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Abstract

There is a sparse number of credible source models available from large-magnitude past earthquakes.
A stochastic source model generation algorithm thus becomes necessary for robust risk quantification
using scenario earthquakes. We present an algorithm that combines the physics of fault ruptures as
imaged in laboratory earthquakes with stress estimates on the fault constrained by field observations
to generate stochastic source models for large-magnitude (M,, 6.0-8.0) strike-slip earthquakes. The
algorithm is validated through a statistical comparison of synthetic ground motion histories from a
stochastically generated source model for a magnitude 7.90 earthquake and a kinematic finite-source
inversion of an equivalent magnitude past earthquake on a geometrically similar fault. The synthetic
dataset comprises of three-component ground motion waveforms, computed at 636 sites in southern
California, for ten hypothetical rupture scenarios (five hypocenters, each with two rupture directions)
on the southern San Andreas fault. A similar validation exercise is conducted for a magnitude 6.0
earthquake, the lower magnitude limit for the algorithm. Additionally, ground motions from the M,, 7.9
earthquake simulations are compared against predictions by the Campbell-Bozorgnia NGA relation as
well as the ShakeOut scenario earthquake. The algorithm is then applied to generate fifty source
models for a hypothetical magnitude 7.9 earthquake originating at Parkfield, with rupture propagating
from north to south (towards Wrightwood), similar to the 1857 Fort Tejon earthquake. Using the
spectral element method, three-component ground motion waveforms are computed in the Los Angeles
basin for each scenario earthquake and the sensitivity of ground shaking intensity to seismic source
parameters (such as the percentage of asperity area relative to the fault area, rupture speed, and rise-

time) is studied.

Under plausible San Andreas fault earthquakes in the next 30 years, modeled using the stochas-



tic source algorithm, the performance of two 18-story steel moment frame buildings (UBC 1982 and
1997 designs) in southern California is quantified. The approach integrates rupture-to-rafters simula-
tions into the PEER performance based earthquake engineering (PBEE) framework. Using stochastic
sources and computational seismic wave propagation, three-component ground motion histories at 636
sites in southern California are generated for sixty scenario earthquakes on the San Andreas fault. The
ruptures, with moment magnitudes in the range of 6.0-8.0, are assumed to occur at five locations on
the southern section of the fault. Two unilateral rupture propagation directions are considered. The
30-year probabilities of all plausible ruptures in this magnitude range and in that section of the fault,
as forecast by the United States Geological Survey, are distributed among these 60 earthquakes based
on proximity and moment release. The response of the two 18-story buildings hypothetically located
at each of the 636 sites under 3-component shaking from all 60 events is computed using 3-D non-
linear time-history analysis. Using these results, the probability of the structural response exceeding
Immediate Occupancy (10), Life-Safety (LS), and Collapse Prevention (CP) performance levels under

San Andreas fault earthquakes over the next thirty years is evaluated.

Furthermore, the conditional and marginal probability distributions of peak ground velocity
(PGV) and displacement (PGD) in Los Angeles and surrounding basins due to earthquakes occur-
ring primarily on the mid-section of southern San Andreas fault are determined using Bayesian model
class identification. Simulated ground motions at sites within 55-75km from the source from a suite
of 60 earthquakes (M,,6.0 — 8.0) primarily rupturing mid-section of San Andreas fault are considered

for PGV and PGD data.

Vi
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Chapter 1

Motivation, Background and Scope

Until recently, collapse and major damage of steel buildings in earthquakes wasn’t an anticipated
notion. However, the damage sustained by tall steel buildings during recent earthquakes such as the
1985, M,, 7.8, Mexico city, and the 1994, M,,6.7, Northridge, and the 1995, M,,6.9, Kobe earthquakes
brought forth the possibility of collapse in mid-rise and high-rise structures. This can be attributed to a
multitude of reasons from ground motion characteristics such as the large amplitude, long period and
duration shaking resulting from basin response to structural characteristics such as the susceptibility of
beam-column connections, drastic tapering columns in upper stories. Many of the existing buildings
in densely populated areas (e.g., Los Angeles, USA) with active seismic zones nearby are designed
according to codes when there was inadequate understanding on the nature and impact of earthquakes
capable of producing large ground motions. The newer buildings on the other hand are designed
according to codes that are modified based on lessons from past earthquakes. While most of these
buildings are designed to withstand seismic forces, the code based design process based on low-rise
building performance and extended to tall buildings doesn’t provide an insight into the performance of
the structure during actual earthquakes. Furthermore, the modifications to the code are primarily done
through the observations in past earthquakes and in consideration that there are few large magnitude
earthquakes for which tenable data is available, it might not provide the best possible way for seismic
risk assessment of buildings in future earthquakes. In order to gain true insights into the structural
performance and henceforth seismic risk assessment, a thorough analysis on dynamic response of
the structure has to be conducted under various levels of ground motion intensities from different
earthquakes and estimates of these intensities for a given site under these earthquakes. Ground motion

prediction equations (or attenuation relationships, GMPE) that describe the median ground motion



intensity such as spectral acceleration, peak velocity/displacement, along with its standard deviation,
based on source-to-site distance, magnitude, source type (e.g., normal fault, strike-slip fault) and site
conditions (e.g., basin depth) can be used for this purpose. However, empirical relationships such
as GMPE are based on global earthquake database and are inadequate in large magnitude range due
to lack of sufficient data. Additionally, they do not factor in seismic source features such as slip
distribution, rupture speed and directivity of the rupture etc., alongside geological features such as
geometry of the fault, topography of basins, mountains etc. that play a pivotal role in the nature of

regional ground shaking pattern.

Under these circumstances, rupture-to-rafters simulations that combine the advancements in the
fields of seismology and structural engineering over the past few years form the perfect vessel to con-
duct structural performance and corresponding seismic risk studies in an accurate and versatile manner
using a probabilistic framework. These simulations include seismic source modeling and determining
their occurrence probabilities on the given fault of interest, simulating associated regional ground mo-
tion maps and using the same in the non-linear dynamic analysis of buildings post design to ultimately
quantify the seismic performance of the considered structures. An analysis such as this involves an
active interaction between scientists and engineers enabling each other for a precise understanding on
the earthquake process and seismic response of structures. Furthermore, rupture-to-rafters simulations
present an ideal way to answer intriguing questions pertaining to strong ground motions and related

tall building response such as:

1. How can one quantify and understand the variation in seismic sources especially for large mag-
nitude earthquakes (for which there is limited understanding) that are capable of producing high

ground motion intensities?

2. What is the nature of ground motion from such sources at distances varying from tens to hun-
dreds of kilometers? What is the sensitivity of these ground motions to seismic source parame-

ters such as slip, rupture speed and others?

3. How are the ground motions influenced at a given site influenced by hypocenter location, rupture
directivity, location and related parameters? How do they compare against empirical relations

that are extensively used for code based design process?



4. What is the nature of tall building response to these ground motions and what are the ground

motion characteristics that impact this response?

5. What are the damage mechanisms of tall buildings and would retrofitting help in mitigating this

damage?

6. What are the regional expected losses due to earthquakes that occur frequently or otherwise?

It has to be noted that rupture-to-rafters simulations provides answers to many other questions in the
field of earthquake engineering and not limited to the ones presented earlier. This study aims to present
the rupture-to-rafters simulations framework and establish a proof-of-concept using extensive numer-
ical studies on how such simulations can be used to establish the seismic performance of structures

addressing numerous other issues in a meticulous manner.

Modeling seismic sources of various magnitudes and calculating the associated regional ground
motion intensities forms the back-bone of rupture-to-rafters simulations. Seismic source models of
past earthquakes can be used for this. However in view of the fact that credible data from very few
large earthquakes is available, this study presents a new algorithm based on understanding of historic
earthquakes and laboratory earthquake data to define stochastic seismic source models of large magni-
tude (M,,6.0—8.0) strike-slip earthquakes in its entirety. This algorithm has been extensively validated
using source models of past earthquakes such as the 2002 M,, 7.9 Denali, and 2004 M,,6.0 Parkfield
earthquakes. Fortunately in the recent years, the computational tools for regional ground motion sim-
ulations using seismic sources such as the ones mentioned here have been profusely developed. One
such advancement is the use of spectral element method based programs that incorporate the regional
crustal velocity structure. These programs have been extensively validated and became an indispens-
able arsenal for researchers to simulate regional ground motion maps (Frankel and Stephenson 2000;
Pratt et al. 2003; Horikawa et al. 2003; Kagawa et al. 2004; Landes et al. 2004; Raileanu et al. 2005;
Furumura 2005; Aagaard 2006; Graves 2006; Li et al. 2007; Lee et al. 2008; Plesch et al. 2011).

Chapter-2 of this study provides an in depth look into these topics and other related information.

One such spectral element based program has been used to simulate ground motions in south-
ern California from sixty large stochastic earthquakes generated through the algorithm on San An-

dreas fault with varying magnitude, rupture-directivity and -location. The simulated ground motions



have been analyzed carefully to gauge their sensitivity to the modeling of source parameters and site
characteristics. Moreover, the simulated ground motions have been incorporated to conduct nonlin-
ear dynamic analysis of two 18-story moment frame buildings using three-dimensional finite element
based models. The corresponding building response has been investigated thoroughly to evaluate the
damage extent and sensitivity of the response to ground motion parameters such as peak ground veloc-
ity/displacement through fragility curve and other data analysis techniques. Adjacently, a probabilistic
framework and the necessary computations are presented to calculate the likelihood of these build-
ings exceeding various limit states like Immediate Occupancy, Life Safety due to large earthquakes.
Chapter-3 of this study extensively discusses the rupture-to-rafters simulations framework. To enable
the reader for a thorough understanding on how the simulations are conducted, this is presented in
context on how it is used to quantify seismic performance of tall buildings in southern California due

to large San Andreas fault earthquakes.

Finally, Chapter-4 highlights the characteristics of long-period ground motions and on how
ground motion simulations through rupture-to-rafters simulations in conjunction with a Bayesian
model class identification form an alternative to understand ground motion nature of future earth-
quakes. These results influence the representation of the national/regional seismic hazard maps that
are judiciously used by engineers and safety regulatory agencies. The author sincerely hopes that the
reader through the course of this thesis gains an invaluable perspective on the highlights of rupture-
to-rafters simulations while simultaneously learning more about the existing methodologies and their
limitations in quantifying seismic sources, associated ground motions, the seismic response and per-

formance of tall buildings under such ground motions.



Chapter 2

Stochastic Source Model Generation Algorithm for Strike-Slip Earthquakes

Rupture-to-rafters simulations offer an alternative (and perhaps more realistic) approach for risk
quantification and design of new structures (Krishnan et al. 2006a; Krishnan et al. 2011). Generating
stochastic seismic source models for these simulations is a crucial step, given the limited number of
credible source models from large historical earthquakes. The seismic source model is a mathematical
representation of the earthquake rupture process. Two types of source models are used in earthquake

physics:

1. “kinematic” models, which prescribe the spatial and temporal evolution of the rupture speed, the
slip, and the slip velocity on the fault, inferred from seismic, geodetic, and geological observa-

tions.

2. “dynamic” models, which prescribe the fault pre-stress, fracture energy, and stress drop. An
earthquake is nucleated at a point in the model by artificially increasing the pre-stress to a value
greater than the shear strength. The rupture process is then allowed to evolve dynamically as
dictated by an assumed fault friction law. The development of dynamic source models is an
active area of research in earthquake source physics (e.g., Madariaga and Olsen 2002; Schmedes

et al. 2010; Bizzarri 2011).

While dynamics source models may better characterize earthquake source physics and there are
efforts underway to validate them against empirical data (e.g., Dalguer et al. 2008; Harris et al. 2009;
Olsen et al. 2009; Andrews and Barall 2011; Shi and Day 2013; Baumann and Dalguer 2014), the

theory is more complex and less mature when compared to kinematic source modeling (e.g., the state of



stress in the earth and the fault friction law are not known; they are not as well-constrained as kinematic
source parameters such as slip). Here, we represent an earthquake source using a kinematic model.
Kinematic source description involves dividing the fault rupture plane(s) into a number of smaller
sub-events. Each sub-event (considered as a point source) is characterized by three parameters: slip,
rupture speed and slip velocity-time function. Brune (1970) proposed one of the earliest earthquake
source models, in which near- and far-field displacement spectra are calculated from a fault dislocation
model accelerated by an effective stress. Significant progress has been made in kinematic source
modeling since then with the help of data collected by modern seismic networks (Zeng et al. 1994;
Somerville et al. 1999; Hartzell et al. 1999; Mai and Beroza 2002; Nielsen and Madariaga 2003;
Guatteri et al. 2004; Tinti et al. 2005; Lavallée et al. 2006; Liu et al. 2006; Graves and Pitarka 2010;
Aagaard et al. 2010; Aagaard et al. 2010). We start with a brief description of current approaches to

prescribing the three source parameters for each sub-event.

2.0.1 Slip Distribution

Spatial variation of kinematic slip in a rupture is perhaps the best understood amongst the three
source parameters. This is partly due to the fact that surface slip can be constrained in a finite-source
inversion of an earthquake using geodetic observations. Rupture speed and slip velocity-time function,
on the other hand, are inferred completely through inversions. The power spectral density (PSD) of the
two-dimensional slip distribution from these inversions typically decays with wave number according
to a power law. On this basis, a PSD function, inferred from finite-source inversion of past earthquakes,
could be inverted back to the spatial domain to produce a stochastic slip model (e.g., Somerville et al.
1999; Mai and Beroza 2002). Because finite-source inversions are typically able to resolve longer
wavelengths only, their PSDs do not properly characterize the spectral dropoff with wave-number.
Graves and Pitarka (2010) overcome this deficiency by augmenting the long-wavelength portion of
the PSDs from finite-source inversions (or uniform/random slip distributions) with a band-limited
PSD function that accurately captures the spectral decay inferred from seismic data. It should be
noted that in developing the PSD function, slip inversions of only a limited number of large magnitude
earthquakes were used (e.g., see Fig. 2.1) and the slip models are often interpolated to facilitate a direct

comparison. In a study of seven earthquakes including the 1994 Northridge earthquake, Lavallée et al.



(2006) discussed the negative effects of this interpolation on PSD decay. Moreover, this approach
anchors the sources to a specific power-spectral decay and may not capture the degree of variability

perhaps inherent to seismic sources.
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Figure 2.1: Histograms of magnitudes of past earthquakes considered by (a) Somerville et al. (1999) and (b)
Mai and Beroza (2002) for determining the spectral properties of the slip distribution on the fault.
Source mechanisms of these earthquakes are not limited to strike-slip, but include reverse, thrust
etc. Note the sparse number of large magnitude (M,y = 7.0) earthquakes included in either study.

An alternate approach is to generate spatial distribution of slips for an earthquake of given

magnitude stochastically and accept or reject each model by one of two methods:

1. comparing spectra of the resulting synthetic ground motions (assuming a rupture-speed and slip

velocity-time function distribution) against that of recorded ones (e.g., Zeng et al. 1994).

2. comparing the spectral decay as a function of wave-number against the broad range of the cor-

responding decays found in finite-source inversions of past earthquakes.

Whereas in the former approach, the spectra of synthetic ground motions are influenced by
the choice of rupture speed, slip velocity-time function, Green’s function etc., the latter has no such
concerns. Accordingly, the latter approach is adopted here. Our algorithm divides the rupture area

recursively along length, until each daughter segment has a dimensional aspect ratio close to unity. The



mean slip on each daughter segment is characterized using lognormal probability distributions. The
mean and standard deviation of these distributions depend upon the magnitude of its parent segment.
Slip on each daughter segment is assigned a value that is a single realization of the corresponding
probability distribution, with the slip vector oriented along strike (i.e., rake = 180°). To introduce slip
variation along depth, each (approximately square) daughter segment is subdivided into four segments
using one subdivision along depth and one along length. The assignment of slip for this penultimate
generation of daughter segments is based on the same method as the previous generations of daughter
segments. Finally, these penultimate generation segments are subdivided along length and depth to
the resolution needed for wave propagation simulations. Slips are assigned to the final generation
of segments as realizations of the lognormal probability distribution corresponding to the magnitude
of the parent segment from the penultimate generation. A filter is applied to smoothen the resulting
slip distribution eliminating sharp spatial variations. Additionally, at each step, the mean slips are
scaled linearly to that of the parent segment such that the net seismic moment M, is conserved. The
resulting slip distribution is accepted if the average power spectra, along the length and the depth of
the rupture, decay with wave number according to a power law with decay coefficient between 2.0 and
4.0. This is the range of values for the decay observed in finite-source inversions of past earthquakes
(e.g., Somerville et al. 1999; Mai and Beroza 2002). The use of 1-D spectra along length and depth
rather than a 2-D spectrum over the area of rupture is based on the assumption that slip along fault is
statistically independent of slip along depth. While this assumption may not strictly hold true, the use
of a circular PSD criterion for model acceptance is not likely to be significantly different from the use

of two 1-D spectra along length and depth (Lavallée et al. 2006).

2.0.2 Rupture Speed Distribution

The initiation time of slip at any given location along the rupture depends upon the rupture speed
V. Rupture speed can have a significant influence on the character of the radiated seismic waves, the
resulting ground motions, and the impact on the built environment. Even though theoretical models
(e.g., Burridge 1973; Andrews 1976) have shown that ruptures could travel at speeds higher than the
Rayleigh wave speed, rupture speeds in ground motion simulations have traditionally been assumed to

be lower. This is due, in part, to the sparsity of such strong ground motion data. However, evidence



from recent earthquakes such as the 1999 M,,7.6 Izmit (e.g., Bouchon et al. 2002), the 2001 M,,7.8
Kunlun (e.g.,Bouchon and Vallée 2003; Bhat et al. 2007), the 2002 M,, 7.9 Denali (e.g., Frankel 2004;
Dunham and Archuleta 2004), and the 1979 M,,6.4 Imperial Valley (e.g., Archuleta 1984; Das 2010)
earthquakes, point to rupture speeds exceeding the Rayleigh wave speed. Based in part on this evi-
dence, several new models have been developed with an underlying principle that the secant rupture
speed (the average rupture speed from the hypocenter to a given subfault location) or local rupture
speed is correlated with slip on the fault (e.g., Guatteri et al. 2004; Liu et al. 2006; Graves and
Pitarka 2010; Aagaard et al. 2010; Aagaard et al. 2010; Song and Somerville 2010; Song et al. 2014)
. Others correlate rupture initiation with slip (e.g., Graves and Pitarka 2010). However, Schmedes
et al. (2010) found no evidence for such correlation from dynamic rupture models of 315 earthquakes.
They further cautioned that assuming any such correlation could lead to over-prediction of simulated
ground motions. In addition to field observations and theoretical models, laboratory earthquakes have
yielded important insights into the fault rupture process. Stable pulse-like ruptures have been realized
in the laboratory under controlled conditions (Rosakis et al. 1999; Rosakis et al. 2007; Lu 2009; Lu
et al. 2010; Mello et al. 2010). Both sub-Rayleigh and super-shear ruptures have been realized. The
sub-Rayleigh ruptures have been observed to propagate at speeds in the vicinity of 0.87Vs, where Vg
is the shear wave speed in the medium. Under special normal stress and fault roughness conditions,
the ruptures have been observed to transition to super-shear speeds in the vicinity of 1.67Vs. In our
source representation, we assume that all ruptures initiate at a sub-Rayleigh speed of 0.87Vs. Using es-
timates of pre-stress on the fault from paleoseismic, focal mechanisms, borehole breakouts, and other
in-situ observations catalogued in the World Stress Map project (Heidbach et al.), we assess whether
conditions exist for rupture to transition to super-shear speeds as it progresses along the fault. If such
conditions do exist for any sub-event along the rupture, we prescribe a rupture speed of 1.67Vs for
that sub-event. We noted previously when discussing dynamic source models that the state of stress
in the earth is not known accurately. Yet, we continue to use estimates of the same in characterizing
our kinematic source models. This is justifiable because only the rupture speed in kinematic source
models is dependent upon the state of stress. On the other hand, the evolution of all three source param-

eters (slip, slip velocity and rupture speed) in dynamic source models are affected by the state of stress.



2.0.3 Slip velocity-time function

The slip velocity-time function describes the temporal evolution of slip during an earthquake and
is characterized by slip magnitude, rise-time (time taken for peak slip to be attained) and peak time
(time taken for peak slip velocity to be attained). Variation of slip velocity with time in a source model
affects the frequency and amplitude characteristics of the resulting ground motions. It is specified
either as a single function (single time window) or as a series of overlapping time-shifted functions
(multiple time windows). Commonly assumed functional forms include Gaussian, triangular, trigono-
metric, and modified Yoffe (Tinti et al. 2005). Function coefficients are typically determined from
dynamic rupture simulations (e.g., Cotton and Campillo 1995; Guatteri et al. 2004; Tinti et al. 2005;
Liu et al. 2006) or finite-source inversions of past earthquakes (e.g., Hartzell et al. 1996; Somerville
et al. 1999). Unfortunately, dynamic rupture simulations have been seen to be quite sensitive to the
choice of modeling parameters making it difficult to constrain these coefficients. Furthermore, seismic
data that could be useful in determining these coefficients is rather sparse. Thus, there is limited under-
standing of these source characteristics. Laboratory earthquakes could serve to bridge this knowledge

gap as the slip-velocity time function can be directly measured in the laboratory.

In the laboratory earthquakes generated by Lu (2009, 2010), rise-time (measured in ps) has been
found to be linearly correlated with slip (measured in um) as shown in Fig. 2.2. The rise-times shown
are the basal widths of the best-fitting isosceles triangles to the slip velocity-time functions measured
in the laboratory. This is in agreement with dynamic rupture studies (e.g., Schmedes et al. 2010)
and similar to Graves and Pitarka (2010), where they postulate rise-time being proportional to the
square root of the slip. We fit a lognormal probability density function (PDF) to the slip to rise-time
ratio measured in the laboratory earthquakes. Assuming self-similarity of the slip-to-rise-time ratio
between the laboratory scale and the earth scale, we equate the mean and variance of this ratio at the
earth scale to that observed in the laboratory. Independent realizations of this PDF are assigned as
the slip-to-rise-time ratios for all the subfaults comprising the rupture. A slip proportional rise-time is
thus prescribed to each segment. This incorporates the physics of temporal characteristics of slip as
we best know it. It should be noted that Andrews and Barall (2011) make a comparable self-similarity
assumption. They assume that the ratio of initial shear stress to the initial normal stress on the fault is

scale independent and that the mean and variance of a PDF describing this ratio are scale invariant.
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2.1 Methodology

21.1 SlipD

For a target earthquake magnitude M,y, the rupture area A of a stochastic source model is esti-

mated using the Hanks & Bakun (2002, 2008) relationship given by:

L1
_ Egbmwses A < 537km?

= (2.1)
Ebiomm—son A > 537km?

A

With area of rupture known and the seismogenic depth d inferred from seismicity on the fault,
the length of rupture | can be determined. If d exceeds I, the rupture dimensions are re-calculated

assuming a square rupture area (i.e. | == d). Seismic Moment M, and mean slip D of the earthquake
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are estimated from magnitude M,, using:
M, = GAD = 102Mw*107 (2.2)

where G is the average shear modulus of the earth ( GPa). To arrive at a realistic slip distribution
with this mean slip, we recursively divide the rupture area lengthwise in half, each parent segment
being subdivided into two daughter segments. This segmentation is continued until each fault segment
attains a dimensional aspect ratio close to unity. In order to develop a credible methodology to assign
realistic slips to these segments, we have carefully studied finite-source inversions of 56 past strike-slip
earthquakes (refer to the Data and Resources section for details) with magnitude M,, = 6.0 — 8.0. We
observe that a series of log-normal PDFs can be used to reasonably describe the slip distribution in
these sources. Furthermore, the standard deviation of log-normal PDF fits to the slip distribution in
these models scales linearly with their magnitudes (Fig. 2.3). This linear scaling can be expressed by
the regression relation:

o = 1.1827M,, — 7.0754 (2.3)

Now, from the parent segment magnitude and Eq. 2.3, we determine the standard deviation of the
log-normal PDF that is to be used to characterize the slip of the daughter segments. The mean for this
PDF is taken to be the average slip of the parent segment. Two independent realizations of this PDF
are generated and assigned as the mean slips on the two daughter segments. They are subsequently
scaled uniformly such that the sum of the seismic moments of the daughter segments matches that of
the parent segment. If parent segment M,, is less than 6.0 (the lower magnitude limit in Fig. 2.3), the

standard deviation corresponding to M,, = 6.0 is used.

To introduce variation of slip along the depth of the fault, each segment is subdivided into four
daughter segments in the penultimate step, two along length and two along depth. Random mean slips
are assigned as before. In the final step, each fault segment is further discretized to the resolution
required for generating the desired highest frequency wave in ground motion simulations. Slip assign-
ment is based on independent realizations of a log-normal PDF with the mean slip and the standard
deviation determined from Eqgs. 2.2 and 2.3, respectively, both using the magnitude of the parent seg-

ment. Finally, a unit 2-D filter that is Gaussian along length and parabolic along depth is applied to
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Figure 2.4: Plane view of moment-preserving filter used to smoothen the slip distribution. The filter function is
Gaussian along fault length (with width d) and parabolic along fault depth (with width 3/4d), where
d is the depth of rupture. The parabola has a zero ordinate at the bottom and a peak at two-thirds
height from the bottom.

smoothen the slip distribution (Fig. 2.4). Dimensions of the filter are d and 3/4d along length and
depth, respectively. In order to ensure that maximum moment release occurs within the upper-third
portion of the fault (Fialko et al. 2005), the parabola has a peak at two-thirds height from the bottom.

The ordinate at the bottom of the filter is assigned zero value to ensure zero moment release below the

seismogenic depth.
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Figure 2.5: Application of the stochastic source algorithm to a My, = 7.9 strike-slip earthquake. Recursive
divisions of fault area followed by assignment of random realizations of magnitude-dependent log-
normal PDFs of slip lead to five hierarchical levels [(a) Level - 1 through (e) Level - 5] of the seismic
source. The final step involves subdividing the parent segments to small daughter segments capable
of producing the desired highest frequency wave in ground motion simulations. Assignment of
random realizations of magnitude-dependent log-normal PDFs of slip to these daughter segments
along with a smoothing filter leads to (f) the final filtered slip distribution.



For example, suppose a stochastic source model is to be generated for a magnitude M,, = 7.9
earthquake on the San Andreas fault. From Eqg. 2.1, the rupture area is 4200 km?. The average
seismogenic depth of the San Andreas fault may be assumed to be 20 km (i.e., rupture depth d = 20)
based on observations. Therefore, the length of the rupture L is 210 km. Average slip from Eq. 2.2 is
6.30 m. Fig. 2.5(a) shows the hierarchy level 1 model. Recursive division of the level 1 model along
fault length leads to hierarchy levels 2, 3, and 4 [Figs. 2.5(b), 2.5(c), and 2.5(d), respectively]. The
average slips on the two daughter segments at hierarchy level 2 are drawn from a log-normal PDF with
mean slip of 6.30 m and standard deviation of 2.26 m (from Eq. 2.3 corresponding to M,, = 7.9).
To preserve the seismic moment, the average slips of the daughter segments are scaled to 6.65 m
(M, = 7.71) and 5.95 m (M,, = 7.68), respectively. The average slips on the first two daughter
segments at hierarchy level 3 are drawn from a log-normal PDF with mean slip of 6.65 m and standard
deviation of 2.05 m (from Eq. 2.3 corresponding to M,, = 7.71). Again, these are scaled to 3.83 m
(M, = 7.35) and 9.47 m (M,, = 7.62), respectively, to preserve moment. The two daughter segments
at level 3 arising from the M,, 7.68 parent segment have average slips of 5.91 m and 5.99 m (realizations
drawn from a log-normal PDF with mean 5.95 and standard deviation 2.01 and scaled to match moment
of M,, = 7.68). Similarly, hierarchy level 4 results in eight approximately 20 km square segments, with
average slips 3.40 m (M,, = 7.11), 4.27 m (M,, = 7.18), 9.46 m (M,, = 7.41), 9.48 m (M,, = 7.41),
6.73 m (M,, = 7.31), 510 m (M,, = 7.23), 6.48 m (M,, = 7.30), and 5.51 m (M,, = 7.26). At the
next hierarchy level, the fault is subdivided along both length and depth [Fig. 2.5(e)]. Coincidentally,
the area of 10 km square segments at hierarchy level 5 corresponds approximately to a magnitude 6
rupture from Eq. 2.1, the lower magnitude limit of the finite-source inversions used in the development
of Eq. 2.3. At the final step, the hierarchy level 5 segments are subdivided into 0.5 km squares. This
is the resolution needed to generate a 2 sec wave in ground motion simulations [Fig. 2.5(f)]. The slips
for each of these segments are generated as independent realizations of log-normal PDFs with mean
slips from the scaled average slips of parent segments from hierarchy level 5, and standard deviations
determined from Eq. 2.3 using the magnitudes corresponding to these parent segments. The power-
spectral density of the slip along fault length and depth as a function of the wave number are shown
in Figs. 2.6(a) and 2.6(b), respectively. The average PSD decays with wavenumber as a power law
with decay coefficients of 2.24 and 2.13 along length and depth respectively. Because these values lie

between 2 and 4, this stochastic source model is an acceptable realization and can be reliably used for
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ground motion simulations.

Decay coeff.-2.2377 for M 7.9 | Decay coeff.~2.1343 for M, 7.9 |

Power
Power
—r
o

107 10° 10°
Wavenumber (1/km) - Strike direction Wavenumber (1/km) — Dip direction

a b
Figure 2.6: Power Spectral ﬁj)ensity (PSD) of a stochastic slip realization along((gl) strike and (b) dip directions
as shown in Fig.2.5(f) for M,y 7.9 earthquake.

Shown in Fig. 2.7 are the normalized histograms of slip (m) in a finite-source inversion model
of the magnitude 7.9 Denali earthquake of 2002 (Krishnan et al. 2006a) and one stochastic source
realization using the outlined method. The similarity in the two distributions (with the exception of the
frequency of sub-faults with zero slip) suggests that a series of log-normal PDFs can indeed be used to
define slip distribution in stochastic source models. The large concentration of zero slip sub-faults in
the finite-source inversion model is due to the greater length assumed in the inversion (about 290 km)

as compared to about 210 km for the stochastic model.

2.1.2 Rupture Speed (V)

Laboratory earthquakes (Rosakis et al. 2007; Lu 2009; Lu et al. 2010; Mello et al. 2010) show the
influence of initial fault shear stress on the rupture speed (in addition to the influence of other param-
eters). Initial shear stress, in the case of a strike-slip fault, can be determined using the orientation (8)
between the maximum principal stress (o;) and the fault strike. The maximum and minimum princi-
pal stresses (01 and o3) on a strike-slip fault lie on the plane perpendicular to that of the fault. The

intermediate principal stress (0;) is hydrostatic, acts normal to the fault plane, and varies linearly with
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Figure 2.7: Normalized histograms of slip(m) of a M, 7.90 earthquake from: (a) a finite-source inversion of the
2002 Denali earthquake and (b) one stochastic source realization using the outlined method.

fault depth. Evaluating 6 along the fault forms an important step in estimating the initial shear stress

(t), and in further determining the rupture speed distribution for a seismic source.

The World Stress Map (WSM) project (Heidbach etal. 2008) compiles the azimuth of maximum
principal stress (8,) at near-fault locations worldwide. The angles are derived from field observations
(including paleoseismic estimates of slip, borehole breakouts and hydraulic fractures) and theoretical
investigations (including focal mechanisms of past earthquakes). Based on the quality of underlying

data, an estimate of the maximum measurement error is also provided (Table 2.1).

Quality Error

A +15°
B +20°
C +25°
D +40°
E un-reliable

Table 2.1: Quality factor and the corresponding error in measurement of 6.

To account for the uncertainty in the measurement of 8,, we add a randomly generated fraction

of the measurement error from Table 2.1 to the reported estimate of 8,. We use this estimate of 6, in
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computing the orientation of the maximum principal stress o, relative to the fault:

0 = 180° — | — B4 (2.4)

where @ is the strike at the closest point on the fault. These near-fault data locations typically occur in
clusters (e.g., data points on the southern San Andreas fault are clustered at five locations as shown in

Fig. 2.8).
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Figure 2.8: Locations along the southern San Andreas fault at which stress estimates are available from the
World Stress Map project. Five data clusters are shown (magenta-, yellow-, blue-, green-, and
red-colored points).

We assume 8 at each cluster location to be characterized by a lognormal distribution with mean
equal to the arithmetic mean of 6 for all the locations within the cluster and standard deviation cal-
culated from the cluster with the highest number of WSM data points. We further assume that 0 is
constant along fault depth, i.e., rupture speed varies along fault length alone. All the sub-events on the
fault that lie in the zone tributary to a data cluster are assigned randomized 8s drawn from the corre-
sponding lognormal distribution. All the sub-events within distances equal to the seismogenic depth d
in a given tributary zone are assigned the same randomly generated realization of 6. Assuming ambient
stresses in the crust adjacent to the fault are maintained by the frictional stability of small, high-friction
fractures, and that fluid pressures in the crust are hydrostatic (Townend and Zoback 2000; Zoback and

Townend 2001; Townend and Zoback 2004; Townend 2006; Townend, personal communication, 2008)
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initial shear (1) and normal (0,) stresses on the sub-event are calculated using:

__01+0 2256—
0= 12  Cad=0p92; p=pngz; AC= llz P)
ME+1

(2.5)
Ao . _ AN
T= 705|n26 ;On=0—p— TGCOSZG

where p is the hydrostatic fluid pressure, 6 and Ao are the mean and differential stress, respectively,
pr and p,, are the density of rock and water, respectively, T and o, are the initial shear and normal
stresses acting on the sub-fault respectively, and, g is the acceleration due to gravity. In our algorithm,
z corresponds to half the seismogenic depth and p,(= 0.6) is the static Coulomb friction coefficient.
Our assumption that the stress orientation is uniform with depth but variable along strike is primarily
motivated by the lack of data along depth. If, in the future, such data becomes available, the algorithm

could be modified to incorporate variations along depth as well.

Loading factor (S) at any given location along the fault is calculated as:

_ (Tt —T)
(T—1) (2.6)

Tp = HpOn ; Tr = UOn

where P, (= 0.6) and p(= 0.1) (Goldsby and Tullis 2002; Di Toro et al. 2004) are the static and
dynamic friction coefficients, respectively, and, T, and T, are the static and dynamic friction strength
of the fault at that location, respectively. If S = 1.77, rupture is assumed to propagate at sub-Rayleigh
speeds (Andrews 1976) and a rupture speed of 0.87Vs is assigned for all sub-events along depth at that
location based on laboratory observations. If S < 1.77, it is assumed that stress conditions exist for
rupture to be able to transition to super-shear speeds. The transition length (L) is given by Rosakis
etal. (2007) as:

L = LF(S)

I R e 27)
L, = n(l—i’))(r Ty f(S)=9.8(1.77—95)7®

where L. is the critical crack length, d, is the characteristic slip chosen randomly from a uniform

distribution between 0.5 m and 1 m (Ide and Takeo 1997), and v(= 0.25) is the Poisson’s ratio. If
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L is less than the along-length distance from hypocenter to the location under consideration, a local
rupture speed of 1.67Vs is assigned for all the sub-faults along depth at that location on the fault; else
rupture speed is set at 0.87Vs. Thus, rupture is assumed to propagate at one of two speeds, either a
sub-Rayleigh speed of 0.87Vs or a super-shear speed of 1.67Vs. Although shear wave speed may vary
locally along the fault, here, we assume a constant Vs of 3.29 km/s, resulting in a bimodal distribution
of two rupture speeds, 2.86 km/s and 5.49 km/s. It should be noted that the changing strike on faults
such as the San Andreas may affect rupture speeds. Here, we assume that the effect of the changing
strike on the principal stress orientations on the fault fully accounts for its effect on rupture speed. We

do not explicitly consider fault geometry in the determination of the rupture speed distribution.

2.1.3 Slip velocity-time function
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Figure 2.9: Slip velocity plotted as a function of Figure 2.10: Normalized histograms of slip-to-
time for a laboratory earthquake and rise-time ratio observed in labora-
the best fitting isosceles triangular slip tory earthquakes and the associated
velocity-time function. lognormal fit.

We use triangular slip velocity-time functions in our stochastic sources. The parameters are
determined using data from a catalog of pulse-like laboratory earthquakes. Using an L; norm, we fit
isosceles triangles to the slip velocity-time functions measured in the laboratory (e.g., see Fig. 2.9).

It turns out that the slip-to-rise-time ratios so obtained for all available laboratory earthquakes can
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be reasonably well characterized by a log-normal distribution (see Fig. 2.10) with mean 2.605 and

standard deviation 1.167.
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Figure 2.11: Maximum rise-times in finite-source inversions of 56 past earthquakes plotted as a function of their
magnitudes. The linear trend is best captured by Eg. 2.8, the straight line shown in red.

For a given slip model, we generate a realization of slip to rise-time ratio using this distribution.
Since fault slip is known within each sub-event, we can compute the rise-time and hence the slip
velocity within each sub-event. It is possible that the random realization of the slip-to-rise-time ratio
can result in extremely large unrealistic rise times. In order to avoid such anomalous realizations, we
once again turn to the finite-source inversions of the 56 earthquakes cataloged in the ETH database.
Shown in Fig. 2.11 is the maximum rise time (T,"®*) as a function of earthquake magnitude for these

events. A linear trend is observed and the best-fitting relation is given by:
0.5T"™ = 1.5M,, — 8.3 (2.8)

For a stochastic source of a given magnitude, if the maximum rise-time in the model exceeds T/"?*

from Eq. 2.8, we discard this rise-time distribution and generate a new realization for the slip-to-rise-

time ratio.
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Figure 2.12: One of five stochastic source realizations (the median model) for the north-to-south rupture of
a hypothetical M,y = 7.9 earthquake on the southern San Andreas fault. Two possible rupture
locations, identified as rupture locations (a) 1 and (b) 3, are shown. Also shown on top of slip (color
scale same as in Fig. 2.5(a)) is the rupture speed distribution. Blue indicates rupture propagating at
the sub-Rayleigh speed of 0.87Vg, while red indicates rupture propagating at the super-shear speed
of 1.67Vs. Rupture speed is held constant along fault depth. The model has a constant slip-velocity
of 4.15 m/s.

2.2 Application to the Southern San Andreas Fault

Using the recursive division algorithm, we generate a suite of five stochastic source model realizations
each for a M,, = 7.9 and a M,, = 6.05 earthquake along the Southern San Andreas Fault. Each
source realization is placed at five uniformly spaced locations starting at Parkfield in central California
and terminating at Bombay Beach in southern California (e.g., see Figs. 2.12 and 2.13). Two rupture
directions are considered for each location — north-to-south and south-to-north. This leads to ten
rupture scenarios for each of the five source realizations and a total of fifty unilaterally propagating
earthquakes (five source realizations x five rupture locations x two rupture propagation directions) for

either magnitude level.

In reversing the rupture directions, the slip distributions are also reversed, while maintaining the
right-lateral strike slip nature of the source. The hypocenter is chosen to be at the beginning of each
rupture at a depth 9, where d is the seismogenic depth. Rupture initiation time at each sub-fault is
computed assuming a circular rupture front. Here, we use the open source package SPECFEM3D
(V2.0 SESAME, Kellogg 2011) that is based on the spectral element method (Komatitsch and Tromp
1999; Tromp et al. 2008) to compute three-component waveforms at 636 sites [Fig. 2.14] in Southern
California for all 50 scenarios. SPECFEM3D accounts for 3-D variations of seismic wave speeds and

density, topography and bathymetry, and attenuation as dictated by the SCEC Community Velocity
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Figure 2.13: One of five stochastic source realizations (the median model) for the south-to-north rupture of
a hypothetical M,y = 7.9 earthquake on the southern San Andreas fault. Two possible rupture
locations, identified as rupture locations (a) 2 and (b) 4, are shown. Also shown on top of slip (color
scale same as in Fig. 2.5(a)) is the rupture speed distribution. Blue indicates rupture propagating at
the sub-Rayleigh speed of 0.87Vg, while red indicates rupture propagating at the super-shear speed
of 1.67Vs. Rupture speed is held constant along fault depth. The model has a constant slip-velocity
of 4.15 m/s.

Model (CVM-H 11.9). This model is based on current research, and incorporates tens of thousands
of direct velocity measurements that describe the Los Angeles basin and other geologic structures
in southern California (Plesch et al. 2011; Suss and Shaw 2003). The model includes background
crustal tomography (Hauksson 2000; Lin et al. 2007) enhanced using 3-D adjoint waveform methods
(Tape et al. 2009), the Moho surface (Plesch et al. 2011), and a teleseismic upper mantle wave-
speed description (Prindle and Tanimoto 2006). Earlier versions of this wave-speed model have been
used to reliably model the basin response accurately down to a shortest period of approximately 2 s
( Komatitsch et al. 2004; Liu et al. 2004; Quinay et al. 2013). Casarotti et al. (2008) have created
a spectral element mesh of the Southern California region, compatible with the wave-speed model
using an advanced unstructured mesher, CUBIT, developed by the Sandia National Laboratory, USA
(Sandia National Laboratory 2011), and adapted as GeoCUBIT for large-scale geological applications.
The simulated waveforms are lowpass-filtered with a corner at 2 seconds [the underlying SCEC CVM-
H 11.9 wave-speed model (Plesch et al. 2011) is capable of resolving waves with periods longer than

2s only].

To ensure that the source models generated by the recursive division algorithm are credible, we
make qualitative and statistical comparisons of the peak ground velocities (PGV) generated by these
models against the peak velocities generated by finite-source inversions of comparable earthquakes

with similar magnitudes (also simulated using SPECFEM3D). The finite source inversions selected
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Figure 2.14: The geographical distribution of the 636 southern California sites (shown as triangles) where
ground motions are computed. The spacing between the sites is 3.5 km approximately. The el-
lipses identify the basins in southern California: Simi valley, San Fernando valley, San Gabriel
valley and Los Angeles basin.

for this exercise include that of the 2002 M,, = 7.9 Denali fault earthquake (Krishnan et al. 2006a,
Fig. 2.15) and the 2004 M,, = 6.0 Parkfield earthquake (Ji 2004). Whereas the Parkfield earthquake
occurred on the San Andreas fault, the last big earthquake (magnitude greater than 7.5) to occur there
was the magnitude 7.9 Fort Tejon earthquake in 1857. In the absence of data from a large earthquake
on the San Andreas fault, the next best alternative for validation is a big earthquake on a geometri-
cally similar fault such as the Denali fault in Alaska. Fortunately, the 2002 earthquake was reasonably
well-recorded and a joint finite-source inversion using teleseismic body and strong-motion waveforms
as well as GPS vectors is available (Krishnan et al. 2006a). It has been common practice to simu-
late ground motions using finite-source inversions and it would be important to compare and contrast
ground motions generated by such sources and the stochastic source models from our algorithm. The
results of the validation exercise for the M,, = 7.9 earthquake are presented here, whereas the results
corresponding to the M,, = 6.0 earthquake are available in the Appendix A. We select the median
source model from the stochastic model set for the validation exercise, considering that most engineer-
ing applications are concerned with median (plus/minus one standard deviation) ground motions as
opposed to extreme ground motions. However, it should be pointed out that in the absence of greater
data from large earthquakes such as the Denali, it is hard to judge whether the ground motions from the
Denali event are typical of such events or whether they are on the high or low side. This, unfortunately,

is the best we can do presently as far as validation is concerned. The method for selecting the median
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Figure 2.15: (a) Slip (m) and (b) Rise-time (s) distributions from a finite source inversion of teleseismic, strong
motion, and GPS data from the Mw = 7.9 Denali fault earthquake of 2002 (Krishnan et al. 2006a).
Rupture-time (s) contours are overlaid on the slip distribution.

source is as follows:

1. For each of the five stochastic source realizations, we compute the median PGV for the two
horizontal components of the synthetic ground motion waveforms at 636 sites from each of the

ten rupture scenarios (five rupture locations x two rupture directions).

2. For each of the five stochastic source realizations, we compute the median value of the ten me-
dian PGVs for the ten rupture scenarios from (i), separately for the two horizontal components.
The solid lines in Fig. 2.16 illustrate this median PGV for each of the five stochastic source

realizations for the hypothetical M,, = 7.9 San Andreas fault earthquake.

3. To identify the median source model, we compute the median PGV of the ground motions pro-
duced at the 636 sites by all fifty scenario earthquakes. The dashed lines in Fig. 2.16 correspond
to this median value of PGV for the NS and EW ground motion components for the hypothetical

M,, = 7.9 San Andreas fault earthquake.

4. Of the five stochastic source realizations, the source whose median PGV (SRSS of EW and
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NS PGVs) is closest to the corresponding median PGV produced by all five source realizations
[computed in (iii)] is taken to be the median model and the ground motions produced by this
model are used in the validation exercise. Note that the rupture speed within the median model
varies depending upon the location of rupture, while the distribution of slip and rise-time remain

unchanged.
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Figure 2.16: Solid lines: Median PGV computed at 636 sites in southern California from ten rupture scenarios

(five rupture locations along the southern San Andreas fault x two rupture directions) using each
of five stochastic source realizations; Dashed lines: The corresponding median PGV from all fifty
scenario earthquakes. All earthquakes are of magnitude My, = 7.9.
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Figure 2.17: Comparison of the “median” stochastic source model (top) located at rupture location 3 and the
Denali fault earthquake finite-source model (bottom) also located at rupture location 3. Both (a)
north-to-south and (b) south-to-north propagating ruptures are shown. Note the differences in the
slip asperity locations in the two models.

In order to study qualitative differences between the ground motion generated by the stochas-
tic median model and the Denali finite-source inversion model, we map these models onto the San An-

dreas fault at rupture location 3, approximately mid-way between Parkfield and Bombay Beach (Fig.
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2.17), and directly due north of the Los Angeles basin. Both north-to-south and south-to north rupture
propagation directions are simulated. The location of the largest asperity in the stochastic mean model
is offset from that of the Denali model by about 100 km. This has a significant influence on the nature
of the resulting ground motion. It should be the noted that even though the length of the Denali source
is longer (about 290 km.) than the stochastic source (about 210 km), there is a large concentration of
sub-faults with zero slip toward the end of the rupture (see Figs. 2.5(f) and 2.15). Slip is predominantly
concentrated within a length of about 200 km (between 50-250 km).

(@) (b)

(© (d)
Figure 2.18: EW and NS components of PGV (m/s) from a north-to-south propagating M,, = 7.9 rupture at
location 3 on the southern San Andreas fault: (a) and (b) Stochastic median source model; (c) and
(d) Denali earthquake finite-source inversion model (Krishnan et al. 2006a). The inset shows the
fault trace and the hypocenter location.

Shown in Figs. 2.18(a) and 2.18(b) are the PGV of the EW and NS components of ground motion
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