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ABSTRACT

Near-source ground motions for complex-geometry scenario
earthquakes
Luca Passone
This dissertation work concerns the effects of earthquake source geometry on nearfield ground-motions. Through numerical simulations, we investigate the following
topics: (1) the effects of listricity on near-field ground motions, and (2) possible
ground shaking levels in the Gulf of Aqaba region through multiple earthquake scenarios characterized by several fault segments rupturing either separately or jointly.
Listric faults are defined as curved faults in which dip decreases with depth, resulting in a concave upwards profile. The profiles in this study are created by applying
a specific shape function: by varying the initial dip and the degree of listricity, we
create an ensemble of listric faults. We then define heterogeneous rupture speeds
and slip distributions to generate a variety of kinematic source models. Finally, we
compare them in terms of peak ground velocities to ground motion prediction equations and find two general features: (1) as listricity increases, the PGVs decrease on
the footwall and increase on the hanging-wall; (2) constructive interference of seismic
waves emanated from the listric fault causes PGVs over two times higher than those
observed for the planar fault.
The Gulf of Aqaba region has seen rapid growth in recent years, mainly fuelled
by the increasing population, tourism, and investments in national projects. Such
projects include the 26.500 km2 city of NEOM, backed by a 500 billion dollar investment by the Saudi Investment Fund and the King Salman bridge across the Straits of
Tiran. The recency of the seismic network in the area provides limited information;
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moreover, no large earthquakes have occurred since its installation. The corresponding lack of data presents engineers with a severe knowledge gap. To contribute to
closing this gap, we compute synthetic earthquake ground motions to study the consequences of large magnitude (Mw ∼ 7.2) scenario seismic events. To this end, we
conduct kinematic rupture simulations that mimic dynamic source behavior including both single- and multi-segment ruptures. Our simulations show higher ground
velocities than predicted by GMPEs for the Straits of Tiran and lower for the NEOM
area.
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2.15 PGV comparison with respect to Boore and Atkinson [2008] GMPEs
(broken line represent intra-event standard deviation) at 300 random
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2.17 Average PGV ratios of the ten maps shown in Figure 2.13. Positive
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3.9 Seismograms for HQLS station (largest PGV difference between observed and simulated) for test earthquake. The left column shows
ground velocities for the three components, and the right column shows
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3.11 PGV maps for the fault models in Figures 3.4, 3.5, 3.6, and 3.7. The
three rows show the three models for a single fault, and the four
columns show the four different faults used in the study. As expected, forward directivity is stronger for dislocation models where
the hypocenter is closer to the fault end. . . . . . . . . . . . . . . . . 82
3.12 PGV maps for the mirrored fault models in Figures 3.4, 3.5, 3.6, and
3.7. The three rows show the three models for a single fault, and
the four columns show the four different faults used in the study. As
expected, forward directivity is stronger for dislocation models where
the hypocenter is closer to the fault edge. . . . . . . . . . . . . . . . . 83
3.13 PGV comparison between simulated and GMPE. Values greater than
zero indicate simulated PGV is higher than predicted by the GMPE.
Symbols indicate a specific fault, and colors different stochastic slip
realizations. The x axis indicates Rjb distance to the fault, empty
symbols represent fault models in Figures 3.4, 3.5, and 3.6 while the
filled symbols represent their mirrored versions (indicated also by f).
The position of Haql with respect to segment 1 (indicated by triangles),
means ground motions are expected to be much lower when compared
to GMPEs. The opposite is valid for segment 3. Segment 2 is significantly affected by hypocenter location, with directivity playing a
significant role in realization 2c. Ground motions at the city of Aqaba
generally agree with predictions from GMPEs. Only in the case of
segment 3 they are consistently higher than expected. Tiran Island
location with respect to segment 2 shows higher values than predicted
by GMPEs, but far less so for other fault segments. For fault 1 and
4 it is very close to expectations from GMPEs. Except for fault 1,
Nuweiba is expected to have lower ground motions than predicted by
GMPEs. The coastal city of Sharm el-Sheikh is located in one of the
most hazardous areas of the Aqaba region, with simulated ground motions consistently higher than predicted from GMPEs. The city of
Magna overall experiences lower PGVs than predicted by GMPEs for
almost all cases, except for some realizations of fault 1. Sharma’s location off-axis from the main strike direction of the fault system means
it consistently sees very low ground motions when compared to GMPEs. 84
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Chapter 1
Introduction

A recent joint report by The United Nations Office for Disaster Risk Reduction
(UNISDR) and the Centre for Research on the Epidemiology of Disasters (CRED)
(Wea, 2018) found that, between 1995 and 2015, earthquakes were the third most frequently occurring natural disaster in the world, following floods and storms. Earthquakes are responsible for the most significant economic impacts of any natural disaster (Accuweather, 2018; White, 2017). The billions of dollars in losses are the consequence of destroyed residential buildings, public infrastructure (e.g., roads, electricity
transmission lines), public services (e.g., schools, hospitals) and the disruption of local manufacturing, affecting industries across the globe (e.g., supply chain shortages).
Moreover, between 2000 and 2015, the United States Geological Survey (USGS) estimates over 800.000 deaths as direct consequences of earthquakes worldwide (USGS,
2018).
Unlike other natural disasters such as floods, hurricanes, and tornadoes, earthquakes happen with no forewarning, leaving only very little time for reactive measures. Although earthquakes mostly happen at tectonic plate boundaries or crustal
deformation zones (figure 1.1), the prediction of exact locations and timing of future
events is currently not possible and may never be achieved. Therefore mitigation
measures, such as the establishment of suitable building codes, need to be taken well
in advance, often decades, before an event.
The continuous population growth, with accompanying infrastructure and substantial investments by governments in public projects, has increased vulnerability to
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Figure 1.1:
Global seismicity map from the Global CMT catalogue
(www.globalcmt.org) in the period between 1976 and 2013 for earthquake magnitudes
Mw > 5.5. Yellow stars indicate events with centroid depth less than 25 km, red
between 25 km and 100 km, green between 100 km and 300 km and blue deeper than
300 km. Red lines denote plate boundaries (Parisi, 2015).
earthquakes and natural disasters. Ensuring proper preparation, including but not
limited to accurate communication with the population and adequate building code
regulation is paramount to avoid the loss of lives and property. The 2009 L’Aquila
earthquake is an example where the combination of poor construction material, subpar building standards, and inexact communication turned a moderate size earthquake (Mw 6.3) into one of the largest disasters of modern Italian history, killing 300
people, injuring more than 1.500 and leaving over 65.000 homeless (Alexander, 2010).
Besides the 2009 L’Aquila event, the last century abounds with devastating earthquakes that have caused billions of dollars of damage and taken thousands of lives:
the 2004 Sumatra earthquake caused over 200.000 casualties and 20 billion dollars of
damages (Walker et al., 2005; Park et al., 2005), the 2010 Chile earthquake in Maule
caused over 30 billion dollars of damages and affected over 800.000 people through
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death, injury and displacement (Elnashai et al., 2010), the 2011 Mw 9.1 earthquake
in Tohoku (Japan) triggered tsunami waves higher than 40 meters, which combined
caused over 15.000 deaths, and damaged over 300.000 buildings Mori et al. (2011).

Figure 1.2: NGA-WEST seismic data-set used for the formulation of GMPEs (taken
from https://ngawest2.berkeley.edu). The figure shows availbility of data on the basis
of source-to-site distance as a function of magnitude.
We can estimate the risk associated with each earthquake by decomposing it into
three distinctive components: 1) the location and timing of the event, 2) the resulting
ground motion, and 3) the effects on the structures at sites of interest (Godinho,
2007). Natural crustal earthquakes occur where tectonic movement (at a rate of
few cm/year) causes enough elastic strain energy to accumulate and drive a sudden
(in order of seconds to minutes) fracture, however, currently there are no methods
capable of reliably predicting the location and timing of future events (component 1).
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The effects of ground motions on buildings (component 3) are very well understood,
engineers can model building response and structure safety given scenario ground
shaking levels. Predicting the ground motions (component 2) is done in a variety of
ways, commonly by using Ground Motion Prediction Equations (GMPEs). GMPEs
use records of past earthquakes to compute ground motion attenuation curves as a
function of a set of input parameters (e.g., earthquake magnitude and site-to-source
distance). However, GMPEs are built atop incomplete datasets collected only in
the last few decades and lack data in the near field, where ground motions are the
strongest. This scarcity of data leads to considerable epistemic uncertainties that I
aim to reduce in this work using physics-based simulations.

1.1

Seismic hazard analysis

When there is a perceived possibility of an earthquake threat, Probabilistic Seismic
Hazard Analysis (PSHA) (Allin Cornell and Winterstein, 1988) provides a framework
”for estimating the likelihood that something of concern related to earthquake shaking will occur over a specified period” (Field et al., 2003). At the foundations of
PSHA are GMPEs, they compute ground motion intensity associated with a variety
of parameters such as earthquake magnitude, source-to-site distance, ground velocity
and a first-order description of the source mechanism. This approach oversimplifies
three essential aspects associated with ground motion: source effects, propagation
path effects and site effects (see figure 1.3).
Source effects are concerned with the influence of the rupture process and the
geometrical properties of the fault. The heterogeneity of the rupture process (e.g.,
variable rupture speed) and fault geometry (e.g., variable strike, fault roughness) are
considered especially important in the near field region, where the amplitude and
variability of the high-frequency seismic energy radiated by the earthquake are felt
the most (Mai and Beroza, 2002; Vyas et al., 2016). In chapter 2 I will discuss the
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Figure 1.3: Representation of source, propagation path and site effects (OCDI of
Japan). At short distances from the fault, source effects have the predominant influence on the shaking at a site of interest. As distances increase, the interaction
between the wave-field and the medium becomes more important. Site conditions
have the same influence for small or large distances.
influence of listricity on near-field ground-motion.
Propagation path effects include attenuation, scattering, reflection and refraction.
As the waves propagate through the Earth, complex interactions are taking place, in
most cases reducing the peak amplitudes (e.g., attenuation, scattering). However, in
some instances (e.g., geologic focusing (Davis et al., 2000), refraction as we will see
in Chapter 3) these interactions cause sites further away from the fault to experience
higher ground motions than nearby ones.
Finally, the conditions at a site of interest have a significant contribution to the
final ground motions. A site located in low-velocity sediments can expect ground
shaking levels ten times higher than a site located in bedrock (Borcherdt, 1970);
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similarly, Hartzell et al. (1997) and Assimaki and Jeong (2013) found that mountains
tops may experience very different amplitudes, period characteristics, and duration
of the seismic waves compared to locations in valleys.
For the above reasons, combined with the scarcity of near-field recordings (Rjb <
20 km), scenario ground motion simulations are among the most reliable methods for
seismic hazard analysis.

1.2

Ground motion simulations

As discussed in section 1.1, ground-motion prediction equations use indirect, approximate, or statistical approaches to integrate physics, earthquake source and medium
characteristics. Although valid, these methods do not solve the mathematical abstractions that describe the physics of source dynamics and wave propagation (Taborda
and Roten, 2014).
This shortcoming was tackled in the early 70s when Finite Difference (FD) and
Finite Element (FE) were introduced by Boore (1972); Smith (1975), laying the foundations for physics-based ground-motion simulations. At the time, computational
power restricted the problems to small two-dimensional domains, but by the 90s numerical methods and computing power had improved enough that 3D models could
include heterogeneous media and topography (Frankel and Vidale, 1992). In 1995,
Olsen et al. (1995) used 3D simulations to make observations on the significance of
3D basin and edge effects that could not have been discovered using simpler 1D or
2D models (Taborda and Roten, 2014). More recently, simulations have been used to
study the effects of medium heterogeneity (Vyas, 2017), the effect of fault roughness
on the seismic wave-field (?Shi and Day, 2013; Graves and Pitarka, 2016) and the
effects of source and medium heterogeneities on mach wave scattering (Vyas et al.,
2018). It is safe to say that quantitative strong-motion analysis requires an in-depth
look at the combined effects of earthquake source, propagation path, and local geo-
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logical site conditions (Chin and Aki, 1991).
To this end, we can divide physics-based simulations into two branches: dynamic
and kinematic. In dynamic modeling, the stresses acting on the fault are prescribed,
and the rupture propagation is governed by the relationship of friction, stress and
material properties through laboratory-derived constitutive laws such as the rate-andstate friction law (Scholz, 1998). Once triggered (e.g., by increasing the shear stress
at the hypocenter location beyond the yield strength of the material), the rupture
propagation happens in accordance with the chosen friction law and is guaranteed to
be self-consistent. Dynamic simulations present their challenges: meshing is complex
as fault surfaces must be honored and discretized with small elements for dynamic
rupture computations. The result is more elements, smaller in size, and requiring
shorter time steps to maintain computational stability. Consequently, dynamic simulations are computationally more expensive than kinematic. Moreover, final slip
distribution, magnitude, and temporal evolution are unknown until the simulation
completes, and the definition of the initial stress conditions is non trivial (Ulrich
et al., 2018; Wollherr et al., 2018).
In contrast to dynamic, kinematic simulations are less computationally intense:
rupture speed, final slip, and its temporal evolution are defined in advance rather than
computed at run-time. Since the mesh does not need to adhere to the considered fault
system, it saves considerable time in setup. Moreover, multiple fault geometries can
be specified without having to produce multiple meshes for each scenario. Although
the predefinition of the rupture evolution in time does not guarantee its consistency
with the physical properties of the material and physical laws, by careful modeling
it is possible to replicate the observed behavior of dynamic simulations. The work
presented in this thesis utilizes kinematic modeling.
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1.3

Numerical solvers

In computational seismology, numerical methods are used to solve the mathematical
representation of the constitutive physical laws that describe the propagation of seismic waves, and, in dynamic rupture modelling, also the evolution of slip along the
fault.
As discussed in section 1.2, when slip and its evolution in time are prescribed, the
source model is defined as kinematic. In contrast when the fault slip is a spontaneous
consequence of the state of the fault, the source model is defined as dynamic. With
dynamic source-modeling, we can investigate the complex interactions between the
fault and the surrounding conditions. Stress, free surface, transient wave-fields, and
the fault geometry all contribute to how slip accrues in time. However, the underlying physics of dynamic rupture modeling still suffer from incomplete knowledge of
the physical properties at small scales (Pelties et al., 2012a), moreover they are computationally expensive, and the mesh needs to conform to the fault system, requiring
a considerable effort from the modeler.
When using the term mesh, we refer to the collection of geometrically simple
shapes used to subdivide the computational domain into small elements. The size
of the element depends on many factors, including the desired fidelity of the final
discretized model (e.g., mountains, basins), computational power available and, in
our specific case, the highest resolvable frequency desired for the seismograms. A
simulation software then takes the source model and approximates the wave propagation through the mesh. The simulations in this thesis were carried out using two
seismic simulation codes, SORD and SeisSol which use Finite Difference and Finite
Volumes schemes respectively. Since SORD (Ely et al., 2005) and SeisSol (Käser and
Dumbser, 2006; Dumbser and Käser, 2006) numerical implementations are amply discussed by their respective authors, I here summarize and review the codes in light of
my extensive experience in using them, with emphasis on perspectives not typically
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found in research manuscripts.

1.3.1

SORD

SORD is an implementation of the Support Operator Method (SOM) first developed
by Samarskii et al. (1981) and Shashkov and Steinberg (1996), as a general scheme
for discretizing the partial differential equations into their finite difference form.
Typically, finite difference methods use uniform grids, as this simplifies the equations and their implementation. SORD is no exception, as the code uses regular
hexahedral elements. The meshes can be warped to accommodate both rough dynamic rupture faults and non-planar free surfaces. However, there are scenarios where
the mesh becomes so warped that the scheme breaks down. Adapting the mesh to a
highly listric fault can cause the elements to become too distorted: as they become
more and more skewed, the logarithm of the error scales proportionally to the angle of
shear (Ely et al., 2009). Mesh distortion also causes problems in the kinematic case:
for the absorbing boundary condition to work correctly in non-rectangular meshes
the boundaries must be planar (Ely et al., 2005). This restriction leads to meshes
with angles of shear that vary in all three dimensions. Since sources are specified in
the node coordinate system, the conversion from real world coordinates to the mesh
coordinate system is non-trivial.
For simple geometries, SORD is simple to set up and computationally fast. The
simulation is prepared through a user-friendly pipeline of python scripts. For uniform
grids (such as the one used for listric faults in Chapter 2), given domain extents
and node spacing, the code can generate the mesh internally. The seismic source
is specified via the Standard Rupture Format (SRF) and the medium properties by
assigning vp , vs and ρ to each node in the grid. All parameters (including receiver
locations and subfaults) are specified in the node coordinate system, with only positive
values allowed. This simplicity comes with its drawbacks: when replicating real-
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world scenarios, such as the ones discussed in Chapter 3, a conversion from standard
coordinate systems (e.g., WGS84, UTM) to the nodal coordinate system is required.
This limitation also creates a compatibility issue with the SRF format. The format
dictates the horizontal fault coordinates to be specified in latitude and longitude,
but SORD relaxes this requirement and instead uses meters from the mesh reference
point. SeisSol on the other hand, adheres to the rupture format, so SRF files need to
be generated differently for each code.

1.3.2

SeisSol

SeisSol is an implementation of the Discontinuous Galerkin (DG) method combined
with Arbitrary high-order DERivatives (ADER), first introduced by de la Puente
et al. (2009) for the simple 2D case and later expanded to handle 3D by Pelties et al.
(2012a). The DG method combines ideas from FE, where a polynomial basis approximate the physical variables of the elastic wave equations inside each element, and FV
methods, where numerical fluxes are used to transfer data between adjacent elements.
In addition to providing a high-order accurate approximation of the physical variables,
the flux concept favors data locality: the temporal update of the solution inside one
element depends only on its direct neighbors (Pelties et al., 2012b). Therefore, the
method scales very well and is suited to run on large clusters and supercomputers.
SeisSol uses fully unstructured tetrahedral meshes, allowing for geometric complexities from either surface topography or subsurface features to be honored by the mesh.
Moreover, simulation domains typically extend much further than the domain of interest to avoid contamination from boundary reflections due to imperfect absorbing
boundary conditions. With unstructured meshes, element size can be aggressively increased in areas beyond the scope of interest (e.g., at depth), reducing computational
cost significantly. The main disadvantages of using unstructured tetrahedral meshes
are: (1) beyond a uniform medium, a pipeline of at least two programs is necessary to
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create the geometry and prepare the mesh for the simulation. Including a 3D heterogeneous medium requires further tools and manipulation. (2) Allowing tetrahedrons
of any shape and size needs the transformation to and from a canonical tetrahedron
to solve the equations, adding to the computational cost of the method. (3) Given
the same edge lengths, more tetrahedral than hexahedral elements are required to
discretize the computational domain; the smaller size requires shorter time steps for
the computation to remain stable. Finally, at the time of writing, SeisSol is under
active development. From better input formats, to the inclusion of better physics, to
performance improvements, SeisSol has seen steady growth during our time using it.

1.4

Objectives and Contributions

This thesis aims to improve our knowledge of the effects of complex fault geometries
on near-source ground motions. The contributions are the following:
• I investigated the effects of fault listricity on the near-field ground motions as a
function of initial dip, listricity coefficient, and depth to the top of the rupture
plane. I also include heterogeneities in slip, rupture speed, and rupture time to
analyze variability. The work has been published in Passone and Mai (2017).
• I develop scenario earthquake simulations to gain insights and estimate ground
shaking levels in the Gulf of Aqaba region. Special interest was given to the
city of Aqaba, the Straits of Tiran, Sharm el-Sheikh and the proposed NEOM
construction area, where vulnerability is growing rapidly.
Other publications in earth science journals during my Ph.D. include: a) a contribution to the earthquake-source inversion validation (SIV) project (Mai et al., 2016));
b) technical expertise in data collection for structural mapping of dike-induced faults
in Harrat Lunayyir, Saudi Arabia (Trippanera et al. (2018), in preparation). Broader
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contributions to science include seminal work for the introduction of drones and Structure from Motion in archaeology (Smith et al., 2014) and data processing tools for
image-based plant growth analysis (Pailles et al., 2018). I also filed a patent application for optimizing image capture for 3D reconstructions (Smith et al., 2017).

1.5

Thesis outline

This introduction is followed by three chapters and accompanying appendices organized as follows:
Chapter 2 discusses the effects of listricity on near-field ground motions. After
creating an ensemble of sources by varying the fault parameters, we compute synthetic
seismograms and compare them to GMPEs. Our analysis shows PGVs decreasing on
the footwall and increasing on the hanging-wall as listricity increases, and that for
specific areas, the constructive interference of seismic waves from the listric fault
causes PGVs over two times larger than those observed for the planar fault.
Chapter 3 estimates ground shaking levels for the Gulf of Aqaba. Since the announcements of the King Salman bridge (with an estimated budget of 4 billion dollars)
connecting Saudi Arabia and Egypt across the Straits of Tiran, and the futuristic city
of NEOM (with an estimated budget of 500 billion dollars), understanding hazard
in the Gulf has recently become of paramount importance. Our scenario simulations
show very high PGVs over the proposed are for the bridge, while the location of
NEOM with respect to the fault system reduces the PGVs.
In Chapter 4 we summarize the key findings and provide an outlook on future
directions of research based on the reported findings.
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Chapter 2
Kinematic earthquake ground-motion simulations on listric
normal faults

2.1

Abstract

Complex finite faulting source processes have important consequences for near source
ground motions, but empirical ground motion prediction equations (GMPEs) still lack
near-source data and hence cannot fully capture near-fault shaking effects. Using a
simulation based approach we study the effects of specific source parametrisations on
near field ground motions where empirical data is limited.
Here, we investigate the effects of fault listricity through near field kinematic
ground motion simulations. Listric faults are defined as curved faults in which dip
decreases with depth, resulting in a concave upwards profile. The listric profiles
used in this paper are built by applying a specific shape function and varying the
initial dip and the degree of listricity. Furthermore we consider variable rupture
speed and slip distribution to generate ensembles of kinematic source models. These
ensembles are then used in a generalised 3D finite difference method to compute
synthetic seismograms; the corresponding shaking levels are then compared in terms
of peak ground velocities (PGV) to quantify the effects of breaking fault planarity.
Our results show two general features: (1) as listricity increases the PGVs decrease
on the footwall and increase on the hanging-wall; (2) constructive interference of
seismic waves emanated from the listric fault causes PGVs over two times higher
than those observed for the planar fault. Our results are relevant for seismic hazard
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assessment for near fault areas for which observations are scarce, such as in the listric
Campotosto fault (Italy) located in an active seismic area under a dam.

2.2

Introduction

An integral part of probabilistic seismic hazard assessment is the prediction of expected ground motions produced by potential seismic sources near sites of interest
(e.g. Beauval et al., 2009; McGuire, 1995; Budnitz et al., 1997; Bommer and Abrahamson, 2006). Typically, empirical Ground Motion Prediction Equations (GMPEs)
are employed to estimate ground motions over a wide range of magnitudes and distances. However, GMPEs are not perfect predictors, particularly in the near field
region where recorded data is sparse. These shortcomings were highlighted in several
well-instrumented earthquakes (e.g., 1999 Chi-Chi, Taiwan, 2000 Tottori, Japan, and
2004 Parkfield, California), where the observed variability of ground-motion intensity
measures in the near field was much larger than at greater distances (e.g. Shakal
et al., 2006; Mai, 2009).
As GMPEs suffer from the shortage in near-field recordings and do not adequately
represent the observed source effects (Dalguer and Mai, 2011), the alternative is to use
numerical simulations that take into account the characteristics of the source, propagation paths and site effects. Early studies on near-source ground motion employed
simple theoretical and numerical models to understand its first order characteristics
(e.g. Aki, 1968; Haskell, 1969; Archuleta and Frazier, 1978). More recently, scenario
simulations have been performed to evaluate ground shaking for specific regions, considering a range of complexities in the earthquake source and wave propagation (e.g.,
Graves, 1998; Graves and Pitarka, 2004, 2010, 2016; Olsen et al., 2006; Imperatori
and Mai, 2012b,a; Mena et al., 2012; Vyas et al., 2016). Only few studies have
systematically investigated the influence of different source parameters on the resulting near-source ground motion (e.g. Inoue and Miyatake, 1998; Aagaard et al., 2001,
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2004a), and even fewer attempt to rigorously quantify the uncertainty in the employed
source parameters and the associated variability in ground motion (e.g. Imperatori
and Mai, 2012b; Ripperger et al., 2008).
In addition to source and wave-propagation effects, the geometric complexity of
the fault and its associated rupture dynamics, and hence seismic radiation, are particularly important to understand ground-motion complexity. Well-studied cases focused on highly damaging reverse-faulting earthquakes, for instance the 1994 M 6.7
Northridge earthquake (Beresnev and Atkinson, 1998; Pitarka and Irikura, 1996; Wald
et al., 1996; Hartzell et al., 1996, 2005; Olsen et al., 1997) and the 1999 M 7.6 Chi-Chi
event (Dalguer et al., 2001b; Aagaard et al., 2004b; Dalguer et al., 2001a; Oglesby
and Day, 2001; Lee et al., 2007). However, little is known about rupture complexity
and its associated shaking for normal-faulting earthquakes. Yet, the recorded acceleration time series in recent well instrumented earthquakes such as L’Aquila 2009
(Italy), show high variability in both amplitude and duration, highlighting the need
for detailed ground-motion studies for such events (Akinci et al., 2010).
In extensional regimes such as the Apennines in Italy (e.g., Valoroso, 2016), the
Great Basin of Nevada, Utah (e.g., Anderson et al., 1983), or Idaho (e.g., Harms and
Price, 1992), seismic hazard typically lies in non-vertical (dipping) faults (Oglesby
et al., 1998). In this study we will examine in particular fault geometries with profiles
where dip decreases with depth, creating the concave upward shape of listric faults.
This shape can be produced by geometric constraints, either because the faults
reactivates curved thrusts, or because they must be curved to accommodate rotations
(Jackson and McKenzie, 1983). Other causes include the variation of rheology with
depth, since brittle failure at shallow depths produces less fault rotation than distributed creep in the lower part of the crust. Two features are considered particularly
characteristic for listric faults (Wernicke and Burchfiel, 1982): (1) a steep upper part
of the fault that then flattens downwards, merging with a low-angle detachment; (2)
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Figure 2.1: Illustration of the anatomy of a listric fault (in cross section). The steep
upper part of the fault flattens downwards, eventually merging with a low-angle
detachment. The reverse drag of the hanging wall block forms a rollover anticline
(please see ).
the down-warping or reverse drag (Hamblin, 1965) of the hanging wall block forming
a rollover anticline (see Figure 2.1).
There is very limited research that directly addresses the effects of listricity on
near field ground motions. Ofoegbu and Ferrill (1998) found for the Yucca Mountain
region in Nevada, that the curved shape has a considerable effect on the distribution
of ground motion amplitudes such that the concentration of energy due to the fault
curvature generates higher ground motion amplitudes at distant locations than at near
fault sites. They also found that typically slip initiates near the base of the steep
fault segment, and propagates toward the ground surface, and downward and laterally
along the low angle detachment. However, ground accelerations were monitored at
six locations only, hence, the limited number of stations could lead to a sampling
bias, and no reference planar-fault simulation was conducted for comparison. As we
will see in the results section, small variations in receiver position may cause large
difference in ground-motion levels, therefore, by monitoring more locations we obtain
more conclusive results.
To accurately reconstruct the precise fault geometry for the Mw 6.1 2009 L’Aquila
earthquakes Valoroso et al. (2013) and Chiaraluce et al. (2011) used high precision
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earthquake locations to study the anatomy of the fault system. From the seismicity
profiles, the Campotosto exhibits a clear listric geometry. An analysis of the seismic
hazard by Walters et al. (2009) of the area found that the 2009 L’Aquila earthquake
has brought the Campotosto fault closer to failure. Considering also that the fault
runs underneath the dam at the northern end of the Lago di Campotosto reservoir,
and its vicinity to the city of L’Aquila and Campotosto, it is imperative to include
listric-faulting scenarios into a seismic hazard analysis.
To improve our understanding of seismic hazard associated with listric faulting,
we aim to quantify the effects of listricity on near field ground motion by means
of kinematic simulations. By using realizations of heterogeneous on-fault slip, and
parametrizing the curvature of the fault that allows to define various fault profiles
under tight geometrical constraints, we construct an ensemble of simulations for which
we then examine Peak Ground Velocities (PGV) and its variability at over 17.000
locations. Similar to Ripperger et al. (2008), rather than trying to model particular
seismograms of an individual event, we are interested in the general characteristics
of near-field ground motion, such as its peak amplitude and the spatial distribution
and variability caused by the changes in fault geometry.

2.3

Methodology

To study ground motion variation caused by listricity we use a generalised 3D finitedifference method to run a multitude of fault parametrisations in which the slip
distribution, rupture speed, depth of the top of the fault (Htop ), and listricity is
varied to construct a set of simulations for a scenario Mw 6.8 earthquake. Although
this is not the maximum magnitude for a litstric fault, it is consistent with estimates
for potential future earthquakes on faults that have been recognised to be listric
(e.g. the Campotosto fault North of L’Aquila has been found to have a clear listric
shape; Valoroso (2016)). In this section we explain how the synthetic seismograms
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Table 2.1: Summary of the rupture scenarios developed for this study
Section
Slip
Listrictiy Coefficient
Uniform
Increasing Htop
Uniform
Heterogeneus Rupture Speed Heterogeneous

Vrup
Htop
Uniform
0.125 km
Uniform
Multiple
Heterogeneus 2.5 km

are calculated and how the parameters for the kinematic faults have been chosen.
Table 2.1 summarises the rupture parametrisation used in this study.

2.3.1

Computational aspects

As the primary scope of this study is to understand the effects of variations in fault
geometry on ground motions, the faults are buried in a uniform isotropic medium,
with P-wave speed vp = 6 km/s, S-wave speed vs = 3.6 km/s and density ρ = 2800
kg/m3 . This parametrisation ensures that the results observed are attributable only
to source effects, and thus avoids any effects attributable to medium heterogeneity
(e.g. waves trapped between layers having high velocity contrast).
To generate the synthetic seismograms, we use the Support-Operator Rupture
Dynamics (SORD) code, which is a generalised finite difference method (Ely et al.,
2008). As the study requires a large number of simulations, we set the maximum
frequency to 1 Hz, striking a balance between computation time and resolvable details.
Although engineers typically desire frequencies closer to 10Hz, these models depend
on physical parameters that vary significantly from region to region, and require a
thorough knowledge of the source, wave path, and site characteristics, thus limiting
their scope to a specific region. By simulating lower frequencies our results have a
broader application.
To achieve accurate wave propagation for the selected frequency, we require a
minimum of 15 nodes per wavelength. This, in combination with the aforementioned
medium parameters, leads to a spatial grid size of 125m. Given the above, the
computational time step is set 0.01 s to satisfy the numerical stability criteria given

42
by Ely et al. (2008). Given this space-time discretization and seismic wave speeds,
the highest accurately computed frequency is ≈ 1 Hz.
Receivers are placed at the free surface on a uniform grid with 1 km node spacing.
This results in more than 17000 synthetic seismograms computed in a domain of
dimensions 138 x 128 x 64 km in the North-South, East-West and vertical directions.
These seismograms are used to generate the shake maps presented in this study.
From this set, 300 locations are randomly picked and the rotated geometric mean
of the horizontal components (GMRotD50; Boore et al. (2006)) is computed for the
comparisons with an empirical ground-motion prediction equation (GMPE; Boore
and Atkinson (2008)). An additional set of five near-field sites evenly distributed
around the fault are chosen for detailed waveform comparisons. Figure 2.5 shows the
map of the receiver locations.
The simulations are run on Shaheen, a Cray XC40 supercomputer, requiring approximately 1800 core hours each, to obtain three-component seismograms of 30 s
duration.

2.3.2

Fault geometry

To estimate the effects of listricity, we use three listric profiles and one reference planar
profile for quantitative ground-motion comparisons. There are several methodologies
that can be used to create listric fault profiles, for example the chevron construction
(Gibbs, 1983; Verrall, 1981) or the modified chevron construction (Williams and Vann,
1987), both proposed to estimate listric fault shape from a roll-over profile. Similarly,
the slip-line construction (Williams and Vann, 1987) also uses the roll-over profile to
estimate the listric fault curvature, but instead of displacement affecting all material
in vertical heave segments, it assumes that the material moves along a series of slip
lines parallel to the fault profile. However, the aforementioned methods have two
shortcomings: firstly, they require a roll-over profile (usually from field observations),
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Figure 2.2: Fault profiles used in our ground-motion simulations. For the listric
profiles, the listricity coefficient (C) is fixed to 12, 8 and 4, while the initial dip is
iteratively adjusted until the average dip equals 45°. This allows us to compare ground
motions between the listric and planar simulations.
secondly they do not offer any means of parametrizing the final curvature.
To overcome these issues, we employ the method proposed by Wang et al. (2000)
to approximate the Ms 8.0 Wenchuan earthquake fault curvature. The advantage
of this method is that it does not require an initial roll-over profile to estimate the
curvature of the fault, and allows a simple parametrisation of the listricity using two
parameters based on the following equation:


C
δ = δ0 × 1 − exp −
h


(2.1)

Equation 2.1 includes the listricity coefficient (C) and the initial fault dip (δ0 ), and
can be used to estimate the depth-dependent dip (δ) for a given depth (h). By having
only two coefficients to adjust, the parameter space to be investigated remains small.
We apply Equation 2.1 to generate listric faults of low, medium and high listricity
to cover a large variety of cases for analyzing the effects of listricity throughout this
paper. Our target average dip of 45° provides the bounds for the C factor, for instance,
using a value C < 4 requires an unphysical initial dip angle δ0 > 90°. Based on this,
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we chose C factors equal to 4, 8 and 12 for high, medium, and low listricity. To find
the initial dip angle, we iteratively create fault profile realizations until the subfaults
average dip angle is within 0.1° of the target (45°). Figure 2.2 shows the listric profiles
compared to their planar equivalent (with dip 45°) used in the simulations.
The length and width of the assumed rupture plane are 30 and 20 km, respectively,
consistent with earthquake source scaling relations (e.g., Mai and Beroza, 2000; Wells
and Coppersmith, 1994) for dip-slip events of the chosen magnitude (Mw 6.8).

2.3.3

Distributions of Fault Slip

We use both uniform and heterogeneous slip models with mean slip D = 89.8cm. The
simplicity of uniform slip allows us to gain an initial understanding of the listricity
effects without complexities introduced by the rupture process. Although uniform
slip models offer a good starting point for analysis, their homogeneity can lead to
artifacts in the observations, such as exaggerated directivity effects (Bernard and
Herrero, 1994).
To overcome this, we create heterogeneous slip models using stochastically generated slip distributions following Mai and Beroza (2002). The slip-model generator
calculates a dislocation model using the spectral synthesis method in which the slipamplitude spectrum is defined through a spatial auto-correlation function or a power
law decay. Furthermore, given fault dimension, mechanism, and an autocorrelation
function of choice (we use anisotropic von Karman) the correlation length or fractal
dimension (i.e. spectral decay) of the autocorrelation function are computed using
source-scaling relations based on the given seismic moment.
From a large number of random slip distributions, we then select a subset of
models that are as diverse as possible to avoid results which could be attributed to
only a particular combination of source parameters. Figure 2.3 depicts an example
of such a stochastic slip distribution, applied to a listric and the planar-fault case.
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Figure 2.3: Examples of fault profiles with the same stochastic slip distribution
mapped onto listric (a) and planar faults (b).
The final fault parameters for the Mw 6.8 source are as follows: 20 km width, 30
km length, 0.90 m average slip, Hurst exponent H = 0.80 ± 0.11, az = 6.46 ± 0.97 km
correlation length down dip, and ax = 10.39 ± 1.08 km correlation length along strike.
Both uniform and heterogeneous models have 1 km of slip tapering towards the fault
edges to minimise possible artifacts from unrealistically strong stopping phases.
The temporal evolution of slip on each point on the fault is described using a
regularized Yoffe source time function (Tinti et al., 2005) with rise time of 3.0s, time
to peak slip of 0.15s, and a sample frequency of 0.01s. The parameters for the sliprate function were chosen to generate frequencies higher than 1 Hz, consistent with
our intended simulation frequency target.

2.3.4

Rupture speed

For our simulations, we used two different sets of rupture speeds (vrup ): uniform and
slip dependent. In the uniform case, vrup for the entire fault is set to 3.31 km/s,
equal to 92% shear wave speed. Although this provides a good starting point for
initial observations, variations in vrup have been noted to produce considerable effects
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on ground motions (e.g. Imperatori and Mai, 2012b; Graves et al., 2008; Aagaard
et al., 2001). Since our aim is to achieve a source characterisation that approximately
mimics the dynamics of earthquake rupture, without having to perform full dynamic
simulations, we correlate vrup to slip. To this end, we construct a rupture velocity
distribution that reflects the spatial properties of the slip distribution, but at the same
time allows us to control the increase of vrup with slip, the average vrup , and them
maximum and minimum rupture speed that is physically plausible. The distribution
of rupture velocity is computed based on the mean slip D and its standard deviation
σ, using the error function parametrisation as follows:

ϕ = 1.001 + 0.5 × erf

D×a
√
σ b


(2.2)

Based on careful calibration, a and b are chosen equal to a = 0.5 and b = 2 to
satisfy the above conditions (e.g., ensuring sub-shear vrup ) for all heterogeneous slip
models. Figure 2.4 shows the heterogeneous slip distributions with rupture onset
times at 1 s intervals calculated using a rupture-front tracking algorithm.
By using simple relationships between kinematic and dynamic source parameters, we can build physically self-consistent kinematic models and avoid the computational expense of full dynamic simulations. This framework is referred to as
”pseudo-dynamic” (e.g. Guatteri et al., 2003; Mena et al., 2012; Guatteri et al., 2004;
Schmedes et al., 2010; Song et al., 2009).

2.4

Results

We analyze our ground-motion simulation results in terms of shake-map like spatial
distributions of PGV, by examining a selection of three-component seismograms at
designated locations, and by comparing simulation data against empirical predictions
from GMPEs.
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Figure 2.4: Ten stochastically generated slip models with slip-dependent rupture
speed. The white lines represent rupture onset times at 1 s intervals. The slip distributions are chosen to be as diverse as possible. For example, model (g) has a
comparatively homogeneous slip with respect to model (i), which has a slip distribution concentrated near the bottom of the fault (compared to model (a)). Note that
some cases show concentrated slip near the top edge of the rupture (e.g., models (a)
and (l)), while for others slip occurs in the center of the fault plane (models (d) and
(f)).
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Figure 2.5: Receiver locations overlaid on the PGV shakemap for the uniform-slip
planar-fault case with Htop = 0.5km and δ0 = 45°. Black receivers are used in
comparing simulation results for different scenarios and against GMPE-predictions,
white numbered receivers are used in detailed seismogram comparison. The upper
edge of the fault is indicated in pink.
For simulations with homogeneous parameters (uniform isotropic medium, with
uniform slip distribution and rupture speed), we expect strongly correlated ground
motions in the fault perpendicular component. To better estimate PGV, we therefore
use the GMRotD50 metric (Boore et al., 2006), which removes the dependency from
receiver orientation by computing a set of geometric means on all possible nonredundant orientation angles and accepting the median as the best estimator. From hereon,
when referring to PGV we are referring to the GMRotD50 estimator.

2.4.1

Effects of fault listricity on near-source shaking

Let us examine how variations in the fault’s listricity affect the resulting groundmotions. The seismograms for the uniform-slip cases (Figure 2.6), reveal that aside
from the case with high listricity, the overall waveform character of the seismograms
at the selected locations has not changed much: arrival time, first motion polarity and
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Figure 2.6: Seismograms of fault parallel, fault perpendicular and vertical components
for five selected receivers shown in Figure 2.5, for the planar fault (black) and the
listric fault (red), each with uniform slip and buried at 0.125 km. Listricity increases
from left to right: column (a) is for listricity factor C=12, column (b) C=8 and
column (c) C=4.
overall amplitudes have only small differences. Receivers 1, 2 and 5 show the largest
changes due to their close proximity to the fault, and consequently higher sensitivity
to the details of the source process.
Figure 2.7 enables us to identify some trends that will carry on throughout the
paper: the PGV values on the footwall (in red) decrease as listricity increases, whereas
the PGV values on the hanging wall (in blue) increases with listricity. Moreover, if
we compare the planar fault (panel a) to the high listricity case (panel d), we see that
at distances between 8 and 12 km, the hanging wall PGVs for the listric case do not
decay as fast as in the planar case due to a focusing effect of the seismic waves.
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Figure 2.7: Ground-motion comparisons in terms of PGV (calculated using GMRotD50) for the uniform-slip case on the planar and the three listric-fault parameterizations. We chose 300 random receivers (Figure 1), and plot the Boore and Atkinson
(2008) GMPE for reference (broken line represent intra-event standard deviation).
Red receivers are located on the hanging wall and blue ones on the footwall. Subfigures a,b,c and d are respectively the planar and the listric cases for C factor 12 8 and
4. As listricity increases from (a) to (d), sites on the hanging wall shows an increase
of peak ground velocities, while sites on the footwall decrease in PGV.

2.4.2

Effects of increasing Htop

One effect we explore further is the wave-focusing as the seismic waves radiate off
the listric fault. For this purpose we simulate planar and listric faults with uniform
rupture parameters at four different Htop values: 0.5, 2.5, 5 and 10 km. We use the
maximum depth of 10 km because there is evidence from high precision foreshock
and afteshock locations that listric faults may be buried down to these depths (e.g.
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Figure 2.8: Seismograms of fault-parallel, fault-perpendicular, and vertical components of ground velocity in cm/s for five selected receivers (Figure 2.5). In column
(a) we display the planar case, with Htop at different depths. In column (b), we show
the corresponding listric cases, including the planar seismogram at Htop 0.5 km for
reference (in black). As the fault is buried deeper, the arrival times are delayed, most
notably at stations 1 and 2 on the fault-perpendicular and vertical components. In
contrast to an anticipated decrease in peak amplitudes as Htop increases, the rupture
directivity for the deeper fault generates higher amplitudes for stations 1 and 2. This
dominates the PGV calculations as the fault parallel component is much smaller in
comparison to the fault perpendicular.
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Figure 2.9: Comparison of horizontal GMRotD50 from our simulations (symbols)
with empirical predictions (lines) (Boore and Atkinson, 2008) for different values of
Htop . Subfigures (a) and (b) are for the hanging wall planar and listric simulations,
whereas subfigures (c) and (d) are for the footwall planar and listric simulations. In
the distance range 0.5km < Rjb < 5km ground velocities on the footwall of the listric
fault increase as the fault is buried deeper. This is a consequence of the focusing
effect due to the curvature of the fault. Ground motions on the hanging wall behave
more as expected, with a general trend of decreasing PGV as Htop increases.
the Campotosto fault has Htop of about 6 km, Valoroso (2016)). As the fault is
buried deeper, the intensity of the ground shaking is expected to diminish due to
the increased source-to-site distance. This behavior is observed in the planar case,
which shows decreasing ground motions for the entire domain as Htop is increased
(Figures 2.8 and 2.9). However, this pattern is not observed in the listric case, which
instead shows some very interesting characteristics. A few observations are particularly important in the seismograms in Figure 2.8: as expected, burying the faults
deeper causes a delay in the first arrival, as clearly seen at stations 1 and 2 on the
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fault-perpendicular and vertical components. Together with the shift in time, we also
expect a decrease in peak amplitudes with increasing Htop . However the area in the
forward-directivity direction of rupture (stations 1 and 2) shows consistently high
amplitudes. This dominates the PGV calculations as the fault parallel component is
much smaller in comparison to the fault perpendicular due to the homogeneity of the
medium. The reason for this will be discussed in the following paragraphs.
Figure 2.9 compares simulation based PGV-values with estimates from GMPE
(Boore and Atkinson, 2008) for increasing Htop values. In general, both planar and
listric faults are consistent with the GMPE and the notion of decreasing ground
motion with increasing Htop . However, between Rjb distances 0.5 and 5 km the listric
fault creates larger ground motions on the footwall compared to the planar case and
the GMPE.

Figure 2.10: Comparison of PGV shakemaps for the planar (top row) and the listric
(bottom row) fault with varying depth Htop (from left to right 0.5, 2.5, 5 and 10km).
In the planar case, ground motions decrease as the fault is buried, but in the listric
case this is not entirely the case. There is a an area (in red) where ground motions
do not subdue as in much as the rest of the domain, until the fault is buried 10 km
deep. This is a consequence of the wave-focusing effect caused by the curvature of the
fault. The listric fault produced PGVs over two times larger than the planar fault in
the hanging wall area within 20km of the fault trace.
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Figure 2.11: Snapshots of the geometric mean of the horizontal ground velocities
(in m/s) for the east-west vertical profile taken at 70 km northing. The listric fault
(column (b)) is parametrised with δ0 = 82°, C = 4 and Htop = 10 km, column (a) is
the planar fault. Already after 4.04 s, differences in shaking levels begin to emerge
between the planar (left) and listric (right) fault. The waves emanating from the
planar fault show a symmetrical pattern. In contrast, the shape of the listric fault
forces the wavefront to turn upwards due to its curvature. These wavefield crosssections illustrate the generation of the high PGV area (see also Figure 2.10), with
noticeable differences of how the waves interact with the free surface. The angle at
which the wave fronts reaches the surface is also different. In the planar case, it
continues propagating very close to the surface, whilst in the listric case it is reflected
back towards depth, explaining the lower ground motions on the footwall for the
listric faults with respect to planar fault.
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From the shake maps (Figure 2.10) we observe that ground motions in the planar
case decrease over the entire region as the fault is buried while for the listric case
there is an area with high PGV (in red) for which ground motions do not subdue
as much as in the rest of the domain. Figure 2.11 helps to explain this observation.
Analyzing cross-sections of the seismic wavefield at different times, we see that there
is a considerable difference between the wave fronts of the listric and planar faults
as they approach the free surface. The planar profile (left) shows a wavefront that is
symmetrical and projected towards the surface at the same angle as the fault dips.
The listric profile (right) has a very different shape and approaches the free surface at
a different angle. In the listric case this causes the waves to reflect off the free surface,
and propagate towards the bottom of the domain (this interaction is demonstrated be
observed in the video provided in the electronic supplements). On the other hand, the
waves in the planar case travel closer to the free surface for longer duration, causing
the observed lower PGV values for the footwall in the listric scenario.

2.4.3

Slip Dependent Rupture Speed

The random slip distributions (Figure 2.4) cover a variety of cases. For example, the
large slip patches are located at different azimuths with respect to the hypocenter;
in some realisations slip is concentrated in a small area, while in others it is more
homogeneously distributed. By parameterizing rupture speed as a function of slip,
we are further breaking up the coherency of the waves emanated from the fault.
This rupture complexity creates a broad range of scenarios for evaluating near-source
ground motion variability.
We start by examining seismograms from models 8, 9 and 10 (Figure 2.12). Model
8 has a fairly evenly distributed slip pattern, therefore, we expect the waveforms to be
similar to the ones of the model with uniform slip distribution. Model 9 has the high
slip patch located down dip from the hypocenter, in an area of the fault that is close to
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Figure 2.12: Seismograms for source models 8, 9 and 10 of fault-perpendicular (top
row), fault-parallel (middle row) and vertical components (bottom row) of ground
velocity (in cm/s) at the five receivers shown in Figure 2.5. For foot-wall receivers R1
(a) and R2 (b), the perpendicular components show noticeable differences between
source models, with model 10 amplitudes an order of magnitude larger compared
to model 9. In these locations, the planar fault clearly experienced larger ground
motions, and overall peak ground velocities are higher compared to other receivers
(note the scale variations). This is attributed to directivity effects. Receivers R3 (c)
and R4 (d) on the hanging wall show that model 10 with a shallow slip patch creates
smaller peaks with longer periods when compared to model 9. Model 10 creates the
largest velocities for receiver R5 (e), due to its vicinity to the high slip patch. As
the rupture-mechanism is pure dip-slip, there is very little effect on the fault-parallel
components, hence all heterogeneous models share very similar waveforms on this
component. The same applies for uniform slip. The vertical component shows a
mixture of expected and unexpected features. The ground motions on the footwall
(R1 and R2) are unexpectedly lower for model 9 with the deeper high slip patch.
For the hanging wall receivers (R3 and R4), the results are more complicated to
interpret. Interestingly, model 9 with the deeper slip patch generates higher vertical
ground velocities. It is important to note that due to the vicinity to the fault and
due to the rupture complexity, altering the location just by a few km changes the
waveforms substantially. The same can be said for receiver R5 located within the
fault projection to the surface.
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horizontal. This may potentially generate lower vertical motions compared to model
10, which has a high slip patch located up dip from the hypocenter and closer to the
free surface on a part of the fault with high dip angle. Figure 12 clearly demonstrates
the strong effects of these slip-model variations on the near-fault seismic wavefield.
The foot-wall receivers 1 and 2 (R1, R2) on the fault-perpendicular component show
noticeable differences between source models, with amplitudes of model 10 an order
of magnitude larger compared to model 9. In these locations, the planar fault clearly
experienced larger ground motions, in line with our previous observations. The overall
peak ground velocities are also higher at R1 and R2 compared to other receivers
(note the scale variations) due to directivity effects. Receiver 3 and 4 (R3, R4) on
the hanging wall show that model 10 with shallow slip patch creates smaller peaks
with longer periods compared to model 9. Model 10 creates the largest velocities for
receiver 5, due to the vicinity of R5 to the high slip patch. As the rupture direction
is pure dip-slip, there is very little effect on the fault-parallel components, so even
heterogeneous slip models have very similar fault-parallel wave forms. Finally, the
vertical motions on the footwall (R1 and R2) are lower for model 9 with the deeper
high slip patch. For the hanging wall receivers (R3 and R4), the results are more
complicated to interpret. At these locations, model 9 generates larger vertical ground
velocities. Obviously, due to rupture complexity, changing the location just by a few
km in the near-source region has profound effect on changes the waveforms.
Figure 2.13 shows PGV-ratios, computed as the PGV-values of the PGV-values of
the listric case over the planar fault for the ten different slip models. An overall trend
is clearly visible: the listric fault creates larger ground motions on the hanging wall,
while the opposite is true for the footwall. On closer inspection, two other features
can also be noted: firstly, we observe a region with PGV-values 1.5-2 times higher
in the listric case near the fault trace, generally associated with the location of high
slip patches in the upper part of the fault. Secondly, focusing is also observed on

58

Figure 2.13: Maps of PGV ratios, in which positive values represent higher PGVs
for the listric fault, while negative values represent higher PGVs on the planar fault.
A PGV ratio of unity means that the listric fault experiences ground motions 100%
higher than the planar fault. Two general observations can be made from these ratios:
first, the listric fault produces higher ground motions on the hanging wall (right part
in each map), but lower ground motions on the footwall. This is consistent with our
previous observation for the case of uniform slip (e.g., Figure 2.6). Secondly, there is
an area of high PGV for the listric fault near the fault trace, with PGV ratios in the
range of 1.5-2, indicating ground motions amplifications of up to a factor of 3 (ratio =
2). This area generally is located near high slip patches close to the top of the fault.
A secondary focusing effect can be observed on the hanging wall (between 70 and 100
km easting), which appears more pronounced in models that have a high slip patch
in the lower half of the fault (e.g., models 1 and 9) as opposed to models with a high
slip patch at a shallower depth (e.g., 1 and 10). In some cases, these focusing effects
lead to PGV ratios of 2, equivalent to a 200% PGV increase for the listric fault.
the hanging wall between 70 and 100 km easting. This focusing is generally more
pronounced for models with high slip patches in the lower half of the fault (e.g.,
models 1 and 9) as opposed to models with high slip patches at shallower depth (e.g.,
models 1 and 10). This focusing effect causes PGVs over two times higher in the
listric simulation.
As the scope of the paper is to describe general observations regarding the effects of
fault listricity on near-fault ground-motions, Figure 2.14 shows average PGVs for the
planar and listric case, considering the 10 slip-model realizations used in this study
(Figure 2.4). While the overall spatial patterns of the two shakemaps are similar,
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(a)

(b)

Figure 2.14: The average shakemap from the ten PGV maps (shown in Figure 2.13)
summarises the overall listricity effect on ground shaking levels. Firstly, the different
distribution of high values near the fault trace is noticeable, with the listric fault
having a pocket of very high PGV values (with differences over 20cm/s, i.e., two times
higher in the saturated areas in the directivity region on the footwall). Secondly, the
listric fault overall produces higher PGVs on the hanging wall compared to the planar.
Figure 2.17 shows this in more detail.
differences can be seen near the fault due to heterogeneous slip. The previously
noted differences for the hanging wall and footwall are not well developed in this
comparison. However, by examining the averaged PGV-ratios (Figure 2.17 and the
random receiver PGV comparison in Figure 2.15), these differences are much better
visible. The region with higher ground-motions for the listric case, near the fault
trace, is clearly visible, and the secondary focusing on the hanging wall (between 80
and 95 km easting) becomes much more evident, showing PGV-values that are over
1.5 times larger for the listric fault then for the planar one.
As an additional analysis, we examine the final surface displacements by integrating the surface seismograms in time. The final displacements are also compared to
Okada static displacement models (Okada, 1992), yielding identical result. The curvature of the listric fault creates the premises for a region of uplift on the hanging wall.
Figure 2.16 shows that between 70 and 100 km the observed final static displacement
in the listric case is over 4 times larger than in the planar case to accommodate the
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Figure 2.15: PGV comparison with respect to Boore and Atkinson [2008] GMPEs
(broken line represent intra-event standard deviation) at 300 random receiver locations for the average shake maps in Figure 2.17. Column (a) is for the footwall, and
column (b) for the hanging wall. Red and blue receivers represent the listric and
planar geometries, respectively. This figure illustrates that at short Rjb distances the
footwall experiences higher PGV values in the listric scenario, but lower PGV beyond
distances of 10 km. The hanging wall in general has higher PGVs in the listric case,
with a peak at an Rjb distance of around 15 km (similar to what can be seen in the
PGV ratios map in Figure 2.17).
curvature of the fault plane.

2.5

Discussion

At least three general observations can be made about the effects of listricity on near
field ground motions: (1) as listricity increases, the hanging wall shows an increase
of peak ground velocities and the footwall a decrease with respect to the planar case;
(2) an increase of Htop affects the planar and listric fault very differently; in the
former, we clearly see ground motions decreasing as the fault is buried, where as in
the latter this is not entirely the case. This can be seen in Figure 2.10, where the
area adjacent to the fault trace continues to experience high ground motions until
the fault is buried 10 km deep; (3) by averaging the computed PGV-shakemaps for
the heterogeneous slip models, and computing PGV ratios (Figure 2.17), we discover
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Figure 2.16: Comparison of final surface displacements for the fault perpendicular
(column (a)), fault parallel (column (b)) and fault vertical (column (c)). The plots
are computed by integrating the surface seismograms in time. The curvature of the
listric fault creates the premises for a region of uplift on the hanging wall. Between 70
and 100 km easting the observed final static displacement in the listric case is over 4
times larger than in the planar case to accommodate the curvature of the fault plane.
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Figure 2.17: Average PGV ratios of the ten maps shown in Figure 2.13. Positive
values represent higher PGVs for the listric fault, while negative values represent
higher PGVs on the planar fault. This graph corroborates our previous observation
that the listric fault produces higher ground motions on the hanging wall and lower
on the footwall. Note the region of high PGVs for the listric fault near the fault
trace (with listricity creating values 1.5-2 higher than the planar) and a secondary
wave-focusing effect on the hanging wall between (70 and 100 km easting).
a secondary focusing affect on the hanging wall, where at Rjb distances of 10-15 km
PGV values were over 1.5 times higher in the listric case. Most likely, the location
of this focusing depends on the average dip, but further simulations are necessary to
test this conjecture.
In the electronic supplement, we present a fourth observation based on vertical
surface displacements. The curvature of the listric fault creates the premises for a
region of uplift on the hanging wall, where the final displacements are over 5 times
larger than in the planar-fault case.
Our results have strong implications for seismic hazard assessment in case listric
faults are located in proximity of important structures. For example, in the Campotosto area in Italy, where parts of the fault are running under the Campotosto
dam, very strong ground-motion variability may be expected, and the potential for
differential vertical near-fault displacement cannot be ruled out. At these distances
(less than 1 km), the listric faults simulations predict twice larger PGV values than
for the comparable planar fault, as well as for a GMPE-based estimation. These
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findings should be considered when updating the seismic hazard assessment at this
(and similar) locations, as it may affect the structural design criteria.

2.6

Conclusion

Numerical simulations show that ground-motion amplitudes are affected by listricity
in an intricate manner. At least three general observations illustrate of listricity on
near field ground motions:
• With increasing listricity, peak ground velocities reduce on the footwall and
increase on the hanging wall.
• Burying the fault, generates strong wavefront-focusing effects and creates areas
close to the fault trace with peak ground motions that are 2.5 times higher than
for the planar case.
• Secondary wave-field focusing effects for-hanging wall sites at Rjb distances of
10-15 km cause PGV values over 1.5 times higher than for the planar case.
In the example of the Campotosto fault (Italy), the listric fault simulations for
the region of the Campotosto dam predict twice larger PGV values than for the
comparable planar fault, or the GMPE-based estimation. The implications of ignoring
source effects of listricity in the near field region could have serious consequences
for such man-made structures. In conclusion, listricity causes systematic changes in
ground motions, making it an important factor when estimating seismic hazard in the
near field region, where the effect of fault geometry enhanced by the rupture process
are most influential.

2.7

Data and Resources

Stochastic slip distributions in this study were created using the RUPGEN tool located at http://equake-rc.info/CERS-software/rupgen/
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Chapter 3
Ground-motion simulations for the Gulf of Aqaba region
using pseudo dynamic rupture models

3.1

Abstract

The Gulf of Aqaba is the seismically most active region of Saudi Arabia, as revealed
by the frequent occurrence of small-to-moderate (Mw < 5) earthquakes recorded
since the Saudi Geological Survey (SGS) broadband seismic network came online in
2008. Previous intermittent swarm activity and the destructive 1995 Mw 7.3 Gulf of
Aqaba earthquake remind us of the seismic hazard in the region. Since the 1995 sequence, seismic risk has considerably increased due to the expansion of coastal cities,
driven mainly by the growing population, tourism and the investments in national
projects. The recency of the seismic network and corresponding lack of historical data
presents engineers with a significant knowledge gap. We attempt to close this gap by
computing synthetic earthquake scenarios and studying the consequences of various
combinations of seismic events. To this end, we include the latest information available for the area: (1) the latest inverted 1D model, and (2) the latest topographic
and bathymetric data. We conduct kinematic rupture simulations that mimic dynamic rupture behavior for computing the 3D seismic wave-field in the area; we use a
simplified four segment geometry and simulate single as well as multi-segment cases
to assess the level and variability of ground-shaking. We find that regions along the
average strike of the fault system experience larger ground motions than predicted by
Ground Motion Prediction Equations. The converse is true for regions lying perpen-
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dicularly to the fault system. Topography introduces scattering, causing sites near
each other to have significant differences in terms of peak ground velocities. Finally,
the refraction induced by the velocity model causes a concentration of the wavefield
100-150 km away from the fault. These findings are particularly important for the
recently announced projects: King Salman bridge and NEOM, jointly bringing over
500 billion dollars of investments in the Gulf region.

3.2

Introduction

The Gulf of Aqaba originated during the Pilo-Pleistocene period (2 Ma ago) along the
southern part of the Dead Sea Transform (DST) (Quennell, 1958; Barjous and Mikbel,
1990; Lyberis, 1988). The DST system extends for ∼1000km along the boundary
between the Levantine subplate and the Arabian plate. It connects the East Anatolian
fault system in the north to the Red Sea spreading center in the south. Garfunkel
and Ben-Avraham (1996) and Quennell (1958) estimate that during its active period
the system has accumulated over 100km of left lateral displacement. The slip rates
vary along the tectonic boundary, but Holocene rates of motion for the Gulf of Aqaba
region are estimated to be 4 ± 1 mm/y (Hartman et al., 2014).
The Gulf hosts four main faults in en echélon formation striking approximately
20°N. They connect three major pull-apart basins, the Elat, Aragonese, and Dakar
deeps, with depths of over 1800m. The tectonic setting and seismic activity, makes
the Gulf of Aqaba the area with the highest seismic hazard of Saudi Arabia (see
Figure 3.1). This has prompted numerous studies that aim at understanding both the
driving tectonic mechanisms (Lyberis, 1988; Barjous and Mikbel, 1990; Badawy and
Horváth, 1999; Eyal et al., 1981) and the associated seismological aspects (Badreldin
et al., 2016; Al-Tarazi, 2010; Al-Homoud, 2003; Malkawi et al., 1999).
The 1995 Mw 7.3 (Klinger et al., 1999; Hofstetter et al., 2003) and 1993 Ms
6.1 (Pinar and Türkelli, 1997; Abdel-Fattah et al., 1997) Gulf of Aqaba earthquakes
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Figure 3.1: Seismic hazard map showing PGA at 10% probability of exceedance
over the next 50 years. The Gulf of Aqaba and the surrounding region are
exposed to the most significant hazard in Saudi Arabia. Map produced from
http://map.seismo.ethz.ch/map-apps/map-viewer/index.html
caused extensive damage in the region, affecting the cities of Nuweiba (Egypt), Aqaba
(Jordan) and Eilat (Israel) primarily, but also damaging towns as far as Al-Ula and
Haql (Saudi Arabia). Three swarms were recorded in 1983, 1990, and 1993 with
magnitudes reaching close to Ml 5 (Klinger et al., 1999). Finally, macroseismic studies
by (Ambraseys et al., 2005) show evidence for two-three events with magnitudes
exceeding 6.5-7 occurring in the area in the last 2000 years.
Since the 1995 Mw 7.3 Gulf of Aqaba seismic sequence that injured almost 50
people, the cities surrounding the gulf have seen a considerable expansion, mostly
thanks to the growing population, tourism, and investments in national projects.
The latter includes the projected King Salman bridge connecting Saudi Arabia to
Egypt via a causeway across the Straits of Tiran (with an estimated budget of 4
billion US dollars) and the 26,500 km2 smart city of NEOM (with an estimated
budget of 500 billion US dollars). These ongoing and planned large infrastructural
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investments require detailed seismic hazard assessment for adequate planning and risk
management. However, the recentness of the seismic network and corresponding lack
of data presents engineers with a severe knowledge gap. We contribute to reducing
this gap by computing synthetic earthquake scenarios to study the consequences of
various combinations of seismic events. To this end, we conduct kinematic rupture
simulations that mimic dynamic source behavior for computing the 3D seismic wavefield with a maximum frequency of 1Hz.

Figure 3.2: Map of the simulation domain. The four main fault segments reproduced
from Klinger et al. (1999) (in black) together with the epicenter location of the Mw 5.1
(star) Nuweiba earthquake, and the five stations from the Saudi Geological Survey
(in red) used for calibration.
To assess the intensity and variability of ground-shaking levels, we construct a
four-segment fault geometry (Figure 3.2 for the Gulf and simulate (1) single rup-
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tures along each of the four mapped segments, and (2) multi-segment ruptures. For
the simulation domain, we include the latest data available for the area: (1) a recently published 1D velocity model from Tang et al. (2016), (2) the 120 m-resolution
topographic data and (3) 900 m-resolution bathymetric data.

Data and resources
Population statistics retrieved from http://worldpopulationreview.com/ last accessed
September 2017.
Hazard map generated via http://map.seismo.ethz.ch/map-apps/map-viewer/index.htm
The SRTM topography was retrieved from the online Global Data Explorer, courtesy
of the NASA EOSDIS Land Processes Distributed Active Archive Center (LP DAAC),
USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South
Dakota, https://gdex.cr.usgs.gov/gdex/.

3.3
3.3.1

Computational aspects
Simulation domain

For quantitative seismic hazard assessment, the Earths surface is an important boundary capable of affecting wave propagation in complex ways. Observations show that
in regions with pronounced topography, the amplitude of shaking at mountain tops
and ridges can be significantly larger than the amplitude of shaking in the valleys
(Hartzell et al., 1997; Ma et al., 2007; Spudich et al., 1996; Assimaki and Jeong,
2013; Lee et al., 2009). Because of the challenges of incorporating elevation changes
at the free surface boundary, simulations using the more common finite-difference
methods rarely consider realistic topography. However, there have been many numerical investigations on how topography affects ground motion (e.g., Frankel and
Vidale (1992); Sanchez-Sesma and Luzon (1995); Bouchon et al. (1996); Komatitsch
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Table 3.1: Medium parameters
Depth (m) vp (m/s) vs (m/s) ρ (kg/m3 )
Top
5000
2819
2348
-2500
5000
2819
2348
-5000
5224
2985
2441
-7500
5224
2985
2441
-10000
5550
3171
2546
-12500
6047
3455
2705
-15000
6295
3597
2784
-17500
6295
3597
2784
-20000
6447
3684
2833
-22500
6621
3783
2888
-25000
6780
3874
2939
-27500
7059
4034
3029
-30000
7305
4174
3107
-32500
7343
4195
3119
-35000
7343
4195
3119
-37500
7343
4195
3119
-40000
7419
4240
3144
and Vilotte (1998); Durand et al. (1999); Komatitsch et al. (2004); Pitarka and Helmberger (2009); Hartzell et al. (2013); Imperatori and Mai (2015); Hartzell et al. (2016))
demonstrating its importance for accurate seismic hazard assessment.
Although the Gulf of Aqaba is a narrow structure 180 km long and 25 km wide,
it is characterized by significant basins and surrounding high mountains. Three pullapart basins, the Elat Deep, the Aragonese Deep and the Dakar Deep (Klinger et al.,
1999), shape the complex bathymetry with depths reaching over 1800 m, while the
neighboring region hosts high mountain ranges with peaks exceeding 2600 m, creating a total elevation difference of over 4000 m. Such striking topographic changes
affect wave-field propagating near the surface by scattering the wave-front, adding
complexity to the ground motions even at short distances from the fault.
Bathymetry data for the simulations was obtained from the GEBCO 2014 Grid,
version 20150318 at a resolution of 30 arc-second, whereas the topography data was
obtained from ASTER GDEM, a product of NASA and METI, at a resolution of 30
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m.
The velocity model is a modified version from Tang et al. (2016), whereby we do
not allow for low-velocity zones. Table 3.1 shows the medium parameters at 2.5km
depth intervals.

3.3.2

Source models
km
0
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0

-10

Depth (km)

-10
-15

-20
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-30
-40
29.73

34.08

-25

29.28
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34.62

Longitude (°)

-30

28.38
27.93
34.80

Latitude (°)

Figure 3.3: Hypocenter locations of earthquakes near the Gulf of Aqaba from December 2005 to December 2015. The figure shows a maximum likely seismogenic depth
of 20-25 km. The map uses data provided by the SGS.

As we aim to estimate ground motions and its variability, we simulate multiple
dislocation models for each segment to gather enough samples to have statistically
meaningful results. We avoid uniform source parameters (e.g., rupture velocity, rise
time) as the inherent coherency of the wavefront in such parametrization leads to
artificially high ground shaking levels. Therefore, we use pseudo-dynamic source
models defined as kinematic models in which slip, rupture velocity, and slip-velocity
function are varied in a way to emulate observed slip distributions of past earthquakes
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and the temporal behavior of spontaneously propagating dynamic ruptures observed
in simulations (Guatteri et al., 2004).
To produce such source models, we first estimate the maximum width and length
for each segment. Since almost the entire fault system is submerged, the exact dimensions are difficult to estimate. Previous studies by Ben-Avraham (1985, 1987)
used bathymetry, bottom photographs, continuous seismic profiles, seismic refraction, gravity, magnetics, heat flow, and coring to constrain the tectonics of the area.
In this manuscript, the lengths are extracted using the map from Klinger et al. (1999)
(reproduced in Figure 3.2), which is based on the aforementioned studies. To estimate
the width, we use earthquake activity catalogs (provided by the SGS) leading to a
seismogenic depth of 20-25 km (see Figure 3.3).
From the estimated dimensions, we generate stochastic heterogeneous slip distributions following the scaling relationships from Mai and Beroza (2002). Using a slipmodel generator, we calculate a dislocation model using the spectral synthesis method
where the slip-amplitude spectrum is defined through a spatial auto-correlation function or a power law decay.
For example, the fault parameters for a Mw 7.2 occurring on segment 3 are as
follows: 20 km width, 89 km length, 1.3 m average slip, Hurst exponent H = 0.80 ±
0.11, az = 6.46 ± 0.97 km correlation length down dip, and ax = 10.39 ± 1.08 km
correlation length along strike. The models have slip tapering towards the fault edges
and bottom to minimize possible artifacts from unrealistically strong stopping phases.
The top of the fault is considered to break the surface, hence, no tapering is applied.

Each fault is discretized in regular 0.25 km by 0.25 km grid, and the slip temporal
evolution at each point is prescribed using a regularized Yoffe source time function
(Tinti et al., 2005). Table 3.2 summarizes the key parameters for each fault and the
resulting source models are shown in Figures 3.4, 3.5, 3.6 and 3.7. Even though the

73

Slip (m)

Peak slip velocity (m/s)

Down dip (km)

3

4

5

3

2

10

2
1

15
20

1

0

Rise time (s)

0

Onset time (s)

10

3

15

16

4

6

5

2

20

1

10

8

15

12

14

Down dip (km)

4

6

8

4

10

20

30

40

50

10

20

Along strike (km)

30

10
5

2

40

0

50

Along strike (km)

(a) Slip model 1
Down dip (km)

Slip (m)

Peak slip velocity (m/s)
3

4

5
3

2

10

2
1

15
20

1

0

Rise time (s)

0

Onset time (s)
14

4

10

3

2

2

2

20

1

10

20

30

40

50

4
12

6

8

8

15

10

15
10

6

5

8

Down dip (km)

5

5

4

14

10

20

Along strike (km)

30

40

0

50

Along strike (km)

(b) Slip model 2
Down dip (km)

Slip (m)

Peak slip velocity (m/s)

5

3

10

2

15

1

4

2

20

0

Rise time (s)

10

8
6

2

20
10

20

30

40

50

5
14

15

8

Down dip (km)

2

12

3

2

14

10

15

4

4

10

4

8

5

0

Onset time (s)

5

1

Along strike (km)

4

10

20

6

30

40

50

0

Along strike (km)

(c) Slip model 3

Figure 3.4: Three parametrizations for Fault 1 kinematic sources.
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Figure 3.5: Three parametrizations for Fault 2 kinematic sources.
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Figure 3.6: Three parametrizations for Fault 3 kinematic sources.
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Figure 3.7: Three parametrizations for Fault 4 kinematic sources.
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hypocenter locations are chosen close to the central third of the fault, each model is
run twice, once as they appear in the figures mentioned above, and once mirrored
along strike direction to equalize source effects.
Table 3.2: Dimensions and magnitudes of each fault segment.
Segment length (km)
1
57
2
76
3
89
4
86

3.3.3

width (km)
20
20
20
20

Mw
7.1
7.18
7.24
7.21

Simulation methodology

We perform ground motion simulation with SeisSol, a seismic wave propagation solver
based on the Arbitrary high-order accurate DERivatives Discontinuous Galerkin (ADERDG) method (Dumbser and Käser, 2006; Käser and Dumbser, 2006; Käser et al.,
2010). The use of unstructured tetrahedral meshes in ADER-DG allows for variable
size elements in the mesh. By using small elements at the surface, we accurately
represent the topography while we increase their size at depth following vs to reduce
computational cost while maintaining the desired frequency accuracy of 1Hz. Beyond
50 km depth we drastically increase element size to avoid incurring in unnecessary
computation while ensuring no reflections from the domain lower boundary contaminates seismograms at the surface. We produce three outputs from the simulations: 1)
100 Hz seismograms for 5357 evenly distributed surface locations, plus five placed at
the SGS stations shown in figure 3.2; 2) 10 Hz surface output at each mesh element
for visual analysis; 3) Volumetric output (at each mesh element) to investigate the
influence of the velocity model on waves travel path.
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Figure 3.8: Simulated and observed PGVs at five stations for a Mw 5.1 earthquake
in the region of interest. The ◦ represents observed data provided by the SGS, the
× and + represents simulation data with and without topography respectively. The
simulation values fit reasonably well the observed data. We must take into consideration the unavailability of the velocity model used for the inversion and of the moment
tensor. Noteworthy is the low PGV value recorded at HAQS (orange) when compared
to stations further away and the reference GMPE. Overall, the simulation with included topography (denoted by ×) is closer to the observed data. The underestimated
ground motions are likely due to the uncertainty associated with magnitude.

3.3.4

Calibration

Since the aim of this study is to predict likely ground shaking levels for the Gulf of
Aqaba area, we calibrate our models with a previous earthquake. Catalogs contain
very few Mw > 5 well-instrumented events, moreover location and timing have moderately large uncertainties. For our calibration, we chose a Mw 5.1 earthquake that
occurred June 27, 2015 on the Egyptian side of the gulf (see star in Fig. 3.2).
The earthquake information is contained in both the Saudi Geological Survey
(ID 122477) and IRIS (ID 5150083) catalogs, however, magnitude estimates vary
considerably: the IRIS catalog estimates a Mw of 5.6 as compared to only Mw 5.08
from the SGS. There are also small variations in location (circa 11 km difference
between the epicenters) and depth (SGS hypocenter is circa 8km shallower). Since the
SGS catalog does not provide the moment tensor inversion, we use the one provided
by IRIS. After running both scenarios, we settled for the magnitude and location
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Figure 3.9: Seismograms for HQLS station (largest PGV difference between observed
and simulated) for test earthquake. The left column shows ground velocities for the
three components, and the right column shows Fourier spectra amplitude with the
black line indicating the 1/ω spectral decay. Without knowing the velocity model
used in the inversions, the accurate hypocenter location, and the moment tensor, it is
challenging to match observed seismograms. However, we can see the large motions
in the two horizontal components associated with S-waves arrive at a similar time.
Although amplitudes are somewhat different, this can be attributed to the uncertainty
in the strike direction and magnitude of the event.
proposed by the SGS as PGV distribution better matched the observations.
Using scaling relationships from Mai and Beroza (2000), we estimate fault width,
length and mean slip to be 6.6 km, 4.7 km, and 4.6 cm respectively. Slip evolution
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KRABS - PGV sim:0.0003 obs:0.0003
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Figure 3.10: Seismograms for KRABS station (smallest PGVs difference between
observed and simulated) for test earthquake. The left column shows ground velocities
for the three components, and the right column shows Fourier spectra amplitude with
the black line indicating the 1/ω spectral decay. Similar to Figure 3.9, it is challenging
to replicate the seismograms with all the uncertainties associated with the source.
in time is prescribed by a regularized Yoffe function with a 0.0005 s timestep; the
duration and acceleration are correlated to slip.
Figure 3.8 shows the comparison between observed, simulated, and the GMPE
values from Boore and Atkinson (2008). For stations HAQS, BDAS and KRABS,
simulated and observed data fit very well, with HQLS having the largest deviation. In
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general, simulated data slightly under-predict ground motions, this can be caused by
an underestimation of the moment magnitude. A striking detail is the low simulated
and observed PGV at the nearest station HAQS, located approximately 33 km from
the epicenter. Comparable simulated and recorded PGV values were observed at
BDAS, located over 30 km further away than HAQS from the epicenter. We can
exclude directivity effects as a possible explanation because a simple point source
was used in the simulation; we rather attribute this observation to a combination of
the radiation pattern, velocity model, and topography, with the contribution of the
latter seen comparing the simulation with (denoted by ×) and without (denoted by
+) topography.
Since the simulation is close to the recorded values, we accept this calibration
as sufficient to show that our Earth model parametrization is adequate for further
kinematic scenario simulations.

3.4

Results

In this section, we analyze the synthetic ground-motion simulation results in terms of
spatial distributions of PGVs and validate them against empirical predictions from
GMPEs.
Although the slip models are heterogeneous and the topography pronounced, we
still expect correlated ground motions, mostly because of the simple 1D velocity
model. To better estimate the ground motions, we use the GMRotD50 metric (Boore
et al., 2006). The method removes the dependency from receiver orientation by
computing a set of geometric means on all possible non-redundant orientation angles
and accepting the median as the best estimator. When referring to PGV, we are
referring to the GMRotD50 estimator.
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Figure 3.11: PGV maps for the fault models in Figures 3.4, 3.5, 3.6, and 3.7. The
three rows show the three models for a single fault, and the four columns show the
four different faults used in the study. As expected, forward directivity is stronger
for dislocation models where the hypocenter is closer to the fault end.
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Figure 3.12: PGV maps for the mirrored fault models in Figures 3.4, 3.5, 3.6, and
3.7. The three rows show the three models for a single fault, and the four columns
show the four different faults used in the study. As expected, forward directivity is
stronger for dislocation models where the hypocenter is closer to the fault edge.

3.4.1

Single segment rupture scenarios

Since we are not able to predict which fault will rupture next, we first analyze at
the statistics for the entire fault system by computing PGV average, standard devi-
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Figure 3.13: PGV comparison between simulated and GMPE. Values greater than
zero indicate simulated PGV is higher than predicted by the GMPE. Symbols indicate
a specific fault, and colors different stochastic slip realizations. The x axis indicates
Rjb distance to the fault, empty symbols represent fault models in Figures 3.4, 3.5,
and 3.6 while the filled symbols represent their mirrored versions (indicated also by f).
The position of Haql with respect to segment 1 (indicated by triangles), means ground
motions are expected to be much lower when compared to GMPEs. The opposite is
valid for segment 3. Segment 2 is significantly affected by hypocenter location, with
directivity playing a significant role in realization 2c. Ground motions at the city of
Aqaba generally agree with predictions from GMPEs. Only in the case of segment
3 they are consistently higher than expected. Tiran Island location with respect to
segment 2 shows higher values than predicted by GMPEs, but far less so for other fault
segments. For fault 1 and 4 it is very close to expectations from GMPEs. Except for
fault 1, Nuweiba is expected to have lower ground motions than predicted by GMPEs.
The coastal city of Sharm el-Sheikh is located in one of the most hazardous areas of
the Aqaba region, with simulated ground motions consistently higher than predicted
from GMPEs. The city of Magna overall experiences lower PGVs than predicted by
GMPEs for almost all cases, except for some realizations of fault 1. Sharma’s location
off-axis from the main strike direction of the fault system means it consistently sees
very low ground motions when compared to GMPEs.
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ation and maximum from the entire ensemble of simulations. Figure 3.14 shows the
largest PGVs mostly concentrated in the coastal areas, with average values exceeding
4-5cm/s. The cities of Aqaba, Haql, and Sharm el-Sheikh lie in the directivity region
of the fault system and are expected to be subject to ground shaking levels exceeding
7-8 cm/s on average. The Straits of Tiran is the area expected to have the highest
ground shaking on average. The largest contributing factor is its location with respect
to the strike of the three southernmost faults: Tiran Island, Sharm el-Sheikh, and
the surrounding areas lie within the faults axes, placing them at one of the most destructive locations of the radiation pattern of a strike-slip fault. The city of Sharma,
on the other hand, is located far and perpendicularly to the fault axes, recording
average ground motions not exceeding 3 cm/s. The maximum PGVs map in Figure
3.14a shows a high PGV ”corridor” in the South/West-North/East direction with
values in the order of 15 cm/s combined with near faults values exceeding 30 cm/s,
in accordance with the data reported from Akkar and Özen (2005). The effects of
topography are seen both in the mountainous areas East and West of the simulations
domain. A scattering effect caused by the mountains is visible in almost every simulation. Figure 3.13 shows the natural logarithm of the ratios between simulated and
GMPE PGVs. For cities such as Hqal, and Sharm el Sheikh, GMPE estimates are
sometimes up to 2 times higher than simulations. In contrast, for cities that lie in
the directivty zone of the fault system (e.g. Magna and Sharma), simulations show
PGVs two times higher than predicted by GMPEs.

3.4.2

Multi-segment rupture scenarios

Considering the ability of a rupture to jump across fault-segment boundaries is necessary for accurate evaluation of seismic hazard (Oglesby, 2008; Kase and Kuge, 2001).
Field observations by Wesnousky (1988); Sieh et al. (1993); Lettis et al. (2002); Wesnousky (2006); Yıkılmaz et al. (2015) and numerical modeling by Segall and Pollard
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Figure 3.14: Maps showing maximum (a), average (b), and standard deviation (c)
for all single-segment source models. Most of the large average ground velocities
(exceeding 8 cm/s) are recorded within the gulf itself. The cities along the coast of
the gulf (e.g. Nuweiba, Aqaba) are subject to the largest ground motions. Lower
PGVs and standard deviation are seen in the areas far from the strike axis of the
fault system (e.g. Sharma). The mountainous areas South Wast of Nuweiba (Lat
28.47°) and between Haql and Magna combine the effects of pronounced topography
with directivity to create large uncertainties. The maximum map shows amplitudes
larger than 20cm/s in all the major cities, except Sharma.
(1980); Harris et al. (1991); Harris and Day (1993, 1999); Kase and Kuge (2001);
Duan and Oglesby (2006) initially suggested that ruptures are unlikely to cross stepovers larger than 4-5 km. However, both the 2001 Kokoxili (Antolik et al., 2004) and
the 2001 Kunlunshan earthquakes (Xu et al., 2002) demonstrate that, under certain
conditions, it is possible for ruptures to jump distances up to ∼10km. Moreover, in
3D dynamic simulations carried out by Hu et al. (2016), strike-slip faults with extensional step-overs (similar to the ones found in the Gulf of Aqaba), were able to cross
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Figure 3.15: Source model for rupture jumping scenario 1. Contour lines are spaced
at 1 s intervals with proportionally increasing thickness.

Figure 3.16: Source model for rupture jumping scenario 2. Contour lines are spaced
at 1 s intervals with proportionally increasing thickness.

88

Figure 3.17: Source model for rupture jumping scenario 3. Contour lines are spaced
at 1 s intervals with proportionally increasing thickness.
distances exceeding 10km.
The four-fault model used in our simulations has an average inter-segment distance
of ∼ 10 km. Although the probability of the rupture jumping such distances is low
(Biasi and Wesnousky, 2016), we must consider the presence of smaller bounding
faults connecting each of the three step-overs in the Gulf of Aqaba. Although using
simple parallel fault geometries, Lozos et al. (2015) identified their importance in
controlling the jumping process. By inserting small intermediate faults between the
major segments, they were able to create the required conditions for the rupture to
jump across the gap.
In light of this, we cannot ignore the possibility of rupture-jumping across the
extensional step-overs in the Gulf of Aqaba. In this section we analyze the following
three scenarios: 1) the rupture starts in the southern part of fault-segment 2, propagates northward and jumps across to fault-segment 1 and continues propagating
northward (Figure 3.15). 2) the hypocenters are located in the overlapping zone of

89
segments 2 and 3, simulating a bilateral propagating of the rupture (Figure 3.16). 3)
the hypocenter is located in the southern part of fault 4, propagates north and as it
reaches the kink the rupture dies out and jumps on to segment 3 (Figure 3.17).
When comparing single-segment (Figures 3.11 and 3.12) to multi-segment scenarios (Figure 3.18) in terms of PGV distributions, the maximum values are not
shifted significantly. The high PGVs for Sharm el-Sheikh and the Straits of Tiran
(shown in Figure 3.18) are the consequence of an increased directivity effect rather
than the interactions of two segments rupturing at once. The hypocenter locations
for multi-segment ruptures are placed closer to the edges of the fault plane than in
single-segment scenarios. This difference causes the amplitudes of the seismic waves
in the forward directivity to be marginally higher. The most significant difference
between single- and multi-segment scenarios is the wider spread of areas affected by
large (over 15 cm/s) PGV.

3.5

Conclusion

By analyzing the ground motions estimates from numerical modelling we conclude
the following:
• Areas adjacent to the Gulf of Aqaba are the most affected by a potential earthquake occurring on any of the four main faults, with maximum PGVs exceeding
25 cm/s. The proposed locations for the King Salman bridge (across the Straits
of Tiran) is one of the most affected areas. As we move east perpendicularly to
the average strike direction of the fault system and into the proposed area for
NEOM, predicted ground motions decrease to below 5 cm/s.
• The high ground motions observed between 100km 150km from the high slip
asperity are a consequence of the velocity model. As the waves travel down
through the different layers, refraction cause them to bend upwards until they
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Figure 3.18: PGV maps for the three rupture jumping scenario in figures 3.15, 3.16
and 3.17. Overall ground shaking levels are similar to single fault scenarios. The
biggest differences (for example in subplot b) are due to the hypocenter locations
being very close to the edge of the fault increasing the foreward directivity effect.
finally start travelling towards the surface (see video in electronic supplement).
• Multi-segment scenarios do not produce distinctly different ground motions,
instead high PGV areas cover a wider region when compared to single rupture
scenarios.
• Topographic effects are observed south/west on Nuweiba an east of Haql, where
mountains and ridges cause PGV variations greater than a factor of 3 over few
km, showing the importance including topography in the simulations.
The results of this study should be taking into consideration for estimating hazard due to from long-period ground shaking in the Gulf of Aqaba area. They also
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Figure 3.19: Seismograms for multi-segment scenario 2 and single-segment scenarios
on faults 2 and 3. From the seismograms alone it is challenging to distinguish between
the multiple and single segment scenarios.
illustrated the importance of physics-based ground motion simulations in providing
accurate estimates for ground shaking levels.

3.6

Future work

At the time of writing, an interdisciplinary project is performing extensive research
in the Gulf of Aqaba and Straits of Tiran (GAST) area. The most significant dataset
for improving future simulations is the high-resolution bathymetry collected during a
cruise. The benefits are twofold: firstly it will provide a considerable improvement for
the submerged free surface of the simulation domain, secondly and more importantly,
it will reveal more accurate fault traces. With non-planar fault traces, we expect the
directivity effects to be reduced, spreading the areas with high ground motions wider
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and reducing the maximum PGV.
The velocity model can be further improved by incorporating 3D aspects and
introducing a low-velocity layer to account for the sediments and salt deposits in the
southern part of the Saudi Arabian’s coast. The latter is expected to increase the
PGV in the sedimented area, but further studies need to investigate the depth and
velocity profile.
During the 1995 Mw 7.3 Gulf of Aqaba earthquake, a tsunami was observed in the
cities of Elat and Aqaba. It is therefore likely that future events will also be capable
of generating one. Tsunami simulation can take our numerical ground shaking as
input, and estimate future ones, further improving overall hazard estimates for the
area.
Finally, dynamic ruptures can determine the likelihood of rupture jumping across
the four main fault segments. This investigation can be carried out once the newly
acquired bathymetric data is interpreted and the fault maps become available from
the GAST project.
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3.8
3.8.1

Appendix
Multi-segment scenario seismograms.

Figure 3.20: Seismograms for multi-segment scenario 1 and single-segment scenarios
on faults 1 and 2 for the North/South component.
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Figure 3.21: Seismograms for multi-segment scenario 1 and single-segment scenarios
on faults 1 and 2 for the East/West component.

Figure 3.22: Seismograms for multi-segment scenario 2 and single-segment scenarios
on faults 2 and 3 for the North/South component.
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Figure 3.23: Seismograms for multi-segment scenario 2 and single-segment scenarios
on faults 2 and 3 for the East/West component.

Figure 3.24: Seismograms for multi-segment scenario 3 and single-segment scenarios
on faults 3 and 4 for the North/South component.

96

Figure 3.25: Seismograms for multi-segment scenario 3 and single-segment scenarios
on faults 1 and 2 for the East/West component.
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Chapter 4
Conclusion

This dissertation focused on understanding and providing a quantitative analysis of
near source ground motion given certain fault parameterization at different scales.
Our numerical results have strong implications for engineering applications and more
broadly to seismic hazard assessment in general.

4.1

Effects of listricity on near field ground motion

By using a simple formula to define the profile of a listricity, we were able to make the
following key observations: (1) when the fault is more listric, peak ground velocities
increase on the hanging wall and decrease on the footwall, (2) ground shaking levels
for the listric fault do not decrease as expected when burying the fault deeper, but
present an area near the fault trace where PGV continues to remain comparable until
Htop = 10 km and (3) we found that PGV values on the hanging wall at Rjb distances
of 10-15 km PGV were over 1.5 times higher in the listric case.
There are many points where future research on listricity can expand on. The
models used in the study are simple by design to facilitate the interpretation of the
results. Defining the listric profiles by only initial dip angle and a listricity coefficient,
allowed us to quickly explore the parameter space (of physically realistic profiles) with
only a few samples.
The average dip angle of all the faults in the study was kept to 45°, a first step
is to also vary the average dip angle to estimate the angle at which listricity makes
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a significant contribution. Progressing from that, dynamic simulations can further
enhance our understanding in ways difficult to anticipate: as the waves from the
deeper part of the fault characterized by lower dip angles interact with with updip
part of the fault they can hinder or promote rupture propagation by affecting both
normal and sheer stresses. Finally, a study should aim to replicate ground shaking of
a well instrumented earthquake on fault with a strong enough listric profile (identified
by the criteria in the first step).
Based on the research above, we can better estimate the implications for seismic
hazard assessment in the case listric faults, the findings should be included in all
future seismic hazard assessment.

4.2

Ground motion simulations in the Gulf of Aqaba region

New data for the Gulf of Aqaba is currently being collected as part of the GAST
project. New high-resolution bathymetry will provide a higher resolution free surface
for the submerged part of the simulation domain. More importantly, it will enable
better mapping of the fault traces. With the improved non-planar fault geometries,
we expect the directivity effects to be reduced, spreading the areas with high ground
motions wider and reducing the maximum PGV.
The current model does not take into account the sediments and salt deposits in
the southern part of the Gulf of Aqaba, where the city of Neom will be located. The
inclusion of this feature is expected to increase the PGV the region. However, the
required data to include this feature in our simulations is still not available.
During the 1995 Mw 7.3 Gulf of Aqaba earthquake, a tsunami was observed in the
cities of Elat and Aqaba. It is therefore likely that future events will also be capable
of generating one. Tsunami simulations can take our numerical ground shaking as
input, and estimate future ones, further improving overall hazard estimates for the
area.
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Dynamic ruptures can determine the likelihood of rupture jumping across each of
the four main fault segments. This investigation can be carried out as soon as the
newly acquired bathymetric data is interpreted and the fault maps become available
from the GAST project. These investigations can be further augmented by using
the GPS velocity data being analyzed as part of the GAST project to estimate the
regional stress field.
Lastly, we can compute final static displacements for the King Salman Bridge
area. Knowing possible surface offsets produced by an earthquake in the southern
part of the fault system will be very useful for the engineers working on the bridge.
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S. Akkar and Ö. Özen. Effect of peak ground velocity on deformation demands for
sdof systems. Earthquake engineering & structural dynamics, 34(13):1551–1571,
2005.

101
A. Al-Homoud. Geotechnical and structural lessons learnt from the aqaba (ml= 6.2)
earthquake of novemeber 22, 1995. In EGS-AGU-EUG Joint Assembly, volume 1,
page 1696, 2003.
E. A. Al-Tarazi. Some statistical aspects of earthquake occurrence of the 1983, 1993,
and 1995 sequences of the gulf of aqaba. Dirasat: Pure Sciences, 33(2), 2010.
D. E. Alexander. The l’aquila earthquake of 6 april 2009 and italian government
policy on disaster response. Journal of Natural Resources Policy Research, 2(4):
325–342, 2010.
C. Allin Cornell and S. R. Winterstein. Temporal and magnitude dependence in
earthquake recurrence models. Bulletin of the Seismological Society of America, 78
(4):1522–1537, 1988.
N. N. Ambraseys, C. P. Melville, and R. D. Adams. The seismicity of Egypt, Arabia
and the Red Sea: a historical review. Cambridge University Press, 2005.
R. E. Anderson, M. L. Zoback, and G. A. Thompson. Implications of selected subsurface data on the structural form and evolution of some basins in the northern basin
and range province, nevada and utah. Geological Society of America Bulletin, 94
(9):1055–1072, 1983.
M. Antolik, R. E. Abercrombie, and G. Ekström. The 14 november 2001 kokoxili
(kunlunshan), tibet, earthquake: Rupture transfer through a large extensional stepover. Bulletin of the Seismological Society of America, 94(4):1173–1194, 2004.
R. J. Archuleta and G. A. Frazier. Three-dimensional numerical simulations of dynamic faulting in a half-space. Bulletin of the Seismological Society of America, 68
(3):541–572, 1978.
D. Assimaki and S. Jeong. Ground-motion observations at hotel montana during the
m 7.0 2010 haiti earthquake: Topography or soil amplification? Bulletin of the
Seismological Society of America, 103(5):2577–2590, 2013.
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Appendix A
Kinematic earthquake ground-motion simulations on listric
normal faults appendix

To better understand the processes that lead to the location of the focused seismic
waves observed in the PGV maps, we conduct simulations where the receivers are
uniformly distributed in the volume. We then take vertical slices perpendicular to the
fault strike (i.e. East-West direction) and plot the geometric mean of the horizontal
components at 0.2 s intervals. The movie (S1) is generated for a slice taken at 70 km
northing. In the left panel we have the planar fault, in the right panel the listric fault
with initial dip = 82°and listricity factor C = 4. Both faults have Htop = 10 km.
The differences between the two faults begin to emerge between 3.5 and 4 seconds:
the planar case shows a symmetrical pattern which follows the fault and is projected
to the surface at the same angle of the fault dip. In contrast, the shape of the listric
fault forces the wavefront to turn upwards. This turn has two consequences: (1) it
focuses the waves very close to the fault trace (2) it creates an almost perpendicular
angle of incidence for the wave front, causing it to be mostly reflected back towards
the deeper parts of the domain, causing the observed lower PGV values in the footwall
observed for the listric fault.
Movie available to download from this link.
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