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Appendix A

Examples of Seismic Hazard Analyses

Introduction

This appendix describes the types of results that should be included in a modern probabilistic seismic hazard analysis and in the development of time histories for dynamic analyses.  In this appendix, the standard equations for conducting the PSHA and time history development are not given. Rather, the presentation of the results is described.  The details for developing realistic scenario earthquake spectra are described since this is not part of standard PSHA practice. The focus of this appendix is on the presentation and characterization of the hazard results, and not on the source and ground motion characterizations. Two sites, one in a high activity region (San Francisco Bay Area) and one in a moderate activity region (Pacific Northwest), are used as examples.

Source characterization

The source characterization should include a description of the key sources and a map of faults and source zones and the historical seismicity.  There should also be a table that clearly shows the fault and source zone parameters used in the PSHA, including alternatives models and parameter values with their associated weights.

Maximum Magnitude

Inconsistent use of terminology is a cause of confusion in many PSHA reports.  In listing the fault and source zone parameters, the term "maximum magnitude" is often used for both the true maximum magnitude and for the mean magnitude from full rupture of a fault.  

For source zones, the maximum magnitude is the largest magnitude that can occur in the source zone.  If an exponential distribution is used for the magnitudes (e.g. Gutenberg-Richter model), then the maximum magnitude is the magnitude at which the exponential distribution is truncated.  For faults, the dimension of the fault (length or area) is typically used to estimate the mean magnitude for full rupture of the fault.  This mean magnitude is better described as the "mean characteristic magnitude" and not as the maximum magnitude because the PSHA will typically consider a range of ranges about this mean magnitude to account for the variability of the magnitude for a given rupture dimension.  For example, the widely used Youngs and Coppersmith (1985) model for the magnitude distribution has the characteristic part of the model centered on the mean characteristic magnitude and the maximum magnitude is 0.25 units larger.

Attenuation Relations

In most cases, the attenuation relations are selected from existing models for the appropriate tectonic regime (shallow crustal earthquakes in active tectonic regions, shallow crustal earthquakes in stable continental regions, or subduction zone earthquakes).  Alternative models that are considered applicable should be used to capture the epistemic uncertainty in the ground motion models.  The PSHA report needs to describe the weights used for each alternative model.

In some cases, new ground motion models are derived for a specific project using either empirical data or numerical simulations.  The most commonly used numerical simulation procedure is the point source stochastic model (Boore, 2006).  If new project-specific ground motion models are derived, then a description of the development of the new model should be included.

Hazard Results

The basic result of a PSHA is the hazard curve which shows the probability of exceeding a ground motion for a range of ground motion values.  As a minimum, the hazard should be shown for a least two spectral periods: one short period, such as PGA, and one long period, such as T=2 sec.  The selection of the spectral periods should consider the period of the structure.  

The mean hazard curves should be plotted to show the hazard curve from each source and the total hazard curve to provide insight into which sources are most important.  The mean hazard curves should also be shown in terms of the total hazard using each attenuation relation separately to show the impact of the different ground motion models.  Finally, the fractiles of the hazard should be plotted to show the range of hazard that arises due to the uncertainty in the characterization of the sources and ground motion.

Deaggregation

The hazard curve gives the combined effect of all magnitudes and distances on the probability of exceeding a given ground motion level.  Since all of the sources, magnitudes, and distances are mixed together, it is difficult to get an intuitive understanding of what is controlling the hazard from the hazard curve by itself. To provide insight into what events are the most important for the hazard at a given ground motion level, the hazard curve is broken down into its contributions from different earthquake scenarios. This process is called deaggregation.

In a hazard calculation, there is a large number of scenarios considered (e.g. thousands or millions of scenarios).  To reduce this large number of scenarios to a manageable number, similar scenarios are grouped together.  A key issue is what constitutes “similar” scenarios.  Typically, little thought has been given to the grouping of the scenarios.  Most hazard studies use equal spacing in magnitude space and distance space.  This may not be appropriate for a specific project.  The selection of the grouping of scenarios should be defined by the engineers conducting the analysis of the structure.  

In a deaggregation, the fractional contribution of different scenario groups to the total hazard is computed.  The most common form of deaggregation is a two-dimensional deaggregation in magnitude and distance bins.  The dominant scenario can be characterized by an average of the deaggregation.  Two types of averages are considered: the mean and the mode.  

The mean magnitude and mean distance are the weighted averages with the weights given by the deaggregation.  The mean has advantages in that it is defined unambiguously and is simple to compute.  The disadvantage is that it may give a value that does not correspond to a realistic scenario

The mode is the most likely value.  It is given by the scenario group that has the largest deaggegation value.  The mode has the advantage it will always correspond to a realistic source.  The disadvantage is that the mode depends on the grouping of the scenarios, so it is not robust.  

It is useful to plot both the deaggreagation by M-R bin and the mean M, R, and epsilon.

Uniform Hazard Spectra

A common method for developing design spectra based on the probabilistic approach is uniform hazard spectra.  A uniform hazard spectrum (UHS) is developed by first computing the hazard at a suite of spectral periods using response spectral attenuation relations.  That is, the hazard is computed independently for each spectral period.  For a selected return period, the ground motion for each spectral period is measured from the hazard curves.  These ground motions are then plotted at their respective spectral periods to form the uniform hazard spectrum.  

The term “uniform hazard spectrum” is used because there is an equal probability of exceeding the ground motion at any period.  Since the hazard is computed independently for each spectral period, in general, a uniform hazard spectrum does not represent the spectrum of any single earthquake.  It is common to find that the short period (T<0.2 sec) ground motions are controlled by nearby moderate magnitude earthquakes, whereas, the long period (T>1 sec) ground motions are controlled by distant large magnitude earthquakes.  

The “mixing” of earthquakes in the UHS is often cited as a disadvantage of PSHA.  There is nothing in the PSHA method that requires using a UHS.  A suite of realistic scenario earthquake spectra can be developed as described below.  The reason for using a UHS rather than using multiple spectra for the individual scenarios is to reduce the number of engineering analyses required.  A deterministic analysis has the same issue.  If one deterministic scenario leads to the largest spectral values for long spectral periods and a different deterministic scenario leads to the largest spectral values for short spectral periods, a single design spectrum that envelopes the two deterministic spectra could be developed.  If such an envelope is used, then the deterministic design spectrum also does not represent a single earthquake.  

The choice of using a UHS rather than multiple spectra for the different scenarios is the decision of the engineering analyst, not the hazard analyst.  The engineering analyst should determine if it is worth the additional analysis costs to avoid exciting a broad period range in a single evaluation.  The hazard report should include the UHS as well as the scenario spectra described below.

Spectra for Scenario Earthquakes

In addition to the UHS, realistic spectra for scenario earthquakes should be developed. Two different procedures for developing scenario earthquake spectra are described below. Both methods start with the identification of the controlling earthquake scenarios (magnitude, distance) from the deaggregation plots.  As noted above, the controlling earthquakes will change as a function of the spectral period.

Median Spectral Shape

The most common procedure used for developing scenario earthquake spectra given the results of a PSHA is to use the median spectral shape (Sa/PGA) for the earthquake scenario from the deaggregation and then scale the median spectral shape so that it matches the UHS at the specified return period and spectral period.  This process is repeated for a suite of spectral periods (e.g. T=0.2 sec, T=1 sec, T=2.0 sec).  The envelope of the resulting scenario spectra become equal to the UHS if a full range of spectral periods of the scenarios is included. This avoids the problem of mixing different earthquake scenarios that control the short and long period parts of the UHS.

A short-coming of the median spectral shape method is that it assumes that the variability of the ground motion is fully correlated over all spectral periods.  For example, if the UHS at a specified spectral period and return period corresponds to the median plus 1 sigma ground motion for the scenario (epsilon =1), then by scaling the median spectral shape, we are using the median plus 1 sigma ground motion at each period. Spectra from real earthquakes will have peaks and troughs so we don't expect that the spectrum at all periods will be at the median plus 1 sigma level.  This short-coming is addressed in the second method.

Expected Spectral Shape

In this method, the expected spectral shape for the scenario earthquake is computed.  In this case, the expected spectral shape depends not only on the scenario earthquake, but also on the epsilon value required to scale the scenario spectrum to the UHS.  Again, consider a case in which the UHS is one standard deviation above the median spectral acceleration from the scenario earthquake for a period of 2 sec.  At other spectral periods, the chance that the ground motion will also be at the 1 sigma level decreases as the spectral period moves further from 2 sec.

To compute the expected spectral shape, we need to consider the correlation of the variability of the ground motion at different spectral periods.  (This is the correlation of the variability of the ground motion, not the correlation of the median values).  In the past, this correlation has not been commonly included as part of the ground motion model, but the correlation tends to be only weakly dependent on the data set.  That is, special studies that have developed this correlation can be applied to a range of ground motion models.  

Below, the equations for implementing this progress are given.  First, we need to compute the number of standard deviations, U(To,TRP), needed to scale the median scenario spectral value to the UHS at a spectral period, To, and for a return period, TRP. This is given by
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are the median and standard deviation of the ground motion for the scenario earthquake from the attenuation relations.

The expected epsilon at other spectral periods is given by
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where c is the square root of the correlation coefficient of the residuals at period T and To. An example of the values of coefficient c computed from the PEER strong motion data for M>6.5 for rock sites are listed in Table 1 for reference periods of 0.2, 1.0, and 2.0.  

The expected spectrum for the scenario earthquake is then given by
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This expected spectrum for the scenario earthquake is called the "conditional mean spectrum" by Baker and Cornell (2006).  

Table 1. Example of the Slope of the Relation Between Epsilons

for the Expected Spectral Shape

	Period (Sec)
	To=0.2
	To=1.0
	To=2.0

	0.0
	0.91
	0.68
	0.43

	0.075
	0.91
	0.54
	0.31

	0.1
	0.91
	0.50
	0.27

	0.2
	1.00
	0.48
	0.26

	0.3
	0.93
	0.63
	0.39

	0.4
	0.84
	0.71
	0.45

	0.5
	0.71
	0.77
	0.52

	0.75
	0.62
	0.92
	0.66

	1.0
	0.45
	1.00
	0.76

	1.5
	0.37
	0.87
	0.85

	2.0
	0.26
	0.81
	1.00

	3.0
	0.24
	0.77
	0.94


Time Histories

Time histories are developed using the spectral matching approach for the Pacific Northwest example and using the scaling approach for the northern California example.  The basis for selecting the reference time histories should be described.  One draw-back of using the expected scenario spectra is that additional time histories will be required.  If the project will be using the average response of 7 time histories, then 7 time histories are needed for each scenario spectrum.  The average response is computed for each scenario and then the larger response from the two scenario is used.  

If the scaling procedure is used, then time history report should list the scale factors and include the following plots:

Acceleration, velocity, and displacement seismograms for the scaled time histories,

Fourier amplitude spectra for the scaled time histories,

Comparison of the spectra of the scaled time histories with the design spectrum.

If the spectral matching procedure is used, then there are additional plots that are needed to check that the modified time history is still appropriate (e.g. check that the spectral matching has not lead to an unrealistic ground motion).  The acceleration, velocity, and displacement seismograms of the modified ground motion should have the same gross non-stationary characteristics as the reference motion.  For spectral matching, the time history report should include the following plots:

Acceleration, velocity, and displacement seismograms for the reference and modified time histories,

Fourier amplitude spectra for the reference and modified time histories,

Comparison of Husid plots (normalized arias intensity) for the reference and modified time histories,

Comparison of the spectra of the reference and modified time histories with the scenario earthquake spectrum.

Pacific Northwest Example

A site located in northwestern Washington is used as an example.  In this example, a return period of 2000 years is used.  This return period is just for this example and does not imply this is this an accepted return period for dams.  The selection of the return period for design ground motions for dams has not been resolved.

Source Characterization

For this example, a simplified source characterization is used.  Five sources are considered: the Cascadia interface, the Juan de Fuca intra-slab, the Seattle fault, the Hood Canal fault, and a background zone.  The location of the site with respect to the faults and source zones is shown in Figure 1.  The parameters used for the sources are given in Tables 2a and 2b.  These are based on the source models used by PG&E (2001, 2002a), Adams and Halchuk (2003), and the USGS as part of the national hazard maps.  The objective of these examples is on the presentation of the hazard results, so a detailed description of the source models is not included here.  In a complete hazard study, such detailed source descriptions should be included.

Ground Motion Models

In the Pacific Northwest, both crustal and subduction earthquakes need to be considered.  These two tectonic classes of earthquakes require separate ground motion models.  For the crustal sources, the five NGA models recently developed as part of the PEER/Lifelines program are used. These new ground motion models include Abrahamson and Silva (2007), Boore and Atkinson (2006), Campbell and Bozorgnia (2006), Chiou and Youngs (2006), and Idriss (2007).  For the Idriss model, the rock site class is used.  For the other four models, a VS30 of 600 m/s is used.  These five models are given equal weight.

For the subduction earthquakes, two models are used: Youngs et al (1997) and Atkinson and Boore (2003).  For the Youngs et al model,  the rock relation is used.  For the Atkinson and Boore model, NEHRP site class C is used.  The two models are given equal weight.

Table 2a.  Source parameters for fault sources 

	
	Mean

Characteristic

Magnitude
	Recurrence

Interval (yrs)

of Characteristic Eqk
	Slip-Rates

(mm/yr)
	Style-of-Faulting

	Cascadia
	8.2 (0.105)

8.4 (0.22)

8.5 (0.075)

8.6 (0.07)

8.7 (0.205)

8.8 (0.074)

8.9 (0.175)

9.1 (0.075)
	230 (0.05)

300 (0.15)

340 (0.05)

370 (0.15)

500 (0.45)

660 (0.15)
	
	Interface

	Seattle Fault
	6.9 (0.2)

7.1 (0.6)

7.3 (0.2)
	5000 (0.5)
	0.7 (0.25)

1.1 (0.25)
	Reverse

	Hood Canal fault
	7.0 (1.0)
	
	0.1 (1.0)
	Strike-slip


Table 2b.  Source parameters for areal source zones

	Source
	b
	N(M>5)
	b,N wt
	Mmax
	Top (km)
	Bottom (km)
	Style-of-Faulting

	Juan de Fuca Plate Onshore Deep
	1.119

0.899

0.678
	0.0007

0.0035

0.0159
	(0.16)

(0.68)

(0.16)
	6.7 (0.3)

7.1 (0.6)

7.3 (0.1)
	40
	80
	Intra-slab

	Puget Sound

Deep
	0.547

0.491

0.430
	0.0650

0.0985

0.1770
	(0.16)

(0.68)

(0.16)
	6.9 (0.3)

7.1 (0.6)

7.3 (0.1)
	50
	90
	Intra-slab

	Cascades Mtns Background
	0.92

0.87

0.83
	0.0019

0.0028

0.0039
	(0.16)

(0.68)

(0.16)
	6.5 (0.5)

7.0 (0.5)
	0
	15
	Reverse


Hazard Results

The basic hazard results are shown in Figures 2a and 2b for PGA and T=2 sec, respectively.  These figures also show how each source contributes to the hazard.  For PGA (Figure 2a), the deep earthquakes in the Juan de Fuca plate slab have the largest contribution to the hazard.  The Cascadia source has about one-half of the contribution of the Juan de Fuca source.  For long spectral periods (e.g. T=2 sec),  the Cascadia source dominates the hazard at long return periods, but the Juan de Fuca source is still dominant at short return periods (less than 200 years).

The sensitivity of the hazard to the attenuation relations is shown in Figure 3a and 3b for PGA and T=2 sec, respectively.  Since there are two classes of attenuation relations (subduction and crustal), the sensitivity is shown in terms of each class.  In the top frame of each figure, the sensitivity to the subduction attenuation relation is shown.  In the lower frame, the sensitivity to the crustal attenuation relation is shown.  For both PGA and T=2 sec, the hazard has a strong dependence on the subduction attenuation relation, but not on the crustal attenuation relation.

The epistemic uncertainty in the hazard is shown in Figures 4a and 4b for PGA and T=2 sec, respectively.  The mean hazard is the weighted average of the hazard (y-axis) computed for each combination of alternative models.  The fractiles represent the range of the hazard for the alternative models.  In this case, the range of the fractiles is dominated by the epistemic uncertainty in the subduction attenuation relations.  A range of a factor of 10 from the 5th to the 95th fractile is common in regions with large uncertainty in the ground motion model.

The UHS for return periods of 500, 1000, 2000, and 5000 years is shown in Figure 5a.  This figure also compares the Cascadia (M9, R=55 km) ground motions (median and 84th percentile) for the MCE as used in deterministic analyses. In this example, the deterministic spectra are shown separately for the two subduction attenuation relations used since these two model have significant differences.  The deterministic spectra from the two  subduction models are similar at long periods for which the Cascadia source dominates the hazard.  

Figure 5b compares the UHS to the Juan de Fuca (M7.5, R=40 km) ground motions for the MCE.   For this scenario,  the two subduction models are similar at short periods, but the Atkinson & Boore model leads to much larger ground motions at long periods.

The deaggregation for a return period of 2000 years is shown in Figures 6a and 6b for PGA and T=2 sec, respectively.  Figure 6a shows that for PGA, the mode of the deaggreagation is M7.0-7.5 at distances of 50-80 km.  Figure 6b shows that for T=2 sec, the mode of the deaggregation  is M8.5-9.0 at distances of 50-60 km.

In addition to the mode,  the deaggreagation can be characterized by the mean magnitude, distance, and epsilon.  These mean values are shown in Figure 7 as a function of return period for PGA and T=2 sec. This figure shows that the mean magnitude for PGA increases as the return period increases from 100 to 500 years, but for longer return periods, the mean magnitude does not increase.  For return periods greater than 500 years, the mean distance continues to decrease and the mean epsilon increases.  In contrast to the PGA, For T=2 sec, the mean magnitude continues to increase as the return period increases from 100 to 10,000 years.

Expected Spectra for Scenario Earthquakes

From the deaggregation, the following scenario earthquakes were selected:


Source
M
Distance (km)
To (sec)

Juan de Fuca
7.3
50 km
0.2


Cascadia
8.8
55 km
2.0

The expected spectra are developed for these of these events.  First, the median and standard deviation for the two scenearios listed above are computed using the two subduction ground motion models.  The average of the median and the standard deviation for the two scenario earthquakes are listed in Tables 4a and 4b.  

Next, the number of standard deviations needed to scale the median Sa to the UHS is determined.  This value,  U, is shown in Table 3.  The expected epsilon values at the other spectral periods are then computed (fifth column in Tables 4a and 4b) and the spectrum spectrum is then computed (sixth column in Tables 5a, and 5b).  

The expected spectra for the scenarios are compared to the UHS in Figure 8.  This figure shows that the expected spectrum falls below the UHS at periods away from the reference period.  A suite of these expected spectra will be enveloped by the UHS.  The expected spectra are realistic ground motions for a future earthquake.  To limit the number of scenarios considered, these expected spectra will need to be broadened so that they cover the UHS with a small number of scenarios.  To limit the number of scenarios considered, these expected spectra can be broadened so that they cover the UHS with a small number of scenarios.  As an example, the two expected scenarios are broadened into two design spectra in Figure 9. The engineer conducting the analysis of the structure needs to determine to what degree it is worth broadening the expected spectra to reduce the number of scenarios considered.  

Table 3.  Computation of the epsilon needed to match the UHS.

	Period (sec)
	UHS 

2000 Yr

(g)
	Median

Sa(g)
	
	U

	0.2
	0.946
	0.439
	0.682
	1.126

	2.0
	0.210
	0.096
	0.766
	1.021


Table 4a.  Development for the expected spectrum for T=0.2 sec and a return period of 2000 years. 

	Period (Sec)
	c

(To=0.2)
	Median

Sa(g)
	
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	Expected

Spectrum

(g)

	0.00
	0.91
	0.192
	0.625
	1.024
	0.364

	0.075
	0.91
	0.269
	0.648
	1.024
	0.522

	0.10
	0.91
	0.314
	0.671
	1.024
	0.624

	0.20
	1.00
	0.439
	0.682
	1.126
	0.947

	0.30
	0.93
	0.419
	0.691
	1.047
	0.864

	0.40
	0.84
	0.400
	0.694
	0.946
	0.771

	0.50
	0.71
	0.389
	0.706
	0.799
	0.683

	0.75
	0.62
	0.286
	0.720
	0.698
	0.472

	1.00
	0.45
	0.218
	0.751
	0.507
	0.319

	1.50
	0.37
	0.147
	0.770
	0.417
	0.202

	2.00
	0.26
	0.107
	0.801
	0.293
	0.135

	3.00
	0.24
	0.050
	0.874
	0.270
	0.063


Table 4b.  Development for the expected spectrum for T=2.0 sec and a return period of 2000 years. 

	Period (Sec)
	c

(To=2.0)
	Median

Sa(g)
	
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	Expected

Spectrum

(g)

	0.00
	0.43
	0.144
	0.590
	0.439
	0.186

	0.075
	0.31
	0.211
	0.611
	0.317
	0.256

	0.10
	0.27
	0.237
	0.636
	0.276
	0.282

	0.20
	0.26
	0.320
	0.647
	0.266
	0.380

	0.30
	0.39
	0.321
	0.650
	0.399
	0.416

	0.40
	0.45
	0.361
	0.659
	0.460
	0.488

	0.50
	0.52
	0.346
	0.676
	0.531
	0.495

	0.75
	0.66
	0.248
	0.696
	0.674
	0.396

	1.00
	0.76
	0.188
	0.716
	0.777
	0.327

	1.50
	0.85
	0.130
	0.742
	0.869
	0.248

	2.00
	1.00
	0.096
	0.766
	1.022
	0.211

	3.00
	0.94
	0.037
	0.839
	0.961
	0.082
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Figure 1.  Faults and sources considered in the example.
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Figure 2a.  Contribution to the PGA hazard by source.
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Figure 2b.  Contribution to the T=2 sec hazard by source
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Figure 3a.  Sensitivity of PGA hazard to attenuation relation.  

Top frame: subduction models. Bottom frame: crustal models.
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Figure 3b.  Sensitivity of T=2 sec hazard to attenuation relation.  

Top frame: subduction models. Bottom frame: crustal models
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Figure 4a.  Uncertainty fractiles of the PGA hazard
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Figure 4b.  Uncertainty fractiles of the T=2 sec hazard
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Figure 5a.  UHS and deterministic (MCE) spectra for the M9 Cascadia source (R=55 km).
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Figure 5b.  UHS and deterministic (MCE) spectra for the M7.6 Juan de Fuca source (R=40 km).
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Figure 6a.  Deaggreagation for PGA hazard for a return period of 2000 years.
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Figure 6b.  Deaggreagation for T=2 sec hazard for a return period of 2000 years.
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Figure 7.  Return period dependence of the Mean M, R, epsilon from the deaggreagation for PGA and T=2 sec 
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Figure 8.  Expected spectra for scenario earthquakes for the UHS at T=0.2 and T=2.0 sec.
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Figure 9. Example of broadening the expected spectra for scenario earthquakes into a small set of design spectra.

San Francisco Bay Area Example

The second example is for a site located in a high seismic region.  A site located in the east bay in Northern California is used as the second example.  Again, a return period of 2000 years is used.  

Source Characterization

For this example, a simplified source characterization is used.  Three fault sources are considered: the San Andreas, Hayward/Rodgers Creek, and Calaveras, .  The location of the site with respect to the faults is shown in Figure 10.  The parameters used for the sources are given in Table 5 .  These are based on the USGS WG03 model.  The objective of these examples is on the presentation of the hazard results, so a detailed description of the source models is not included here.  In a complete hazard study, such detailed source descriptions should be included.

Ground Motion Models

For the crustal sources, the five NGA models recently developed as part of the PEER/Lifelines program are used. These new ground motion models include Abrahamson and Silva (2007), Boore and Atkinson (2006), Campbell and Bozorgnia (2006), Chiou and Youngs (2006), and Idriss (2007).  For the Idriss model, the rock site class is used.  For the other four models, a VS30 of 600 m/s is used.  These five models are given equal weight.

Table 5.  Source parameters for fault sources 

	Fault System
	Rupture
	Mean

Characteristic

Magnitude
	Recurrence

Interval (yrs)

of Characteristic Eqk
	Style-of-Faulting

	San Andreas
	SAS
	7.03 (0.8)

6.84 (0.1)

7.22 (0.1)
	1,140(0.8)

260 (0.1)

100,000 (0.1)
	Strike-Slip

	San Andreas
	SAP
	7.15 (0.8)

6.95 (0.1)

7.32 (0.1)
	670 (0.8)

160 (0.1)

100,000 (0.1)
	Strike-Slip

	San Andreas
	SAN
	7.45 (0.8)

7.28 (0.1)

7.61 (0.1)
	3,320 (0.8)

800(0.1)

100,000 (0.1)
	Strike-slip

	San Andreas
	SAO
	7.29 (0.8)

7.12 (0.1)

7.44 (0.1)
	3320 (0.8)

680 (0.1)

100,000 (0.1)
	Strike-slip

	San Andreas
	SAS+SAP
	7.42 (0.8)

7.26 (0.1)

7.56 (0.1)
	840 (0.8)

30,000 (0.1)

280 (0.1)
	Strike-slip

	San Andreas
	SAN+SAO
	7.70 (0.8)

7.53 (0.1)

7.86 (0.1)
	870 (0.8)

30,000 (0.1)

270 (0.1)
	Strike-slip

	San Andreas
	SAS+SAP+SAN
	7.76 (0.8)

7.59 (0.1)

7.92 (0.1)
	30,000 (0.8)

10,000 (0.1)

100,000 (0.1)
	Strike-slip

	San Andreas
	SAP+SAN+SAO
	7.83 (0.8)

7.65 (0.1)

8.01 (0.1)
	15,000 (0.8)

2700 (0.1)

100,000 (0.1)
	Strike-slip

	San Andreas
	SAS+SAP+SAN+SAO
	7.90 (0.8)

7.72 (0.1)

8.10 (0.1)
	620 (0.8)

10,000 (0.1)

200 (0.1)
	Strike-slip

	San Andreas
	Floating
	6.9 (0.1)
	410 (0.8)

7,500 (0.1)

100 (0.1)
	Strike-slip

	Hayward/RC
	HS
	6.67 (0.8)

6.36 (0.1)

6.93 (0.1)
	250 (0.8)

1350 (0.1)

80 (0.1)
	Strike-slip

	
	HN
	6.49 (0.8)

6.18 (0.1)

6.78 (0.1)
	230 (0.8)

1290 (0.1)

70 (0.1)
	Strike-slip

	
	HS+HN
	6.91 (0.8)

6.68 (0.1)

7.12 (0.1)
	340 (0.8)

1560 (0.1)

110 (0.1)
	Strike-slip

	
	RC
	6.98 (0.8)

6.81 (0.1)

7.14 (0.1)
	180 (0.8)

720 (0.1)

56 (0.1)
	Strike-slip

	
	HN+RC
	7.11 (0.8)

6.94 (0.1)

7.28 (0.1)
	1650 (0.8)

440 (0.1)

100,000 (0.1)
	Strike-slip

	
	HN+RS+RC
	7.26 (0.8)

7.09 (0.1)

7.42 (0.1)
	3,000(0.8)

30,000 (0.1)

900 (0.1)
	Strike-slip

	
	Floating
	6.90 (1.0)


	4270 (0.8)

10,000 (0.1)

1860 (0.1)
	Strike-slip

	Calaveras
	CS
	5.79 (0.8)

5.0 (0.1)

6.14 (0.1)
	125 (0.8)

40 (0.1)

100,000 (0.1)
	Strike-slip

	
	CC
	6.23 (0.8)

5.75 (0.1)

6.68 (0.1)
	200 (0.8)

750 (0.1)

85 (0.1)
	Strike-slip

	
	CS+CC
	6.36 (0.8)

5.87 (0.1)

6.75 (0.1)
	590 (0.8)

130 (0.1)

100,000 (0.1)
	Strike-slip

	
	CN
	6.78 (0.8)

6.58 (0.1)

6.97 (0.1)
	230 (0.8)

990 (0.1)

70 (0.1)
	Strike-slip

	
	CC+CN
	6.90 (0.8)

6.68 (0.1)

7.11 (0.1)
	10,000 (0.8)

820 (0.1)

100,000 (0.1)
	Strike-slip

	
	CS+CC+CN
	6.93 (0.8)

6.72 (0.1)

7.14 (0.1)
	1490 (0.8)

370 (0.1)

100,000 (0.1)
	Strike-slip

	
	Floating
	6.20 (1.0)


	390 (0.8)

1750 (0.1)

140 (0.1)
	Strike-slip

	
	CS+CC_floating
	6.2 (1.0)
	100 (0.8)

570 (0.1)

40 (0.1)
	Strike-slip


Hazard Results

The basic hazard results are shown in Figures 11a and 11b for PGA and T=1 sec, respectively.  These figures also show how each source contributes to the hazard.  Since the site is located close to a high activity fault, the hazard is dominated by the nearby Hayward fault at both short and long spectral periods.

The sensitivity of the hazard to the attenuation relations is shown in Figure 12a and 12b for PGA and T=1 sec, respectively.  As the return period increases (lower annual probability), the difference due to the attenuation relation increases.  This is due to the different values of the standard deviations.  

The epistemic uncertainty in the hazard is shown in Figures 13a and 13b for PGA and T=1 sec, respectively.  In this case, the range of the fractiles is dominated by the epistemic uncertainty in the subduction attenuation relations.  

The UHS for return periods of 500, 1000, 2000, and 5000 years is shown in Figure 14.  This figure also compares the Hayward MCE (M7.25, R=3.5 km) ground motions (median and 84th percentile) as used in deterministic analyses. At short spectral periods, the 84th percentile ground motion corresponds to a return period of about 700 years.  This increases to a return period of 200 years at long spectral periods.  

The deaggregation for a return period of 2000 years is shown in Figures 15a and 15b for PGA and T=1 sec, respectively.  Figure 15a shows that for PGA, the mode of the deaggreagation is M6.5-7.0 at a distance of 0-5 km.  Figure 15b shows that for T=1 sec, the mode of the deaggregation  is still M6.5-7.0 at a distance of 0-5 km, but the contribution of larger magnitudes (M7.0-7.5) has increased.  If the bin size were changed, the model may move to M7.  This shows how simply using the mode can miss some changes in the controlling source.  

In addition to the mode,  the deaggreagation can be characterized by the mean magnitude, distance, and epsilon.  These mean values are shown in Figure 16 as a function of return period for PGA and T=1 sec. With this type of plot, the differences in the magnitude for PGA and T=2 sec is apparent.  As is typical for sites close to active faults, the mean magnitude is not very sensitive to the return period.  At short spectral periods, the mean distance decreases quickly to the closest distance (3.5 km in this case).  The main increase in the ground motion at long return periods is due to the increase in epsilon shown in the lower frame.  

Expected Spectra for Scenario Earthquakes

From the deaggregation, the following scenario earthquakes were selected:


Source
M
Distance (km)
To (sec)

Hayward (SH)
6.75
4 km
0.2


Hayward (NS+SH)
7.0
5 km
1.0

The expected spectra are developed for these of these events.  First, the median and standard deviation for the two scenarios listed above are computed using the five NGA ground motion models.  The average of the median and the standard deviation for the two scenario earthquakes are listed in Tables 7a and 7b.  

Next, the number of standard deviations needed to scale the median Sa to the UHS is determined.  This value,  U, is shown in Table 6.  The expected epsilon values at the other spectral periods are then computed (fifth column in Tables 7a and 7b) and the spectrum is then computed (sixth column in Tables 8a, and 8b).  

The expected spectra for the scenarios are compared to the UHS in Figure 17.  This figure shows that even if there is a single controlling source, the expected spectrum will still fall below the UHS at periods away from the reference period.  This shows that it is not just the enveloping of earthquakes from different sources in the UHS, but also the enveloping of the variability at different spectral periods. A suite of these expected spectra will be enveloped by the UHS.  The expected spectra are realistic ground motions for a future earthquake.  To limit the number of scenarios considered, these expected spectra can be broadened so that they cover the UHS with a small number of scenarios.  As an example, the two expected scenarios are broadened into two design spectra in Figure 18. The engineer conducting the analysis of the structure needs to determine to what degree it is worth broadening the expected spectra to reduce the number of scenarios considered.  

Table 6.  Computation of the epsilon needed to match the UHS.

	Period (sec)
	UHS 

2000 Yr

(g)
	Median

Sa(g)
	
	U

	0.2
	2.56
	0.904
	0.619
	1.68

	1.0
	0.97
	0.313
	0.660
	1.72


Table 7a.  Development for the expected spectrum for T=0.2 sec and a return period of 2000 years. 

	Period (Sec)
	c

(To=0.2)
	Median

Sa(g)
	
	
[image: image22.wmf]  
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e 


	Expected

Spectrum

(g)

	0.00
	0.91
	0.388
	0.560
	1.530
	0.913

	0.075
	0.91
	0.608
	0.625
	1.530
	1.584

	0.10
	0.91
	0.736
	0.633
	1.530
	1.938

	0.20
	1.00
	0.904
	0.619
	1.682
	2.560

	0.30
	0.93
	0.820
	0.630
	1.564
	2.196

	0.40
	0.84
	0.693
	0.635
	1.413
	1.699

	0.50
	0.71
	0.603
	0.640
	1.194
	1.294

	0.75
	0.62
	0.412
	0.650
	1.043
	0.811

	1.00
	0.45
	0.313
	0.662
	0.757
	0.516

	1.50
	0.37
	0.206
	0.675
	0.622
	0.314

	2.00
	0.26
	0.140
	0.693
	0.437
	0.190

	3.00
	0.24
	0.083
	0.697
	0.404
	0.110


Table 7b.  Development for the expected spectrum for T=1.0 sec and a return period of 2000 years. 

	Period (Sec)
	c

(To=2.0)
	Median

Sa(g)
	
	
[image: image23.wmf]  

ˆ 

e 


	Expected

Spectrum

(g)

	0.00
	0.68
	0.374
	0.554
	1.167
	0.745

	0.075
	0.54
	0.587
	0.620
	0.927
	1.086

	0.10
	0.5
	0.703
	0.626
	0.858
	1.267

	0.20
	0.48
	0.876
	0.613
	0.824
	1.505

	0.30
	0.63
	0.801
	0.625
	1.081
	1.620

	0.40
	0.71
	0.677
	0.630
	1.218
	1.502

	0.50
	0.77
	0.600
	0.636
	1.321
	1.404

	0.75
	0.92
	0.410
	0.650
	1.579
	1.149

	1.00
	1.00
	0.322
	0.660
	1.716
	0.974

	1.50
	0.87
	0.213
	0.675
	1.493
	0.565

	2.00
	0.81
	0.150
	0.691
	1.390
	0.368

	3.00
	0.77
	0.090
	0.696
	1.321
	0.208
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Figure 10.  Faults and sources considered in the example.
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Figure 11a.  Contribution to the PGA hazard by source.
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Figure 11b.  Contribution to the T=1 sec hazard by source

[image: image27.wmf] 

0.0001

0.001

0.01

0.1

0

0.5

1

1.5

Annual Probability of Being Exceeded

Peak Acceleration (g)

Abrahamson & Silva

Chiou & Youngs

Boore & Atkinson

Campbell & Bozorgnia

Idriss


Figure 12a.  Sensitivity of PGA hazard to attenuation relation. 
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Figure 12b.  Sensitivity of T=2 sec hazard to attenuation relation.  
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Figure 13a.  Uncertainty fractiles of the PGA hazard
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Figure 13b.  Uncertainty fractiles of the T=2 sec hazard
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Figure 14.  UHS and deterministic (MCE) spectra for the Hayward/Rodgers Creek source.
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Figure 15a.  Deaggreagation for PGA hazard for a return period of 2000 years.
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Figure 15b.  Deaggreagation for T=1 sec hazard for a return period of 2000 years.
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Figure 16.  Return period dependence of the Mean M, R, epsilon from the deaggreagation for PGA and T=1 sec 
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Figure 17.  Expected spectra for scenario earthquakes for the UHS at T=0.2 and T=1.0 sec.
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Figure 18.  Example of broadening the expected spectra for scenario earthquakes into a small set of design spectra.
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