(Segment 1)

4
o 6{}°\‘
12 k
Segment 2: 25 km m
Segment 3: 15 km
I Segment 4: 2 km
Figure C.1 Test 3.1a and Test 3.1b: illustrations and dimensions of source and sites.
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TEST 3.2 INSTRUCTIONS

Description: Calculate the hazard for the site shown in Figure C.2 due to Fault 8 using the
specifications below and logic tree in Figure C.3. Report mean hazard, 10%, 50™ (median), and 90™
fractiles. See Tables C.4 and C.5 for source and site coordinates.

Fault 8
Geometry: length 85 km, fault plane depths 0—12 km, strike-slip, dip 90°
Activity: see logic tree
Mag-Density Functions:
Truncated exponential: b-value = 0.9, Mmin = 5, Mmax = see logic tree
Youngs and Coppersmith [1995]: h-value = 0.9, Mmin = 5, Mchar = see logic tree,
Minax = Mehar + 0.25

Rupture dimension relationships

Log (A)=M -4 oa=0
Log (W)=0.5*M —2.15 ow=0
Log (L)=0.5*M —1.85 or=0

The above equations are equivalent to an aspect ratio of 2
Uniform distribution along strike and down dip
Ground-motion models
Sadigh [1997], rock, o untruncated
Abrahamson, Silva, and Kamai [2014], ¢ untruncated
Damping ratio = 5%
Vs30 =760 m/sec
Vs30 1s measured
Z10=0.048 km
Z>5=10.607 km
Region = California

Note there is no correlation between branches on the logic tree. Run every possible combination
that will result in 36 alternative hazard curves.
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Table C.4 Test 3.2: coordinates for Fault 8.

Latitude Longitude Comment
0.38221 -65.00000 North end of fault
-0.38221 -65.00000 | South end of fault

Table C.5 Test 3.2: coordinates for Site 1.

Site Latitude Longitude Comment
1 0.00000 -64.91005 10 km east of fault, at midpoint along strike
FAULT 8
N Mok
‘1
‘! 85 km
12 kim
0 km
}2.5 km
Figure C.2 Test 3.2: illustrations and dimensions of source and site.
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Slip Rate Mag pdf Max Mag* GMPE

(mm/yr)
1
. 7.0
{'[J.B) Sﬂdlgh 97
(0.6)
(0.5)
Fault 3.2 3 6.75
(0.6) (0.4)
ASK14
Exp.
: 6.5 (0.5)
10 (0:4) (0.3)
(0.2)

*For the truncated exponential magnitude pdf, the max magnitude in the logic tree is the
max value at the high end where the pdf is truncated. For the Youngs and Coppersmith
magnitude pdf, this max magnitude 1s the mean characteristic magnitude in the center of
the box car. So for max magnitude = 7.0 on the logic tree, the Youngs and Coppersmith
pdf would have M, =7.0,M_  =7.25.

char max

Figure C.3 Test 3.2: logic tree specifications.
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TEST 3.3 INSTRUCTIONS

Description: Calculate the hazard for Sites 1 and 2 shown in Figure C.4(a) due to the instraslab
zone. See Tables C.6 and C.7 for source and site coordinates. The six points defining the surface
projection of the slab in Table C.6 are illustrated in Figure C.4(b).

Intraslab Zone

Geometry: see Figure C.4 for geometry specifications

Activity: N(Mmin>5) = 0.013 eq/yr

Mag-Density Function: truncated exponential: b-value = 0.8, Mmin = 5, Mmax =7
Ground-motion model: Zhao et al. [2006], Site Class |, Rock, o untruncated

If you use an approach that models the ruptures within the volume of the slab with finite
dimensions, use the following rupture dimension relationships and specifications:

Log(A)=M -4 or=0
Log (W)=0.5*M —2.15 ow=0
Log (L)=0.5*M — 1.85 or=0

The above equations are equivalent to an aspect ratio of 2
Uniform distribution throughout slab volume

Assume that the distance measure x in Zhao et al. [2006] was appropriately derived from
rupture dimensions (i.e., x = Rrup) even though x was derived from a combination
of Rrur and Ruyp.

Use a dip of 35° relative to the slab for the ruptures (absolute dip = 65° and 80°)
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Table C.6 Test 3.3: coordinates for projection of top of intraslab zone.
Point Latitude Longitude Comment
1 -0.44967 -65.50625 | Southernmost point of western edge projection
2 -0.44967 -65.00000 | Southernmost point where slope changes
3 -0.44967 -64.58666 | Southernmost point of eastern edge projection
4 0.44967 -64.58666 Northernmost point of eastern edge projection
5 0.44967 -65.00000 Northernmost point where slope changes
6 0.44967 -65.50625 | Northernmost point of western edge projection
Table C.7 Test 3.3: coordinates for Site 1 and Site 2.
Site Latitude Longitude Comment
1 0.00000 -65.28146 | 25 km east of western edge projection
2 0.00000 -64.38200 125 km east of wetern edge projection
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a) INTRASLAB ZONE

(above) (looking North)
2
_ A
1 2
100 o A A 103.46 km
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25 km
3 =,
125 km
(projection of top of slab)
b) INTRASLAEB ZONE
(above) (looking North)
Points Depths
[ 5 4
- [ ] L] L T
25km
"""" 57.5 km
100 km 103.46 km

56.29 km 4596 km

(projection of top of slab)

Figure C.4 Test 3.3: illustrations and dimensions of source and site.
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TEST 3.4 INSTRUCTIONS

Description: Calculate the hazard for the four sites shown in Figure C.5 due to Area 3. Use virtual
faults, virtual ruptures, or a point source correction to account for the rupture dimensions. The
source coordinates for Area 3 are the same as Area 2, and are listed in Table B.4. See Table C.8
for site coordinates.

Area 3
Geometry: circle with r = 100 km, seismogenic zone is from 5-25 km
Activity: N(Mmin>5) = 0.0395 eq/yr
Mag-Density Function: truncated exponential: b-value = 0.9, Mmin = 5, Mmax = 6.5
Ground-motion model: Chiou and Youngs [2014], o untruncated
Damping ratio = 5%
Vs30 =760 m/sec
Vs30 is measured
Z10=10.048 km
Z25=0.607 km
Region = California

Rupture dimension relationships

Log(A)=M -4 oa=0
Log (W)=0.5*M —2.15 ow=0
Log (L)=0.5*M — 1.85 or=0

The above equations are equivalent to an aspect ratio of 2

Uniform distribution throughout area zone (recommended spacing of 1 km on horizontal
plane, 1 km spacing with depth, inclusive of 5 and 25 km)

Fault styles: strike-slip = 60%, normal = 20%, reverse = 20%
Dip angles: strike-slip = 90°, normal = 60°, reverse = 30°

Strike = 0.0 (fix the strike in the north direction)
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Table C.8 Test 3.4: coordinates for Sites 1-4.

Site Latitude Longitude Comment
1 0.0000 -65.0000 In center of area source
2 -0.4497 -65.0000 50 km from center (radially)
3 -0.8993 -65.0000 On area boundary
4 -1.1242 -65.0000 25 km from boundary

Area
® +5km
r= 100 km
® 125km
Figure C.5 Test 3.4: illustrations and dimensions of source and site.
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APPENDIX D ELECTRONIC SUPPLEMENT

Final hazard results and available benchmark answers for the verification tests are provided as an
electronic appendix to this report. There is one Excel workbook for each set of tests. Each
workbook contains a tab for every test in that set, and within each tab there are tables for every
site.
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