Effects of Fault Dip and Slip Rake Angles on Near-Source Ground Motions: Why the
1999M 7.6 Chi-Chi, Taiwan, Earthquake Was Relatively Mild

by Brad T. AagaardJohn F. Hall andThomas H. Heaton

Abstract We study how the fault dip and slip rake angles affect near-source ground ve-
locities and displacements as faulting transitions from strike-slip motion on a vertical fault
to thrust motion on a shallow-dipping fault. Ground motions are computed for five fault
geometries with different combinations of fault dip and rake angles and common values for
the fault area and the average slip. The nature of the shear-wave directivity is the key factor
in determining the size and distribution of the peak velocities and displacements. Strong
shear-wave directivity requires that (1) the observer is located in the direction of rupture
propagation and (2) the rupture propagates parallel to the direction of the fault slip vector.
We show that the ground motions in the Chi-Chi earthquake were relatively mild because
the rupture propagated perpendicular to the slip vector; that is, the rupture propagated in the
direction of a node in the shear-wave radiation pattern. In our simulations with a shallow
hypocenter, the maximum peak-to-peak horizontal velocities exc&ed/$ over an area of

only 200knt for the 30 degree dipping fault (Chi-Chi), whereas for the 60 and 75 degree
dipping faults this velocity is exceeded over an area of 27G0Rthese simulations suggest

that the area subjected to large long-period ground motions in the 1999 Chi-Chi earthquake
in Taiwan was much smaller than what would be expected for other events of the same size
with different styles of faulting or a deeper hypocenter.

Introduction (1969, Archuleta and Frazier (19J8and Archuleta and
Hartzell (198)). More recently, some researchers have
In the past decade several earthquakes near large urbgy ;sed on specific ground motion recordingsan and

areas have caused considerable damage, including the 1984, 199%or damage near a surface ruptubdién et al.

Northridge, California, 1995 Hyogo-Ken Nanbu (Kobe), 1g9g tg infer the characteristics of near-source ground mo-

Japan, the 1999 Izmit and Duzce, Turkey, and 1999 Chi-Chjjong |n addition to the modeling efforts mentioned above

Taiwan, eart'hquakes. These earthquakes and their associafgg; attempt to explain damage in past earthquakes, three-
ground motion records increased the awareness of the dgimensional simulations have focused on hypothetical sce-
structive capability and characteristics of near-source groungarios. Olsenet al. (1995 and Graves (1998 examined
motions (e.g., se®Isen and Archuleta (1996Somerville  oar source ground motions for ruptures on the San Andreas
et al (1997, Hisadaet al. (199§, Kamae and Irikura 511 andOlsen and Archuleta (199&onsidered various
(1998, Pitarkaet al. (199§, Huanget al. (2000, Oglesby  gcenarios within the Los Angeles area. Whereas these previ-
etal (2000). Two factors control the amplitude of near- ¢ stydies help to explain patterns of damage in particular
source ground motions. At all locations in the near field, theearthquakes or what such patterns might be for some future
directivity of the rupture affects the amplitude of the mOtiO”'event, they generally do not shed light on the fundamental

Additionally, at locations very close to the fault trace, theparacteristics of near-source ground motions and how these
static offset also contributes to the amplitude of the mOt'Onvary with changes in the seismic source parameters. Dy-
This means that for events of the same size, which have sing, mic rupture models have improved our understanding of
ilar static offsets, changes in the rupture directivity largelyp o near-source ground motions develop from the basic fea-
determine the variations in the amplitude of the near-sourcg, o5 of the rupture proces®léenet al, 1997 Inoue and
ground motions from one event to another. The primary faCMiyatake 19980glesbyet al., 2000 Aag,]aarcb’t al, 2003

tor controlling the size of the directivity effect is not simply }, only ,a couple of these ,studie©g(lesbyet aI., 2000’

the distance the rupture propagates but the distance the rURagaardet al, 2003 have systematically explored how the

ture propagates toward a location while it is parallel to the;o,rce parameters affect the near-source ground motions.

direction of slip. Consequently, the dimensions and the dip  \ye complement these two efforts and other woka{

angle of _the fault, the direction of slip (sl_ip rake angle), a”dgaardet al, 2009, that used kinematic source models to
the location of the hypocenter all play critical roles in deter-

o he ch y p systematically examine source parameters and near-source
mlntl_ng the character and amplitude of near-source groung,;ng motions, by focusing on an event of a specific size
motions.

) ) and determining how changes in the style of faulting, in
Early efforts aimed at understanding near-source ground

motions focused on simple numerical models (e-askell
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particular the fault dip and slip rake angles, affect the near- We discretize the three-dimensional domain using lin-
source ground motions. We examine the distribution of shakear tetrahedral finite elements. This transforms the three-
ing and the characteristics of the near-source ground maimensional dynamic elasticity equation,

tions, as well as how these change in response to variations
in the fault dip and slip rake angles for two hypocenters.
We consider several measures of the ground motions, innato a matrix differential equation,

cluding the horizontal acceleration response spectra, the area . :

where the ground motion exceeds a given level, and the mean M)} + [CI{u0) } + K{u®} = {FO)}, 2)
maximum amplitude of the motion as a function of distancewhere[M] denotes the mass matri}G] denotes the damp-
from the fault. Furthermore, by selecting a parameter spadag matrix, [K] denotes the stiffness matrif-(t)} denotes
that includes a scenario that approximately matches the 1998e force vector at timé, and{u(t)} denotes the displace-
Chi-Chi earthquake in Taiwan, we explore the role that thanent vector at timé. Our discretization of the finite-element
style of faulting played in determining the intensity of the model limits the simulation to wave propagation for waves
long-period shaking in the Chi-Chi earthquake. with periods of 20s and longer.

These long-period ground motions place the greatest de- Anelastic attenuation is not included because it has lit-
mand on structures with similar fundamental periods, suclle effect on long-period near-source ground motions, so the
as 20 story buildingsHall et al., 1995. Even though ground only contribution to the damping matrix comes from the ab-
motions at higher frequencied (~ 1Hz) appear to have sorbing boundaries on the lateral sides and bottom of the
much less systematic variatiotdé¢aton, 1995 and most domain. These absorbing boundaries prevent waves from
structures have periods shorter than 1s, ground motion irreflecting off the truncated sides of the domain and contam-
tensities at longer periods appear to correlate well with meanating the solution.
sures of structure damag®&oatwrightet al. (2001 noted We model the earthquake by creating dislocations in the
that the distribution of red tagged buildings following the finite-element model that mimic the slip on a fault. In the
1994 Northridge earthquake closely resembled the distribuscenarios discussed here, we specify the slip time history at
tions of peak ground velocity for periods aroun&4. Sim-  each point on the fault, where the time history follows the
ilarly, Wald et al. (1999 developed a linear regression be- integral of Brune's far field time function with the final slip
tween peak velocity and modified Mercalli intensity for eightand peak slip rate as parameters.

California earthquakes. Thus, although the bandwidth of the
simulations in this study is restricted to periods of 2s and  Simulation Domain
I(_)nger and are.mO.St appllcable_ to s_tructures with S|m|Iar_pe- In each of the scenarios, the domain is 160km long,
riods, the distributions of shaking likely also correlate with . o

. .80km wide, and 40km deep as shown in figlird’ he mate-
damage of structures at shorter periods. Furthermore, varia-

tions in the shaking across the scenarios would indicate sim”—al properties vary only as a function of depth as illustrated

. L in figure 2. This set of material properties represents the
ilar changes to the distribution of damage. . : . .
average variations in Taiwan and corresponds to the varia-

. tion in a region without a deep sedimentary basiagt al.,
Earthquake Scenarios 1996 Maet al, 2001.

AUk k;jSij + M(Ui jj +Ujij) = Pl 1)

We compute the near-source ground motions for two
hypocenters for each of five different pairs of fault dip and ~ Earthquake Source Parameters
slip rake angles. We also select a realistic fault length-to-  Taple1 gives the five pairs of fault dip and slip rake an-
width ratio for each dip angle. The scenarios vary fromgles along with the fault lengths and widths for the different
a pure strike-slip rupture on a long, narrow fault to a purefaylt geometries. For the five fault geometries we chose fault
thrust rupture on a significantly shorter and wider fault.  dip angles uniformly distributed between 90 and 30 degrees
with rake angles uniformly distributed between 0 and 90 de-
Methodology grees. Similarly, the lengths of the faults decrease linearly
We follow the general methodology of our previous from 120km long to 80km long while mair!taining an area
work involving simulations of near-source ground motions,f 2400_“”?- The 80km long and 30km wide fault which
so this section contains only a brief summary of the methlas @ dip angle of 30 degrees roughly matches the geometry
ods used in the earthquake simulatioAagaard (199pand of the 1999 Ch|—C_h|lear.thquake |n_Ta|wan. Inversions for the
Aagaardet al (200) provide detailed discussions of the SOUrce characteristics indicate this earthquake hgd a rupture
methodology. This study improves upon our previous charl€ngth of between 80km and 100km, a rupture width of be-
acterizations of the seismic source; in particular, the lengtfiv€€n 30m and 40km, and a dip angle of 20 degrees to 30
scales of the spatial heterogeneity in the final slip are comd€greeskiuanget al, 2000 Ma et al., 2000 Johnsoret al.,
patible with those found in kinematic source inversions, an00% Ji et al, 2003. The length to width ratios and slip
we allow the rupture speed to vary as a function of the direc[ake. angles a!l fall within the ranges of realistic values for
tion of propagation relative to the direction of slip. the five fault dip angles.
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Figure 1.Geometry of the simulation domain. The fault has a dip ang® aflength ofL, and a width ofV. The center of the

fault lies 10km south of the center of the domain. The dotted line running east-west sits above the center of the fault, whereas
the dotted line running north-south intersects the fault trace. The filled circles along these two dotted lines identify sites (N1
through N15 and E1 through E7) used in subsequent sections. The nominal spacing between sites is 10km with those along the
fault trace sitting on the east side of the fault (hanging wall).
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Figure 2.Dilatational wave speed/), shear wave speetls], and mass densitpj as a function of depth.

Table 1
Seismic source parameters for each pair of fault dip and slip rake angles. The style of faulting smoothly transitions from pure strike-slip
motion on a long, narrow fault to pure thrust motion on a much shorter, wider fault. The rupture speed is set relative to the local shear wave

speedys.

Dip Rake | Fault | Fault | Average Peak Rupture
Angle | Angle | Length | Width Slip Slip Rate Speed
(deg) | (deg) | (km) | (km) (m) (m/s) (%ovs)
90 0.0 120 20
75 22.5 110 22
60 45.0 100 24 29 2.0 85% parallel to slip
45 67.5 90 27 68% perp. to slip
30 90.0 80 30
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Based on the regression relationsVéélls and Copper- (mode-Il direction). Therefore, instead of an isotropic rup-
smith (1994 between fault geometry and average slip couture speed, we independently specify the rupture speed to be
pled with these fault dimensions, we chose a common aw5% of the local shear wave speed in the mode-II direction
erage slip of m for the scenarios. This average slip is(parallel to the slip direction) and 20% slower in the mode-ll|
smaller than the average slip estimated for the Chi-Chi earthdirection (perpendicular to the slip direction) as illustrated in
quake, so our fault with a dip angle of 30 degrees and oufigure 4.
choice of material properties has a moment magnitude of
only 7.4 compared with the moment magnitude of 7.6—7.7  Scenario Nomenclature
estimated for the Chi-Chi earthquake. For each fault the slip

. . . The name of each scenario corresponds to the dip angle
rake angles are uniform and remain constant during the rup- )
. . . of the fault and the location of the hypocenter. For exam-
ture. We also use a uniform peak slip rate od@/s in

the slio time historv. which. for final slios of around 3m ple, Dip90Shallow refers to the scenario where the fault has
. b 10Ty, i . P -~ . " adip angle of 90 degrees and the rupture begins at the shal-
gives slip durations compatible with those found in kine-

matic source inversionsHeaton, 1990 Somenvilleet al. low hypocenter. S|m|Ia_rIy, Dip45Deep refers to the scenario
1997). where the fault has a dip angle of 45 degrees and the rupture

We create the distributions of slip by low-pass filtering begins at the deep hypocenter.
random distributions. Starting with a uniform random dis-
tribution on a 10km uniform grid (which is coarser than
the node spacing in the finite-element model), we low-pass  gyerview of Rupture Behavior and Ground Motions
filter along the fault strike and then along the dip using a
first order Butterworth filter. We also taper the slip alongthe ~ We begin by examining how the basic characteristics of
buried edges of the fault. Whereas the distributions for eacHe rupture behavior and resulting ground motions change
fault geometry all have an average slip o9&, the maxi- With the fault dip and slip rake angles using data from
mum slip ranges from.3m to 71 m because we start with scenario Dip90Shallow (pure strike-slip faulting with pre-
different random distributions for each fault geometry. Fig-dominantly unilateral rupture). Additional results and fig-
ure 3 shows the distribution of final slip for the fault with ures can be found ihagaardet al. (2003. In scenario
a dip angle of 60 degrees. Although a power-law SpectrdpinOShallow, the rupture propagates fastest along the strike
falloff would create slip distributions that better match whatOf the fault. As we vary the style of faulting across the sce-
is found in kinematic source inversionSdmervilleet al,  harios by decreasing the dip angle of the fault and increasing
1997 Mai and Beroza, 2002 the long-period near-source the rake angle of slip so that it has a larger vertical compo-
ground motions are relatively insensitive to the distributionnent, the rupture speed along the strike decreases while the
of slip (Aagaardet al., 2003, so that the dominant features rupture speed up-dip increases. For the case of the fault at a
of the ground motions do not change when using a low-pasdip angle of 45 degrees and a rake angle of 67.5 degrees, the
filtered random distribution compared with a power-law fil- fastest rupture speed occurs 22.5 degrees off the up-dip and
tered random distribution. down-dip directions. This creates asymmetry in the propaga-

Figure 4 shows the two hypocenters we consider fortion of the rupture for the centrally located deep hypocenter.
each dip angle of the fault. The shallow hypocenter sits Due to the existence of surface rupture in the layered
mid-depth at the southern quarter point of the fault and cormedium, surface waves in the form of combinations of Love
responds to a highly unilateral rupture, whereas the deepnd Rayleigh waves dominate the long-period ground mo-
hypocenter sits Bkm up-dip from the bottom center of tions. As the rupture propagates in scenario Dip90Shallow,
the fault and corresponds to a bilateral case with more ugarge-amplitude Love waves with amplitudes approaching
dip rupture. For strike-slip faulting the ruptures propagate2-0m/s form in the region where the propagation direction
mostly in the mode-II direction (parallel to slip and a local generally coincides with the slip direction, which in this case
maximum in shear-wave radiation pattern) for both hypoceniS north of the epicenter. The particle motion for these waves
ters. On the other end of the spectrum, for pure thrust faultis in the east-west direction (normal to the fault). The Love
ing and the shallow hypocenter the rupture propaga’[es prwave amplitudes generally build along the Iength of the fault
marily in the mode-Ill direction (perpendicular to slip and @s the rupture reinforces the waves, and then begin steadily
a node in the shear-wave radiation pattern) with very littledecreasing upon reaching the northern tip of the fault. The
propagation in the mode-I1 direction; for pure thrust faulting heterogeneous distribution of slip disrupts the reinforcement
and the deep hypocenter the amount of rupture in the mod&f the Love waves, so that the amplitudes undergo minor
Il direction increases significantly. fluctuations as they grow.

The rupture speed determines when slip begins at each As the dip angle of the fault decreases and the verti-
point on the fault. Numerous dynamic rupture simulationsc@l component of slip increases, the rupture generates Love
(e.g.,Andrews (1975, Day (1983, Madariagaet al. (199§,  waves less effectively and becomes more effective at gen-
Aagaardet al  (200)) indicate that ruptures propagate erating Rayleigh waves. The rotation of the slip direction
S||ght|y slower in the direction perpendicu|ar to S||p (mode_toward the d|p direction results in reinforcement of the SV
[l direction) compared with the direction parallel to slip

Results
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Figure 3.Distribution of final slip for the fault that has a dip angle of 60 degrees. The distribution is a low-pass filtered random

distribution.
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Figure 4. Relative locations of the shallow and deep hypocenters on the fault surface which has a ldngthdad width of

W. The shallow hypocenter lies mid-depth at a quarter point and the deep hypocenter lies midway along strike 5km up-dip from
the bottom of the fault. The shallow hypocenter corresponds to the general location of the hypocenter in the Chi-Chi earthquake.
The dashed ellipse identifies the rupture front at some point in time propagating away from the shallow hypocenter and illustrates
how the rupture speed is set independently in the modéL)l gnd mode-I1I ¢!'') directions.

waves (shear waves with particle motion in the vertical directhe maximum displacement equals the maximum peak-to-
tion) emanating from an angle of 45 degrees with respect tpeak displacement, the maximum peak-to-peak velocity ex-
the slip direction. These SV waves produce Rayleigh waveseeds the maximum velocity by up to a factor of two. Finally,
as they hit the ground surface. Consequently, the largestdouble-sided displacement pulse and the corresponding ve-
Rayleigh waves (with amplitudes neabin/s) occur north-  locity pulses roughly approximate the ground motion at a lo-
west of the epicenter; the particle motions are retrogradeation with large amplitude surface waves and no static off-
with the largest horizontal component in the northwestset. In this case, the maximum peak-to-peak displacement

southeast direction. and velocity amplitudes can both be up to twice the maxi-
mum amplitudes. We will use the maximum magnitude of
Maximum Displacements and Velocities the displacement and the maximum peak-to-peak velocity as

Choices for measuring the intensity of the shaking in.measures of ground motion intensity because double-sided

clude the maximum amplitude of the motion and the maX_\/elomty pulses place a greater demand on structures than

imum peak-to-peak amplitude of the motion. In practice,smgle'SIOIed velocity pulsesigll et al, 1999.

the greatest difference between the two occurs for the casc?a In scenario Dip90Shallow the maximum horizontal dis-

: S : cements and maximum peak-to-peak horizontal velocities
of double-sided, symmetric displacement or velocity pulse )

o . Increase along the strike of the fault north and south of the
as shown in figurés. A displacement ramp and the cor-

: . ) . . epicenter as shown in figu& This effect is much more
responding single-sided velocity pulse roughly approximate

the ground motion at a location with a static offset. In thispronounced north of the epicenter because the rupture ex-
i tends much further in this direction compared with south of

case, there is no difference between the maximum peak-tQ- . . . . .
. . . . . e epicenter. The amplitudes also decay rapidly with dis-
peak amplitude and the maximum amplitude. A single-side .
ance away from the surface trace of the fault. The maximum

displacement pulse and the corresponding double-sided VB . : .
; . : orizontal displacement is@m, and the maximum peak-to-
locity pulse roughly approximate the ground motion at a lo-

cation without a static offset and no surface waves. Whereapseak horlzor_1tal velocity is.Bm/s. .
As the dip of the fault decreases and the vertical compo-

nent of slip increases, the pattern of shaking becomes much
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Figure 5. lllustration of how the peak-to-peak displacement and velocity amplitudes compare to the maximum amplitudes for
three different types of ground motions: a displacement ramp and corresponding single-sided velocity pulse (left), a single-
sided displacement pulse and corresponding double-sided velocity pulse (center), and a double-sided displacement pulse and
corresponding velocity pulses (right). Except for the case of double-sided displacements, which are generally associated with

surface waves, the maximum peak-to-peak displacements match the maximum displacements. On the other hand, the maximum
peak-to-peak velocities exceed the maximum velocities except for the case in which there is a large static offset.
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Figure 6.Maximum amplitude of the horizontal displacements and maximum peak-to-peak horizontal velocities on the ground
surface for scenario Dip90Shallow. The thick solid line shows the surface trace of the fault and the asterisk identifies the epi-

center. The maximum displacements and velocities generally increase along the fault away from the epicenter and then decrease
steadily past the ends of the fault.

more asymmetric with two clear features: (1) the ground dismode-II direction, which is a local maximum in the shear-
placements on the hanging-wall (above the fault) increaseave radiation pattern, to propagating in the mode-Ill direc-
and closely resemble the distribution of slip, and (2) thetion, which is a node in the shear-wave radiation pattern. In
strongest shaking remains concentrated in the region witbur limiting case where the fault dip angle is 30 degrees with
the maximum directivity. These trends are visible in fig- pure thrust faulting, the inability of the rupture to effectively
ure7, which displays the maximum displacements and maxreinforce Love or Rayleigh waves leads to much smaller ve-
imum peak-to-peak velocities for scenario Dip60Shallowlocities on the ground surface (figu8g Although the max-
The steep dip of the fault and the rake angle of 45 degredmum velocities do reach.4m/s at one location, the max-
lead to large Love and Rayleigh waves that propagate tamum peak-to-peak velocity is only.Zm/s. On the hang-
ward the northwest. As a result, a large region emanatingg wall of the fault, the maximum displacements do remain
off to the northwest from the northern end of the fault expedarge although they are dominated by the static displacement
riences maximum displacements exceediriniand maxi-  which is consistent with equal values afi3n for the maxi-
mum peak-to-peak velocities exceeding /s. mum amplitude and the maximum peak-to-peak amplitude.

With the shallow hypocenter, as we transition from However, moving the hypocenter toward the bottom
strike-slip motion to thrust motion, the rupture continues tocenter of the fault increases the amount of mode-II rupture
propagate mostly along the strike of the fault so that the rupfor the thrust motion cases. Of course, it has the opposite ef-
ture direction becomes less aligned with the slip directionfect for the case of pure strike-slip motion on a vertical fault
In other words, the rupture switches from propagating in the
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Figure 7.Maximum horizontal displacements and maximum peak-to-peak horizontal velocities on the ground surface for sce-
nario Dip60Shallow. The thick solid line shows the surface trace of the fault, the thick dashed line indicates the surface projection
of the buried edges of the fault, and the asterisk identifies the epicenter. The maximum displacements and velocities generally
increase along the fault away from the epicenter with a large region of intense shaking extending to the northwest.
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Figure 8.Maximum horizontal displacements and maximum peak-to-peak horizontal velocities on the ground surface for sce-
nario Dip30Shallow (Chi-Chi). The thick solid line shows the surface trace of the fault, the thick dashed line indicates the surface
projection of the buried edges of the fault, and the asterisk identifies the epicenter. The predominantly mode-IIl rupture does not
efficiently reinforce the Love and Rayleigh waves, which results in much smaller ground motions relative to the other scenarios.

where the distance over which the rupture effectively reinground surface (dotted lines shown in figude The north-
forces waves decreases by one third. Thus, for the steeplgouth line runs along the entire length of the domain and
dipping faults with mostly horizontal slip, the ground mo- over the surface trace of the fault with the sites sitting on the
tions decrease in most locations when the hypocenter movésnging wall of the fault. The east-west line runs across the
to the deeper, more central location, whereas for shallowentire width of the domain perpendicular to the strike of the
dipping faults with a large thrust component of slip, thefault; it sits above the center of the fault. On both lines the
ground motions increase at many locations. For the 60 desites lie approximately 10km apart.
gree dipping fault with a slip rake angle of 45 degrees, the The velocity time histories for scenario Dip90Shallow,
maximum peak-to-peak velocity is 33% smaller for the deepvhich are shown in figur8, further illustrate the trends seen
hypocenter compared with the shallow hypocenter. On than the plots of the maximum displacements and velocities.
other hand, for the 30 degree dipping fault with a slip rakeAt all of the sites, the vertical components are negligible
angle of 90 degrees (pure thrust), the maximum peak-to-peatlompared with the north-south and east-west components
velocity increasedy 30% when the hypocenter moves from for the pure strike-slip faulting. The slip time histories dom-
the shallow location to the deep location. inate the north-south components (fault parallel) along the
Table2 give the maximum displacements and the max-surface trace of the fault, whereas the Love waves dominate
imum peak-to-peak velocities in the east-west, north-soutlthe east-west components. The velocities along the east-west
and vertical directions as well as the maximum in any horidine demonstrate that the strongest motions are concentrated
zontal direction for each of the ten scenarios. In all ten scenear the trace of the fault.
narios the ground motions are large with the maximum dis-  As the dip of the fault decreases and the slip rake angle
placements exceedingZn and the maximum peak-to-peak increases, the amplitudes of the Love waves decrease and

velocities exceeding.Im/s. the amplitudes of the Rayleigh waves increase. This corre-
sponds to a decrease in motion in the east-west direction and
Ground Motion Time Histories an increase in motion in the north-south and vertical direc-

In this section we examine the velocity time histories attlons' For scenario Dip60Shallow (figuté) the amplitudes

a set of sites located along two perpendicular lines on thglc the three components are relatively equal, because the

motions contain large-amplitude Love and Rayleigh waves.
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Table 2
Maximum displacements and maximum peak-to-peak velocities in the east-west, north-south, horizontal, and vertical directions for each
scenario.

Max. Disp. Max. P-to-P Velocity
Scenario EW | NS | Horiz. | Vert. EW NS Horiz. | Vert.
(m) | (m)| (m) | (m) || (m/s)]| (m/s)| (m/s) | (m/s)
Dip90Shallow 20| 2.6 2.6 0.76 2.6 1.0 2.6 0.80
Dip90Deep 1.8 26| 26 | 0.74 2.0 1.1 2.0 0.72
Dip75Shallow 31| 3.1 3.3 1.4 3.6 1.5 3.7 1.2
Dip75Deep 21 31| 31 | 13| 25 | 13 | 28 | 12
Dip60Shallow 31| 28 3.2 2.9 3.9 2.4 4.2 3.0
Dip60Deep 22| 2.8 2.8 2.5 2.4 2.2 2.8 2.2
Dip45Shallow 21| 2.2 2.2 3.5 2.0 2.5 2.7 3.9
Dip45Deep 2123 23 [ 32| 15 | 24 | 24 | 28
Dip30Shallow (Chi-Chi)|| 3.1 | 1.4 3.1 2.5 1.5 1.7 1.7 3.0
Dip30Deep 31| 1.7 3.1 2.8 1.6 2.2 2.2 3.3
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Figure 9. Velocity time histories along a north-south line over the trace of the fault (left) and along an east-west line passing
over the center of the fault (lower right) for scenario Dip90Shallow. The two horizontal components are denoted by the solid line
(east-west) and the dashed line (north-south). The diagram in the upper right identifies the locations of the sites (open circles)
relative to the fault trace (solid line) and the epicenter (asterisk). On the north-south line the slip time histories dominate the
north-south component, whereas the Love waves dominate the east-west component. The motions on the east-west line are small
except near the fault trace.

Along the north-south line, the vertical components are  Maintaining the hypocenter at the shallow location
largest along most of the fault trace, whereas off the nortlwhile further decreasing the dip of the fault and increas-
end of the fault the east-west components are largest. Thieg the slip rake angle means the rupture propagates pre-
sites along the east-west line indicate that, at the center afominantly in the mode-Ill direction (perpendicular to the
the fault, the strongest motion remains concentrated near tigip direction). In our limiting case of the 30 degree dip-
surface trace. However, from the maximum displacementping fault with pure thrust motion, the velocity time histo-
and velocities (figur&) we know that the region northwest ries displayed in figurd 1 indicate that the slip time histo-
of the northern portion of the fault also experiences strongies and Rayleigh waves control the motion; Love waves are
shaking from the Love and Rayleigh waves. much less prominent. At sites along the north-south line, the
east-west components generally correspond to the slip time
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Figure 10.Velocity time histories along a north-south line over the trace of the fault (left) and along an east-west line passing
over the center of the fault (right) for scenario Dip60Shallow. The two horizontal components are denoted by the solid line
(east-west) and the dashed line (north-south). The diagram in the upper right identifies the locations of the sites (open circles)
relative to the fault trace (solid line), the buried edges of the fault (dashed lines), and the epicenter (asterisk). The presence of
large-amplitude Love and Rayleigh waves results in all three velocity components having similar amplitudes at sites along the
north-south line.

history (the negative amplitude means the hanging wall mothe two scenarios, the vertical components at the surround-

tion is to the west), whereas the retrograde motions of theng locations dramatically increase for the deep hypocen-

Rayleigh waves dominate the north-south and vertical comter. Finally, with the deep hypocenter single-sided pulses

ponents. On the east-west line, the shallow dip of the faultharacterize the velocity time histories along the fault trace,

causes stronger motions on the hanging wall away from theshereas off the ends of the fault the motion is characterized

fault trace compared with the motions from scenarios withby double-sided pulses associated with the Rayleigh waves.

the more steeply-dipping faults.

Shifting the hypocenter from the shallow location to Response Spectra
the deep location (5km up-dip from the bottom center of . . .
. Acceleration response spectra provide an additional tool
the fault) creates a more bilateral rupture. For the 60 de; . . : . .
T . . ; for evaluating the severity of shaking associated with the

gree dipping fault, we find the velocity waveforms retain the : .

earthquake ruptures. We compute the horizontal acceleration

same general shape in scenario Dip60Deep as in SCeNAl® honse spectra for five percent of critical damping after ro-
Dip60Shallow. In the northern half of the domain, the rup- P P P ping

ture propagates over a shorter distance in the direction ot?tmg the ground motions into the direction of the maximum

slip which, away from the fault, reduces both the amplitude” eak-to-peak velocity at each ocation. We first focus on the
. . . response spectrum for a few select periods over the entire
of the ground motions and the duration of shaking.

For the case of pure thrust motion (with a fault dip an_ground surface before examining spectra at a single site at a

gle of 30 degrees), the mode-II direction corresponds to upr—“(‘:jhe.r frequen_cy resolution. .
dip rupture, so the location of the hypocenter near the bot- Flgurelzglves_the_response spectragn the entire ground
' surface for scenario Dip90Shallow at periods of 2.0, 3.0, 4.0,

tom center of the fault increases the amount of mode-II rup: L
.and 5.0 seconds. Several local maxima in the response spec-

ture. Consequently, we observe larger amplitude motions N exceed Blg: values greater thanly occur off the two

scenario Dip30Deep compared with scenario Dip30Shallow ; . -
(Chi-Chi). This is especially true for the east-west line overends of the fault for a period of@s. Although not immedi

the center of the fault. Additionally, although the verti- gtely evident in the cpnt_our.plots of the response spectra in
figure12, the spatial distributions become smoother at longer

cal component for the site on the north-south line located ™ .
i i . eriods due to the larger wavelengths of the surface waves
directly up-dip from the hypocenter is about the same fo
that control the response.
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Figure 11.Velocity time histories along a north-south line over the trace of the fault (left) and along an east-west line passing
over the center of the fault (right) for scenario Dip30Shallow (Chi-Chi). The two horizontal components are denoted by the
solid line (east-west) and the dashed line (north-south). The diagram in the upper right identifies the locations of the sites (open
circles) relative to the fault trace (solid line), the buried edges of the fault (dashed lines), and the epicenter (asterisk). Sites along
the surface trace of the fault on the hanging wall show the slip time history on the east-west component, whereas the retrograde
motion of the Rayleigh waves controls the north-south and vertical components. The ground motions are significantly larger on
the hanging wall in this scenario compared with scenarios with the same hypocenter and steeper dipping faults.

The response spectra for scenario Dip60Shallow, shown For scenario Dip60Deep where the hypocenter sits
in figure 13, display a complex spatial distribution north- 5.0km up-dip from the bottom center of the 60 degree dip-
west of the northern half of the fault. These complex vari-ping fault, as opposed to mid-depth at the southern quarter
ations arise from the presence of both Love and Rayleigpoint of the fault, the horizontal acceleration response spec-
waves which have different radiation patterns; they creaté&ra values decrease significantly from those observed for sce-
similar patterns in the distribution of the maximum peak-to-nario Dip60Shallow with values exceedings@ over only
peak velocities (figur&). The greater wavelengths associ- small, limited areas. This stems from the lower amplitude
ated with the longer period surface waves smooth these paground motions. However, the spatial distribution retain a
terns as the period increases. As expected based on the largamilar complex shape due to the combination of Love and
ground motions for scenario Dip60Shallow compared withRayleigh waves that dominate the ground motions. With
the strike-slip scenario Dip90Shallow, the response spectta hypocenter slightly up-dip from the bottom center of the
for all four periods contain many local maxima exceedingfault and pure thrust motion in scenario Dip30Deep, the ac-
0.6 g with some greater than&y. celeration response spectra exhibit a significant change in

As we continue to decrease the dip angle of the fault andhape compared with a mid-depth hypocenter at the southern
increase the slip rake angle, the response spectra values dgrarter point of the fault. The values are greater over a larger
crease in accordance with the smaller ground motions. Faegion up-dip from the hypocenter and are much larger near
scenario Dip30Shallow (Chi-Chi)the response spectra in figthe southwest corner of the fault (a region where the ground
ure 14 contain only small regions with values greater thanmotions also increase). In contrast to scenario Dip30Shallow
0.4g. We observe smoother variations for longer periodgChi-Chi) where the spectral values rarely exceet0the
along with some minor fluctuations in the distribution with spectral values exceedd® over a significant area for a pe-
changes in period, but the largest values continue to coirmiod of 3.0s and reach.6 g at some locations for a period of
cide with the peaks in the Rayleigh-wave radiation patterr2.0s.
that extend off the northwest and southwest corners of the In order to illustrate the variation in the response spec-
fault at angles of about 45 degrees. tra as a more continuous function of period, we examine the

horizontal acceleration response spectra at site N10, which
sits on the hanging wall of the fault trace 30km north of the
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Figure 12.Horizontal acceleration response spectra on the ground surface for five percent of critical damping at four periods
for scenario Dip90Shallow. The thick solid line shows the surface trace of the fault and the asterisk identifies the epicenter. The
spectra are computed with ground motions resolved along the direction of the maximum peak-to-peak velocity.
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Figure 13.Horizontal acceleration response spectra on the ground surface for five percent of critical damping at four periods
for scenario Dip60Shallow. The thick solid line shows the surface trace of the fault, the thick dashed line indicates the surface
projection of the buried edges of the fault, and the asterisk identifies the epicenter. The spectra are computed with ground motions
resolved along the direction of the maximum peak-to-peak velocity. The response spectra reflect both the large-amplitude ground
motions and the complex spatial distribution of shaking created by the presence of Love and Rayleigh waves.

center of the fault. This site experiences the effects of ruptura scenario Dip30Shallow (Chi-Chi) is the most benign over
directivity in all ten scenarios and generally undergoes someearly the entire range of periods. At site N10 the response
of the strongest motion. Figudb shows the response spec- spectra for all scenarios fall below4}y for periods above
tra at this site for periods from 2.0 to 12 seconds. The spectrabout 9 seconds.

reaffirm that the ground motion in scenario Dip60Shallow is

the most severe with values betwee@@ and 10g over a

period range of 2.0 to 5.0 seconds. Likewise, the motion
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Figure 14.Horizontal acceleration response spectra on the ground surface for five percent of critical damping at four periods
for scenario Dip30Shallow (Chi-Chi). The thick solid line shows the surface trace of the fault, the thick dashed line indicates the
surface projection of the buried edges of the fault, and the asterisk identifies the epicenter. The spectra are computed with ground
motions resolved along the direction of the maximum peak-to-peak velocity. The maxima in the response spectra occur at peaks
in the Rayleigh-wave radiation pattern which extend in the southwest and northwest directions from the top corners of the fault.
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Figure 15. Horizontal acceleration response spectra at site N10 for scenarios Dip90Shallow, Dip60Shallow, Dip30Shallow
(Chi-Chi), Dip60Deep, and Dip30Deep. Site N10 sits on the hanging wall of the fault trace 30 km north of the center of the fault.
The spectra are computed with ground motions resolved along the direction of the maximum peak-to-peak velocity. The values
above 9 g at the shorter periods in the response spectrum for scenario Dip60Shallow correspond to the strong level of shaking
associated with the large-amplitude Love and Rayleigh waves.

Discussion Furthermore, the trends with respect to the style of the fault-
. . ing depend only on the relative values of these parameters,
~ We observe large-amplitude long-period ground mo-nq these values are essentially the same in all ten scenarios.
tions in all ten scenarios. The choices for the values of fi- |, 5 derto gauge how the severity of shaking changes on
nal slip, peak slip rate (slip duration), and rupture speed all |5,4e scale as we transition from pure strike-slip faulting on
affect the amplitude of the ground motioAdgaardet al, 5 yertical fault to thrust faulting on a 30 degree dipping fault,
200). As discussed in the section on the choice of earthye consider three aggregate measures of ground motion: the
quake parameters, the values selected for these simulatiogs.; on the ground surface where a given level of displace-

fall within reasonable ranges, so the level of shaking shoulg,o 1t o velocity is exceeded, how fast the displacements and
be indicative of the long-period motions in real earthquakes.
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velocities on the ground surface decay with distance from ththe curves relating the area experiencing a given level

fault, and the radiated energy. of displacement and peak-to-peak velocity. Changing the
hypocenter has only a small effect on the curve for the maxi-
Area Subjected to Levels of Ground Motion mum displacements, because the slip distribution, which re-

mains the same, largely controls the amplitude of the dis-

Figure 16 gives the areas on the ground surface where :
X ) . lacements. On the other hand, moving the hypocenter from
the maximum displacements or maximum peak-to-peak ve:

. ) X . the shallow location to the deep location shifts the curve for
locities exceed a given value for each of the five scenariog -\ to-peak velocities toward larger velocities as a re-
with the shallow hypocenter (mid-depth at the southern quar- P P . 9 L

. . sult of the increase in the amount of mode-Il (in this case
ter point of the fault), where each scenario corresponds to & di ) rupture
different dip angle of the fault. In all five cases very large P-Cip) rup '
areas (more than 1000 Byreceive long-period ground mo-
tions with displacements or peak-to-peak velocities greater
than 13m or 10m/s. In accordance with the observations ~ We want to characterize how the ground motions decay
noted earlier, the amount of rupture directivity toward thewith distance from the fault, while including the effects of
surface controls the amplitude of the motion, so that theupture directivity and the unpredictability of the hypocen-
largest areas subjected to strong shaking occur in the scter. We consider identical events occurring along an infinite
narios with a fault dip angle of 60 or 75 degrees. Moreoverfault and superimpose the distributions of the maximum dis-
at the strongest levels of shaking, these areas far exceed thlecements and velocities for a given scenario such that the
corresponding areas for the other scenarios. faults lie end to end as illustrated in figut®. At each loca-

The case of pure strike-slip motion on a vertical faulttion we select the largest values across all of the overlapping
generally falls in the middle ground below the 60 and 75domains, and then average along the strike of the fault to ob-
degree dipping fault scenarios and above the 45 and 30 d&in the average motion on each side of the fault at a given
gree dipping fault scenarios. The curves relating area andistance. We compare the decay in the level of motion with
maximum displacements for scenarios Dip30Shallow andhat of the near-source factdy,, from the 1997 Uniform
Dip45Shallow closely follow one another, but the curve re-Building Code (CBO, 1997. Figure20 displays the UBC
lating area and maximum peak-to-peak velocities for scenear-source factor for each of the five fault geometries. On
nario Dip45Shallow lies well to the right of the one for the up-dip (west) side of the fault, the near-source factors
scenario Dip30Shallow (Chi-Chi). Thus, for the shalloware identical, but on the down-dip (east) side of the fault,
hypocenter the case of pure thrust motion on a 30 degretbe near-source factors for shallower dip angles remain high
dipping fault results in the smallest area subjected to a givebefore decreasing at greater distances from the fault.
level of peak-to-peak velocity. The variation in the ground motions along the strike of

Compared with the scenarios with the shallow hypocenthe fault creates a complex decay in the ground motions
ter, those with the deep hypocenterQsm up-dip from the with distance from the fault as demonstrated for scenario
bottom center of the fault) exhibit much less variation in theDip60Shallow in figure21. The 60 degree dip angle of
area experiencing a given level of shaking for the varioushe fault produces an asymmetric distribution of the maxi-
combinations of fault dip and slip rake angles as illustratednum displacements and maximum peak-to-peak velocities
in figure 17. The more central hypocenter near the bottomwith a much slower decay with distance on the up-dip (west)
of the fault leads to less variation in the distance the rupside compared with the down-dip (east) side. The sites with
ture propagates in the mode-II direction (direction parallel tahe largest values fall within the region of the highest near-
slip), because the amount of along-strike rupture decreasesurce factor, but the peak of the mean falls near the up-dip
while the amount of up-dip rupture increases. This reduceloundary.
the amount of mode-IlI rupture in the cases with small slip  Figures22 through24 show the decay of the maximum
rake angles, which were dominated by mode-II rupture fodisplacements and maximum peak-to-peak velocities with
the shallow hypocenter, and increases the amount of modédistance from the fault for each of the two hypocenters for
Il rupture in the cases with large slip rake angles, which werg¢he scenarios with fault dip angles of 90, 60, and 30 degrees.
dominated by mode-Ill rupture for the shallow hypocenterWe find that moving the hypocenter causes no significant
The 60 degree dipping fault with a slip rake angle of 45 dechange in the shape of the mean distribution, e.g., location
grees generally continues to produce the largest areas sulif-the peak. However, the deep hypocenter yields smaller
jected to a given level of shaking with this different hypocen-mean values for fault dip angles of 90 and 60 degrees due
ter, but the curve for pure thrust motion on the 30 degree dipto the bilateral nature of the rupture. On the other hand, this
ping fault shifts toward the middle ground. For some range$fiypocenter gives larger mean values for a fault dip angle of
of moderate peak-to-peak velocities, the case of pure thru80 degrees, because the amount of up-dip rupture increases.
motion on the 30 degree dipping fault has the largest areakhe asymmetry with respect to the locations that bound the
where these levels of motion are exceeded. smallest and largest UBC near-source values grows as the

Figure 18 illustrates how changing the hypocenter for
pure thrust motion on the 30 degree dipping fault alters

Decay in Ground Motion with Distance
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Figure 16.Area on the ground surface where the maximum horizontal displacements (left) and maximum peak-to-peak hori-
zontal velocities (right) exceed a given value for scenarios with the shallow hypocenter. In all five scenarios areas greater than
1000kn? undergo displacements exceedingrh and peak-to-peak velocities exceedin@rii/s with much larger areas for
scenarios Dip60Shallow and Dip75Shallow.
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Figure 17.Area on the ground surface where the maximum horizontal displacements (left) and maximum peak-to-peak hori-
zontal velocities (right) exceed a given value for scenarios with the deep hypocenter. Shifting the hypocenter to near the bottom
center of the fault leads to much smaller variations in the area subjected to a given level of shaking across the five fault dip and
slip rake angle pairs.

dip becomes shallower with much larger peak-to-peak veloc-  As we found with the area where the maximum motion
ities on the up-dip (west) side compared with the down-digexceeds a given level, we find less variation in how the mean
(east) side. maximum motion decays with distance from the fault for the
In figure 25 we compare the mean maximum displace-deep hypocenter (figui26) than for the shallow hypocenter
ments and mean maximum peak-to-peak velocities for scdfigure 25). Near the trace of the fault, the mean displace-
narios with the shallow hypocenter across the five fault dipnents and mean peak-to-peak velocities exhibit only small
angles. On the down-dip (east) side of the fault at distancegariations. Likewise, the mean peak-to-peak velocities on
between 10 and 30 kilometers, the mean values vary remarkie down-dip (east) side of the fault decay in nearly an iden-
ably little with the dip angle of the fault. At closer distancestical fashion for all five fault dip angles. However, on the
and on the up-dip (west) side of the fault, the mean maxiup-dip (east) side of the fault, the mean displacements and
mum values span a larger range of values; they are lowestean peak-to-peak velocities decay at varying rates for the
for pure thrust motion on the 30 degree dipping fault and uplifferent fault dip angles. The values decay rapidly for the
to two times greater for oblique slip on the 60 and 75 degresteeply dipping faults and significantly more slowly for the
dipping faults. These differences arise from the large amourghallow dipping faults, although the displacements for the
of rupture directivity that occurs for the combination of the 30 degree dipping fault drop dramatically from the hanging
shallow hypocenter with the steeply dipping fault geometriesvall (east side) to the footwall (west side) before decaying
and the small amount of rupture directivity that occurs for theslowly with distance.
same hypocenter with the shallow dipping fault geometries.
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Figure 18.Area on the ground surface where the maximum horizontal displacements (left) and maximum peak-to-peak hori-
zontal velocities (right) exceed a given value for scenarios Dip30Shallow (Chi-Chi) and Dip30Deep. For the 30 degree dipping
fault, the hypocenter has a strong effect on the area subjected to a given level of peak-to-peak velocity, but has little effect on the
area subjected to a given level of displacement.

Figure 19.lllustration of how an infinite fault is created from the finite fault in order to examine the decay in ground motion
amplitudes with distance from the fault.
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Figure 20.UBC near-source factd¥, for a type A source for each fault geometry. The dip angle of the fault affects only the
location where the decay begins on the hanging wall (east) side of the fault.

Radiated Energy occurs in scenario Dip30Shallow (Chi-Chi). Moving the
hypocenter to the deep location results in a 23% increase

The radiated energy (figui@7) displays the same gen- . ; o
eral trends across the ten scenarios as the velocity ampF] the amount of radiated energy for the 30 degree dipping

tudes on the around surface. The radiated eneray corr ault, while it decreases the radiated energy for the other
9 ' oy Fault geometries. Scenarios Dip75Deep, Dip60Deep, and

sponds to the energy in the seismic waves in the simu ip45Deep all radiate aboutZ 10*°J. Consequently, in
lation. Consequently, they do not account for energy a

X . . accordance with the level of long-period shaking, the sce-
periods shorter than.@s. The two scenarios with the : . -~ .
. . . . narios with the deep hypocenter exhibit much less variation
largest amplitude ground motions (scenarios Dip60Shallow . .
: . In the radiated energy than those with the shallow hypocen-
and Dip75Shallow) also radiate the largest amount of ener ) e . )
6 N, : . er. Overall, we find that the variations in the radiated energy
(11x10"%)). Scenario Dip90Shallow radiates slightly less o\ o)1 the trends in the relative velocity amplitudes
energy (98x10%°J). As expected from the amplitude of the y y amp

ground motions, the smallest radiated energy 66&0'53 " the ground surface.
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Figure 21.Maximum horizontal displacements and maximum peak-to-peak horizontal velocities as a function of distance from
the fault for scenario Dip60Shallow. The dots indicate the values at locations on the ground surface, the solid line delineates the
mean, and the dashed lines correspond to one standard deviation above and below the mean. The vertical dotted lines bound
the locations where the UBC near-source fadlpiis equal to 2 (inner pair) and equal to 1 (outer pair). The fault dip angle of

60 degrees cause the asymmetry in the distributions of the values, whereas local extrema in the distributions result in a complex
decay with distance from the fault.
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Figure 22.Maximum horizontal displacements and maximum peak-to-peak horizontal velocities as a function of distance from
the fault for scenarios Dip90Shallow and Dip90Deep. Scenario Dip90Deep has a deep hypocenter that is centrally located along
the strike of the fault which results in a bilateral rupture. The three lines (solid or dashed) for each hypocenter correspond to the
mean and the mean plus or minus one standard deviation. The vertical dotted lines bound the locations where the UBC near-
source factolNy is equal to 2 (inner pair) and equal to 1 (outer pair). The maximum displacements and maximum peak-to-peak
velocities decay rapidly with distance from the fault.

Implications for Analysis of 1999 Chi-Chi Earthquake Dip30Shallow provides a good general representation of the

Scenario Dip30Shallow with pure thrust motion on a 3Oearthquake. R
- . . For the shallow hypocenter scenario Dip30Shallow gen-
degree dipping fault with the shallow hypocenter approxi-

L erates the smallest amplitude ground motions of all five
mately matches the geometry of 1999 Chi-Chi earthquak . )
in Taiwan Huanget al, 2000 Ma et al, 2000 Johnson ?ault geometries. Near the surface trace of the fault and in

et al, 2001 Ma et al, 2001 Ji et al, 200). Our choice of the region up-dip from the fault, the mean maximum hor-

a fault area of 2400kAand an average slip of@m results izontal peak-to-peak velocities for the other four scenarios

. . : . Qar exceed those of scenario Dip30Shallow. For example,
in a moment magnitude of 7.4 compared with estimates o ) .
the greatest mean maximum peak-to-peak velocities for the

7.6—7.7 for the Chi-Chi earthquake. Nevertheless, scenarig, e i scenarios range fron8m/s to 26 m/s compared
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Figure 23.Maximum horizontal displacements and maximum peak-to-peak horizontal velocities as a function of distance from
the fault for scenarios Dip60Shallow and Dip60Deep. The three lines (solid or dashed) for each hypocenter correspond to the
mean and the mean plus or minus one standard deviation. The vertical dotted lines bound the locations where the UBC near-
source factoNy is equal to 2 (inner pair) and equal to 1 (outer pair). The directivity of the rupture produces an asymmetric
distribution of the values with a much slower decay with distance and greater variation about the mean on the up-dip (west) side

of the fault.
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Figure 24.Maximum horizontal displacements and maximum peak-to-peak horizontal velocities as a function of distance from
the fault for scenarios Dip30Shallow (Chi-Chi) and Dip30Deep. The three lines (solid or dashed) for each hypocenter correspond
to the mean and the mean plus or minus one standard deviation. The vertical dotted lines bound the locations where the UBC
near-source factdy is equal to 2 (inner pair) and equal to 1 (outer pair). Shifting the hypocenter toward the bottom of the fault
results in more up-dip rupture and increases the peak-to-peak velocities near the fault and at greater distances from the fault on
the up-dip (west) side.

with 1.3m/s for scenario Dip30Shallow. Even in the caseLove and Rayleigh waves with large amplitudes. As a re-
of the mean maximum displacements on the hanging wabult, in scenario Dip60Shallow the horizontal acceleration
near the fault trace, where there is relatively little variationresponse spectrum at site N10 approaches 1g over a broad
the values for Dip30Shallow fall at the low end of the spec+ange of periods (figuréb).
trum. The largest ground motions occur for a small rake  Additionally, a deeper hypocenter than the shallow loca-
angle and a steeply dipping fault; these geometries createti@n for thrust motion on the 30 degree dipping fault yields
significant amount of rupture directivity and generate bothtmore rupture directivity and leads to larger ground motions.
Scenario Dip30Deep illustrates this for a hypocenter located
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Figure 25.Mean maximum horizontal displacements and mean maximum peak-to-peak horizontal velocities as a function of
distance from the fault for scenarios with the shallow hypocenter. Although the mean values do not dramatically differ on the
down-dip (east) side of the fault, they span a wide range of values both up-dip (west) of the fault and near the fault trace.

35 . . . . . . . . . 35 . . .
— Dip 90’
3.0} 3.0 — - Dip75
:g "~ Dip 60’
25} £ 25 B °
= > Dip 450
S k5 —— Dip 30
5 201 220
K7l >
[a] o N
é 1.5} $ 15
= o
1.0t ?é 1.0
=
0.5 0.5
0.0 J‘ i i i i i i i i 1 .‘\ 0.0 l i i i i i i i i
-40 -20 0 20 40 -40 -20 0 20 40
EW Dist. from Top of Fault (km) EW Dist. from Top of Fault (km)

Figure 26.Mean maximum horizontal displacements and mean maximum horizontal peak-to-peak velocities as a function of
distance from the fault for scenarios with the deep hypocenter. The mean maximum values generally fall within a smaller range
for the deep hypocenter compared with the shallow hypocenter. On the up-dip (west) side of the fault, the mean velocities decay
more slowly as the fault dip becomes shallower.

near the bottom center of the fault. Although the great-case of predominantly strike-slip motion on steeply dipping
est mean maximum horizontal displacement is stllr, faults. The increased level of long-period motion is evi-
the greatest mean maximum peak-to-peak horizontal velodent in numerous measures of the ground shaking, includ-
ity increases from Bm/s to 15m/s. Furthermore, the area ing the response spectra, the area where the displacements
on the ground surface subjected to a given level of peak-teand peak-to-peak velocities exceed a given level, and the
peak velocity increases significantly for peak-to-peak velocmean maximum displacements and mean maximum peak-
ities greater than.8m/s (figurel8). to-peak velocities at a given distance from the fault. These
Of all ten scenarios considered in this study, which rangasimulations appear to be consistent with large-amplitude mo-
from pure strike-slip motion on a vertical fault to pure thrusttions being recorded only very close to the fault trace in
motion on a shallow dipping fault, the one most like the Chi-the Chi-Chi earthquakeHuanget al., 200Q. The lack of
Chi earthquake produces the mildest long-period ground maupture directivity caused the near-source ground motions
tion. Up-dip from the fault the ground motions for the otherto be dominated by the near-field (pseudo-static) motions.
scenarios are significantly more severe, particularly for the
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Figure 27.Radiated energy for each of the two hypocenters for each of the five different fault geometries. For predominantly
along-strike, unilateral ruptures (shallow hypocenter) the steeply dipping faults radiate considerably more energy than the shal-
low dipping faults. For predominantly up-dip, bilateral ruptures (deep hypocenter) the radiated energies from the five scenarios
exhibit much less variation.

Consequently, the ground motions decayed rapidly with dis-  Shifting the hypocenter toward the bottom center of the
tance from the fault trace. Had the hypocenter been muctault results in less variation in the level of shaking across the
deeper or more centrally located along the strike of the rupfive pairs of fault dip and slip rake angles considered. The bi-
ture, we expect that the ground motions would have decayddteral nature of the ruptures reduces the ground motions for

less rapidly and been large over a much greater area. scenarios with predominantly strike-slip faulting, while the
larger amount of up-dip rupture increases the ground mo-
Conclusions tions for scenarios with predominantly thrust faulting. Thus,

shifting the hypocenter of the Chi-Chi earthquake to a deep

Owing to the presence of shallow slip in the magnitudecation, centrally located along the strike of the fault would
7.4 earthquake simulations considered here, Love and/@fgnificantly increase the amplitude of the ground motions
Rayleigh waves dominate the ground motions with strikegye to the increase in distance the rupture propagates toward
slip faulting that tends to generate Love waves and thrughe surface parallel to the slip vector.
faulting that tends to generate Rayleigh waves. The amount This set of simulations suggest that while the ground
of rUthre toward the surface in the direction parallel to Slipmotions inthe 1999 Chi-Chi earthquake in Taiwan may have
(mode-II direction and a local maximum in the shear-wavepeen large at some locations, they occurred over a relatively
radiation pattern) controls the severity of the long-periodsmall area because of the shallow hypocenter and predom-
shaking. For strike-slip faulting the shaking is most severgnantly unilateral rupture on the shallow-dipping fault with
for unilateral rupture, while for thrust faulting the shaking is mostly thrust motion. The rupture propagated along a node
most severe for up-dip rupture from a deep hypocenter. Fign the shear-wave radiation pattern which limited the amount
ure 28 summarizes how the direction of propagation and theyf rupture directivity. Consequently, we expect severe long-
slip rake angle affect the location and degree of rupture diperiod ground motions over a much larger area when events

rectivity. The directivity effect is maximized in the regions of the same size occur with other styles of faulting or deeper
where the rupture propagates parallel to the slip vector.  hypocenters.

When the hypocenter sits mid-depth at a fault quarter
pgmfc, the Iargest_ ground mo'gons occur for the 60 degree Acknowledgments
dipping fault, which has a slip rake angle of 45 degrees.
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Figure 28. Summary of how the fault geometry and the slip rake angle affect the amount and location of rupture directivity
as indicated by the size and location of the splotch on the ground surface. The top row illustrates two cases for a vertical fault
with obligue motion, and the bottom row illustrates two cases for a shallow-dipping fault with thrust motion. The left col-
umn corresponds to predominantly along strike rupture (i.e., the shallow hypocenter), whereas the right column corresponds to
predominantly bilateral or up-dip rupture (i.e., the deep hypocenter).
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