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SECTIONONE Introduction

The University of California, Berkeley (UCB) is situated in the seismically active San Francisco
Bay region within the San Andreas fault system (Figure 1). The Hayward fault, which transects
the campus, is estimated to have a probability of 27% of rupturing in an earthquake of moment
magnitude (M) 6.7 or larger in the period 2002 to 2031 (Working Group on California
Earthquake Probabilities [WGCEP], 2003) (Figures 2 and 3). UCB also will be subjected to
strong ground shaking generated by future large events on numerous active faults within a
distance of 50 km (Figure 1). This report presents the results of updated site-specific
probabilistic and deterministic seismic hazard analyses for ground shaking of the UCB Campus
and the Lawrence Berkeley National Laboratory (LBNL). Previous analyses of the Central
Campus were performed by Geomatrix Consultants in 2000 and URS Corporation in 2003,

The purpose of probabilistic seismic hazard analyses (PSHA) is to assess the ground motion
levels having specified frequencies of exceedance (return period). In this study, Uniform Hazard
Spectra (UHS) at the frequencies of exceedance of 50%, 10%, and 2% in 50 years and 10% in
100 years have been requested and are provided. These exceedance frequencies correspond to
return periods of approximately 72, 475, 2,475, and 949 years, respectively. The hazard has
been evaluated for two average campus site conditions: thin alluvium over rock at the Central
Campus and a rock site at the castern edge of campus. Because LBNL is situated in the hills
above UCB, potential topographic amplification also has been evaluated in this analysis.

In this study, the available geologic and seismologic data were used to evaluate and characterize
(1) potential seismic sources, (2) the likelihood of carthquakes of various magnitudes occurring
on those sources, and (3) the likelihood of the carthquakes producing ground motions exceeding
a specified level. Two important aspects of these updated analyses are: (1) the results of the U.S.
Geological Survey’s (USGS) WGCEP (2003) and the California Geological Survey’s efforts in
developing the statewide probabilistic hazard maps (Cao et al., 2003) are used in the PSHA, and
(2) the use of the recently developed Pacific Earthquake Engineering Research (PEER) Center’s
Next Generation of Attenuation (NGA) ground motion models.

The following report presents the seismic source characterization, the ground motion attenuation
relationships used, the results of the PSHA for the Campus and LBNL, and the adjustment that
could be made to the LBNL design spectrum due to topographic amplification.

1.1 ACKNOWLEDGEMENTS

Our appreciation to Craig Comartin for this support of this study and to Professors Jonathan Bray
and Nick Sitar for their assistance and review of the report. Thanks to Melinda Lee and Fabia
Terra for their help in preparing the report and to Keith Knudsen for his review.

This work was supported by the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.
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SECTIONTWO Probabilistic Seismic Hazard Analyses Methodology

The following is a description of the PSHA methodology used in this study. Inputs into the
PSHAs are described in Section 3. The PSHA approach used in this study is based on the model
developed principally by Cornell (1968). The occurrence of earthquakes on a fault is assumed to
be a Poisson process. The Poisson model is widely used and is a reasonable assumption in
regions where data are sufficient to provide only an estimate of average recurrence rate (Cornell,
1968). When there are sufficient data to permit a real-time estimate of the occurrence of
earthquakes, the probability of exceeding a given value can be modeled as an equivalent Poisson
process in which a variable average recurrence rate is assumed. The occurrence of ground
motions at the site in excess of a specified level is also a Poisson process, if (1) the occurrence of
carthquakes is a Poisson process, and (2) the probability that any one event will result in ground
motions at the site in excess of a specified level is independent of the occurrence of other events.

The probability that a ground motion parameter "Z" exceeds a specified value "z" in a time
period "t" is given by:

p(Z>z)=1-¢vP" (2-1)

where v(z) is the annual mean number (or rate) of events in which Z exceeds z. The assumption
of'a Poisson process for the number of events is not critical. This is because the mean number of
events in time t, v(z)+t can be shown to be a close upper bound on the probability p(Z > z) for
small probabilities (less than 0.10) that generally are of interest for engineering applications.
The annual mean number of events is obtained by summing the contributions from all sources,
that is:

v(z) = l)_l“,vn(z) (2-2)

where vy(z) is the annual mean number (or rate) of events on source n for which Z exceeds z at
the site. The parameter v,(z) is given by the expression:

Vn(z) = ZXBy(m) « p(R=1j|m;) » p(Z>z|my 1) (2-3)
1]
where:

BBn(m;) = annual mean rate of recurrence of earthquakes of magnitude increment m; on
source n;

p(R=rj|m;) = probability that given the occurrence of an earthquake of magnitude m; on
source n, tj is the closest distance increment from the rupture surface to the
site;

p(Z > zjm;,1)) = probability that given an earthquake of magnitude my at a distance of 1j, the

ground motion exceeds the specified level z.

The PSHA calculations were made using the computer program HAZ38 developed by Norm
Abrahamson. The program has been validated in the PEER Center-sponsored “Validation of
PSHA Computer Programs” Project (Wong e al., 2004) and qualified for use by the U.S.
Department of Energy.
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SECTIONTWO Prohahilistic Seismic Hazard Analyses Methodology

2.1 SEISMIC SOURCE CHARACTERIZATION

Two types of earthquake sources are characterized in these PSHAs: (1) fault sources; and (2)
background earthquakes. Fault sources are modeled as three-dimensional fault surfaces and
details of their behavior are incorporated into the source characterization. Background
seismicity can be treated as areal source zones where ecarthquakes are assumed to occur
randomly.

The geometric source parameters for faults include fault location, segmentation model, dip, and
thickness of the seismogenic zone. The recurrence parameters include recurrence model,
recurrence rate (slip rate or average recurrence interval for the maximum event), slope of the
recurrence curve (b-value), and maximum magnitude. Clearly, the geometry and recurrence are
not totally independent. For example, if a fault is modeled with several small segments instead
of large segments, the maximum magnitude is lower, and a given slip rate requires many more
small earthquakes to accommodate a cumulative seismic moment. For areal source zones, only
the area, seismogenic thickness, maximum magnitude, and recurrence parameters (based on the
historical earthquake record) need to be defined.

Uncertainties in the source parameters are included in the PSHAs using logic trees. In this
procedure, values of the source parameters are represented by the branches of logic trees with
weights that define the distribution of values. In general, three values for each parameter were
weighted and used in the analysis. Statistical analyses by Keefer and Bodily (1983) indicate that
a three-point distribution of 5th, 50th, and 95th percentiles weighted 0.185, 0.63, and 0.185
(rounded to 0.2, 0.6, and 0.2), respectively, is the best discrete approximation of a continuous
distribution. Alternatively, they found that the 10th, 50th, and 90th percentiles weighted 0.3, 0.4,
and 0.3, respectively, can be used when limited available data make it difficult to determine the
extreme tails (i.c., the Sth and 95th percentiles) of a distribution. Note that the weights
associated with the percentiles are not equivalent to probabilities for these values, but rather are
weights assigned to define the distribution. We generally applied these guidelines in developing
distributions for seismic source parameters with continuous distributions (e.g., Myax, fault dip,
slip rate or recurrence) unless the available data suggested otherwise. Estimating the 5th, 95th,
or even 50th percentiles is typically challenging and involves subjective judgment given limited
available data.

2.1.1  Source Geometry

In the PSHAs, it is assumed that earthquakes of a certain magnitude may occur randomly along
the length of a given fault or segment. The distance from an earthquake to the site is dependent
on the source geometry, the size and shape of the rupture on the fault plane, and the likelihood of
the earthquake occurring at different points along the fault length. The distance to the fault is
defined to be consistent with the specific attenuation relationship used to calculate the ground
motions. The distance, therefore, is dependent on both the dip and depth of the fault plane, and a
separate distance function is calculated for each geometry and each attenuation relationship. The
size and shape of the rupture on the fault plane are dependent on the magnitude of the
earthquake, with larger events rupturing longer and wider portions of the fault planc. For a given
magnitude, the associated rupture surface is uniformly distributed along the fault length and
width. Ruptures are constrained to occur entirely on the defined fault plane. We modeled the
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SECTIONTWO Probabilistic Seismic Hazard Analyses Methodology

rupture dimensions following the magnitude-rupture arca and magnitude-rupture width
relationships of Wells and Coppersmith (1994).

2.1.2 Fault Recurrence

The recurrence relationships for the faults are modeled using the exponentially truncated
Gutenberg-Richter, characteristic earthquake, and the maximum magnitude recurrence models.
These models are weighted to represent our judgment on their applicability to the sources. For
the areal source zones, only an exponential recurrence relationship is assumed appropriate.

We have used the general approach of Molnar (1979) and Anderson (1979) to arrive at the
recurrence for the exponentially truncated model. The number of events exceeding a given
magnitude, N(m), for the truncated exponential relationship is

[Ofb(m-m") _ la-b(m"-m")

N(m) = a(mﬂ) 1_ Io-b(m"'m") (2 4)

where a(m°) is the annual frequency of occurrence of earthquake greater than the minimum
magnitude, m°; b is the Gutenberg-Richter parameter defining the slope of the recurrence curve;
and m" is the upper-bound magnitude event that can occur on the source. A m° of M 5.0 was
used for the hazard calculations because smaller events are not considered likely to produce
ground motions with sufficient energy to damage well-designed structures.

We have included the model where faults rupture with a “characteristic” magnitude on specific
segments; this model is described by Aki (1983) and Schwartz and Coppersmith (1984). For the
characteristic model, we have used the numerical model of Youngs and Coppersmith (1985). In
the characteristic model, the number of events exceeding a given magnitude is the sum of the
characteristic events and the non-characteristic events. The characteristic events are distributed
uniformly over + 0.25 magnitude unit around the characteristic magnitude and the remainder of
the moment rate is distributed exponentially using the above equation with a maximum
magnitude one unit lower than the characteristic magnitude (Youngs and Coppersmith, 1985).

The maximum magnitude model can be regarded as an extreme version of the characteristic
model. We adopted the model proposed by Wesnousky (1986) in which there is no exponential
portion of the recurrence curve, i.e., no events can occur between the minimum magnitude of M
5.0 and the distribution about the maximum magnitude.

The recurrence rates for the fault sources are defined by either the slip rate or the average return
time for the maximum or characteristic event and the recurrence b-value. The slip rate is used to
calculate the moment rate on the fault using the following equation defining the seismic moment:

My=unAD (2-5)

where M, is the seismic moment, 1 is the shear modulus, A is the area of the rupture plane, and
D is the slip on the plane. Dividing both sides of the equation by time results in the moment rate
as a function of slip rate:

M, =pnAS (2-6)
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SECTIONTWO Prohabilistic Seismic Hazard Analyses Methodology

where M, is the moment rate and S is the slip rate. Mo has been related to moment magnitude,
M, by Hanks and Kanamori (1979):

M =2/3 logM, - 10.7 2-7)

Using this relationship and the relative frequency of different magnitude events from the
recurrence model, the slip rate can be used to estimate the absolute frequency of different
magnitude events.

The average return time for the characteristic or maximum magnitude event defines the high
magnitude (low likelihood) end of the recurrence curve. When combined with the relative
frequency of different magnitude events from the recurrence model, the recurrence curve is
established.
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SECTIONTHREE Input to Analysis

The following section describes the characterization of the seismic sources considered in the
seismic hazard analyses and the empirical ground motion attenuation relationships selected and
used.

3.1 SEISMIC SOURCES

Seismic source characterization is concerned with three fundamental elements: (1) the
identification location and geometry of significant sources of earthquakes; (2) the maximum size
of the earthquakes associated with these sources; and (3) in the probabilistic analysis, the rate at
which they occur. The source parameters for the significant faults in the site region (generally
within about 100 km) were characterized for input into the hazard analyses. Areal source zones
representing background earthquakes also were characterized and used in the probabilistic
analysis.

3.1.1 Faults

Based on our review of published and unpublished data, the active and potentially active
seismogenic faults shown on Figure 2 are considered to be seismic sources significant to UCB
for strong ground shaking. A description of the most significant source, the Hayward-Rodgers
Creek faults, is given in the next section.

The guiding philosophy for characterizing seismic sources in this study is the following. The
fundamental seismic source characterization came from studies by the USGS Working Group on
Northern California Earthquake Potential (WGNCEP, 1996), the USGS Working Group on
California Earthquake Probabilities (WGCEP, 2003) and the California Geological Survey’s
seismic source model used in the USGS National Hazard Maps (Cao ef al., 2003). This
characterization was updated and revised based on recent research (Wong et al., 2008).

Figures 2 and 3 show the locations of the faults relative to UCB. Faults were included that were
judged to be at least potentially active and that would potentially contribute to the probabilistic
hazard because of their maximum earthquakes and/or proximity to the damsite.

In this PSHA, all faults are modeled as single, independent, planar sources extending the full
extent of the seismogenic crust. Thus, fault dips are averages estimated over the seismogenic
crust. For all seismic sources, the seismogenic crust was assumed to be 15 + 3 km thick based
on well-located contemporary seismicity (e.g., Oppenheimer and MacGregor-Scott, 1992).

A lack of reliable paleoseismic data means that the recurrence rates for many of the faults within
the San Francisco Bay region are cither poorly understood or unknown. Fault activity is
therefore expressed as an average annual slip rate (in mm/yr) rather than recurrence intervals.
The uncertainty in the slip rates and the other input parameters are accommodated in the
probabilistic hazard through the use of logic trees.

Uncertainties in determining recurrence models can significantly impact the hazard analysis. We
considered truncated exponential, maximum-magnitude, and characteristic recurrence models,
with various weights depending on the source geometry and type of rupture model. These
models and their implementation into the calculations were discussed in Section 2. Observations
of historical seismicity and paleoseismic investigations along faults in the western U.S. (e.g., San
Andreas fault) suggest that characteristic behavior is more likely for individual faults (Schwartz
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SECTIONTHREE Input to Analysis

and Coppersmith, 1984). Therefore, we generally favored the characteristic model for all fault
sources (weight of 0.70) while the maximum magnitude model was weighted 0.30.

3.1.1.1  Hayward-Rodgers Creek Fault System

The Hayward fault extends for 100 km from the area of Mount Misery, east of San Jose, to Point
Pinole on San Pablo Bay (Figure 2). At Point Pinole, the Hayward fault runs into San Pablo
Bay. The northern continuation of this fault system is the Rodgers Creek fault (Figure 2). The
two faults are separated by a 5-km-wide right step beneath San Pablo Bay. Systematic right-
lateral geomorphic offsets and creep offset of cultural features have been well documented along
the entire length of the fault (Lienkaemper, 1992). The last major carthquake on the Hayward
fault, in October 1868, occurred along the southern segment of the fault (Figure 1). This M 6.8
event caused toppling of buildings in Hayward and other localities within about 5 km of the
fault. The surface rupture associated with this carthquake is thought to have extended for
approximately 30 km, from Warm Springs to San Leandro, with a maximum reported
displacement of about | m. The Hayward fault is considered the most likely source of the next
major carthquake in the San Francisco Bay arca (WGCEP, 2003). As well as undergoing
displacement in carthquake ruptures, the Hayward fault also moves by aseismic creep.
Measurements along the fault over the last two decades show that the creep rate is 5 to 9 mm/yr
(Lienkaemper and Galehouse, 1997).

Recent research of historical documents has led to the conclusion that an earthquake in 1836,
previously thought to have occurred on the northern Hayward fault, occurred elsewhere
(Toppozada and Borchardt, 1998), thereby increasing the time since the last earthquake on this
segment of the fault. Paleoseismic trenching along the northern Hayward fault indicates that the
last surface rupturing carthquake along this part of the fault was sometime between 1626 and
1724 (Lienkaemper et al., 1999). This study also indicated at least four surface-rupturing
earthquakes in the last 2,250 years. The WGCEP (2003) assigns maximum earthquakes of M 6.5
and 6.7, and recurrence intervals of 387 and 371 years, for the northern and southern segments of
the Hayward fault, respectively. Recent studies by Lienkaemper and Williams (2007) indicate
that there have been 10 carthquakes along the southern Hayward fault since about 170 A.D.
resulting in an average recurrence interval of 170 years. The last 5 events have an average
recurrence interval of 140 + 50 years. It has been 141 years since the 1868 event.

Rupture of the entire fault zone would generate an earthquake of M 7.0. The WGCEP (2003)
considers the Hayward-Rodgers Creek fault system the most likely source of the next M 6.7 or
larger carthquake in the Bay Arca, with a 27 percent probability of occurring in the time period
2002 to 2031. Their model also incorporates a scenario where the Hayward fault ruptures along
with the Rodgers Creek fault. Rupture of the entire length of both faults would generate a
maximum carthquake of M 7.3. Rupture of the Rodgers Creek fault and the northern segment of
the Hayward fault would generate a maximum event of M 7.1.

The Rodgers Creek fault is 44 km long (Figure 2) and its geomorphic expression is similar to
that of the Hayward fault. At its northern end, the Rodgers Creek fault is separated from the
Healdsburg fault by a 3-km-wide right step, and separated from the Maacama fault by a 10-km-
wide right step (Wagner and Bortugno, 1982). Holocene activity along the Rodgers Creek is
indicated by a series of fault scarps in Holocene deposits, side-hill benches, right-laterally offset
streams, and closed linear depressions. Microseismicity is nearly absent along much of the
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SECTIONTHREE Input to Analysis

length of the fault suggesting that it is a seismic gap and the site of an impending earthquake
(Wong, 1991). Paleoseismic investigations by Schwartz et al. (1992) revealed three events in
925 to 1,000 years. This gives a preferred recurrence of 230 years for a maximum earthquake of
M 7.0. The most recent earthquake occurred on the fault sometime between 1438 to 1654 AD
(Schwartz et al., 1992). The calculated slip rate for the Rodgers Creek fault is 9 + 2 mm/yr.

3.1.1.2  Fault Creep (Aseismic Slip) and the R Factor

Some faults or sections of faults are thought to move in a continuous aseismic manner, i.c., they
slip without generating large earthquakes. The San Juan Bautista segment of the San Andreas
fault is the best example of a creeping fault segment. Fault creep has been documented along
portions of the Hayward, Calaveras, San Andreas, and Concord faults in the San Francisco Bay
region. However, fault creep is still poorly understood. The primary indicator of the presence of
aseismic slip at depth is the observation of surficial fault creep (c.g., Galehouse, 1995). If
surficial fault creep is not observed, there is little reason to suspect that it is a significant fault
attribute at seismogenic depths. If surficial fault creep is observed, ascismic slip may extend to
seismogenic depths beneath that section of that fault and can account for a significant portion of
the slip rate available for earthquake generation (WGCEP, 2003).

Between 3 and 10 mm/year of fault creep has been measured along the trace of the southern
segment of the Hayward fault, where the Hayward fault slipped in the M 6.8 earthquake of 21
October 1868 (WGNCEP, 1996). This amount of fault creep on the southern Hayward fault
cannot extend through the seismogenic depth range. In fact, the inferred depth extent of creep
varies along strike from 4 km to the bottom of the seismogenic zone (Simpson et al., 2001).
Models require locked patches under the central portion of the Hayward fault, consistent with the
earthquake in 1868, but the geometry and extent of locking under the north and south ends of the
Hayward fault depend critically on assumptions of fault geometry. Biirgmann et al. (2000)
suggested from InSAR (synthetic aperture radar interferometry) data and the presence of
repeating microearthquakes that a 20-km-long section of the northern Hayward fault may be
creeping at all depths, precluding the initiation of any large carthquake under that section of
fault. Simpson ef al.’s (2001) models contain 1.4 to 1.7 times more stored moment along this
stretch of the Hayward fault than does the model of Biirgmann ef al. (2000). There is
considerable uncertainty regarding the relative importance of aseismic slip on the Hayward fault,
and on the other faults characterized by WGCEP (2003).

WGCEP (2003) accounted for aseismic slip through a seismic slip factor R that varies from 0,
where all slip rate is accounted for by aseismic slip, to 1.0, where all of the slip rate is accounted
for by earthquakes. Regional tectonic models based on geodetic observations collected in the
San Francisco Bay region in the last few decades are the primary basis for determining the R
values.

R is used to reduce the potential rupture area of each fault. Since carthquake magnitude is
calculated from the area, R scales M. Less frequent events with larger M are necessary to satisfy
the geologic slip rate, so the average recurrence time T decreases with decreasing R. That is, a
decrease in R on a fault segment decreases the mean magnitude and the mean recurrence time for
segment-rupturing earthquakes. However, this effect is not known with certainty. The effect of
R may be to increase the mean recurrence time (i.c., with fault creep) without a change to the
expected magnitude.
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SECTIONTHREE Input to Analysis

Given the recent development of the concept of the R-factor and the fact that it is not universally
accepted at this time, its use in seismic hazard evaluations is controversial. The adoption of R-
factors in PSHASs results in the incorporation of R-adjusted maximum magnitudes from WGCEP
(2003), which will yield ground motions higher than has been traditionally estimated without
them. We have adopted the WGCEP (2003) maximum magnitudes in these PSHAs but we also
include a larger epistemic uncertainty of + 0.3 about the mean values to address the large
uncertainty in the R-factors.

3.1.2 Background Seismicity

To account for the hazard from background (floating or random) earthquakes in the probabilistic
seismic hazard analysis that are not associated with known or mapped faults, regional seismic
source zones were used. In most of the western U.S., the maximum magnitude of earthquakes
not associated with known faults usually ranges from M 6 to 6%. Repeated events larger than
these magnitudes generally produce recognizable fault-or-fold related features at the earth’s
surface (e.g., dePolo, 1994). An example of a background earthquake is the 1986 M 5.7 Mt.
Lewis earthquake that occurred east of San Jose.

Earthquake recurrence estimates of the background seismicity in each seismic source zone are
required. The site region was divided into two regional seismic source zones: the Coast Ranges
and Central Valley. The recurrence parameters for the Coast Ranges source zone were adopted
from Youngs ef al. (1992). They calculated values for background earthquakes based on the
historical seismicity record after removing earthquakes within 10-km-wide corridors along each
of the major faults. The recurrence values for the Central Valley zone were adopted from URS
Corporation (2001). The a-values have been normalized per year and per km®. Maximum
carthquakes for both zones of M 6.5 + 0.3 were used in the probabilistic analysis.

Recurrence Parameters

Source Zone b a
Coast Ranges 0.72 -3.68
Central Valley 1.14 -0.73

3.2 GROUND MOTION ATTENUATION RELATIONSHIPS

To characterize the attenuation of ground motions in the probabilistic analysis, we have used
recently developed empirical attenuation relationships appropriate for tectonically active regions
such as the western U.S. These new attenuation relationships, developed as part of the NGA
Project sponsored by the PEER Center Lifelines Program, have been published in the journal
Earthquake Spectra. The NGA models have a substantially better scientific basis than prior
relationships (e.g., Abrahamson and Silva, 1997) because they are developed through the efforts
of five selected attenuation relationship developer teams working in a highly interactive process
with other researchers who have: (a) developed an expanded and improved database of strong
ground motion recordings and supporting information on the causative earthquakes, the source-
to-site travel path characteristics, and the site and structure conditions at ground motion
recording stations; (b) conducted research to provide improved understanding of the effects of
various parameters and effects on ground motions that are used to constrain attenuation models;
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SECTIONTHREE Input to Analysis

and (c) developed improved statistical methods to develop attenuation relationships including
uncertainty quantification. The relationships have benefited greatly from a large amount of new
strong motion data from large carthquakes (M > 7) at close-in distances (< 25 km). Data include
records from the 1999 M 7.6 Chi Chi, Taiwan, 1999 M 7.4 Kocaeli, Turkey, and 2002 M 7.9
Denali, Alaska carthquakes. Review of the NGA relationships indicate that, in general, ground
motions particularly at short-periods (e.g., peak acceleration) are significantly reduced
particularly for very large magnitudes (M > 7.5) compared to current relationships. The
relationships by Chiou and Youngs (2008), Campbell and Bozorgnia (2008), Abrahamson and
Silva (2008), Boore and Atkinson (2008), and Idriss (2008) were used in the PSHAs. The
relationships were reviewed and weighted equally in the PSHAs.

A V530 (shear-wave velocity in the top 30 m) of 600 m/sec was adopted for the Central Campus,
900 m/sec for a rock site at the Campus eastern edge, and 566 m/sec for the LBNL. The V530
for the rock site was adopted from Geomatrix Consultants (2000). The LBNL V530 is derived
from Wills and Clahan (2006) assuming rock of the Great Valley sequence. The Idriss (2008)
relationship does not have Vg30 as a variable but it is appropriate for a rock site condition. It
was used for all three site conditions.

For the Central Campus, we have derived the Vs30 value by assuming an average thickness of
alluvium across campus of 10.7 m (35 ft) with a V30 of 370 m/sec (Geomatrix Consultants,
2000) and the underlying Franciscan complex rock with a Vg30 of 715 m/sec from Wills and
Clanahan (2006). This “thin soil” condition is not well represented in the strong motion
recordings in the NGA database. The resulting Vs30 of 600 m/sec also is misleading because
such a value is more indicative of a “firm” rock site. Hence the hazard calculated using a V30
of 600 m/sec could be underestimated using the NGA models at moderate to high frequencies.
However, the hazard has been calculated in this study for an “average” site condition and
deviations are expected across campus.

To incorporate the variability in V30 across the campus due to varying thickness of the alluvium
(from near-zero to 21 m [70 ft]) and the epistemic uncertainty in the V30 of the alluvium and
rock, we also have run the soil hazard for V530 values of 500 and 700 m/sec, or + 100 m/sec.
The V530 uncertainty of 100 m/sec was estimated by varying the alluvium thickness to see its
impact on Vs30. Similarly, for the campus site and LBNL, we have varied the V530 + 100 m/sec
based on the uncertainties in Vs30 calculated by Wills and Clahan (2006).

Average fault rupture directivity was included in the PSHA using the model by Somerville ef al.
(1997) as modified by Abrahamson (2000). In the PSHA, the hypocenter is randomized along
the length of the fault given the lack of a priori knowledge of the rupture initiation. The use of
fault-normal rupture directivity is currently believed to be too conservative, based on studies
associated with the NGA Project, and so average fault directivity is incorporated into the hazard
results.

Other input parameters include Z; 5, the depth to the Vs of 2.5 km/sec (a proxy for basin effects),
which is only used in one model, Campbell and Bozorgnia (2008). We have used the default
value of 2.0 km as recommended by the authors in licu of site-specific data. Abrahamson and
Silva (2008) and Chiou and Youngs (2008) used Z, o, the depth to the Vs of 1.0 km/sec. We
have used the relations provided by the developers to estimate Z; ¢ based on the V30 of the site.
Other parameters such as depth to the top of rupture (zero for all surficial faults unless specified
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SECTIONTHREE Input to Analysis

otherwise), dip angle, rupture width, and aspect ratio were specified for each fault or calculated
within the PSHA code.

URS WiX_WCFSIPROJECTS\UG BERKELEVIUCB PSHA FINAL.DOCH3-MAY-0SW0AK  3-0



SECTIONFOUR Prohahilistic Seismic Hazard Analysis Results

The results of the PSHAs of UCB and LBNL are presented in terms of ground motion as a
function of annual exceedance probability. This probability is the reciprocal of the average
return period. We have computed the hazard at central locations at both sites. The results shown
are for the best estimate V30 values. Figures 4 to 6 show the mean, median, 5th, 15th, 85th, and
95th percentile hazard curves for peak horizontal ground acceleration (PGA). These fractiles
indicate the range of epistemic uncertainty about the mean hazard. The 1.0 sec horizontal
spectral acceleration (SA) hazard is shown on Figures 7 to 9. At a return period of 2,500 years,
there is a factor of more than 1.5 difference between the Sth and 95th percentile values at UCB
soil site (Figure 4).

The probabilistic spectral acceleration values are listed in Table 1 for the return periods of 72,
475, 949, and 2,475 years for both UCB thin soil and rock. Spectral accelerations for LBNL are
given in Table 2. The hazard is very high because the sites are located adjacent to the Hayward
fault.

The contributions of the various seismic sources to the mean PGA hazard at UCB thin soil site
are shown on Figure 10. The results are nearly identical for UCB rock site and LBNL so only
the UCB results arc shown. The Hayward fault totally dominates the short-period hazard as
expected. The same is true for long-period ground motions, e.g., 1.0 sec spectral acceleration
(Figure 11). The San Andreas fault contributes to the hazard at significantly lower levels.

By deaggregating the mean PGA and 1.0 sec horizontal SA hazard by magnitude and distance
bins, Figures 12 to 15 illustrate the contributions by events. At 475 and 2,475-year return
periods, the PGA hazard is dominated by events in the magnitude range of M 6.0 to 7.5 at
distances of less than 5 km coming from the Hayward fault (Figures 12 and 13). At 1.0 sec SA,
the same pattern holds (Figures 14 and 15).

The sensitivity of the PGA and 1.0 sec SA hazard to different attenuation relationships is shown
on Figures 16 and 17. Each hazard curve is calculated using only that respective attenuation
relationship. The mean hazard curves also are shown. At PGA the Campbell and Bozorgnia
(2008) gives slightly lower hazard while the Idriss (2008) relationship gives slightly higher
hazard results (Figure 16). At 1.0 sec SA, the Abrahamson and Silva (2008) gives the lowest
hazard while Idriss (2008) and Chiou and Youngs (2008) give the highest hazard. These results
are a measure of the epistemic uncertainty.

UHS for UCB thin soil and rock and LBNL for the four specified return periods are computed
for the three values of Vs30. Because of the lack of site-specific Vg data and the spatial
variability across the campus and LBNL areas, any design spectrum for the campus should
account for this uncertainty. The spectra for each site, V530 and return period are shown in
Figures 18 to 20.

Figure 21 compares the 475-year return period design spectra for all three sites.
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SECTIONFIVE Tonographic Amplification Effects

The LBNL site is located on a ridge, as shown in the topographic map in Figure 22. The site is
shown by a red triangle, and the blue lines indicate profiles whose slopes are expressed in
percentages of the ratio of height (H) to length (L); these values range from 22 to 43%.
According to the Eurocode 8 (2003), these values of slope are expected to produce a broadband
amplification of 20% in ground motion level.

A review of topographic amplification effects and their treatment in Eurocode 8 is provided by
Pagliaroli ef al. (2006). In practice, we expect topographic amplification to be period-dependent,
starting at a value of unity (no amplification) at long periods, ramping up to a constant factor
over a period band that is related to the dimensions of the slope and the shear wave velocity, and
maintaining that level at shorter periods. The period band of the ramp would be approximately
0.3 to 0.7 seconds if there were simple 2D topography at the site. However, the topography is
quite complex, and so this approach to estimating a period-dependent topographic amplification
factor is unreliable. Numerical modeling of seismic wave interaction with the 3D topography of
the site, beyond the scope of this project, would be required to obtain a reliable estimate of the
period-dependent topographic amplification effect at the site.
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SECTIONSIX Comparison With Other Spectra

Median and 84th percentile deterministic spectra for a maximum earthquake of M 6.9 on the
Hayward fault have been calculated for both a rock and soil site condition using the same NGA
models used in the PSHA (Figures 23 and 24). The rupture distance for the soil site was 0.5 km
and 0.2 km for the rock site; the latter being closer to the fault. Figures 25 and 26 compare the
deterministic spectra with the 475-year return period campus soil and rock design spectra
developed in this study, the previous design spectra for the Central Campus (URS, 2003), and the
2007 CBC spectra (Class C and B, respectively). All spectra with the exception of the CBC
spectra have been adjusted for average fault rupture directivity.

The 2003 spectrum for the Central Campus was developed using pre-NGA attenuation relations
for rock/shallow stiff soil. As shown, the 2003 design spectrum and this study’s spectrum for
soil are quite similar and both are slightly higher than a CBC Class C spectrum at periods of 0.75
to 2.0 sec (Figure 25). The median and 84th percentile deterministic spectra bound the other
spectra (Figure 25). The 2009 rock spectrum is lower then the 2003 rock design spectrum at
nearly all periods but higher than a Class B CBC spectrum (Figure 26). The median and 84th
percentile rock deterministic spectra also bound the other spectra.
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SECTIONSEVEN Recommendations

The earthquake ground shaking hazard for the Central Campus has been estimated in terms of
acceleration response spectra assuming an average site condition characterized by an alluvium
thickness of 10.7 m (35 ft) over Franciscan rock. Rock spectra also have been calculated for
sites on the eastern side of Campus. The “thin soil” site condition was assigned a Vg30 of 600
m/sec based on assumed average Vs values for the alluvium and rock of 370 and 715 m/sec,
respectively. The site response of a thin soil site condition was not explicitly treated in the
hazard analysis and thus ground motions in a future earthquake could exceed those estimated in
this study. There also will be deviations from the average site condition assumed in this study
for the Central Campus simply due to inherent geologic variability over a large area. Hence site-
specific geotechnical investigations to assess the Vs of the alluvium and rock, the thickness of
the alluvium, and any variability in these properties over the building footprint are recommended
for any future design/retrofit project. For sites where the soil is less than 5 m (16 ft) thick, the
rock spectra can be used in structural design/evaluation.
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Table 1
Design Response Spectral Accelerations for UCB Thin Soil and Rock in g’s

Return Period
Period (sec) 72 yrs 475 yrs 949 yrs 2,475 yrs

'2;]1;1 Rock TSI;II;] Rock Tsl;iilll Rock gl;:;l Rock
0.01 0.36 0.33 0.85 0.84 1.03 1.02 1.37 1.37
0.03 0.38 0.36 0.93 0.92 1.12 1.12 1.52 1.52
0.1 0.67 0.65 1.64 1.68 2.00 2.06 272 2.82
0.15 0.78 0.76 1.91 1.95 233 2.39 3.18 3.28
0.2 0.81 0.76 2.00 1.99 2.47 2.46 3.37 3.39
0.3 0.74 0.64 1.86 1.67 2.28 2.08 3.14 291
0.5 0.56 0.45 1.46 1.20 1.81 1.49 2.51 2.10
0.75 0.40 0.31 1.05 0.83 1.31 1.04 1.83 1.47
1.0 0.31 0.24 0.81 0.64 1.01 0.80 1.42 1.13
2.0 0.14 0.11 0.38 0.29 0.48 0.37 0.68 0.53
3.0 0.08 0.06 0.23 0.18 0.29 0.22 0.42 0.32
4.0 0.06 0.04 0.16 0.12 0.21 0.15 0.30 0.23
5.0 0.04 0.03 0.12 0.10 0.16 0.12 0.24 0.18
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Table 2
Design Response Spectral Accelerations for LBNL in g’s

Return Period
Period (sec)
72 yrs 475 yrs 949 yrs 2,475 yrs
0.01 0.36 0.86 1.04 1.39
0.03 0.39 0.95 1.14 1.53
0.1 0.67 1.66 2.03 277
0.15 0.79 1.94 237 3.22
0.2 0.82 2.02 2.50 3.42
0.3 0.76 1.87 2.30 3.18
0.5 0.58 1.51 1.87 259
0.75 0.41 1.10 1.36 1.91
1.0 0.32 0.85 1.06 1.49
2.0 0.14 0.40 0.50 0.72
3.0 0.09 0.25 0.31 0.45
4.0 0.06 0.17 0.22 0.32
5.0 0.04 D.13 0.17 0.26
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