
Journal of Structural Geology 30 (2008) 21e28
www.elsevier.com/locate/jsg
Along-strike variations of the slip direction on normal faults: Insights
from three-dimensional finite-element models

Georgios Maniatis*, Andrea Hampel

Institut für Geologie, Mineralogie und Geophysik, Ruhr-Universität Bochum, Universitätsstrasse 150, 44801 Bochum, Germany
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Abstract
Normal faults in nature exhibit a systematic variation of the slip direction along strike, with pure dip-slip at their centres that changes grad-
ually to oblique slip near their tips. Here we evaluate the variation of the slip direction along normal faults by three-dimensional finite-element
modelling. The model results reveal a nearly linear increase of the strike-slip component over two-thirds of the distance from the fault centre to
its tips, which results in an increasing obliqueness of the slip vector along strike. Excluding the fault tips, the relationship between lateral slip and
fault length can be approximated by a power-law function, which shows that the strike-slip component is proportional to the dip-slip and to the
fault dip. The development of the sinistral and dextral slip components is caused by the orientation of the minimum principal stress, which is
deflected toward the fault centre in both footwall and hanging wall. A comparison with two faults in the Central Apennines, Italy, shows good
agreement between modelled and measured slip vectors. The occurrence of converging slip patterns implies that caution is advised when infer-
ring oblique extension, regional stress trajectories and palaeostress fields from slip vectors measured away from the fault centre.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Studies of kinematic indicators on fault planes have re-
vealed that the slip direction varies systematically along normal
faults (e.g. Jackson et al., 1982; Roberts, 1996; Roberts and Ga-
nas, 2000; Roberts and Michetti, 2004; Michetti et al., 2000).
At the centres of normal faults oriented perpendicular to the re-
gional extension direction almost pure dip-slip motion occurs,
whereas near the fault tips substantial oblique slip toward the
centre of the hanging wall is observed (Fig. 1a). This variation
in slip direction can be expressed in terms of the rake a

(Fig. 1b). Well-documented examples of up to 40-km long
normal faults exhibiting converging slip vectors have been
reported from the Lazio-Abruzzo Apennines in central Italy
(Roberts and Michetti, 2004), from southern Italy (Roberts,
2007) and from the gulfs of Corinth and Evia in central Greece
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(Roberts, 1996; Roberts and Koukouvelas, 1996; Roberts and
Ganas, 2000). Along-strike variations of the slip direction
have further been observed on the normal fault that ruptured
during the 1983 Borah Peak, Idaho, earthquake (Crone et al.,
1987; Roberts, 2007) and on non-parallel faults in central
Utah (Maerten, 2000).

The converging slip pattern has been attributed to along-
strike extension within the hanging wall (Jackson et al.,
1982). More precisely, the hanging wall of normal faults is
stretched along strike because hanging wall subsidence is
greater than footwall uplift and fault throw is greatest at fault
centres whereas it decreases to zero at the fault tips (Ma and
Kusznir, 1995; Wu and Bruhn, 1994). The latter phenomenon
is responsible for a large component of strike-slip motion and
oblique slip vectors near the fault tips (Morewood and Rob-
erts, 1997; Roberts, 1996).

While the relationship between the amount of dip-slip on
normal faults and fault length has been studied by numerical
modelling (e.g. Willemse et al., 1996; Cowie, 1998), the evo-
lution of the strike-slip component has hitherto not been
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Fig. 1. (a) Sketch of a normal fault with a converging slip pattern. With in-

creasing distance from the fault centre, the slip direction becomes oblique

(modified from Roberts and Ganas, 2000). (b) The acute angle between fault

strike and the slip vector on the fault plane is termed rake a. The dip angle of

the fault is q.
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addressed in a quantitative way. Here we apply three-dimen-
sional numerical models including a normal fault to investi-
gate how geometrical factors such as fault length, dip angle,
throw, and distance from the fault centre influence the magni-
tude of the strike-slip component and the slip direction along
the fault. Based on the model results, we derive simple math-
ematical expressions how the strike-slip and dip-slip compo-
nents are related to the fault geometry. Furthermore, we
analyse the stress field near the model fault to shed light on
the underlying causes of the converging slip pattern. Finally,
we compare our experimental results with data from faults
in Italy.
2. Model setup

Our finite-element models, which were created using the
commercial software ABAQUS (Hibbitt et al., 2006), consist
of a 500 km � 500 km large lithosphere with a total thickness
of 100 km (Fig. 2). The lithosphere is divided into an elastic
upper crust, a viscoelastic lower crust and a viscoelastic
lithospheric mantle. Details on the geometry and the rheolog-
ical parameters are given in Fig. 2. Gravity is applied as a body
force and isostasy is simulated by applying a lithostatic pres-
sure and linear spring and dashpot elements at the bottom of
the models. The combination of dashpot and spring elements
accounts for an asthenosphere with a density of
r ¼ 3200 kg/m3 and a viscosity of h ¼ 1 � 1018 Pa s, which
is within the range of values determined from lithospheric
flexure and isostatic rebound of northern Europe and North
America (Bills et al., 1994; Fjeldskaar, 1994; Lambeck
et al., 1998; Kaufmann and Amelung, 2000).

In the centre of the model, a rectangular fault is embedded
in the upper crust and extends to the top of the lower crust at
15 km depth in all experiments (Fig. 2). The down-dip size of
the fault depends on the fault dip; for example, it is 17.3 km
for a 60�-dipping fault. Fault dip and length vary between dif-
ferent experiments but they do not change within an experi-
ment, i.e. the faults are not allowed to propagate. By using
this approach, we follow the growth model proposed by Walsh
et al. (2002) who suggest that fault lengths are nearly constant
from an early stage and growth is achieved mainly by increase
in cumulative displacement. Slip on the fault is controlled by
the MohreCoulomb failure criterion:

t¼ cþ msn ð1Þ

where t is the shear strength along the fault plane, c is the co-
hesion, m is the friction coefficient and sn is the normal stress
on the fault plane. In our experiments, the friction coefficient
is m ¼ 0.4, whereas the cohesion is zero because fault rocks
have negligible cohesion (e.g. Twiss and Moores, 1992). The
use of the MohreCoulomb criterion implies that the interme-
diate principal stress s2 is not taken into account when deter-
mining the state of stress on the fault.

All experiments start with the establishment of isostatic
equilibrium. Afterwards, the lithosphere is extended by impos-
ing a horizontal velocity of 5 mm/a on both sides that are par-
allel to the strike of the fault (Fig. 2). Horizontal extension of
the model initiates normal slip on the fault, which attains
a steady-state slip rate within the first 150 ka. All experiments
are run until the fault has achieved a displacementelength ra-
tio in accordance with the fault scaling law (Cowie and
Scholz, 1992a,b,c; Schlische et al., 1996):

D¼ 0:03 L1:06 ð2Þ

where D is the displacement at the fault centre (in metres) and
L is the fault length (in metres). In this way we ensure that
each model fault reaches a plausible amount of cumulative
throw that is consistent with existing displacementelength
data (e.g. Walsh and Watterson, 1988; Schlische et al., 1996;
Kim and Sanderson, 2005).

3. Model results

We carried out a total of 18 experiments, with fault dips of
30�, 45� and 60� and fault lengths that varied between 5 km
and 40 km (Table 1). As the extension rate is the same in all



Y

Z

X

g = 9.81 m/s

v = 5 mm/a

Fault

v = 5 mm/a
0 km

-15 km
-30 km

-100 km

Lower crust ρ = 2900 kg/m3 ; E = 7 x 1010 Pa; ν = 0.25; η = 1 x 1021 Pa s 

Lithospheric mantle ρ = 3300 kg/m3; E = 1.5 x 1011 Pa; ν = 0.25;  η = 1 x 1023 Pa s  
Plitho = 3.09015 x 109 Pa ρasth = 3200 kg/m3 ηasth = 1 x 1018 Pa s  

Upper crust ρ = 2700 kg/m3 ; E = 5 x 1010 Pa; ν = 0.25 

500 km

500 km

Fig. 2. Perspective view of the three-dimensional finite-element model. A fault incorporated in the centre of the upper crust develops as a normal fault as the model

lithosphere is extended at a rate of 5 mm/a. Extension is achieved by applying a velocity boundary condition to the models sides that are parallel to the fault’s

strike. The dip and length of the fault are systematically varied in a suite of experiments. As the fault extends to the base of the upper crust (located at a depth

of 15 km), its down-dip length depends on the fault dip. Note that during each experiment the fault length, dip and down-dip length are constant. Isostasy is in-

cluded by applying a lithostatic pressure and linear spring and dashpot elements at the bottom of the model. Other parameters are: r, density; E, elastic modulus; n,

Poisson’s ratio; h, viscosity; g, acceleration due to gravity.
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models, the total model time until the fault has reached a dis-
placementelength ratio of 0.03 according to the fault scaling
law increases with fault length (Table 1). The slip accumulated
on the fault is not equal to the amount of horizontal extension
because part of the extension is taken up by elastic and visco-
elastic strain of the surrounding model layers.

Fig. 3 shows that the dip-slip displacement is largest in the
centre of the fault and decreases to zero toward its tips in all
experiments. The resulting displacement profiles are arc-
shaped, as expected for non-propagating faults embedded in
an elastic and homogenous medium (cf. Cowie and Scholz,
1992b; Manighetti et al., 2001). Regardless of fault dip or
length, a significant strike-slip component develops in all ex-
periments, which reaches a maximum close to the fault tips
(Fig. 3b). The distance between the fault centre, where pure
dip-slip occurs, and the location of maximum strike-slip
movement is always about three-quarters of the fault half-
length. Beyond that maximum, the lateral slip decreases
non-linearly to zero at the pinned fault tips. The direction of
hanging-wall movement is always toward the fault centre,
i.e. the sense of strike-slip motion is dextral in one half of
the fault and sinistral in the other half of the fault (Fig. 3b).
The obliqueness of the slip direction increases from the fault
centre toward its tips owing to the changing ratio between
dip-slip and lateral slip. As a result, the rake a (Fig. 1b), de-
creases from 90� at the fault centre to w60� near the fault
tips (Fig. 3c).

In the following we evaluate how the fault length and ge-
ometry affect the distribution of dip-slip, lateral slip and slip
direction on the modelled normal faults. Fig. 4 shows a com-
parison between five faults with the same dip angles and same
amount of dip-slip at their centres (521 m) but with lengths
ranging from 10 km to 40 km, respectively. Shorter faults
have lateral-slip distributions with steeper gradients, i.e. at
the same distance away from the fault centre the amount of lat-
eral slip is greater. However, the maximum amount of lateral
slip occurring on the five faults is similar. As a consequence,
the slip vectors at the same distance away from the fault centre
are more oblique on shorter faults (Fig. 4c).

The influence of the fault dip angle on the slip pattern along
the faults is shown in Fig. 5 for three 10-km long faults with
dip angles of 30�, 45� and 60� respectively. The amount of
dip-slip at the fault centre is the same and the dip-slip distri-
bution is identical regardless of the dip angle (Fig. 5). The
strike-slip distributions show clearly that the shallow dipping
faults accumulate more lateral slip along their lengths and con-
sequently their slip vectors are more oblique (Fig. 5b,c). An-
other important characteristic of all modelled faults is that
the rake a remains approximately the same at any point along
a fault, i.e. the rake does not depend on the amount of dip-slip
at the fault centre (Fig. 6).

4. Quantitative relationships between fault geometry
and the dip-slip and strike-slip components

Our model results show that the strike-slip and dip-slip
components as well as the rake vary systematically along all
model faults. In the following, we derive two mathematical ex-
pressions that describe the relationship between the dip-slip,
lateral slip, rake and the geometry of a fault that derive from
our set of experiments (Table 1).

The first function relates the amount of strike-slip to the
amount of dip-slip at the fault centre, fault length and dip an-
gle. Note that we focus on the near-linear part of the strike-slip
curves between the fault centre and the lateral slip maximum
(Fig. 3) to set up Eq. (3). The regression of the strike-slip
curves from all modelled faults shows that the amount of
strike-slip along a normal fault is directly proportional to the
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distance from the fault centre and to the amount of cumulative
dip-slip at the fault centre. Furthermore, the amount of strike-
slip at any point along a normal fault (within the range of the
near-linear increase) is proportional to the cosine of the fault
dip angle and to a power function of the fault length. These
relations can be summarized by the following expression,
which gives the strike-slip displacement S along a normal fault
in dependence on total fault length and dip:

S¼ 2cosðqÞlD L�1:08 ð3Þ

where q is the fault dip (in degrees), L is the fault length (in
metres), l is the distance from the fault centre (in metres),
and D is the amount of cumulative dip-slip at the fault centre
(in metres). Within the range of the fault parameters examined
in this study, the above function yields the amount of strike-
slip at any point on the first two-thirds of the distance from
the centre of a modelled fault to its tips. The maximum error
in the calculation of the strike-slip amount is 16%. This func-
tion is not valid in the last one-third of the fault half-length,
i.e. near the fault tips where the strike slip distribution is
non-linear. To derive the second function, which relates the
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rake to fault length and dip, we examined the variation of the
slip direction along strike of the fault by analyzing the rake of
the slip vector (Fig. 1b). As described previously, the rake is
independent of the amount of dip-slip in the fault centre, hence
0

200

400

600

-4 -2 0 2 4

-100

0

100

50°

60°

70°

80°

90°

30°

60°

60°

30°

Distance from fault center (km)

-4 -2 0 2 4
Distance from fault center (km)

-4 -2 0 2 4
Distance from fault center (km)

D
i
p

-
s
l
i
p

 
(
m

)

a

b

c

S
t
r
i
k
e
-
s
l
i
p

 
(
m

)
R

a
k
e

 α

45°

45°

Fault dip angles 60°, 45° and 30°

Fig. 5. (a) Dip-slip distribution along three 10-km-long faults with dip angles

of 30�, 45� and 60�. (b) Distributions of the strike-slip component. (c) Spatial

distribution of the rake a along the faults (Fig. 1b).

Fig. 6. (a) Dip-slip distributions along a 20-km-long fault model when the dip-

slip at the fault centre is 547 m, 820 m and 1075 m, respectively. In case of the

20-km long fault, these amounts of dip-slip are reached after 0.977 Ma,

1.457 Ma and 1.907 Ma, respectively. (b) Temporal evolution of the dip-slip

in the fault centre. (c) The distributions of the rake are nearly identical, indi-

cating that the rake of the slip vectors along the fault does not depend on the

amount of dip-slip at the fault centre.
D does not appear in the formula. The other geometrical fac-
tors control the rake a of the slip vector at a given point along
the modelled faults according to the following equation:

a¼�4000ð1=qÞl L�1:08þ 90 ð4Þ

where q is the fault dip (in degrees), L is the fault length (in
metres), and l is the distance from the fault centre (in metres).
This function gives the rake in degrees at any point along the
first two-thirds of the distance from the centre of a modelled
fault to its tips with a maximum error of �3�. In the last third
of the distance between fault centre and tips, i.e. close to the
fault tips, the distribution of the rake is non-linear (Fig. 3c)
and hence Eq. (4) is not applicable in the vicinity of the fault
tips. Toward the fault ends, the rake decreases non-linearly to
w60� with the consequence that the slip vectors of the model
faults are substantially more oblique than those closer to the
fault centre (Fig. 3c).
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5. Discussion

The quantitative analysis of our experimental results re-
vealed that the slip direction varies systematically along-strike
of the fault and is influenced by fault length and dip. As con-
firmed by additional experiments, these findings are valid for
a range of friction coefficients (0.2e0.8) on the fault plane be-
cause this parameter affects mainly the timing of the slip ini-
tiation but only to a minor degree the subsequent slip history
(not shown in figure; cf. Hampel and Hetzel, 2006). The in-
creasing obliquity of the slip direction near the fault tips can
be explained by a local perturbation of the stress field close
to the fault tips. According to our numerical models, the tra-
jectories of the minimum principal stress s3 are parallel to
the extension direction away from the fault but curved toward
the hanging wall and footwall centres near the fault tips
(Fig. 7). The trajectories of the intermediate principal stress
s2 are perpendicular to the extension direction away from
the fault and deflected towards the fault centre near the fault
tips (Fig. 7). The pattern shown in Fig. 7 is representative
Map view

 

fault trace
σ3 trajectories
σ2 trajectories

Fig. 7. Schematic sketch showing the orientation of the minimum principal

stress s3 and intermediate principal stress s2 in the vicinity of the fault as de-

rived from our numerical experiments. This is a map view of the s2 and s3

trajectories at a depth of 7.5 km, i.e. in the middle of the upper crust. Away

from the fault the s2 trajectories are perpendicular to the extension direction

(which is perpendicular to the fault strike). Near the fault tips the s2 trajecto-

ries are deflected towards the fault centre. The s3 trajectories are parallel to the

extension direction away from the fault but near the fault tips they point to-

wards the hanging wall centre. Note that this pattern is representative for

the orientation of s2 and s3 near the fault throughout the upper crust. The ste-

reographic plots show the orientation of s3 in the hanging wall near the fault

tips (at a depth of 7.5 km). The symbols on the map view show the respective

locations of the stereographic plots.
for the orientation of s2 and s3 near the fault throughout the
upper crust. The oblique orientation of s3 in relation to the
strike direction of the fault results in oblique slip and local
stretching of the hanging wall. This stress orientation and
the induced kinematics are in accordance with the along-strike
stretching of the hanging wall proposed by Jackson et al.
(1982), Ma and Kusznir (1995) and Wu and Bruhn (1994).

In the following, we compare the variation of the slip direc-
tion on our model faults with data from two SW-dipping normal
faults, the Fucino and Pescasseroli normal faults in the central
Apennines (Roberts and Michetti, 2004). We have chosen these
faults because they are well investigated and a comprehensive
set of slip vector measurements exists for them (Roberts and Mi-
chetti, 2004). The Fucino and Pescasseroli faults are 40 km and
20 km long, respectively, and have an average dip angle of w60�

at the surface (Roberts and Michetti, 2004; Galadini and Galli,
1999). To allow a direct comparison with our model faults, the
slip vectors are shown in map view and stereographic projec-
tions (Fig. 8). The map projections of the slip directions show
a favourable agreement between the model and natural faults,
with the local extension direction converging toward the hang-
ing wall centre both in nature and model. In the stereographic
projections, the slip vectors of the modelled and natural faults
also agree well, especially along the Fucino fault. The small dis-
crepancies between some of the modelled and measured slip
vectors may be caused by the fact that the Fucino and Pescasser-
oli faults do not have perfectly linear traces and their dip angle is
not constant along their trace and at depth (Galadini and Galli,
1999; Cavinato et al., 2002; Roberts and Michetti, 2004)
whereas the modelled faults are planar. Furthermore, the slip
patterns of the Fucino and Pescasseroli fault are likely affected
by the interaction with neighbouring faults, whereas the model
fault is isolated.

Another interesting characteristic in the behaviour of the
modelled faults is the distribution of lateral slip when the
amount of accumulated dip-slip is the one anticipated by fault
scaling laws such as the one proposed by Schlische et al.
(1996). In this case, the gradient of the lateral slip distribution
is nearly constant irrespective of the fault length (see Fig. 3b).
This implies that faults with a common dip in nature should
display the same amount of lateral slip at the same distance
away from their centres. Note that this is valid only for the
parts of the faults where the distribution of the lateral slip is
linear, i.e. not in the last 1/3 of the distance from the centre
of a fault to its tip.

The systematic variation of slip direction along the trace of
normal faults has profound implications for studies trying to
infer regional palaeostress directions from striations and other
kinematic indicators on fault planes. Such studies should only
use data from the centre of normal faults to define the regional
stress field because kinematic data from areas near the tips of
normal faults reflect local stress-field perturbations (e.g. Rob-
erts, 1996) and could misleadingly be interpreted as transten-
sion. Furthermore, different striation sets at the same site along
a normal fault may not necessarily indicate a change in the re-
gional stress field. Rather, they may be the result of consecu-
tive and partially overlapping ruptures imposed on the fault by
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are shown as the 99% confidence cone of the slip vector (after Roberts and

Michetti, 2004).
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the same regional stress field (e.g. Roberts and Koukouvelas,
1996). Variations of slip direction along normal faults can
also be used as an additional indicator of fault segmentation
because areas between fault traces with strongly diverging
slip directions probably act as fault segment boundaries (e.g.
Roberts and Koukouvelas, 1996). Asymmetric or irregular
slip patterns may be the result of fault interaction or may in-
dicate that a persistent fault boundary is hindering fault growth
at one of the fault tips.
6. Conclusions

The results of our numerical experiments show that the
amount of lateral slip and hence the obliqueness of the slip
vector increase from the centre of a normal fault toward its
tips. Within two-thirds of the distance between fault centre
and tips, the amount of strike-slip at a point along the fault
is directly proportional to the distance from the fault centre,
the amount of cumulative dip-slip at the fault centre and the
cosine of the fault dip. The relation between fault length and
strike-slip displacement can be expressed by a simple mathe-
matical expression. Slip vectors along faults are more oblique
for shorter or shallower dipping faults but their obliquity is not
depending on the amount of dip-slip. The converging motion
of the hanging wall can be explained by the local perturbation
of the stress field near the fault tips, which causes oblique slip
vectors and stretching of the hanging wall. Consequently, slip
data from the vicinity of fault centres should be preferred in
palaeostress analyses.
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