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Background
• In 1988, EPRI conducted a study (NP-5930) that set out to 

determine what constitutes damaging earthquake ground 
motion and to develop criteria for determining exceedance of 
the Operating Basis Earthquake (OBE) 

• In this study, several ground motion characteristics were 
investigated and trends were established based on observed 
structural damage for over 250 earthquake histories 

• The conclusion reached was that a combination of two 
parameters is best suited for assessing the potential damage of 
a given ground motion history; 
• PSA = peak spectral response pseudo-acceleration 
• CAV = cumulative absolute velocity



Background
• In 1997 the NRC published a regulatory guide 

(NRC-1.166) that provided details on implementation of 
post-earthquake actions for nuclear power plants (NPPs) 

• It included PSA and CAV as well as a new exceedance 
check using velocity response spectra

• If a M5 or greater EQ 
occurs within a 200 km 
radius, a NPP must 
shutdown unless it can 
reliably advise the NRC, 
within 4 hours, that the 
earthquake's effects on 
the plant have not 
exceeded its OBE or CAV 
design requirements



Bighorn

Main Features 
• Now-casting of wavefield spectral content 
• Real-time, continuous response spectra exceedence 
• Immediate results tailored for response team 
• Automatic alarms against engineered criteria (Structural 

Health Monitoring) 
• Independent of Earthquake Location 

• No need to wait for location  
• Applicable for non-earthquake sources 

• Quantitative, critical decision support



Bighorn - orbsmrsp

• Ability developed for producing continuous time-
dependent strong motion response spectra 

• Expanded floating point data representations within 
ORB packets and Datascope waveform files 

• Pf ORB packets to represent time continuous strong 
motion response spectra 

• Provides a very fast method for computing continuous 
time-dependent response spectra for large numbers of 
channels



Bighorn
• Alarms based on exceedence of Operating Basis 

Earthquake (OBE)  
• Building-block nature of Antelope/Bighorn system and 

open-architecture APIs allow construction of wide 
variety of systems for Structural-Health Nowcasting, 
Earthquake Early Warning, and Post-Earthquake 
Response 



ANZA Events and Stations



ANZA 2005 Mw 5.2



ANZA 2010 Mw 4.9



ANZA 2010 Mw 5.4



ANZA 2013 Mw 4.7



ANZA 2016 Mw 5.2



UCSD Shake Table Tests
• Development and Validation of a Resilience-based 

Seismic Design Methodology for Tall Wood Buildings: 
Phase I Test 

• demands for tall residential and mixed-use buildings in 
the range of 8~20 stories are increasing.  

• One new structural system in this height range are tall 
wood buildings which have been built in select locations 
around the world using a relatively new heavy timber 
structural material known as cross laminated timber (CLT).  

• The majority of existing tall CLT buildings are located in 
non-seismic or low-seismic regions of the world.



UCSD Shake Table Tests



UCSD Shake Table Tests



Loma Prieta - Design Baseline Eq



Northridge - Max Credible Eq * 1.2



SEISMIC HAZARD ANALYSIS
  Hazard - Estimates of Shaking
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SEISMIC HAZARD ANALYSIS
  Hazard - Estimates of Shaking
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GROUND MOTION PREDICTION 
EQUATIONS (GMPES)
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HOW  THEY’RE  MADE

• Use data from over 20,000 
earthquakes…globally

• Get a1, a2, and a3 (generally 
speaking…) 

= a1*Distance 
+ a2*Magnitude  
+ a3*some other stuff

Shaking



ANZA REGION
• Data-rich region
• Vp, Vs, Qp, and Qs
• Detailed fault mapping

Hauksson and Shearer (2006)

Fang et al. 
(2016)

Allam 
et al. 

(2014)



APPROACH
• Data from Southern 

California
• > 10,000 events
• 80 stations

• > 120,000 recordings

• M ~1 - 4

• Distance ~0 - 180km

Sahakian et al., (in internal review)



METHODS
• Need a small M GMPE in a flexible framework
• Invert data for an Anza regional GMPE

Ancheta et al. (2013)

NGA-West2 databaseAnza 
database

Sahakian et al., (in internal review)



DATABASE OPS 
• Properly built dbmaster

• site information, instrumentation information

• Build standard event oriented database

• event, origin, assoc, arrival tables

• Select only P wave arrivals

• Use dbwfmeas to load PGA, PGV, and PGD into wfmeas 
table



DATABASE OPS CONTINUED

• In Python or Matlab

• Join arrival, assoc, origin, event, netmag tables

• Select preferred origin

• Join to wfmeas table

• Select PGA

• Plot



Southern California PGA

Methods:GMPE Development and Residual
Computation

The functional form we use here is a simplified version
of Abrahamson et al. (2014) with either six terms:

EQ-TARGET;temp:intralink-;df1;55;431

f!M;Rrup" # a1 $ a2M $ a3!8:5 −M"2 $ a4 ln!R"

$a5Rrup $ a6 ln!
VS30
Vref

";
!1"

or with five terms, omitting the VS30 term:

EQ-TARGET;temp:intralink-;df2;55;371

f!M;Rrup" # a1 $ a2M $ a3!8:5 −M"2
$a4 ln!R" $ a5Rrup;

!2"

in which

EQ-TARGET;temp:intralink-;df3;55;312 R #
!!!!!!!!!!!!!!!!!!!!
R2
rup $ c2

q
: !3"

The regressed ground-motion intensity is ln!PGA", in which
PGA is peak ground acceleration in units of g. Rrup is equiv-
alent to the hypocentral distance for these small earthquakes,
and c is the finite-fault dimension factor, taken here to be a
constant 4.5 (Abrahamson et al., 2014). The first term a1 is
simply an overall constant or intercept; a2 and a3 account for
the magnitude dependence of PGA; a4 is the geometric
spreading coefficient; a5 is the anelastic attenuation term;
and a6 is the linear VS30 parameter. VS30 in this region is fairly
homogeneous (with the majority of stations between ∼300
and 700 m=s). Because of this homogeneity and the fact that
nonlinear effects are not of concern for such small-magnitude
events, we consider only a linear VS30 relation.

The observed ground motions may be written as a com-
bination of the GMPE prediction f!M;Rrup"ij, and a total
residual δij, for any event i and station j:

EQ-TARGET;temp:intralink-;df4;313;733yij # f!M;Rrup"ij $ δij: !4"

The total residual can be decomposed into components that
represent contributions from the source (event), path, and
site. It is traditionally considered to first be decomposed into
δEi, the average event-term (also called between-event or
interevent) residual, and the within-event (or intraevent)
residual δWij, for the recording of event i at station j:

EQ-TARGET;temp:intralink-;df5;313;636δij # δEi $ δWij: !5"

The within-event residual is a combination of a site-term
residual δSj at station j, path-term residual δPij, and the
remaining random residual for recording of earthquake i
at station j, δW0

ij:

EQ-TARGET;temp:intralink-;df6;313;553δWij # δSj $ δPij $ δW0
ij: !6"

Because we cannot separate out the path residual from
random residual δW0

ij, we combine them to be δWSij and
hereafter call this the path term or path residual, using the
same notation as Baltay et al. (2017).

The standard deviation of the total residual
st:dev:!δij" # σ can itself be decomposed as

EQ-TARGET;temp:intralink-;df7;313;450 σ2 # τ2 $ ϕ2
S $ ϕ2

SS ; !7"

in which τ is the standard deviation of the event terms for all
unique events; ϕS is the standard deviation of site terms for
all unique sites; and ϕSS the single-station standard
deviation, a combination of the path and random uncertainty.
In the future, we will ideally move toward decomposing this
into a path standard deviation and a remaining component.

The POLS method of GMPE development first inverts
for the coefficients in equation (1) or (2) with a least-squares
inversion, with no grouping or weighting of the events or
stations (pooling them all together), and then decomposes
the residuals into event, path, and site terms (see Wang
and Jordan, 2014; Baltay et al., 2017, for details). The event
term δEi is calculated as the mean of all δij per event (in
which ni is the number of stations recording event i):

EQ-TARGET;temp:intralink-;df8;313;248δEi POLS #
1

ni

Xni

j#1

δij: !8"

The within-event residual δWij is calculated as δWij #
δij − δEi and δSj is then the mean of δWij at any one station
(in which m j is the number of events recorded on station j):

EQ-TARGET;temp:intralink-;df9;313;158δSj POLS #
1

m j

Xm j

i#1

!δij − δEi": !9"

The path term is assumed to be the remaining residual δWSij,
which is in fact some combination of path and aleatory
residuals.

Figure 3. Magnitude versus distance for this dataset. Record-
ings are shaded by log10 PGA (peak ground acceleration). The color
version of this figure is available only in the electronic edition.
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