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INTRODUCTION 

Thrust faults are arguably the most hazardous type of fault, as they produce stronger ground 

motion per fault area and earthquake magnitude than ruptures on strike-slip or normal faults (e.g. 

Abrahamson and Somerville, 1996). Thrust faulting ruptures also pose the hazard of permanent ground 

deformation; slip on a thrust fault, even without surface expression, can cause both uplift and subsidence 

in a single event (e.g. Ellis and Densmore, 2006).   

 Strong ground motion in thrust faulting earthquakes is controlled by several factors. The 

compressional nature of thrust faults implies that they have relatively high normal stress acting on them, 

and therefore a relatively high strength. A larger amount of shear stress is required to overcome this, 

which in turn leads to a larger stress drop and higher energy release per fault area (e.g. Aochi, 2018). 

Thrust earthquakes exhibit stronger ground motions on the hanging wall in particular when compared to 

the footwall (e.g. Campbell and Bozorgnia, 1994; Celebi, 1995; Somerville et al., 1996; Oglesby et al., 

1998; Shabestari and Yamazaki, 2002). These hanging wall effects are controlled by the upward 

movement of the hanging wall past the largely immobile footwall; the hanging wall may even decouple 

from the footwall under certain conditions (Brune, 1996; Shi et al., 1998). Rupture directivity also 

contributes to ground motion in thrust earthquakes, as the seismic rupture front propagates up-dip and 

amplifies at the surface (Nielsen, 1998).   

 Permanent surface displacement in thrust earthquakes is dominated by the motion of the hanging 

wall. This upward motion produces uplift over the hanging wall closer to the fault tip or its projection, but 

also subsidence at the back of the hanging wall, where it pulls away from rock that does not overlie the 

fault plane (e.g. Savage and Hastie, 1966; Ellis and Densmore, 2006). Since the amount of slip is also 

closely related to the energy budget of a rupture (Kanamori et al., 2001), the on-fault stress conditions 

associated with compression that we describe above may lead to large displacements even for blind 

ruptures. 

 Here, we focus on how dip angle and burial depth of the top of the fault impact ground motion 

intensity and permanent ground surface displacement. We chose to investigate these parameters in part 

because they are key geometrical descriptors of thrust faults, but also because we wanted to investigate 

intuitive ideas of how these geometrical factors may affect behavior across parameter space. 

 

METHODS 

 We varied the dip angle θ, and burial depth b, of a simple, planar thrust fault, combining these 

two parameters within a set of models. We generated tetrahedral meshes of 30 km long (along strike) x 15 

km wide (along dip) thrust faults, which we placed in a homogeneous fully elastic half space using the 

commercial software Cubit. We gave each fault the same dimensions in order to eliminate rupture size as 

a factor.  Within each set of models, we tested burial depths of b = 0, 1, 2, 3, 4, and 5 km, combined with 

dip angles of θ = 20º, 30º, 40º, 50º, 60º, and 70º.  Since we vary fault burial depth and dip angle, but not 

fault dimensions, the basal depth of the fault varies from model to model.   

 We conducted the models in FaultMod (Barall, 2009), a fully dynamic, 3D finite element method, 

which performed well in the SCEC dynamic rupture code validation exercise (Harris et al, 2009; Harris et 

al., 2018).  We implemented linear slip-weakening friction (Ida, 1972; Andrews, 1972), and forced 

nucleation by raising the initial shear stress σo above the yield stress σy over an area larger than the critical 

patch size required for self-sustained rupture (Day, 1982). We intentionally chose stresses that allow the 

entire fault to rupture; rupture therefore ceases when it reaches the edges of the fault.  

 We conducted one set of models in which initial stresses are uniform over the entire fault plane; 

we refer to this as our homogeneous stress case. For this case, we use a stress drop of 10 MPa and a fault 

strength S (Day, 1982) of 1.5 MPa. We also conducted a set of models in which the shear and normal 



stress on the fault vary with depth, to simulate increasing stresses deeper in the Earth; we call this the 

tapered stress case.  In this case, at the lowest basal depth of all of our model faults, we set stresses to be 

equal to twice the stresses of the homogeneous case, then tapered the shear and normal stress to 0 MPa at 

the free surface.  At the midpoint, we set the initial stresses equal to those of the homogeneous case.  The 

initial stresses on the fault itself therefore depend on its dip angle and burial depth within this stress 

gradient.  

 

 
Figure 1. Peak vertical particle velocity (top), peak horizontal particle velocity (second from top), 

maximum permanent uplift (second from bottom), and maximum permanent subsidence (bottom) for the 

homogeneous stress case (left column) and the tapered stress case (right column). Note that the 

relationship between which dip angle and depth has the highest value for each parameter switches 

between the two stress cases. Also note that emergent ruptures have significantly higher values for each 

parameter than emergent ruptures, regardless of initial stress case. 



RESULTS 

Ground motion in the homogeneous stress case. (Figure 1, left column, top two panels.) 

 In the homogeneous initial stress case, peak particle velocity decreases with deeper fault burial 

depth for all dip angles. For blind thrust ruptures, maximum particle velocities barely vary with burial 

depth for any given dip angle.  However, there is a much larger difference in particle velocity between the 

emergent models and all of the blind models, with a large difference in peak particle velocities between 

the emergent rupture and that which is buried 1 km.   

For any given burial depth, changing the dip angle predominantly affects the position and size of 

the area of strongest ground motion. The area of strongest vertical particle velocity remains on the 

hanging wall for all dip angles. The area of strongest horizontal particle velocity is smaller for steeper dip 

angles. However, the position of the strongest horizontal shaking shifts toward the footwall for faults that 

are closer to vertical. In terms of maximum particle velocity, our emergent models differ from this pattern 

in that peak vertical motions increase with steeper dip angles, and peak horizontal motions decrease from 

20° to 50° dip, then increase again. 

   

Ground motion in the tapered stress case. (Figure 1, right column, top two panels.) 

In the tapered case, the spatial distributions of both peak vertical and horizontal particle velocities 

vary with dip angle in a qualitatively similar way as in the homogeneous case. However, the effects of 

both fault burial depth and dip angle are more complex than in the homogeneous case, and each parameter 

has a stronger effect on different aspects of ground motion. 

Peak horizontal particle velocity is primary controlled by burial depth; for all dip angles, peak 

horizontal particle velocity increases with burial depth for blind faults, though emergent faults still 

produce the strongest shaking. Unlike in the homogeneous case, peak horizontal particle velocity is larger 

for steeper dip angles, but this effect is not as pronounced as the effect of burial depth. 

Vertical particle velocity is more affected by dip angle. Maximum vertical particle motion 

follows an arced trend with the strongest values at 50-60° dip. At shallow dip angles, the deepest blind 

thrusts produce the strongest shaking and the emergent faults produced the weakest motion; this crosses 

over around 50°, such that the opposite is true for steeper dips. 

 

Surface displacement in the homogeneous stress case. (Figure 1, left column, bottom two panels.) 
In the homogenous stress case, permanent vertical surface displacement decreases overall as we 

bury the fault deeper, and the basic qualitative distribution of peak uplift and subsidence does not shift 

based on changes in burial depth. Uplift is concentrated on the hanging wall, and terminates abruptly at 

the fault tip in emergent faults and buried faults with steeper dip angles, though it extends onto the tip of 

the footwall in deeper buried faults and faults with shallower dip angles. The area of subsidence is 

concentrated at the back of the hanging wall in the shallow angle faults, and shifts to the part of the 

footwall in faults with dip angles of 40º and greater. The amount of subsidence is also much larger in 

emergent ruptures than in blind ones, and decreases with deeper burial depth.   

 

Surface displacement in the tapered stress case. (Figure 1, right column, bottom two panels.) 
 The spatial distribution both permanent uplift and subsidence in the tapered stress case similar to 

those of the homogenous stress case, however, as with ground motion, the overall amount of 

displacement is smaller in the tapered case. While uplift and subsidence peak around the same dip angles 

as in the homogeneous case, there is a notable difference in this pattern between the two stress cases. In 

the homogeneous case, more shallowly-buried faults always have higher maximum displacement than 

deeper ones, but in the tapered stress case, deeper-buried faults have the highest maximum uplift and 

subsidence at shallower dip angles, while shallow-buried faults have the highest at steeper dip angles. 

Note that the pattern for peak uplift is the same as for peak vertical particle velocity in the tapered stress 

case. 

 

 



DISCUSSION 

Homogeneous Stress Case 

 Fault burial depth has the strongest impact on maximum vertical and horizontal particle 

velocities, uplift, and subsidence. Emergent thrusts of all dip angles produce the largest values for all of 

these variables, and the 5 km-buried blind thrusts produce the smallest values. The explanation for this is 

straightforward: there is more material above the fault as it is buried deeper, and therefore the effects of 

movement of the fault plane are further removed from the ground surface. In the context of particle 

velocity, this manifests as geometric spreading having a larger distance to act on waves propagating away 

from the fault if the fault is buried deeper. In the context of permanent vertical displacement, a rupture of 

equal seismic moment will be able to move a thinner overburden of rock or soil more easily and further 

than a thicker one. Emergent ruptures produce substantially larger ground motions and displacements 

when compared to even shallow blind thrusts not only because the fault breaks the ground surface, 

eliminating path effects between the top of the earthquake source and the ground surface, but also due to 

strong dynamic normal stress reduction (e.g. Oglesby et al., 1998 and 2000).  

 Dip angle has a much stronger control over the distribution of both particle velocity and 

permanent vertical surface displacement. For the most part, the areas of maximum ground shaking and 

maximum permanent displacement correlate with each other. Our models show strong hanging wall 

effects, in which larger particle velocities and uplifts occur on the hanging wall than on the footwall. 

However, for dip angles closer to vertical, the size of the hanging wall is smaller, and therefore so is the 

area of strongest shaking and largest permanent displacement. Horizontal peak particle velocity 

distribution shows clear effects of along-strike rupture directivity; it is still concentrated predominantly on 

the hanging wall for shallower dip angles, but it becomes more evenly distributed on both sides of the 

fault as the dip angle becomes closer to vertical and the asymmetry between hanging wall and footwall 

becomes less pronounced. 

 Permanent uplift is also controlled by the upward movement of the hanging wall (e,g. Savage and 

Hastie, 1966; Ellis and Densmore, 2006). Thus, the pattern of maxima across parameter space is similar to 

that for vertical particle velocity. There is still a balance between the thinner wedge of material moving 

more at lower angles and more vertical motion at higher angles. Here, vertical motion at high angles is the 

dominant effect that produces the largest displacement at shallow burial depths, while the thinner hanging 

wall wedge at low angles is the dominant effect for deeper burial depths. At moderate depths, these two 

effects again balance out in the middle of our angle range. Permanent subsidence is somewhat more 

complex; it occurs at the toe of the footwall in response to the footwall being released from compression 

as the hanging wall moves upward, and at the back of the hanging wall as rock not above the fault plane 

stretches in response to the rock above the fault moving forward (Savage and Hastie, 1966; Ellis and 

Densmore, 2006).  

 

Tapered Stress Case 

 The fact that the spatial distribution of strong ground motion and large permanent surface 

displacement is not fundamentally different between the homogeneous and tapered stress cases shows that 

the model geometry – and the size and shape of the hanging wall in particular – still is the primary driver 

of where these maxima occur. However, the fact that the relationship between burial depth and maximum 

particle velocity and permanent surface displacement is largely reversed from in the homogeneous case 

suggests that the initial stress state, and therefore the stress drop, change in rupture energy with depth, and 

distribution of moment release, are just as key as the geometry is.  

 This relationship is more complex than in the homogeneous case, since here, the fault samples 

different portions of the stress gradient within the earth depending on its angle and burial depth. For any 

burial depth, a low-angle fault has a relatively shallow basal depth, meaning the whole fault exists in a 

narrower part of the stress field. The initial stresses here will be closer to homogeneous, but they will also 

be lower overall, and will therefore produce a lower average stress drop, and a lower moment rupture. In 

contrast, a high-angle fault has a deeper basal depth and cuts through more of the stress field. The initial 

stresses will be more heterogeneous in this case, and the stresses at the top of the fault will be the same as 



for a low-angle fault, but the stresses at the base of the fault will be much higher, and therefore the 

average potential stress drop will be higher as well. Burying the faults deeper puts them in higher-stress 

parts of the crust regardless of dip angle. 

 The interplay between larger stress drop with deeper burial depth and more seismic energy loss 

due to more geometric spreading from deeper buried ruptures explains why the relationship between 

maximum horizontal ground motion and burial depth for blind faults is flipped compared to the pattern in 

the homogeneous stress case. The effect of larger energy release from deep faults dominates over path 

effects; meanwhile, the energy release from shallow faults is still smaller than the remaining energy in 

waves from deeper ruptures once they reach the surface. Horizontal particle velocity from emergent 

ruptures remains highest, for the same reasons as in the homogeneous case. 

 The difference in maximum vertical particle velocity between the homogeneous and tapered 

stress cases can largely be explained by the same factors: deeper-buried faults have higher initial stresses, 

which produce higher moment ruptures, which release more seismic energy. This is most pronounced at 

low dip angles; the increased stress drop from deeper burial depth and the minimized path effects through 

the relatively thinner hanging wall wedge dominate over the fact that the hanging wall moves more 

parallel to the ground surface than vertically. However, at high dip angles, shallower-buried faults still 

produce stronger vertical ground motion. This is due to a combination of the fact that these faults have 

more truly vertical movement, the bases of even the shallow ones still reach deeper in to the stress field 

than low-angle faults do, and path effects may come into play more on energy coming from the bases of 

the deepest-buried faults.  

 The relationship of maximum permanent surface uplift to dip angle and burial depth is nearly 

identical to the pattern for vertical ground motion. As we discuss above, both of these factors are 

controlled by the vertical movement of the hanging wall. The same explanation for the pattern of maxima 

applies here: deep low-angle faults produce higher-moment ruptures, release more seismic energy, and 

produce more uplift than shallow low-angle faults, but shallow high-angle faults move less material more 

vertically than deep ones do, despite the deeper ones releasing more energy.  

 

CONCLUSIONS 

 We have shown that dip angle, burial depth, and initial stress distribution systematically drive 

variations in both ground motion and permanent surface displacement.  

In terms of ground motion, the interplay between stress drop and path effects such as geometric 

spreading controls the intensity of shaking. This explains the somewhat counterintuitive observation that 

deep blind thrust ruptures often produce stronger ground motion than shallower ones (e.g. Pitarka et al. 

2009). Due to increasing stress with depth in the earth, deeper faults have higher confining stress, and 

therefore higher yield stress and higher stress drop. The energy released from such ruptures is enough to 

produce higher shaking even after reduction due to path effects than energy from a shallower, lower stress 

drop rupture does. 

In terms of ground surface displacement, the question is whether the energy from a deeper higher-

stress rupture is enough to move a larger amount of overburdening rock when compared to a shallower 

lower energy rupture. Dip angle becomes particularly relevant to permanent displacement, as it affects 

both the amount of rock directly over the moving hanging wall, and the amount of vertical versus 

horizontal movement of the ground surface as the hanging wall moves. 

 Our results provide a physics-based representation of particle velocity and permanent surface 

displacement due to rupture on thrust faults. Our results may be helpful for improving ground motion or 

surface displacement prediction equations.  This may be particularly useful when the combination of 

contributing geometrical and stress factors on a real-world thrust fault is unknown. 

 

For further elaboration on our model setup and results, please see our publication in the Bulletin of the 

Seismological Society of America: Ulloa, S., & Lozos, J. C. (2020). Surface Displacement and Ground 

Motion from Dynamic Rupture Models of Thrust Faults with Variable Dip Angles and Burial 

Depths. Bulletin of the Seismological Society of America. doi: 10.1785/0120200143 
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