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ABSTRACT. Dynamic rupture scenarios on various fault geometries are studied extensively in the literature for do-
mains with the planar top surface. However, landscapes on the earth, particularly in tectonic regimes, can undulate up-
wards or downwards depending on faulting conditions. In this paper, we studied a dipping fault model with a dip fault
angle of 60 degrees, inspired by the 2D version of dynamic rupture benchmark TPV10 from the Southern California
Earthquake Center (SCEC). A topographic feature adjacent to the fault is introduced in the form of a hill or a valley. The
shape of the undulation was varied from semi-circular form to Gaussian profile. This paper examines the impact of topo-
graphic features (valleys or hills) on slip amplitude on a fault. The distance at which the features exist also affects the
amount of slip on fault, ruptured in that region. The results for a couple of different radii of semi-circular formation and
equivalent standard deviation of Gaussian undulation are also summarized in this paper. The study depicts that the topo-
graphy in the vicinity of the fault can affect the magnitude of slip propagation on fault surface.
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BJIMAAHUE X0JIMOB U I0JIMH HA AMIIM®UKALIUIO CBOBOJAHOM TOBEPXHOCTH
NP AUHAMUYECKOM PACITPOCTPAHEHHUMU PA3PBIBA 110 ITAJAEHUIO PA3JIOMA

P. IIap.ia, C.H. Comasia
WUuauiickuil TexHosoruuecKut MHCTUTYT, 502285, Xaligapabaa, Unaus

AHHOTALUS. CueHapuu IUHAMUYECKOTO PAacpOCTPaHeHUsl pa3pbIBOB 10 pa3jioMaM C pa3/IMYHON reoMeTpueit
IIMPOKO OCBELAIOTCS B IMTepaType NPUMEHUTEbHO K 06J1aCTSAM C IIJIOCKOW BepxHel TOBEPXHOCTbIO. TeM He MeHee
pesibed 3eMHON NOBEPXHOCTH, B YACTHOCTH NPHU HAJIMYMU TEKTOHUYECKOTO PEKUMA, MOXKET ObITh C YKJIOHOM BBepX
WJIM BHU3 B 3aBUCHMOCTH OT YCJI0BUM pa3jioMoo6pa3oBaHus. B faHHON cTaTbe paccMaTpyBaeTcsl MoJeJib pas3jioMa C
yrjioM najieHus 60°, ocHoOBaHHas Ha ByMepHOM IOKasaTeJsie fuHaMuyeckoro paspbisa HTH10 HxxHokanndopHUiicko-
ro LieHTpa no usy4yeHuto semierpsicenuit (SCEC). dnemeHT pesibeda 1o coceACTBY C pa3ioMOM UMeeT BUJ, X0JIMa UJIH
JlosvHbl. PopMa M3ruba BapbUpoBaach OT NMOJYKpyra Ao KpuBoi 'aycca. PaccMaTpuBaeTcsl BJaMsHUe Tonorpadpuye-
CKHX 3JIeMEHTOB (JI0JIMH UJIU X0JIMOB) Ha aMIJINTY/Ay CMellleHus 110 pa3joMy. PaccTosiHMe, Ha KOTOPOM HaXOAUTCS TOT
WJIM UHOH 3/71eMeHT peJibeda, TaKKe BJIMseT Ha KOJIMYeCTBO CMellleHUs] IPU pa3pblBe 10 pa3jioMy. B ctaTbe cyMMUpyOT-
Csl pe3yJIbTaThl NOCTPOEHUS ABYX MOJIYOKPY>KHOCTeH pa3HbIX PaZjMyCcoOB M 3KBUBaJIeHTHble CTaHJAPTHbIE OTKJIOHEHHUS
kpuBo# 'aycca. [lokaszaHo, 4To pesbed pssOM C pa3JIOMOM MOXET BJAUATb Ha BeJIMUMHY CMelleHUs 110 IOBEPXHOCTH
pasJjioma.

KJ/IIOYEBBIE CJIOBA: fuHaMu4eckuit pa3pbiB; 3pdekT pesnbeda mectHocTH; HTH10; X0MBbI U JOJTUHBL; YUCJIEHHOE
MO/leJIMPOBaHUe

®UHAHCHUPOBAHME: lccnefoBanue npoBoJUI0Ch B paMKax npoekta MoES/P.O(Seismo)/1(304)/2016 Uuauii-

CKOT'0O TEXHOJIOTUYE€CKOTO UHCTUTYTA.

1. INTRODUCTION

Slip at the intersection of a fault with a free surface
determines the amount of distance by which a structure
across the fault gets torn apart and is separated from the
portions on each side. Higher slip leads to a larger offset
and in case of dipping faults can introduce both vertical
and horizontal offsets. The past studies exploring the ef-
fect of free surface on rupture dynamics were confined
to flat terrain for simplifying the numerical simulations
[Chen, Zhang, 2006; Zhang, Chen, 2006a, 2006b; Day et al.,
2008; Kaneko, Lapusta, 2010; Xu et al.,, 2015]. However,
the undulations of the earth’s surface differ from one place
to another and exhibit an irregular pattern of topography.
[Ely et al., 2010] demonstrated that the surface topogra-
phy has a significant effect on rupture dynamics by model-
ling the southern San Andrea Fault rupture. [Zhang et al,,
2016] exclusively studied the effect of topography on rup-
ture propagation and sub-shear to super-shear transition
by comparing rupture dynamics on faults with different
topographic features in their models. [Huang et al., 2018]
investigated the effect of canyon-shaped and hill-shaped
topography on near-fault ground motion using curved-
grid-finite-difference models (CGFDM) and concluded that
the canyon-shaped topography has a stronger effect on
near-fault ground motion compared to the hill-shaped topo-
graphy. Understanding whether the presence of such topo-
graphic features as hills or valleys in case of faults reaching
the free surface is a boon or curse would be useful since the
construction of any structure across the fault boundary is
inevitable due to either lack of land elsewhere or habitat
resource availability. Our preliminary results depict that

topography in the vicinity of the fault can change the mag-
nitude of slip along the fault. Fences along some bordering
countries could also be found among these structures but
the damage to a fence may not necessarily have a profound
impact on the economy of any country:.

Earthquake modelling can range from a simple double
couple point source to spontaneous rupture propagation
on finite faults governed by frictional contact laws. Many
researchers in the past years adopted numerous numerical
and analytical methods to solve both point source and spon-
taneous rupture problems [Zhang, Chen, 2006a, 2006b;
Andrews, 1976; Madariaga, 1976; Das, Aki, 1977; Fukuyama,
Madariaga, 1998; Aochi et al., 2000; Oglesby et al., 2000a,
2000b; Day etal., 2005; Benjemaa et al., 2007, 2009; Kaneko
etal, 2008; Ely et al., 2009; Hok, Fukuyama, 2011; Tago et
al,, 2012; Zhang et al,, 2014; Parla, Somala, 2022a, 2022b;
Parla et al,, 2022; Somala et al., 2022]. While an earth-
quake modelled as a spontaneous rupture is dependent on
the initial conditions which are often insufficiently known,
the spontaneous rupture propagation popularly termed as
a dynamic rupture is by far the best possible way of mod-
elling an earthquake. [Hok, Fukuyama, 2011] have mod-
elled the dynamic rupture propagation on shallow dipping
fault using the boundary integral equation method (BIEM)
to study the effect of free surface on rupture characteris-
tics by introducing virtual free-surface elements. Kine-
matic ruptures, based on a statistical relation for fault slip
obtained from kinematic inversions of earthquake data,
will just give as much slip as we prescribe at the junction
of a topographic feature and a fault, and are thus con-
sidered as if they were not used to understand differences
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in a slip near the free surface due to topographic feature,
while keeping all other conditions the same.

The Southern California Earthquake Center (SCEC) has
put together several benchmarks for validation of numeri-
cal implementations of dynamic rupture by the researchers
[Harris et al., 2009]. Dynamic rupture simulations in this
paper are performed using PyLith [Aagaard et al,, 2013],a
code that is benchmarked with the SCEC dynamic rupture
benchmarks. This study addresses the free surface slip am-
plification owing to the influence of topographic features
of a certain class by choosing a TPV10 benchmark from
the SCEC dynamic rupture benchmarks. In this study, we
constrain ourselves to 2D cases.

2. METHODOLOGY

PyLith, the software chosen to run dynamic rupture
simulations in this study, is based on the finite element
method of converting strong form of elasto-dynamic equa-
tion to weak. For brevity, we outline the solution method
for quasi-static problems using only index notation. In
quasi-static problems, with neglect of the inertial terms,
the reduced weak form of equation will be:

—[ oyNiav+ [ TNds+ [ fiNvav =o.

We solve this equation through formulation of a linear
algebraic system of equations (Au=b), involving the residual
(r=b-Au) and Jacobian (A). The residual is simply:

R =—[ o, (t+ 0NV + [T (e+Ar)N"dS +

+fv fi(t+At)N"dV.

Combining the expressions for the increment in stresses
and making use of the symmetry of the weighting func-
tions, the Jacobian matrix will be:

a7 = [, Sy Nz v,

where o~ stress tensor field, VV - volume bounded by surface
S, T, - traction vector field, u - displacement, t -time.

The detailed solution method for quasi-static problem
can be referred to PyLith manual [Aagaard et al., 2010]
(section 2.3). The domain is discretized into triangular ele-
ments and the field variable (displacement in this case) is
considered to be varying linearly within the element. Inte-
grals are used as approximation to summation over all the
elements and summation over function values evaluated
at Gauss quadrature points multiplied by corresponding
weights and the Jacobian. The weak form so obtained is
solved by minimizing the residual in an iterative fashion
after discretizing in time using Newmark’s explicit time-
stepping scheme [Aagaard et al., 2010]. While this gives
the equations for the bulk domain in terms of displace-
ment, the contact friction conditions are imposed on the
fault such that friction is governed by slip-weakening law
and interpenetration is avoided. The fault is replaced by
zero volume cohesive elements which have additional de-
grees of freedom in terms of Lagrange multipliers [Aagaard
etal, 2010]. These Lagrange multipliers are the energy con-
jugate of displacements, the tractions. Excess shear trac-
tions over and above the frictional strength get converted
into the slip in the direction of resultant shear traction.
This constraint is solved together with the weak form dis-
cretized in time to obtain displacement field and the spa-
tiotemporal evolution of slip on the fault.

3. REFERENCE CONFIGURATION
The material properties of the model and the initial
traction parameters on fault are taken as per 2D version
of TPV10 SCEC (Southern California Earthquake Centre)
benchmark model. The 2D version of TPV10 SCEC dynamic
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Fig. 1. Geometry of reference case. White line denotes the fault.

Puc. 1. TeoMeTpus saTaloHHON Moiesu. besolt inHKel 0603HauYeH pasioM.
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Table 1. Topographic features considered in this study

Ta6auna 1. Oco6eHHOCTH pesibeda, paccMaTpUBaeMble B JAHHOU CTaTbe

Topo feature Hill

Valley

Semi-circle 1 km (radius)

1km (30%)

2 km (radius)

Gaussian 2 km (30)

1 km (radius)
1km (30)

2 km (radius)
2km (30)

Note. *¢ - standard deviation for a normal distribution.

HpuMeanMe. *a - CTaHJAApPTHOE OTKJIOHEHHE HOPMaJIbHOI'O pacnpenejieHud.

rupture benchmark [Harris et al., 2009], taken as the ref-
erence point, is shown in Fig. 1. The domain is a uniform
half-space, and the medium is characterized by the P-wave
velocity of 5.72 km/s and S-wave velocity of 3.3 km/s. Mass
per unit volume of the material in the medium is 2.7 g/cc.
The 2D fault reveals a mechanism of thrust fault rupture
with 60° dip and 90° rake angles, reaching the free surface
with a length of 15 km. Plane strain assumption is used
with a vertical cross-section of the TPV10 benchmark to
solve its 2D version. The rupture process on fault is gov-
erned by slip-weakening friction law [Ida, 1972]. The linear
slip-weakening friction model produces shear tractions
equal to the cohesive stress plus a contribution propor-
tional to the fault normal traction that decreases from static
to dynamic value as slip progresses. The friction stress on
fault will follow the equation:

Tc_'l'ls_<lus_ll’lal>di Tn’ | deO' TnSO

0
Tf: T —p,T, d>d,, T, <0,
0 T >0

where p_is static coefficient of friction, u, is dynamic coef-
ficient of friction, d, is slip weakening parameter, d is cu-
mulative slip, T is cohesive stress, T is normal stress, and
Tis shear traction on fault.

Nucleation is carried out on a 3 km patch located at 12 km
down-dip having static and dynamic friction coefficients of
0.76 and 0.448, respectively, and a critical slip-weakening
distance of 0.5 m.

Cohesion on the fault is chosen to be 0.2 MPa. Meshing
is done with 200m triangular elements. Failure follows the
linear slip-weakening law [Ida, 1972]. Initial tractions are
assumed to follow a depth-dependent behavior where nor-
mal traction increases as 7378 Pa/m along with down-dip
distance and the ratio of shear traction to normal trac-
tion is 0.55 except on a 3 km nucleation where the shear
traction is 67.99 MPa. Shear traction exceeds frictional
strength only on the nucleation path where rupture starts
and propagates spontaneously.

4. TOPOGRAPHIC MODELS AND RESULTS
4.1. Semi-circular topographic feature
To understand the free surface slip amplification due
to a pure upward undulation (hill) and a pure downward
undulation (valley) near the fault, we first consider four
cases as shown in Fig. 2. The shape of a valley as well as
that of a hill is taken as a 1 km radius semi-circle at first

and then as a 2 km radius semi-circle. The topographic fea-
tures considered in this study (including hill and valley)
are having dimension as shown in Table 1. The final slip
as a function of horizontal distance for these four cases is
also plotted in Fig. 3, along with the final slip for the ref-
erence case. It can be seen from Fig. 3 that the slip is am-
plified by a valley like a feature near the intersection of a
free surface with the fault. More slip is observed with an
increase in the semi-circular valley feature. For a 1 km ra-
dius semi-circular valley, peak slip is still at the nucleation
patch similar to the reference configuration. However, in
case of a 2 km radius semi-circular valley, peak slip oc-
curs near the free surface and is almost twice that of the
reference configuration. This could be due to the narrow
corner formed near the intersection of a free surface with
the fault and a potentially greater surface area of the semi-
circular feature on the path taken by the waves to travel
from the rupture propagation and to be reflected. Bump
feature, especially the one that is 2 km in radius, caused
a clear reduction of slip at the free surface. Peak slip, in
this case, occurs near the nucleation patch, similar to that
of reference configuration, and is lower for overall up-dip
regime beyond the nucleation patch when compared with
the reference configuration. The bump feature with a 1 km
radius shows a mixed pattern. While there is a reduction in
the slip, compared to that of reference configuration, just
beyond the nucleation patch there is an up-dip direction -
a reverse trend at the intersection of a free surface with
the fault. Slip near the free surface for this case is found to
be more than that observed for the levelled ground refer-
ence case.

4.2. Gaussian topographic feature

Though the semi-circular features in topography are
well described mathematically, naturally observed hills
and valleys are more Gaussian-shaped (Fig. 4). All Gaussian
profiles referred to herein are normal distributions. The
equivalent of the radius of a semicircle, considered here,
is half-width of Gaussian function covering 99.7 % confi-
dence interval. Such a confidence interval is the same as six
times the standard deviation (o). So, the radius referred to
in section 4.1 is 30. However, the largest amplification is
observed for 0=1/3 valley in case of Gaussian topography,
unlike that of semi-circular topography where the largest
amplification was observed for a 2 km radius valley. Using
the normalized Gaussian profile, this difference can be
explained by the fact that the 0=1/3 Gaussian valley, ex-
posed to the waves travelling from the up-dip rupture
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Fig. 2. Geometry of semi-circular hills and valleys. (a) - 1 km radius hill; (b) - 2 km radius hill; (c) - 1 km radius valley; (d) - 2 km
radius valley.

Puc. 2. [eoMeTpus NOJYyKPYIJIbIX XOJIMOB U J0JHH. (a) - XoaM paauycoM 1 kM; (b) - xoaM paguycoM 2 KM; (¢) - AoJHUHA PaJUyCOM
1 kM; (d) - fo/IMHA paZUyCcOM 2 KM.
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Horizontal distance, km

Fig. 3. Slip as a function of distance for upward (bump) and downward (valley) semi-circular topographic feature compared with that
of flat topography (levelled).

Puc. 3. CMmelieHue Kak QyHKIMS pacCTOSTHUSA [1Jisl TOBBILIEHHBIX (X0JIMbl) U IOHMXEHHBIX (JOJUHBI) MONTYKPYI/IbIX GopM pesbeda B
CpaBHEHUH C IJIOCKUM (POBHBIM) pesibeoM.
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Fig. 4. Geometry of Gaussian hills and valleys.

(a) - 1 km half-width of a 99.7 % confidence interval hill; (b) - 2 km half-width of a 99.7 % confidence interval hill; (c) - 1 km half-width
of a 99.7 % confidence interval valley; (d) - 2 km half-width of a 99.7 % confidence interval valley.

Puc. 4. leomeTpus rayccoBbIX X0JIMOB U JI0JIUH.

(a) - xosM nostymiMpuHOM 1 KM ¢ 0BepUTENbHBIM UHTepBanoM B 99.7 %; (b) — x0/IM MOJYIUPHUHOMN 2 KM C AOB. UHT. B 99.7 %; (c) -
Jl0JIMHA NOJIyIUMPUHOM 1 KM € 10B. UHT. B 99.7 %; (d) - A0/1MHa NOJYLIMPHUHOM 2 KM C JJ0B. UHT. B 99.7 %.
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Fig. 5. Slip as a function of distance for upward (bump) and downward (valley) Gaussian topographic feature compared with that of
flat topography (levelled).

Puc. 5. CMelleHUe Kak QYHKLUS paCCTOSIHUS [Jis1 TOBBIIIEHHBIX (X0JIMbl) U IOHUXKEHHBIX ([0JMHBI) rayccoBbix GopM pesibeda B
CpaBHEHUH C IJIOCKUM (POBHBIM) pesibedoM.
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propagation, has a larger surface area than 0=2/3 Gaussian
valley (Fig. 5).

5. EFFECT OF TOPOGRAPHY-TO-FAULT DISTANCE
5.1. Semi-circular hill

To understand the slip amplification (or de-amplifica-
tion) on the fault surface due to upward undulation (hill)
ocurring at different distances, we use four models as shown
in Fig. 6. This section addresses the effect of distance from
hill to fault by considering a 1 km radius semi-circular hill
located at 0 km, 2 km and 4 km distance from the tip of the
fault. The variation in final slip with horizontal distance for
all three cases is shown in Fig. 7, along with the final slip
for the reference case. It can be observed in Fig. 7 that the
free surface slip is decreasing if a hill-like feature is located
far from the fault. It is also observed that peak slip occurs
at nucleation patch for all four configurations. In compar-
ison to a hill located at 0 km from the fault, the slip at the
intersection of fault with a free surface is considerably less
in the reference model, as well as in comparison to 2 km
and 4 km distant hill-like feature models.

Unlike purely downward undulation (valley) cases, in
topographic environments as those in Fig. 6, there are no
potential edge-like features to cause wave reflections and
slip amplification on fault surface due to the interference
of edge-reflected waves. And this could be the main reason
for little-observed amplification of slip for configurations
shown in Fig. 6. Further, a trend in variation of slip value
after nucleation patch for the case of a 4 km distant hill
is the same as that for the reference case, thus depicting
that the effect of topography will be insignificant if hill-like
features form far from the intersection of fault with sur-
face. As discussed, the hill-like feature with a 1 km radius
at 0 km from the intersection of fault with surface shows
a mixed pattern consisting of slip variation and horizontal
distance patterns.

5.2. Semi-circular valley

As shown in Fig. 8, the study of three configurations with
a 1 km radius semi-circular downward undulation (valley)
located at 0 km, 2 km, and 4 km from the intersection of
fault with a free surface addresses the effect of distance on
slip amplification. The final slip values from the numerical
simulations for all three cases are compared with the ref-
erence case. The final slip on fault as function of a horizon-
tal distance for the three configurations is shown in Fig. 9
along with the reference case. Unlike the case of semi-cir-
cular upward undulation (hill), the presence of semi-cir-
cular downward undulation (valley) amplifies the slip on
fault for all three different valley locations. In Fig. 9 it can
be observed that the slip amplification decreases linearly
with increasing distance from valley to fault. The case with
avalley-like feature at 0 km from the fault exhibits the maxi-
mum slip amplification as compared to the cases with 2-
and 4-km distant valleys.

Furthermore, the effect of fault-to-feature distance on
slip amplification in downward undulation (valley) is more
prominent than in upward undulation (hill). Except for

valley located at 0 km from the fault, all the cases showed
peak slip near nucleation patch on fault. The effect of in-
teraction of edge-reflected waves is insignificant if the val-
ley-like features are more distant and result in minimum
amplification of slip on fault. The gap between the slip val-
ues of reference case and those of valley cases at the free
surface intersection is larger than that at nucleation patch:
in other words, the amplification of slip at the free surface
intersection is more enhanced than at nucleation patch.
Reason for this could be the reflected waves interacting
with slip propagation at the free surface intersection rather
than with slip propagation at nucleation patch which is
located at a greater distance from the reflection-causing
feature.

5.3. Gaussian hill

Since natural profiles of hills and valleys are more
Gaussian-shaped and located at different distances in the
proximity of fault, the effect of distance on slip amplifica-
tion was studied with three models of Gaussian upward
undulation (hill) with a half-width of 1 km and a 99.7 %
confidence interval, located at 0 km, 2 km and 4 km from
the fault as shown in Fig. 10. Fig. 11 shows the the plotted
changes in fault slip values with horizontal distance for all
the cases. As can be seen from Fig. 11, for the case of the
hill 0 km distant from the fault, the amount of final slip on
fault at the intersection with a free surface is larger than
that for the reference case and two other cases. The slip
values at nucleation patch are nearly the same for all the
configurations and the peak slip occurred at nucleation
patch in all four cases. Fig. 11 shows that the effect of hill-
to-fault distance on slip amplification is insignificant if the
distance is beyond a certain limit. As can be seen, slip as a
function of horizontal distance is similar for reference case
and for the case of the hill 4 km distant from the intersec-
tion of fault with a free surface.

5.4. Gaussian valley

Gaussian-shaped downward undulation (valley) 0 km,
2 km and 4km from the intersection of fault with a free
surface, as shown in Fig. 12, was studied in order to un-
derstand the effect of distance on slip amplification. The
final slip amounts from the numerical simulations are com-
pared with reference case and shown in Fig. 13 as a func-
tion of horizontal distance. Unlike upward undulation, the
Gaussian valley-like topography amplifies the slip on fault
in all three cases, and the maximum amplification can be
observed for the valley located at 0 km distance. As shown
in Fig. 13, the amplification is less for the case of maxi-
mum fault-to-valley distance. Except for the valley located
0 km from the fault, peak slip near nucleation patch on
fault is observed in all cases. It is clear, that the effect of
distance on slip amplification is larger for the cases of
downward Gaussian undulation than for the cases of up-
ward undulation. For the case of a 4 km distant valley, the
slip amplification started at a horizontal distance of 1 km
from nucleation patch, whereas for other cases the am-
plification started immediately from the nucleation patch
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Fig. 6. Geometry of semi-circular 1 km radius hill located at distance 0 km (b), 2 km (c), and 4 km (d) from the intersection of fault with
a free surface. (a) - reference case.

Puc. 6. [eoMeTpus NoJyKpyr/Ioro xoama paguycom 1 kM, Haxogsuerocss B 0 kM (b), B 2 kM (¢) ¥ B 4 kM (d) OT TOUYKU IepeceyeHust
pasJioMa co cBO60AHOM MOBEPXHOCTHIO. (@) — 6a30Bast MOJENb.
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Fig. 7. Slip as a function of distance for upward semi-circular topographic feature (bump) located at 0, 2 and 4 km from the intersection
of fault with a free surface compared with that of flat topography (levelled).

Puc. 7. CMmelieHre Kak QyHKIUS PAacCTOSHUSA /JIsl TOBBILIEHHBIX NOJYKPYIJIbIX GopM pesbeda (Xx0Mbl), Haxoaswuxcs B 0, 2 1 4 KM
OT TOYKH IlepeceyeHust pa3ioMa co CBOOOAHOM NOBEPXHOCTBIO B CPABHEHUH C IJIOCKUM (POBHBIM) pesibedoM.
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Fig. 8. Geometry of semi-circular 1 km radius valley located at distance 0 km (b), 2 km (c), and 4 km (d) from the intersection of fault
with a free surface. (a) - reference case.

Puc. 8. l'eoMeTpus nonykpyryioi JoauHbl paguycoM 1 kM, Haxogseiicsa B 0 kM (b), B 2 kM (c), U B 4 kM (d) OT TOYKHU NepeceyeHust
pasJioMa co cBO60AHOM MOBEPXHOCTHIO. (@) — 6a30Bast MOJENb.
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Fig. 9. Slip as a function of distance for downward semi-circular topographic feature (valley) located at 0, 2 and 4 km from the inter-
section of fault with a free surface compared with that of flat topography (levelled).

Puc. 9. CMeleHue Kak GyHKIMS PACCTOSTHUSA JJI1 NOHHWXKEHHBIX MOJIYKPYI/IbIX GopM pesibeda (Lo/1MHbI), HaxoasAmuxcs B 0, 2 1 4 KM
OT TOYKH IlepeceyeHust pa3ioMa co CBOOOAHOM NOBEPXHOCTBIO B CPABHEHUH C IJIOCKUM (POBHBIM) pesibedoM.
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Fig. 10. Geometry of Gaussian 1 km half width of a 99.7 % confidence interval hill located at distance 0 km (b), 2 km (c¢), and 4 km (d)
from the intersection of fault with a free surface. (a) - reference case.

Puc. 10. leoMeTpus rayccoBa Xo/1Ma MOJYLIMPUHON 1 KM € JOBepUTETbHBIM UHTepBaoM B 99.7 %, Haxogs1erocst Ha pacctostHuu 0 (b),
2 (c) u 4 xM (d) oT TOUKHU NlepeceYeHUs pa3ioMa co CBOGOJHOM MOBEPXHOCTHIO. (a) — 6a30Basi MOJEJb.

251
20
15¢
€
g
n
1.0
05k — Levelled
—— Gauss 1 km UP
—— Gauss 1T km UP at 2 km
I Gauss 1 km UP at 4 km
0.0 1 1 1 1 1 1
-2.5 2.0 -1.5 -1.0 -0.5 0.0 0.5

Horizontal distance, km

Fig. 11. Slip as a function of distance for upward Gaussian topographic feature (hill) located at 0, 2 and 4 km from the intersection of
fault with a free surface compared with that of flat topography (levelled).

Puc. 11. CMeleHue Kak GyHKIUSA pacCTOSHUSA JJIs1 TOBBIILEHHBIX I'ayCCOBBIX GOPM pesibeda (X0JIMbl), HAXOASLUMXCS HA PACCTOSIHUU
0,2 ¥ 4 KM OT TOYKH NepeceyeHus pa3jioMa co CBOG0/IHOM NOBEPXHOCTHIO B CPABHEHHUH C IJIOCKUM (POBHBIM) pesibedoM.
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Fig. 12. Geometry of Gaussian 1 km half width of a 99.7 % confidence interval valley located at distance 0 km (b), 2 km (c), and 4 km
(d) from the intersection of fault with a free surface. (a) - reference case.

Puc. 12. TeoMeTpus rayccoBoU JJOJIMHbI OJYIIUPUHON 1 KM C JOBEPUTEIBHBIM UHTEPBaoM B 99.7 %, Haxo/s1leicsl HAa pacCTOSTHUU
0 kM (b), 2 kM (c) 1 4 kM (d) OT TOUKHU [lepeceyeHusl pasjioMa co CBO60AHOM MOBEPXHOCTHIO. (a) — 6a30Bast MOJENb.
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Fig. 13. Slip as a function of distance for downward Gaussian topographic feature (valley) located at 0, 2 and 4 km from the intersection
of fault with a free surface compared with that of flat topography (levelled).

Puc. 13. CMelieHue Kak QyHKIUS pacCTOSHUS JJ1sl HOHKEHHBIX rayccoBbIX GopM pesbeda (F401uHbI), Haxoasmuxcs B 0, 2, 1 4 KM OoT
TOYKH [lepeceyeHUs pa3jioMa Co CBO60JHOM MOBEPXHOCTBIO B CPAaBHEHUH C IIJIOCKUM (POBHBIM) pesibepoM.
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in up-dip direction. Except in the case of a 0 km distant
valley, the peak slip values are observed near the free sur-
face intersection.

6. CONCLUSIONS

A valley or a depression in the footwall of a dipping
fault reaching free surface can be a curse, as there could
be an amplification of slip near the intersection of a free
surface with fault. Higher slip here is used as a proxy for
larger damage in evaluating the curse or boon due to topo-
graphic feature. The curse could possibly be worsened by
excavating deeper in the footwall, particularly with a pro-
file that is near vertical on the side of a trough closer to the
fault. Presence of a hill on footwall near the intersection of
fault with a free surface can be a boon or a curse depend-
ing on the dimensions and location of the hill, while boon
intensity is insignificant compared to the curse a valley
can be. In the case of a valley, the effect of fault-to-hill or
fault-to-valley distance on slip amplification is larger than
that in the case of a hill. The major limitations of the study
include the simplicity of the relief models which only have
a hill or a valley at a time, whereas in reality both posi-
tive and negative relief forms do exist together in the fault
zone. This paper can be extended to evaluate the effect of
multiple topographic features as boon or curse for other
dip angles and different initial conditions.
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