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Abstract. Dynamic models of earthquake rupture and slip are a powerful method by 
which to investigate the physics of earthquakes. Owing to both conceptual and 
computational constraints, dynamic earthquake models have largely been limited to cases 
with geometrical symmetry, such as faults in unbounded media or vertical faults. However, 
there are both observational and theoretical reasons to believe that nonvertical dip-slip 
faults behave differently from faults with more symmetrical geometries. Previous 
observations have shown greater ground motion from thrust/reverse faults than normal 
faults and higher ground motion on hanging walls than on footwalls. In the present work, 
two-dimensional dynamic simulations of thrust/reverse and normal earthquakes show 
precisely these effects and also elucidate their causes. For typical nonvertical dip-slip faults 
the breakdown of symmetry with respect to the free surface allows radiated seismic waves 
to reflect off the free surface and to hit the fault again, altering the stress field on the 
fault. This process can lead to time-dependent normal stress and a feedback between the 
friction/rupture processes and seismic radiation. This interaction leads to thrust/reverse 
faults producing much higher fault and ground motion than normal faults with the same 
geometry and stress magnitudes. The asymmetric geometry also directly leads to higher 
motion on the hanging walls of such faults than on the footwalls. Simulations show that 
these effects occur for a variety of dip angles but only for faults that either intersect or 
closely approach the free surface. The results emphasize the strong effect that the free 
surface can have on the dynamics of fault rupture and slip. 

1. Introduction 

One of the primary goals of earthquake seismology is to 
understand the cause of strong ground motion at the Earth's 
surface. The case of dip-slip (thrust/reverse and normal) fault- 
ing warrants special attention because in many areas the larg- 
est seismic hazard lies in such faults. For example, in the 
western United States the 1971 San Fernando earthquake [Tri- 
funac and Hudson, 1971], the 1992 Petrolia earthquake [Shakal 
et al., 1992], and the 1994 Northridge earthquake [Shakal et al., 
1994] were all thrust earthquakes that occurred in the com- 
pressive tectonic regimes of northern and southern coastal 
California. Likewise, the 1954 M - 6.0 Rainbow Mountain- 

Fairview Peak-Dixie Valley sequence [Romney, 1957], the 
1959 M = 7.3 Hebgen Lake earthquake [U.S. Coast and 
Geodetic Survey, 1959], and the 1983 M = 6.9 Borah Peak 
earthquake [Reagor and BaM•vin, 1984] occurred in the ten- 
sional environment of the Basin and Range. Except for 
Northridge, there were only a few or no strong-motion instru- 
ments close to the fault. Therefore it is difficult to infer the 

spatial variation of ground motion from such events. This lack 
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of pertinent data is one of the prime motivations for dynamic 
simulation studies. 

The existing data from dip-slip earthquakes, however, ap- 
pear to display unique behavior that sets such events apart 
from more commonly studied vertical strike-slip faults. The 
1971 San Fernando [Nason, 1973; Steinbrugge et al., 1975] and 
1994 Northridge events [Abrahamson and Somerville, 1996] 
produced systematically higher ground motion on the hanging 
wall. In particular, Allen et al. [1998] have shown evidence for 
vertical accelerations exceeding 1 g at the toe of the hanging 
wall of the 1971 San Fernando event. There is also evidence 

that thrust faults have higher dynamic stress drops and produce 
larger ground motion than normal faults [McGarr, 1984; Cocco 
and Rovelli, 1989; Abrahamson and Somerville, 1996]. This ef- 
fect has also been seen in the foam rubber models of Brune 

[1996]. Additionally, the recent Chi-Chi (Taiwan) earthquake 
has produced an unprecedentedly large data set that displays a 
strong hanging wall/footwall asymmetry [Shin et al., 2000; Rau 
et al., 1999; J. K. Chung et al., Ground displacement around 
the fault of the September 20, 1999, Chi-Chi earthquake, sub- 
mitted to Geophysical Research Letters, 2000, hereinafter re- 
ferred to as Chung et al., submitted manuscript, 2000]. 

One key difference between a typical dip-slip fault and a 
typical strike-slip fault is that dip-slip faults tend to have non- 
vertical dips, leading to a break in symmetry with respect to the 
free surface. Because of this geometrical asymmetry the stress 
field generated by the earthquake must modify itself to match 
the stress boundary condition at Earth's surface. Therefore the 
free surface causes a coupling between the shear stress and 
normal stress on the fault that would not exist either in a whole 
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space or with a vertical fault plane. These variations in normal 
stress cause variations in the friction on the fault and, conse- 

quently, greatly affect the fault motion and near-source seismic 
radiation. 

An alternative way to visualize the situation is to note that 
dip-slip earthquakes tend to nucleate at depth, with the rup- 
ture propagating updip at subsonic speed. Thus seismic waves 
radiated by the rupture will reflect off the free surface and hit 
the fault again, modifying the stress field both ahead of and 
behind the rupture front as it travels toward the surface. 

Many researchers have investigated the physics of the earth- 
quake rupture process by numerical simulations [e.g., Kostrov, 
1966; Burridge and Halliday, 1971; Madariaga, 1976; Andrews, 
1976a, b; Archuleta and Frazier, 1978; Day, 1982a, b; Ruina, 
1983; Harris et al., 1991; Harris and Day, 1993; Zeng et al., 1996; 
Pertin et al., 1995; Madariaga and Cochard, 1996; Beelet and 
Tullis, 1996; Andrews and Ben-Zion, 1997; Ben-Zion and Rice, 
1997; Nielsen, 1998; Shi et al., 1998]. Most of these studies have 
been limited by simplifying approximations required to make 
the problems manageable, such as placing the fault in an un- 
bounded homogeneous whole space or vertically with respect 
to a free surface. However, in both these cases the symmetry in 
the problem eliminates any time variation in the normal stress 
[Burridge, 1973]. Thus, once the waves have left the fault, they 
are effectively decoupled from the frictional process of the 
fault rupture. In contrast, a nonvertical fault plane leads to the 
possibility of seismic waves being reflected from the surface 
onto the fault plane. Of particular interest is the consequence 
for the normal stress. This stress would be constant in a whole 

space or with a vertical strike-slip fault, but it can be time- 
dependent for a dip-slip fault. Of the few dynamic simulations 
of dip-slip faulting prior to this work [e.g., Mikumo and 
Miyatake, 1993; Nielsen, 1998; Oglesby et al., 1998], only Nielsen 
[1998], Oglesby et al. [1998], and Shi et al. [1998] have taken the 
time dependence of normal stress into account in the friction 
law. Time-dependent normal stress can also arise due to the 
presence of different materials on the two sides of the fault 
[Andrews and Ben-Zion, 1997; Ben-Zion and Andrews, 1998; 
Harris and Day, 1997], to the presence of two or more fault 
segments [Harris et al., 1991; Harris and Day, 1993; Kase and 
Kuge, 1998; Magistrale and Day, 1999], and to a nonplanar fault 
[Bouchon and Streiff, 1997; Kame and Yamashita, 1999; 
Oglesby, 1999]. Time-dependent normal stress alters both the 
yield strength of the fault and the sliding frictional stress. Thus 
it can greatly affect both rupture propagation and slip on the 
fault. These effects also manifest themselves in differences in 

ground motion between thrust and normal faults. Oglesby et al. 
[1998] have studied the effects of dipping fault geometry on the 
dynamics of earthquake rupture, slip, and ground motion. The 
current study greatly expands on these results, includes the 
case of buried faults, and directly investigates the effect of 
normal stress changes on fault rupture. 

2. Analytical Approach 
To interpret the results of the present dynamic simulations, 

it is useful to construct an analytical solution for the stresses in 
the vicinity of the free surface owing to earthquake rupture 
farther downdip on a dip-slip fault. We assume the simple case 
of a two-dimensional (plane strain) fault in a homogeneous 
medium. First, assume that the fault is embedded in a whole 

space. Let (crx, cry, crxy) be the components of the incremental 
stress (relative to an arbitrary equilibrium stress field) due to 
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Figure 1. Schematic diagram of the fault geometry, coordi- 
nate system, and stress field of a nonvertical dip-slip fault. 

the fault rupture, and let (O'm, O'n, ']') be their projection onto 
the plane of the fault (Figure 1). For a fault dipping at an angle 
0 with respect to our x-y coordinate system the relations be- 
tween the stresses in the two coordinate systems are 

1 

r = • (cry - crx) sin 2 0 + crxy cos 20 
(1) 

crn = crx sin2 0 + cry cos 2 0 - 2crxy sin 0 cos 0 

crx: cr, sin2 0 + crm COS2 0 -- 2r sin 0 cos 0 

cry = cr, cos 2 0 + crm S in2 0 + 2r sin 0 cos 0 

1 (crm-- crn) sin20+ rcos20 

(2) 

] (cry crx) sin 20 + crxy cos 20 1' '-- • -- 

crn=0 

cr•-- -2r sin 0 cos 0 

•r; = +2r sin 0 cos 0 (2') 

cr•y= r cos 20. 

Now, if we consider the same fault in a half-space at an angle 
0 with respect to the free surface, in the vicinity of the free 
surface (i.e., at depths small with respect to one wavelength), 
the free surface stress boundary condition at the intersection of 
the fault and the free surface requires 

cr• = 0 

= 2x, 

where the superscript f distinguishes the values at the free 
surhce from the values in a whole space. The doubling of the 
horizontal normal stress at the free surhce is not true for a 

general location on the free surface. However, it can be shown 
via the static method of Crouch [1976] to be true for a point on 
the surhce in the plane of a shear dislocation (S. B. Nielsen 
and D. D. Oglesby, manuscript in preparation, 2000), regard- 
less of the angle be•een fault and surhce. 

(1') 

For an infinite homogenous whole space, symmetry requires 
O'm -- crn : 0, SO the projections become 
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By substitution of (3) into (1') and (2') we may write the 
fault stress values in the vicinity of the free surface as a func- 
tion of the horizontal stress in the whole space: 

?/= -•r•sin20 
(4) 

rrl, = 2o'•, sin'- 0. 

We can now determine the change in shear and normal 
stress on the fault due to the presence of the free surface. By 
taking the difference between (4) and (1') and performing 
some algebra, we find for the fault shear stress 

1 

?/- ?: -• (try + rr•) sin 20 - rr• cos 20. (5) 

Substituting (2') into (5), we arrive at 

?;- ? = -? cos: 20. (6) 

Likewise, the same procedure for the normal stress produces 

• - •r,, = -4? sin 3 0 cos 0. (7) 

Now we need to determine how these stress changes due to 
the presence of the free surface affect rupture on the fault. The 
most simple description of frictional resistance stating the pro- 
portionality of strength to normal stress, for both sliding and 
stationary surfaces with no cohesion, is Amonton's law: 

where • is the static coefficient of friction. If we write C = Irl + 
•rr,, then the static strength expression can be restated as the 
fracture criterion C -> 0. 

We can now compute the difference in fracture criterion 
between the whole space and half-space cases, taking into 
account the modified shear and normal stresses on the fault. 

We let C represent the fracture criterion for the fault in the 
whole space and C f represent the corresponding fracture cri- 
terion for the same fault in a half-space close to the surface. 
Using (6) and (7), we obtain, in the case of a normal fault (? < 0), 

c - c - -I,[ cos = 20 q- 4l,I sin 3 0 cos 0. (9) 

In the case of a thrust fault (? > 0) we find 

c/- c -- -I,I cos: 20 - 4/z[rl sin 3 0 cos o. (10) 

Solutions analogous to these were derived by Nielsen [1998] for 
the case of a 45 ø dipping fault. In the above relations, C; - 
C > 0 corresponds to the fault being brought closer to failure 
than it would have been without the free surface, and C; - 
C < 0 corresponds to the fault being taken farther from 
failure than it would have been without the free surface. As 

shown in Figure 2, between dip angles of --•30 ø and 75 ø, the 
normal fault near the surface is brought closer to failure in the 
presence of a free surface than it would have been in a whole 
space. Conversely, the thrust fault near the surface is actually 
taken farther from failure than it would have been in a whole 

space. Still, for dip angles less than -55 ø , the relative fault 
weakening is greater than -1 and thus corresponds to the fault 
being brought closer to failure in an absolute sense due to the 
rupture downdip. 

The difference in relative fault weakening between thrust/ 
reverse and normal faults is due to the change in normal stress 
•r,, across the fault. In the normal faulting case the normal 
stress magnitude decreases ahead (updip) of the rupture, re- 
ducing the yield stress. The converse is true for the thrust fault. 

0.5 

*> -0.s 

-1.5 

......................................................... Normal 

0 15 30 45 60 75 90 

Dip angle (deg) 

Figure 2. The relative fault weakening (C f - C)/? ahead of 
the rupture front for a point at the intersection of the free 
surface and the fault. (C • - C)/? > 0 corresponds to aiding 
rupture compared to the case of a fault in a whole space, and 
weakening of (C f - C)/? < 0 corresponds to hindering 
rupture compared to the case of a fault in a whole space. 
However, weakening of (C; - C)/? > - 1 still corresponds to 
bringing the fault closer to rupture in an absolute sense. 

In the case of the normal fault, the decreased yield stress ahead 
of the rupture front can drop to the level of the S wave shear 
stress, causing the fault to have an early secondary nucleation 
near the free surface, as observed by Nielsen [1998] for the case 
of a 45 ø dipping fault. 

The preceding development has been for points on the fault 
near the surface that are ahead of the rupture front but have 
not yet started to slip. Behind the rupture front, in the slipping 
region of the fault, the stress buildup is replaced by a stress 
drop: the change in the shear stress for the normal and thrust 
cases is of the opposite sign. Thus the effects on the normal 
stress in the slipping region are the opposite of the effects 
ahead of the rupture: Behind the normal faulting rupture 
front, the normal stress tends to increase, increasing the sliding 
friction and decreasing the slip velocity. Conversely, the thrust 
fault experiences reduced normal stress, decreased sliding fric- 
tion, and amplified slip velocity. 

The above analytical development is limited by the fact that 
it does not consider dynamic effects such as waves. However, in 
reality, the stress changes described above are transmitted by 
seismic waves in the near-surface region and are valid only for 
regions close to the free surface. Our simple development does 
not take into account the additional effects of waves reflected 

off the fault nor does it predict the effect of the free surface on 
more deeply buried points on the fault. Its purpose is to pro- 
vide a simple physical argument for understanding the results 
of the full dynamic simulations to follow. However, as will be 
seen in the simulation results, through wave phenomena the 
free surface manifests itself at points even far downdip on the 
fault. 

3. Numerical Simulations 

Using a two-dimensional finite element method [Whirley et 
al., 1992], we simulated the dynamic rupture of dip-slip faults 
with dip angles of 30 ø, 45 ø, and 60 ø. A key feature of the 
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Figure 3. The law used for the reduction of the frictional 
coefficient • from its static to its dynamic value. The form is 
that of a cosine function with a weakening time of 0.2 s. 

simulations is that the friction on the fault follows Amonton's 

law •- = •cr,,, where •-is the (frictional) shear stress on the 
fault, • is the coefficient of friction (either static or sliding), 
and or,, is the normal stress. Thus, as the normal stress dynam- 
ically changes due to the reflected waves from the surface, the 
frictional stress also changes, leading to consequences for both 
the rupture and slip processes. This interaction is a direct 
result of correctly accounting for the dynamic variations of 
normal stress on the fault. Additionally, our simulations in- 
clude a drop from the static frictional level to the dynamic 
frictional level. When a node on the fault reaches its yield 
(static frictional level), the node is allowed to slip. After this 
time, the frictional coefficient drops as a cosine function of 
time to the sliding frictional level (Figure 3). Such a time- 
weakening friction law is similar to a slip-weakening friction 
law [Ida, 1972; Andrews, 1976a, b] with an effective slip- 
weakening distance of 1-20 cm, depending on the slip rate. 
Experiments with a more conventional slip-weakening friction 
law show that the current results are quite insensitive to 
whether slip or time is used as the independent variable in the 
friction. In all cases, fault rupture is nucleated by bringing a 
small (<1 km) region of the fault above the yield stress. How- 
ever, experiments with different nucleation methods show that 
the evolution of rupture and slip is insensitive to the method of 
nucleation. The fault is healed when the slip velocity turns 
negative, preventing the fault from rupturing again. Typical 
numerical parameters in the simulations are summarized in 
Tables 1 and 2. Experiments with different element sizes indi- 
cate that our numerical method is not strongly grid-dependent, 
with the exception that smaller grids have the ability to prop- 
agate higher-frequency signals, and thus can have slightly 
(---5%) higher peak velocities. However, comparisons between 
hanging wall and footwall motion and between thrust/reverse 
and normal fault motion are insensitive to this minor effect. 

For all three dip angles the only difference in the initial 
conditions between the thrust and normal faulting simulations 
was the sign of the shear stress on the fault. All stress magni- 
tudes and geometrical attributes are identical between the 
thrust and normal faults. However, as is shown in snapshots of 
particle velocity for the 45 ø dipping faults (Plate 1), the result- 

Table 1. Fault/Material Parameters 

Parameter Value 

Fault width (downdip) 28.28 km 
Fault dip 30 ø , 45 ø , 60 ø 
Shear prestress 2.8 MPa 
Normal prestress 6.0 MPa 
Static frictional coefficient 0.7 

Sliding frictional coefficient 0.3 
Density 3000 kg/m 3 
Shear modulus 30000 MPa 
Poisson's ratio 0.25 

Vp 5.48 km/s 
Vs 3.16 km/s 

ing fault motions are quite different. Slip is nucleated at t -- 0 
s. For early times (t - 1.3 s; t -- 4.9 s), there is no difference 
in particle velocity between the normal and thrust faults. This 
similarity is due to the fact that reflected waves from the 
surface have not yet greatly affected the normal stress (and 
thus the frictional stress) on the fault. However, at t -- 7.4 s 
the free surface has begun to manifest itself. Owing to the 
decreased normal stress (and thus decreased yield stress) near 
the free surface, the rupture front in the normal faulting case 
has leaped ahead to form a secondary rupture front near the 
free surface. This secondary rupture front propagates back down 
the fault to meet the primary rupture front. The thrust fault 
displays no such effect. At t = 12.8 s, both faults have ruptured 
through to the free surface. In the case of the thrust fault, there is 
a strong breakout phase [Butridge and Halliday, 1971] propagating 
down the fault from the free surface, implying an amplified dy- 
namic stress drop at the free surface. Owing to both the breakup 
of the rupture front and the increase in friction after rupture, the 
normal fault displays no such large phase. 

The particle motion described above can be explained by 
observing the development of the stress field in the vicinity of 
the 45 ø dipping normal and thrust faults (Figure 4). In both 
cases, slip nucleates in the same place, with the only difference 
being the sign of the shear stress (the absolute value is taken in 
Figure 4 for ease of comparison). By t = 2.5 s a typical shear 
crack stress pattern [Ida, 1972; Andrews, 1976a, b] appears on 
both faults, with a small S wave peak ahead of the crack tip. By 
t - 6.6 s in the case of the normal fault the free surface has 

started to manifest itself by reducing the normal stress (and 
hence the yield stress) ahead of the crack tip. Likewise, in 
keeping with the analytical development the normal stress (and 
hence the dynamic frictional shear stress) is elevated behind 
the crack tip in the slipping region. At t = 6.9 s the normal 
stress has decreased even more ahead of the crack tip, so that 
the yield stress is low enough to trigger rupture at the S wave 
pulse. Thus the fault has a secondary nucleation, as seen in the 
velocity snapshots (Plate 1). The secondary rupture front prop- 

Table 2. Computational Parameters 

Parameter Value 

Element width on fault 141.4 m 

Time increment 1.5 x 10-3s 

Maximum frequency -2 Hz 
Critical slip time 0.2 s 
Total time 20 s 

Number of elements -96,000 
Run time (UltraSparc 30) -3-4 hours 



OGLESBY ET AL.: DYNAMICS OF DIP-SLIP FAULTING 13,647 

6[ A . .• t = 0.4 s 
4•.;:,•-,• ..... : ............ .,. ...... ? .......... .,!,; ....... •..•..•,? ......... .• 

0 I ..... ! I ! ! ........ 

t=2;5s , 

B . t=0.4s 

, I I I I 

t = 2,5 s 

yield • crack tip: : _ .... . _.. 

..... t=..6.6s . . ..... , t=7.0s 

crack ti• ..... . . . =.. 

i6L "'.';' : . t=6.9S ( : ; , t=7.8S 
F ...... *' ..... 

01 ......... , ,,, , , , , ..... •, ,,, : ..... , ,, ,• ..... : .. 

6[ ..." , .. : t=7,3S t : .. 
O/ ...... • ' • • .... J ...... •' • .... • .... : : ...... 

•, . .• ,., .. t=8.68 t=8,68 6 .... : ..... : ........... ;" ................ 

..... 

' "• 1•' 1• ........ •0 ............ •5 0 5 10 15 20 25 30 
Downdip dis•nce (kin) 

Figure 4. Snapshots of stresses alert E 45 ø dippinE (a) normal and (b) thrust faults duri,• earthquake mptu•c. 
Ze•o on the horizontal axis corresponds to the [•ee su•face, and •8.3 km on the horizontal axis corresponds 
to the downdip cdEc of the fault. •he solid cu•cs denote shea• stress, and the dashed cu•cs denote yield 
stress. The dashed line denotes the initial yield stress before dynamic stress modification. 

agates bilaterally toward the surface and back toward the pri- 
mary rupture front. By t = 8.6 s the entire fault has ruptured, 
and the normal (and thus also shear) stress near the free 
surface is still slightly elevated, inhibiting slip. At later times 
the shear stress in the downdip region of the fault exceeds the 
yield stress. This artifact is d]]e to the requirement that the 
fault not slip again after it has healed, but experiments show 
that the manner of healing does not affect the main results of 
the simulation: reslipping changes the final state of stress on 
the fault and makes minor adjustments to the slip but has no 
effect on the peak velocities. 

As the rupture approaches the free surface, the thrust fault 
behaves quite differently from the normal fault. At t = 7.0 s 
the thrust fault begins to feel the effects of the free surface, as 
the normal stress and hence the yield stress increase ahead of 
the crack tip. Similarly, the normal stress and the sliding fric- 
tional stress are decreased behind the rupture front, amplifying 
slip. This effect grows stronger until the crack tip hits the free 
surface at t = 8.3 s. Then, in a very short time the shear stress 
drops from the greatly increased yield stress to a greatly de- 

creased sliding frictional level. The reduced normal and shear 
stress further amplifies slip, in agreement with the quasi-static 
analysis of Rudniki and Wu [1995]. The resultant huge dynamic 
stress drop leads to the strong breakout phase seen in the 
previous particle velocity snapshots (Plate 1). 

It is important to note that for most of the rupture propa- 
gation, even though the normal stress is greatly modified, the 
rupture velocity is not affected for either the normal or thrust 
fault. The reason for the constant rupture velocity is that for 
the normal (thrust) fault the crack tip serves as the dividing 
point between the decreased (increased) normal stress ahead 
of the crack tip and the increased (decreased) normal stress 
behind the crack tip. Thus, for most of its propagation the 
crack tip will experience the same, unmodified yield stress it 
would have felt without the free surface. The crack tip expe- 
riences a modified yield stress in the normal case only when the 
rupture jumps ahead and in the thrust case only when the 
rupture front is right at the free surface. 

The quantitative effect of the free surface interaction on the 
fault motion can be seen in the peak particle displacements 
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Figure 5. Peak particle (a) displacements and (b) velocities along faults with dips of_ 0,45 ø, and 60 ø. Zero 3 ø 

on the horizontal axis corresponds to the free surface, and 28.3 km on the horizontal axis corresponds to the 
downdip edge of the fault. Dark curves denote thrust faults; shaded curves denote normal faults. Solid curves 
are hanging walls; dashed curves are footwalls. 

and velocities on faults with dip angles between 30 ø and 60 ø 
(Figure 5). In all cases, thrust faults have higher displacements 
and velocities than normal faults. Likewise, the hanging walls 
have higher displacements and velocities than the footwalls. 
The higher motion on the hanging wall is another consequence 
of the asymmetry of the fault with respect to the free surface: 
Since the hanging wall has less volume and mass near the free 
surface than the footwall, it will move more under the same 
stress. Also, since the fault plane is nearly opaque to shear 
waves as it slips, trapped waves in the hanging wall may con- 
tribute to its larger motion. Increased peak velocity and dis- 
placement in the hanging wall has also been seen in foam- 
rubber models [Brune, 1996; Brune and •4nooshehpoor, 1999], 
dynamic lattice model simulations [Shi e! al., 1998], and quasi- 
static antiplane models [Davis and Knopoff, 1991]. As one 
would expect, as the fault dip angle increases toward 90 ø , this 
asymmetry decreases. However, the difference between thrust 
and normal fault motion actually increases with increasing 
fault dip. This effect is also seen in our analytical solution 
(Figure 2), in which the difference in relative fault weakening 

between the thrust and normal faults increases between 30 ø 
and 60 ø and then rapidly reduces to zero at 90 ø . 

Interestingly, although the free surface effect on peak veloc- 
ity decreases rapidly as one travels downdip on the fault, the 
free surface effect on the displacements persists along the 
entire fault. This effect can be explained in terms of the brea- 
kout phase seen previously. For most fault dips the breakout 
phase is the strongest velocity pulse only near the free surface, 
so it appears only near the free surface in the peak velocity 
plots. However, it still contributes to the fault displacement 
everywhere and thus causes a difference between thrust and 
normal faulting displacement across the entire fault. The ex- 
ception is the 30 ø dipping thrust fault, in which the breakout 
phase produces an elevated peak velocity over most of the fault 
plane. Similarly, the difference between hanging wall and foot- 
wall motion can only manifest itself after the waves from the 
fault have "sampled" the free surface and reflected back to the 
fault. In most cases, these reflected waves produce slip veloc- 
ities smaller than the initial slip pulse, but they still contribute 
to the final slip. The radically decreased displacement at the 
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Plat• L Snapshots of fault-parallel particle velocity for 45 ø dippin8 normal and thrust faults durin8 earth- 
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Figure 6. Peak particle (a) displacements and (b) velocities along the free surface above faults with dips of 
30 ø , 45 ø , and 60 ø . Zero on the horizontal axis corresponds to the surface trace of the fault; negative distances 
correspond to the footwall and positive distances correspond to the hanging wall. Dark curves denote thrust 
faults; shaded curves denote normal faults. 

surface of the 60 ø normal fault is an artifact of the greatly 
increased normal and frictional stress after rupture. This in- 
creased stress causes rapid healing. Since such prematurc heal- 
ing has not been observed in nature (albeit with scarce data), 
it may be an indication that our friction law or healing criterion 
may not be valid right at the free surface. 

The effects of asymmetry with respect to the free surface are 
also seen in the peak particle displacements and velocities on 
the free surface in the source vicinity (Figure 6). In all cases, 
particle motion for the thrust faults is larger than for the 
normal f,aults, and there is a large discontinuity in particle 
displacement and velocity when one crosses over the fault trace 
from the footwall (negative distances) to the hanging wall 
(positive distances). Note that while the difference between 
hanging wall and footwall motion decreases rapidly with dis- 
tance away from the fault plane, the difference between thrust 
fault and normal fault motion persists even at large distances. 
This consistently higher ground motion is largely caused by the 
increased fault motion near the surface. It is also true that in 
these simulations the thrust faults have higher slip and conse- 

quently higher seismic moments than the normal faults, even 
though they start with the same initial stress magnitudes. How- 
ever, scaling the ground motion by thc seismic moments re- 
duces but docs not climinatc the difference betwccn thrust and 
normal fitult ground motion. Thus, even for the same moment 
magnitudc, thrust faults will produce higher near-source 
ground motion than normal faults. One interesting feature of 
the peak surface velocities is the increased peak velocity on the 
hanging wall of thc normal faults, 2-3 km away from the fault 
trace. This point is the location at which the initial pulses from 
the secondary rupturc front and the primary rupture front 
arrive simultaneously, greatly increasing the ground velocity. 

All the above simulations thus far have been for faults that 
intersect the Earth's surface. However, many faults (e.g., that 
of the 1994 Northridge earthquake) are "blind" and do not 
intersect the free surface. To determine the effect of fault 
burial on the free surface effects described above, we per- 
formed simulations of a 40 ø dipping fault buried at various 
depths (Figure 7). When the top of the fault intercepts the 
surface, we see the same surface ground motion pattern as in 
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Figure 7. Peak particle (a) displacements and (b) velocities along the free surface above a 40 ø dipping fault 
buried at depths of 0, 1.0, and 5.0 km. Zero on the horizontal axis corresponds to the point on the surface 
directly above the upper edge of the fault; negative distances correspond to the footwall and positive distances 
correspond to the hanging wall. Dark curves denote thrust faults; shaded curves denote normal faults. 

our previous simulations. However, when the top of the fault is 
buried at a depth of 1.0 km, the differences in peak velocity 
between the thrust and normal fault, as well as the differences 
between the hanging wall and footwall motion, almost disap- 
pear. This effect has two causes: First, the fault is farther from 
the free surface, and thus the free surface has less of an effect 
on rupture. Second, a buried fault is constrained not to move 
at both its edges, while the updip edge of a fault that intercepts 
the surface may move freely, greatly amplifying its motion. In 
fact, simply pinning the updip edge of the fault that intercepts 
the free surface is enough to reduce the resultant ground 
motion by half. As the depth of burial increases to 5.0 km (the 
approximate depth of burial of the Northridge fault), the peak 
particle velocities show very little effect of the free surface. The 
free surface effects persist to a greater extent in the peak 
displacements. Thus we may conclude that while the interac- 
tion of the free surface with fault rupture could be very im- 
portant for faults that intersect the free surface, the impor- 
tance of this effect decreases rapidly with burial depth. 

Another issue in these simulations is the cause of the differ- 
ence between thrust and normal faulting. Previous studies 
[e.g., Mikumo and Miyatake, 1993] have simulated dip-slip 
faults, but without taking into account the time variability of 
normal stress in their friction laws. To determine the effects of 
this omission (all other attributes being equal), we have simu- 
lated the (artificial) case in which the friction depends not on 
the time-dependent dynamic normal stress, but only on the 
constant normal prestress. Thus r = /•O-,, where O-, is 
constant, and the only variation in fault friction is due to the 
drop in/• from its static to its sliding value. Figure 8 shows that 
when the effect of time-dependent normal stress is removed 
from the simulation, the resulting thrust and normal faults 
produce the same ground motion pattern, which is almost 
exactly halfway in between the true thrust and normal ground 
motions. This simulation indicates that the time dependence of 
normal stress is, in fact, the cause of the difference between 
thrust/reverse and normal fault motion and that the omission 
of time-dependent normal stress can lead to inaccurate results. 
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Figure 8. Peak particle velocities along the free surface 
above a 45 ø dipping fault. The dark solid curve denotes the 
peak velocity for a thrust fault, and the shaded solid curve 
denotes the peak velocity for a normal fault. The dashed curve 
displays the overlaid peak velocities for both thrust and normal 
faults in which the time dependence of normal stress has been 
removed from the frictional stress calculation. 

4. Conclusions 

The results of our simulations may explain observations of 
ground motion in the vicinity of dip-slip faults, such as stronger 
ground motion from thrust faults than from normal faults and 
stronger ground motion on the hanging wall than on the foot- 
wall. The larger motion of the hanging wall will cause increased 
strain in the hanging wall. This effect could provide an expla- 
nation for the cloud of aftershocks often seen in the hanging 
wall after dip-slip earthquakes. Fortunately, the amplified 
ground motion from a thrust fault appears to decay rapidly 
with the depth of burial of the fault, so the ground motion from 
"blind thrusts" may not be as substantial as the motion from 
faults that extend all the way to the free surface. Finally, the 
simulations indicate that in order to predict the ground motion 
from a dip-slip earthquake the time-dependent normal stress 
must be included in the friction law. Otherwise, the tendency 
will be to overestimate the motion of the normal fault and 

underestimate the motion of the thrust fault. 

While this current work was under review, the 1999 Chi-Chi 
(Taiwan) earthquake produced a large set of near-source data 
that verifies some of the predictions made in this paper. Early 
analyses of the strong-motion data [Shin et al., 2000; Chung et 
al., submitted manuscript, 2000] and Global Positioning Sys- 
tem (GPS) data [Rau et al., 1999] indicate that the hanging wall 
experienced much higher displacement and peak velocity than 
the footwall, with a strong discontinuity at the fault trace. The 
ground motion pattern of this earthquake is quite similar to 
that predicted in the current two-dimensional dynamic models. 
A more specific investigation of the effects of the dipping fault 
geometry on this earthquake is in progress (D. D. Oglesby and 
S. M. Day, manuscript in preparation, 2000). However, a com- 
parison between the current model and the actual Chi-Chi data 
strongly implies that for thrust earthquakes that rupture 
through to the free surface, the fault/free surface interaction 
can have a very large effect on the fault slip and ground 
motion. 

There are some caveats to our results. First, since the models 

are two-dimensional, more energy is concentrated near the 
crack tip than would be in the case of a full three-dimensional 
simulation. It could be argued that this effect could lead to an 
overestimate of the effect of the free surface on rupture dy- 
namics. However, future work [Oglesby et al., 2000] will show 
that three-dimensional models produce results very similar to 
the two-dimensional results in this work. Second, it is possible 
that in a tensional tectonic regime the normal stress on faults 
near the free surface may be tensile, thus removing the normal 
stress factor from the friction law (Y. Zeng, personal commu- 
nication, 1997). However, simulations in which the stress drop 
tapered to zero in the upper few hundred meters produced 
essentially the same results as in the current work. Third, it is 
also possible that friction in the upper 1 or 2 km may be greatly 
affected by rock weakness and/or pore pressure, so that the 
upper portions of faults may not hold much fracture energy. 
Thus our simulations should be thought of as limiting cases, in 
which the stress drop extends all the way to the free surface. 
Finally, we use a rather simple-minded friction law, whereas 
there is laboratory evidence that more complicated (e.g., rate- 
weakening, rate-and-state) friction may be operating on faults 
in nature [e.g., Dieterich, 1979]. In spite of these limitations the 
results of this study are robust and illuminate the possibility 
that through knowledge of fault geometry, researchers may be 
able to predict many features of future earthquakes. 
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