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Abstract--Many fault arrays consist of echelon segments. Field data on ancient and active faults indicate that 
such segmented geometries have a pronounced effect on the distribution of fault slip. Outcrop measurements of 
slip on arrays of fault segments show that: (i) the point of maximum fault slip generally is not located at the centre 
of a fault segment; (ii) displacement gradients steepen towards the adjacent fault for underlapping faults; and (iii) 
displacement gradients become more gentle near the tips of overlapping faults. 

Numerical analyses suggest that mechanical interaction between neighbouring faults may cause such asym- 
metrical slip distributions. This interaction occurs through local perturbation of the stress field, and does not 
require the faults to be connected. For normal faults, the degree of fault interaction, and hence the degree of 
asymmetry in the slip distribution, increases with increasing fault height and fault overlap and with decreasing 
fault spacing. The slip magnitude along a discontinuous fault array can be nearly equal to that of a single larger 
continuous fault provided the segments overlap with small spacing. 

Fault interaction increases the ratio between fault slip and fault length, especially for closely spaced, 
overlapping faults. Slip-to-length ratios also depend on the three-dimensional fault shape. For normal faults, the 
slip-to-length ratio increases with increasing fault height. The effects of fault interaction and three-dimensional 
fault shape together can lead to more than one order of magnitude variation in slip-to-length ratio for the simple 
case of a single slip event in a homogeneous isotropic rock. One should expect greater variation for the more 
complex conditions found in nature. Two-dimensional fault scaling models can not represent this behaviour. 

INTRODUCTION 

Outcrop traces of many active and ancient faults are 
discontinuous, consisting of arrays of distinct segments 
(Tchalenko 1970, Tchalenko & Ambraseys 1970, Wal- 
lace 1973, Moore 1979, Segall & Pollard 1980, Barr 
1985, Rippon 1985, Bouvier etal .  1989, Kronberg 1991). 
Figure 1 shows some examples of discontinuous normal 
faults at various scales. Small-scale, overlapping fault 
segments in the Jurassic Entrada sandstone (Arches 
National Park, Utah) are a few metres long and accom- 
modate up to 150 mm of displacement (Fig. la). In the 
Volcanic Tableland (California), faults cutting through 
the Quaternary Bishop Tuff consist of segments that are 
tens of metres to several kilometres long and accommo- 
date displacements of up to 100 m (Fig. lb). The Bishop 
Tuff has been subjected to Basin and Range extension 
(Bateman 1965, Sherridan 1975). The 370 km long 
surface trace of the Wasatch fault zone (Utah) provides 
a large-scale example. Individual segments can be tens 
of kilometres long (Fig. lc). Although it has not rup- 
tured historically, palaeoseismological studies suggest 
several large-magnitude ruptures in Holocene times that 
delineate at least eight distinct rupture segments 
(Schwartz & Coppersmith 1984, Yeats & Schwartz 
1990). 

Such discontinuous or segmented faults are not only 
observed in map view, but also in cross-section (Aydin & 
Nur 1985). Discontinuities occur along dip-slip and 
strike-slip faults, both at the Earth's surface and in the 
subsurface, and at length scales that vary between milli- 

metres and kilometres (Gay & Ortlepp 1979, Segall & 
Pollard 1980, Aydin & Nur 1982, Mandl 1987a,b, 1988, 
Larsen 1988, Gibbs 1990, Davy 1993). Discontinuous 
fault geometries are also reproduced in laboratory ex- 
periments (Cloos 1928, 1955, Riedel 1929, Gamond 
1983, Naylor et al. 1986, Raynaud 1987, Filbrandt et al. 
1994) and appear to be a fundamental property of faults. 
Outcrop traces for other faults may be continuous, but 
exhibit one or more jogs (see Fig. ld for the terminology 
used in this paper). Such jogs may represent breached 
relays between originally discontinuous segments (Pea- 
cock & Sanderson 1994). 

The discontinuous nature of faults has important 
consequences. The geometric irregularities near steps 
between individual fault segments play an important 
role in the initiation and termination of earthquake 
ruptures and in the distribution of aftershocks (Aki 
1979, 1989, Bakun et al. 1980, 1986, Segall & Pollard 
1980, King & Nabelek 1985, King 1986, Sibson 1986, 
1987, 1989, Barka & Kadinshy-Cade 1988, King et al. 
1990, Zhang et al. 1991). Palaeoseismological studies 
suggest that this behaviour is maintained during at least 
several earthquake cycles (Sieh 1981, Schwartz & Cop- 
persmith 1984, Yeats & Schwartz 1990). 

Fault segmentation also is important in a hydrogeo- 
logical and petroleum geological context where fluid 
pathways may exploit relay zones between segments. 
Therefore segmented faults may not have a great fault- 
sealing potential, even if the fault gouge itself is fully 
sealing (Morley et al. 1990, Peacock & Sanderson 1994). 
Furthermore the complex slip variations observed along 
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Fig. 1. Map traces of normal fault arrays at various scales. (a) Overlapping minor normal faults with both right and left 
steps in the Moab Member of the Jurassic Entrada Sandstone, Arches National Park, Utah. (b) A normal fault zone in the 
Bishop Tuff, Volcanic Tableland, California. Most fault segments overlap but appear to be discontinuous. (c) Wasatch fault 
zone, Utah. The discontinuous fault zone consists of underlapping and overlapping fault traces. Stars denote segment 
terminations inferred from palaeoseismological studies (Yeats & Schwartz 1990). (d) Terminology for the trace geometry of 
discontinuous fault zones. A relay structure is the zone connecting the footwall and hangingwall of a fault zone, where slip is 
transferred between segments (Goguel 1950, Larsen 1988). Reorientation of bedding at the fault step may create a relay 
ramp (Peacock & Sanderson 1991). Where segments link, the term jog has been used (Sibson 1986). Inset illustrates 

definitions of length and height of a fault surface (shaded). 

segmented faults, especially near the relay structures 
between segments, complicate prediction of juxtapo- 
sition sealing in such areas and increase the risk of mis- 
correlating faults during seismic interpretation of the 
reservoir and aquifer structures. 

The discontinuous nature of faults has important 
implications for conceptual models of fault generation 
and growth. According to one concept, a fault is a single 
smooth continuous surface of displacement disconti- 
nuity, which becomes larger as the slip across it increases 
(Watterson 1986, Walsh & Watterson 1987, 1988, Mar- 
rett & Allmendinger 1991, Cowie & Scholz 1992a,b,c). 
According to a second concept, faults grow primarily by 
the linkage of individual segments (Segall & Pollard 
1980, Ellis & Dunlap 1988, Martel etal.  1988). Empirical 
and fracture mechanics models consistent with the first 
concept predict simple power-law relationships between 
fault length and slip: Dma x ~ L c, where Dma x is the 
maximum slip and L the fault length. However, field 
data show considerable variability in slip-to-length 
ratios (Gillespie et al. 1992, Dawers et al. 1993, Scholz et 
al. 1993, Biirgmann et al. 1994). This variability appears, 
at least partly, to be related to fault growth by segment 
linkage (Peacock 1991, Peacock & Sanderson 1991), in 
agreement with sand-box experiments that reveal that 
slip-to-length ratios change significantly during the early 

stages of fault growth (Filbrandt et al. 1994). A second 
reason for scattered slip-toqength ratios is kinematic 
coherence (Walsh & Watterson 1991), and the difficulty 
of identifying the appropriate length for discontinuous 
faults. The distribution of total slip along an array of 
fault segments often resembles that of a single larger 
fault. The slip-to-length ratios of individual segments 
can be greater than the ratio for the composite fault zone 
(Dawers & Anders 1995). 

Because of these practical consequences and theoreti- 
cal implications, it is imperative to understand the mech- 
anics of discontinuous faults. To date, most theoretical 
studies of ancient faults focus on one single fault and are 
based on two-dimensional models. For these models, 
the maximum slip is in the middle of the fault, and 
decreases according to some smooth function to zero at 
the fault tip-line (Walsh & Watterson 1988, Cowie & 
Scholz 1992b,c). In some cases, such relatively simple 
slip distributions are indeed observed (Muraoka & 
Kamata 1983, Rippon 1985, Barnett et al. 1987, Dawers 
et al. 1993). However, more complex and often asym- 
metrical slip distributions occur frequently, especially 
along segmented faults (Tchalenko & Berberian 1975, 
Deng et al. 1986, Rymer 1989, Peacock 1991, Peacock & 
Sanderson 1991, Dawers & Anders 1995). 

In this paper we consider three-dimensional models of 
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normal faults or fault segments that interact mechan- 
ically with one another. After describing some natural 
examples of displacement variations along fault arrays, 
we use analytical solutions to the elastic boundary value 
problem to illustrate why three-dimensional analyses 
are necessary. Subsequently, we use three-dimensional 
numerical boundary element methods to investigate 
how slip may vary along two echelon fault segments. 
Then the analyses are expanded to arrays containing 
three or more segments. Comparisons between the 
three-dimensional model results and two-dimensional 
natural examples are used to document the strong re- 
lationships between three-dimensional fault shape, the 
spatial arrangement of individual segments within a fault 
zone, and the fault slip distributions. The consequences 
for fault slip-to-length ratios are also discussed. 

SLIP VARIATIONS ALONG DISCONTINUOUS 
FAULTS 

The displacement discontinuity or slip is one of the 
most fundamental physical quantities that can be used to 
characterize faults. Understanding the mechanics of 
faulting requires knowledge of the spatial and temporal 
variations in slip along neighbouring segments of discon- 
tinuous faults. The slip distributions can provide a quan- 
titative assessment of the extent of mechanical 
interaction among the segments. For normal faults, 
scarp heights and offsets of layering or of seismic reflec- 
tors provide closely spaced measurements of slip distri- 
butions. These data facilitate the detection of subtle 
variations in slip and encourage quantitative analysis. 

Field and laboratory observations 

Slip variations along discontinuous earthquake sur- 
face ruptures have been measured by many investigators 
(Lawson et al. 1908, Tchalenko & Berberian 1975, Deng 
& Zhang 1984, Deng et al. 1986, Rymer 1989, Zhang et 
al. 1991). Detailed measurements along segmented 
ancient normal and strike-slip faults also are abundant 
(Walsh & Watterson 1990, Peacock 1991, Peacock & 
Sanderson 1991, 1994, Dawers & Anders 1995). Three- 
dimensional normal fault slip distributions that docu- 
ment the slip changes along the entire fault plane, rather 
than along a single section, are generated by combining 
slip measurements along a series of parallel cross- 
sections. Such three-dimensional slip distributions have 
been obtained from mine data (Rippon 1985), seismic 
data (Barnett et al. 1987, Bouvier et al. 1989, Jev et al. 
1993, Childs et al. 1995) and sand-box experiments 
(Childs et al. 1993, Filbrandt et al. 1994). 

Although the slip distribution over the surface of an 
isolated, single continuous fault may be relatively simple 
and approximately symmetrical (Fig. 2a), it is invariably 
less regular along the strike of segmented faults, espe- 
cially near geometrical irregularities such as relay zones 
and jogs. Along each fault segment, slip varies from zero 
at both ends, to one or more maxima that generally 

occur somewhere in the middle third of the segment. 
Relays appear to be characterized by reduced fault slip. 
Variations in fault slip also are associated with regions 
where two normal faults overlap vertically (Rippon 
1985). 

The changes in fault slip near a relay zone appear to be 
systematic and to depend on spacing and the amount of 
fault overlap. A typical outcrop example (Fig. 2b) shows 
two underlapping normal faults mapped by Peacock & 
Sanderson (1991). The faults occur in Lower Jurassic 
limestones near Kilve, Somerset, U.K. (Peacock & 
Sanderson 1991). The underlapping faults show a steep- 
ening of the displacement gradient toward the relay. The 
second example (Fig. 2c) shows kilometre-scale overlap- 
ping normal faults in the Volcanic Tableland, California 
(Scholz et al. 1993, Dawers & Anders 1995). These fault 
segments, which are part of a longer fault array, also 
show steeper displacement gradients where the faults 
enter the relay ramp. However, closer to the fault tips in 
the relay zone, the gradient becomes more gentle. Both 
the underlapping and overlapping fault segments (Figs. 
2b & c) show that the maximum slip is generally not 
located at the segment centre, but consistently occurs 
closer to the relay. 

These two field examples illustrate features of slip 
distributions that are observed at the centimetre scale in 
sand-box experiments and at the kilometre scale in 
three-dimensional seismic surveys (Childs et al. 1993, 
1995). The decrease in displacement gradient toward the 
fault tips of overlapping segments (Fig. 2c) is only 
detectable when the data points are closely spaced. 
Commonly, however, the fault slip data are relatively 
widely spaced, giving the false impression that displace- 
ment gradients remain steep throughout relays. The two 
styles of slip distribution shown in Figs. 2(b) & (c) may 
both occur along a particular normal fault array, de- 
pending on whether adjacent segments overlap or 
underlap. Similar observations can be made along 
strike-slip faults (Rymer 1989). Although we have illus- 
trated systematic slip changes near relays using 
examples of ancient faults, that may have accumulated 
such slip over many earthquake cycles (Watterson 
1986), the same features are also observed for single 
event slip distributions obtained after earthquakes on 
active faults (Sieh 1978, Deng & Zhang 1984, Rymer 
1989, Thatcher & Bonilla 1989). 

Existing models 

Fracture mechanics models of a single fault subjected 
to a uniform remote shear stress and a lesser uniform 
shear traction on the fault surfaces predict an elliptical 
variation in slip for a single event (Pollard & Segall 
1987). However, earthquake data show that many single 
slip events are characterized by slip distributions that 
taper more linearly towards the tips (Deng et al. 1986, 
Rymer 1989). Cowie & Scholz (1992a), building upon 
the 'cohesive end-zone' models by Palmer & Rice (1973) 
and Rice (1979), show that an increase in frictional 
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Fig. 2. Fault slip distributions along normal faults. (a) Contoured three-dimensional distribution of vertical component of 
slip along a single, continuous normal fault plane (after Rippon 1985). Contour values are in metres. The data are 
measurements of coal layer offset at several levels (indicated by dashed lines) of a mine in Derbyshire, U.K. (b) Minor 
underlapping faults exposed in Jurassic limestones near Kilve, Somerset, U.K. (Peacock & Sanderson 1991). Note the 
asymmetry in the slip distribution, the off-centre location of maximum slip, and the steep slip gradients near the inward fault 
tips. (c) Overlapping normal faults in the Quaternary Bishop Tuff, Volcanic Tableland, California. The slip distribution on 
each segment is asymmetrical. The maximum slip occurs off-centre, and the fault slip gradient is relatively steep where the 
fault enters the relay structure, and very gentle near the fault tips in the relay zone (after Scholz et al. 1993 and Dawers & 

Anders 1995). 

resistance towards  the fault tips can lead to tapered  slip 
distributions for single events.  

Wat te r son  (1986) and Walsh & Wat te rson  (1987, 
1988) postulate  that  ancient faults may  be the cumulat-  
ive result of  many  slip events.  They  show how the sum of  
many  elliptical slip distributions can result in a more  
linear cumulat ive slip distribution if each slip event  
involves fault propagat ion.  Cowie & Scholz (1992a) 

postulate  that  the tapered shape of  the slip distribution 
for  cohesive end-zone  faults does change  when summing 
many  slip events.  Whereas  Walsh & Wat te rson  predict  
an increase in the fault slip-to-length ratio for  each slip 
event ,  Cowie & Scholz predict  a constant  slip-to-length 
ratio. Bo th  models ,  whether  applied to active or  ancient 
faults, predict  simple symmetr ic  slip variations. Some 
single, isolated faults indeed exhibit such slip distri- 
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butions (Muraoka & Kamata 1983, Rippon 1985, Bar- 
nett et al. 1987, Cowie & Scholz 1992c). However, the 
complex, asymmetrical slip distributions along seg- 
mented faults can not be addressed with these models 
and thus require further analysis. 

Two-dimensional analyses have shown that mechan- 
ical interaction between fault segments strongly influ- 
ences the slip along strike-slip fault arrays (Segall & 
Pollard 1980, Martel & Pollard 1989, Aydin & Schultz 
1990, Bfirgmann et al. 1994) and the amount of opening 
along dyke arrays (Delaney & Pollard 1981). Relative 
movement across one segment leads to a local pertur- 
bation in the stress field. This perturbation influences 
the traction and hence the relative movement on neigh- 
bouring segments. The increase in shear stress ahead of 
a fault tends to locally enhance the movement on neigh- 
bouring faults in that region. Conversely, the decrease in 
shear stresses to the side of a fault (the 'stress shadow') 
tends to locally reduce slip on neighbouring faults there. 
Although very detailed slip distributions are available 
for normal fault arrays, the effect of mechanical inter- 
action among the segments has not been investigated to 
date. 

SLIP ALONG AN ISOLATED SINGLE NORMAL 
FAULT 

Natural faults are not infinite in one direction and do 
not have the blade-like shape postulated in two- 
dimensional models. Three-dimensional fault shape in- 
fluences the magnitude of fault slip, and controls the 
magnitude and spatial distribution of stress enhance- 
ment or stress reduction that drives mechanical fault 
interaction. Both points can be illustrated using the 
analytical solution for a single elliptical crack subject to a 
uniform stress drop and embedded in a homogeneous, 
isotropic, linearly-elastic medium (Sih 1975, Tada et al. 
1985). According to this solution, which forms a simple 
model for a single slip event, the maximum amount of 
slip across a fault depends on the elastic shear modulus, 
Poisson's ratio, and on the fault aspect ratio. The fault 
aspect ratio is defined here as the fault length (measured 
as the trace length on a horizontal plane going through 
the centre of the fault) divided by the fault height 
(measured along the fault surface in the dip direction, 
see Fig. ld). 

We have used the analytical solution to calculate the 
maximum fault slip as a function of fault aspect ratio for 
various values of Poisson's ratio (v). For all cases shown 
in Fig. 3, the normal faults have the same horizontal 
length. This is meant to represent the typical situation 
encountered in the field, where one can reliably measure 
the horizontal fault trace length, without knowing the 
fault dimensions in the dip direction. The maximum 
fault slip decreases as the fault height decreases (i.e. 
increasing aspect ratio). The two-dimensional, pure 
mode III crack solution is also shown, representing the 
limiting case of an 'upright' ellipse with zero aspect ratio. 
The effect of Poisson's ratio is minor, with perfectly 

compressible rocks (v = 0) accommodating somewhat 
larger slips than nearly incompressible rocks (v = 0.49). 

The magnitudes of the stress components around the 
fault are directly proportional to the slip magnitude. The 
size of the region of perturbed stress scales with the size 
of the fault surface. The three-dimensional spatial distri- 
bution of the stress perturbation is quite complex. Fig- 
ure 4 illustrates the stress perturbation around a single 
isolated, vertical circular normal fault subjected to a 
complete stress drop. This stress distribution can be 
calculated by solving the appropriate equations in Sih 
(1975). Shaded areas mark local increases in shear stress 
acting on planes parallel to the fault and in the direction 
of the fault slip vector, with the remaining areas 
(unshaded) being characterized by a shear stress re- 
duction. A vertical cross-section through the centre of 
this circular fault model (Fig. 4a) reveals a stress pertur- 
bation that is similar, but not identical, to that around a 
two-dimensional mode II crack (Segall & Pollard 1980). 
A horizontal cut through the centre of the fault, provid- 
ing the equivalent of a map view (Fig. 4b), shows that the 
stress perturbation is somewhat like that of a two- 
dimensional mode III crack (Sih 1975, Tada et al. 1985). 

The spatial distribution of the stress perturbation is 
complex due to both the finite size of the slipping surface 
and the continuously changing angle between the fault 
slip vector and the tip-line orientation. To compare 
different fault shapes, consider the fault length constant. 
For lesser fault aspect ratios (i.e. taller faults), the stress 
perturbation extends farther from the fault, affecting a 
larger volume. For greater fault aspect ratios (i.e. verti- 
cally short faults), the stress perturbation is limited to 
the immediate fault vicinity. 

MECHANICAL INTERACTION AND SLIP 
ALONG SEGMENTED NORMAL FAULTS 

Available three-dimensional analytical techniques are 
limited to the analysis of a single fault of simple geom- 
etry such as penny-shaped or elliptical (Eshelby 1957, 
Rudnicki 1977, Rice & Rudnicki 1979, Rudnicki 1979, 
Tada et al. 1985). The mechanical interaction between 
several faults can only be investigated numerically. We 
have used Poly3d, a three-dimensional boundary ele- 
ment program based on the displacement discontinuity 
method (Thomas 1993). A detailed treatment of bound- 
ary element techniques in solid mechanics is given by 
Crouch & Starfield (1983) and Becket (1992). The 
boundary element procedure has the advantage that 
only the faults themselves need to be meshed, using a set 
of elements with prescribed displacement disconti- 
nuities or tractions. The fundamental solution used by 
Poly3d is that of an angular dislocation in a linear-elastic 
half-space (Comninou & Dunders 1975, Jeyakumaran et 
al. 1992). The boundary of the half-space represents the 
traction-free surface of the Earth. Several angular dislo- 
cations are combined to form a planar polygonal ele- 
ment of constant displacement discontinuity or slip. By 
joining many polygonal elements, one or more faults 
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Fig. 4. Contoured distribution of fault-parallel shear stress, acting in the direction of the fault slip vector, about a vertical 
circular normal fault with a complete and uniform stress drop: (a) vertical cut through the three-dimensional model provides 
a cross-section view in which the stress perturbation is similar, but not identical, to that about a two-dimensional pure mode 
II crack; (b) horizontal cut through the three-dimensional model provides a map view, in which the stress perturbation is 
somewhat like that about a two-dimensional pure mode III crack. The shear stress is enhanced in the shaded areas, and is 
reduced in the unshaded areas. Parts of a hypothetical neighbouring parallel fault situated in the shaded areas would locally 

experience enhanced slip whilst the slip would locally be reduced if this neighbour were located in the unshaded areas. 
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with varying slip can be modelled (Fig. 5a). Because the 
displacement discontinuity is constant across each ele- 
ment, slip varies over the entire fault surface according 
to a set of step functions. By using many small elements, 
smooth fault slip distributions can be approximated. The 
faults need not be planar and can have irregular tip- 
lines. 

By prescribing traction boundary conditions at the 
centre of each polygonal element, mechanical inter- 
action between faults can be modelled. This is done by 
solving a series of linear algebraic equations that de- 
scribe the influence of each element on all other ele- 
ments (Crouch & Starfield 1983, Becker 1992). Poly3d 
therefore offers some advantages over the approach by 
Ma & Kusznir (1993), which allows multiple faults only 
by simple superposition, thus neglecting mechanical 
interaction. Poly3d also can compute the stress, strain 
and displacement fields in the material surrounding the 
fault(s), but it can not model actual fault propagation or 
stress relaxation during accumulation of slip in a series of 
events. 

In the first suite of numerical experiments, the faults 
are loaded remotely by a unit shear stress, and the fault 
surfaces themselves are free of shear traction (Fig. 5b). 
The uniform drop in shear stress leads to an elliptical 
variation in slip for the case of an isolated fault. The 
displacement discontinuity perpendicular to the fault 
was prescribed to be zero, thereby preventing opening 
or interpenetration of the fault walls (Fig. 5b). These 
models only address fault interaction through pertur- 
bation in shear stress. Changes in frictional resistance 
due to increase or decrease of normal stress at contrac- 
tional or extensional relay zones are not taken into 
account. These boundary conditions should be con- 
sidered a first approximation that will nonetheless cap- 
ture some of the principal effects of mechanical 
interaction. For example, two-dimensional analyses by 
Aydin & Schultz (1990) that incorporated a Coulomb 

friction criterion on the faults suggest similar behaviour 
for faults with and without friction. 

Mechanical interaction between two circular faults 

The model consists of two circular normal faults that 
dip 60 ° and are not linked (Fib. 5b). In order to minimize 
additional complexities due to proximity to the traction- 
free surface of the Earth, the faults are embedded in an 
elastic whole-space. This corresponds to faults being 
buried deeper than about 10 times their diameter. The 
centres of both faults are at the same depth (Fig. 5b). 
The elastic medium is characterized by a Poisson's ratio 
of 0.25 and a unit shear modulus. The effects of lateral 
fault overlap have been analysed using a number of 
different model geometries. The fault overlap is defined 
as the horizontal distance between the fault tips 
measured in the strike direction on a horizontal plane 
through the fault centres (Figs. ld and 5b). In the 
simulations, the overlap varies between +0.5a and 
-0.5a,  where a is the fault radius and negative values 
indicate fault underlap. The fault spacing is defined as 
the horizontal distance between the fault surfaces 
measured perpendicular to their strike in a horizontal 
plane through their centres (Figs. ld and 5b). The 
spacings considered here range between 0. la and 0.05a. 

Figure 6 summarizes the results for two faults spaced 
at 0.05a, showing contours of elevation changes across a 
horizontal 'observation' plane through the fault centres 
(Fig. 6a) and contours of the computed slip on the left 
fault (Fig. 6b), and the slip distribution along a horizon- 
tal line through the centre of the left fault (Fig. 6c). Slip 
on the right fault is simply the mirror image of that on ttie 
left fault. The contour maps in Fig. 6(a) show footwall 
uplift (solid contours) and hangingwall subsidence 
(dashed contours). The fault slip in Figs. 6(b) & (c) is 
normalized to the maximum slip that would occur on an 
isolated fault. For a large underlap (left-hand drawings) 

~XZ  

Remote stress f'micl: 
032 r = 1 

a31 r, a12 r, 011 r, a22 r ~33 r =0  

Boundary conditions on faults: 

a31f = o32f=0, ~u3f=0 

Fig. 5. Model geometry and boundary conditions. (a) Typical mesh used to model a fault, consisting of concentric rings of 
quadrilateral elements. The quadrilateral nature of the elements is visible only near the fault centre. (b) Model geometry, 
consisting of  two deeply buried circular normal faults with their centres at the same depth. The faults dip 60 °. A horizontal 
'observation' plane through fault centres is used to analyse footwall uplift and hangingwall subsidence. Remote and fault 

r boundary conditions represent a complete uniform shear stress drop (~2-a~2 = 1). The fault walls are not allowed to come 
f apart or interpenetrate (Au3 = 0). a indicates stresses-tractions, Au indicates displacement discontinuity, and the subscripts 

r and f refer to values in the remote field and on the faults, respectively. The xl-direction is parallel to fault strike, the x2- 
direction is parallel to fault dip direction and the xa-direction is normal to fault plane. 
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Fig. 6. Slip and wall rock deformation for two circular echelon normal faults for various degrees of fault overlap. The fault 
spacing is 0.05a, where a is the fault radius. (a) Contours of vertical displacement on a horizontal plane through the centres 
of the faults. Solid contours indicate uplift above datum level and dashed contours indicate subsidence below the datum 
level. The contours delineate two separate structures for the case of underlapping faults (left), but a single, larger structure 
for the case of overlapping faults (right). Also note the asymmetrical footwall uplift and hangingwall subsidence 
immediately adjacent to the overlapping faults (right). Solid bar indicates down-thrown side of fault, and marks the position 
of fault centres. (b) Contours of slip on the left fault. A contour value of 1 indicates the maximum slip that would occur on a 
single isolated fault. For significantly underlapping faults (left), the contours remain nearly perfectly symmetrical and 
closely resemble the elliptical slip distribution of an isolated fault. With increasing fault overlap, the magnitude of the 
maximum slip increases, and is located further off-centre. The slip distribution differs considerably from that on a single 
isolated fault. Cross indicates fault centre and shading in the right-hand diagram outlines the area of overlap with the 
neighbouring fault. (c) Slip distribution on left fault along a horizontal line through its centre. Thick black curves show 
computed slip distribution and thin black curves represent slip along a single isolated fault. The differences between both 

curves are caused by mechanical interaction. 

0.5 1 

the  faul ts  do  no t  in te rac t  s ignificantly:  the  slip distr i-  
bu t ion  on  the  faul ts  fol lows a nea r ly  e l l ip t ica l  p a t t e r n  
and  the  m a x i m u m  slip occurs  nea r  the  faul t  cen t r e  (Figs.  
6b & c). C o m p a r i s o n  of  the  u n d e r l a p p i n g  faul t  g e o m e t r y  
wi th  the  s tress  p e r t u r b a t i o n  shown in Fig.  4(b)  shows 
tha t  each  faul t  is sub jec t ed  to  a m o d e r a t e l y  inc reased  
shea r  s tress  caused  by  m o v e m e n t  on its ne ighbour .  The  

m o d e r a t e  increase  in shea r  s tress  l eads  to a slip magni -  
t ude  tha t  is s l ightly g rea t e r  than  tha t  on  an i so la ted  fault  
( for  which  the  m a x i m u m  n o r m a l i z e d  slip is 1). 

F o r  ze ro  faul t  ove r l ap  (Fig.  6, m idd l e  d i ag rams) ,  the  
m a x i m u m  slip increases  s ignif icantly,  and  is l oca t ed  off- 
cen t r e  t owards  the  re lay  zone .  A l s o ,  the  o u t e r m o s t  slip 
con tou r  is def lec ted  towards  the  re lay  zone  (Fig.  6b).  
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These observations indicate that the displacement gradi- 
ent is steeper on the right-hand (relay) side than on the 
left-hand (distal) side of the fault. This result can be 
understood by comparing the fault arrangement with the 
stress perturbation shown in Fig. 4(b). Because the 
faults have zero overlap, movement on each fault causes 
a significant increase in driving stress on the neighbour, 
especially in the relay area. The resulting asymmetrical 
distribution in shear stress causes the off-centre location 
of maximum slip and the changes in displacement gradi- 
ent discussed above. The computed asymmetrical shape 
of the slip distribution correlates well with the natural 
example shown in Fig. 2(b) and with three-dimensional 
slip distributions along buried underlapping faults 
(Childs et al. 1995). 

For overlapping faults (Fig. 6, right-hand diagrams), 
the magnitude of the maximum slip is greater than in the 
two earlier cases (about 1.09 times the slip on an isolated 
fault), and occurs at a larger distance from the fault 
centre. For the left fault, the area of maximum slip 
moves towards the right, i.e. towards the relay zone. 
The slip gradient is therefore more gentle on the left- 
hand (distal) part of this fault (Fig. 6c). Similarly to the 
above cases, the average slip gradient is steeper on the 
right-hand (relay) side. However, the slip distribution 
on the relay side is more complex. In the area of fault 
overlap (shaded in Figs. 6b & c, right-hand diagrams), 
the contours of fault displacement depart significantly 
from the concentric circular pattern. The contours are 
deflected away from the relay zone becoming straighter 
and approximately equally spaced throughout the area 
of fault overlap, indicating a nearly linear change in fault 
slip. Relative to the elliptical slip distribution along 
isolated faults, the slip gradient near the tip has de- 
creased significantly (Fig. 6c). However, farther from 
the fault tip-line, in the region between the relay zone 
and the point of maximum fault slip, the gradient is 
steeper compared to that on an isolated fault. 

The complex slip distribution for overlapped faults 
can again be understood by comparing the fault geom- 
etry with the stress perturbation shown in Fig. 4(b). 
Movement on one fault causes a decrease in driving 
stress on the overlapping part of the neighbouring fault 
that is located in the relay area, but an increase along the 
remaining distal parts of the neighbour. These changes 
in driving stress correspond to a decrease and increase of 
slip respectively. Both the flattening and steepening of 
the slip distribution along the fault, and the off-centre 
location of maximum fault slip correlate well with the 
observations on natural faults (e.g. compare Fig. 2c and 
Fig. 6c). Therefore a reduction of slip gradient near the 
fault tip is not necessarily caused by a cohesive end-zone 
(Cowie & Scholz 1992c), but can also be caused by 
interaction with a neighbouring fault. Similar behaviour 
in the relay zone is seen on three-dimensional slip 
distributions for overlapping faults in sandbox experi- 
ments (e.g. fig. 11 in Childs et al. 1993). 

The degree of fault interaction decreases with increas- 
ing segment spacing. The distance at which the inter- 
action between faults becomes negligible depends on the 

three-dimensional fault shape. Vertically tall normal 
faults can interact across large distances because the 
stress perturbation extends farther from the fault. The 
extreme case consists of infinitely tall pure mode III 
faults. Even in that case, the effects of mechanical 
interaction and the deviations from the elliptical slip 
distribution are negligible if they are separated by more 
than their half lengths. Vertically short faults may not 
interact significantly even if they are closely spaced 
because the stress perturbation decays very rapidly with 
distance from the fault. In general, the region of influ- 
ence scales with the shortest dimension of the fault. 

The above three-dimensional results are in agreement 
with other studies. For example, two-dimensional 
models for strike-slip faults show that the stress intensity 
factor for the proximal (relay) fault tip is enhanced for 
underlapping faults, and decreases sharply for overlap- 
ping faults (Martel & Pollard 1989, Aydin & Schultz 
1990). These changes in the magnitude of the near tip 
stress concentration are equivalent to an increased slip 
gradient near the proximal tips of underlapping faults 
and a decreased slip gradient at the proximal tips of 
overlapping faults. This is consistent with the results 
shown in Fig. 6, and suggests that segments with under- 
lapped geometry will tend to grow, whereas segments 
with appreciable overlap will tend not to propagate. This 
might explain why underlapped geometries are rare and 
overlapped geometries are more common (Aydin & 
Schultz 1990), and also why faults generally overlap for 
limited distances relative to their spacing. The three- 
dimensional models shown here highlight how these 
effects of mechanical interaction change along the fault 
tip-line. 

Arrays containing more than two faults 

Figure 7 shows a model of three mechanically interact- 
ing faults with a spacing of 0.05a and an overlap of 0.5a. 
The response is similar to that discussed above. Slip 
(thick black curve) on each outer fault segment increases 
the shear stress on the central part of the middle fault 
segment. Therefore the slip on the middle fault segment 
is enhanced by two neighbours on either side, resulting 
in an even greater maximum slip than in the case of two 
echelon faults (about 1.16 times that for an isolated 
fault: thin black curve). The mechanical effects of the 
outer segments on the central segment are symmetric, so 
that the maximum slip on the middle fault occurs at the 
centre. Because the central fault has the largest slip, its 
average slip gradient is greater than that of the neigh- 
bouring faults. The asymmetrical slip on the two outer 
segments is similar to the response of the two interacting 
faults because they experience an asymmetrical pertur- 
bation in shear stress that is mostly driven by the central 
segment. 

These model results correlate well with field obser- 
vations. Figure 8 shows slip distributions for two normal 
fault arrays, one from the Arley Coal Seam at Nook 
Colliery, Lancashire, U.K. (Walsh & Watterson 1990), 
and the other from the Bishop Tuff in the Volcanic 
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Fig. 7. Slip distribution for an array of three overlapping circular normal faults. (a) Fault trace geometry as observed on a 
horizontal plane through the fault centres. The fault overlap is 0.5a, and the fault spacing 0.05a. (b) Contours of normalized 
slip. Mechanical interaction leads to asymmetrical slip distributions on the two outer fault segments. Shaded areas indicate 
where faults overlap. (c) Slip distribution along a horizontal line through the centre of the three faults. Comparison between 
the modelled slip distribution (thick black curves) and the slip distribution without mechanical fault interaction (thin black 
curves) reveals the increase in maximum slip along each segment, and the asymmetry in slip distribution on the outer two 
segments. The total slip across the array (thick grey curve) has the appearance of one larger fault with slightly irregular slip 

distribution. 
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Fig. 8. Slip distributions along normal fault arrays indicating kinematic coherence. (a) Slip distribution along normal fault 
array in the Arley coal seam in Nook Colliery, U.K. (after Walsh & Watterson 1990). (b) Slip distribution along echelon 
normal fault array in the Bishop Tuff, Volcanic Tableland, California. Total slip across the entire array has the appearance 

of one larger fault. The slip minima are associated with the relay structures. 
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Fig. 9. Comparison between a single elliptical fault and a fault array of the same length. (a) Fault trace geometry and 
contours of vertical displacement on a horizontal plane through the centres of the fault(s). The single elliptical fault (left) 
has the same dimensions as the envelope surrounding the three echelon faults (right). Solid contours indicate uplift above 
datum level and dashed contours indicate subsidence below the datum level. (b) Contours of normalized slip. For the fault 
array, the contours delineate total slip accommodated across the array, which is obtained by summing the slip on the 

individual segments. The grey ellipse on the right shows the tip-line shape of the elliptical fault shown on the left. 

Tableland, California. The slip on the latter array was 
obtained by surveying the fault scarps in a manner 
similar to that described by Dawers et al. (1993). Despite 
the irregularities in fault geometry for these natural 
examples, the predicted relative effects of fault inter- 
action are clearly recognizable in the field data: (i) off- 
centre location of maximum slip on the distal faults; (ii) 
more symmetric slip distributions in the central part of 
the arrays; (iii) steeper gradients near the fault overlap 
areas; and (iv) steepest average slip gradients along the 
central segments. It should be noted that the data points 
are not spaced closely enough to resolve what happens 
very close to the fault tips in the relay zones. 

The model for three fault segments can be used to 
understand the concept of kinematic coherence: the 
observation that an array of faults appears to behave 
similarly to a single fault of the same length as the array 
(Walsh & Watterson 1991). Consider the fault slip along 
an originally-horizontal layer that cuts through the 
centres of the three faults. The slip distribution observed 
on this layer is shown in Fig. 7(c). The modelled fault 
segments are kinematically coherent  in the sense that 
the total slip (thick grey curve in Fig. 7c) appears similar 
to that of one fault with a slightly irregular slip distri- 
bution in the central area. The normal fault arrays 
shown in Fig. 8 exhibit very similar behaviour because 
the total slip along these arrays is similar to that of single 
faults, and the irregularities in the slip distribution are 
associated with the relay zones. 

The maximum slip along the central segment (Fig. 7c) 
can be compared with the maximum slip along a longer 
continuous fault. For a valid quantitative comparison, 
the single fault must have the same dimensions as the 
envelope surrounding the three echelon faults (compare 
the fault in Fig. 9a with the grey ellipse in Fig. 9b). The 
maximum slip on the single elliptical fault (1.24) is only 

1.3 

i! 2 - - -  
i ~ 1.1 

1 
' ' • ' ' ' " 1  • , ' , ' , , ' 1  ' ' ' ' ' ' " I  

0 .01 0.1 1 1 0  

Segment slx¢ing (a) 
Fig. 10. Example of maximum segment slip as a function of segment 
spacing. The fault array geometry is shown in Fig. 9(b), with segment 
overlap of 0.5a, where a is the fault radius. For large spacings, the 
maximum slip is nearly identical to that of an isolated circular fault for 
which the maximum slip is 1. With decreasing segment spacing, the 
maximum slip increases as the intensity of fault interaction increases. 
As the spacing tends to zero, the maximum slip tends towards that of 

the single larger elliptical fault shown in Fig. 9(a). 

slightly greater than the maximum slip across the three 
echelon faults (1.16). This increase is relatively minor 
because both models have the same height, stressing the 
importance of three-dimensional analyses. It appears 
that a discontinuous overstepping fault geometry does 
not significantly reduce the capacity to accommodate 
slip. Figure 10 shows how the maximum slip on the 
central segment decreases from 1.16 to 1.14 if the fault 
spacing is increased from 0.05a to 0. la  and to 1.04 for a 
fault spacing of la.  This change is entirely caused by 
mechanical interaction which decreases with increased 
fault spacing. Conversely, as the spacing of the three 
echelon faults tends to zero, the maximum slip along the 
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array tends to that along the single continuous elliptical 10 
fault. 

The resemblance between a fault array and a single 9 
continuous fault is not confined to the slip distribution. a 
The deformation in the wall rock surrounding a fault 
array is also similar to that about a single elliptical fault 4 7 
that has the same dimensions as the array. The contours ~, 
of footwall uplift and hangingwall subsidence for the ~ 6 
array resemble those surrounding the single elliptical ~ s 
fault (Fig. 9a). The resemblance between wall rock ~ 
deformation around a single fault and a fault array 4 

increases as the spacing between the segments de- ~ a 
creases, z 

CONSEQUENCES FOR SLIP-TO-LENGTH 
SCALING 

A variety of fault scaling laws have been proposed to 
relate fault slip to fault length. Such relationships are 
important in earthquake studies (Aki & Richards 1980), 
for models of fault growth (Watterson 1986, Cowie & 
Scholz 1992c), and are the basis for predictions of small- 
scale faulting and fracturing in hydrocarbon and water 
reservoirs (Gauthier & Lake 1993). For a given fault 
length, measured slip-to-length ratios appear to vary by 
about one order of magnitude (Gillespie et al. 1992). 
Because of this variability, and the lack of agreement on 
how the data should be analysed, the same data have 
been used to support different growth models (Watter- 
son 1986, Walsh & Watterson 1988, Cowie & Scholz 
1992a, Scholz et al. 1993). Gillespie et al. (1992) com- 
ment on sampling problems and stress that the data 
cannot be analysed satisfactorily by standard statistical 
methods. 

Many recent investigations suggest that faults are 
scale-invariant, thus proposing a constant slip-to-length 
ratio (Cowie & Scholz 1992a, Dawers et al. 1993, Scholz 
et al. 1993, Anders & Schlische 1994, Dawers & Anders 
1995). However, rock anisotropy such as layering can 
cause departures from self-similarity (Wojtal 1994). 
Wojtal (1994) and Filbrandt et al. (1994) show that 
scaling constants can change during the temporal evol- 
ution of the fault system. The results described in this 
contribution suggest that variations in slip-to-length 
ratio should be expected, even for the simplest case of a 
single slip event in a homogeneous isotropic rock be- 
cause: (i) faults are not infinite in extent but are bounded 
in three dimensions; and (ii) because neighbouring 
faults or fault segments can interact. 

The influence of three-dimensional fault shape on the 
slip distribution has been known since Chinnery (1961) 
and Scholz (1982). However, the effect of three- 
dimensional shape on slip magnitude (Fig. 3) has been 
neglected in the discussion of fault slip-to-length ratios. 
For a given horizontal fault length, the maximum dis- 
placement decreases markedly as the down-dip fault 
height decreases. For normal faults, the shortest dimen- 
sion is generally the fault height rather than the horizon- 
tal fault length: fault aspect ratios reported for single, 
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Fig. 11. Fault slip-to-length ratios on fault array in Bishop Tuff from 
the Volcanic Tableland. The slip distribution is shown in Fig. 8(b). The 
length-to-slip ratios of individual segments are divided by that of the 
composite array. Greater ratios occur on the central segments, 
whereas the ratios on the outer segments are similar to that of the 
array. The model with mechanical interaction among the segments 
provides a better fit to the observations than the model without 

interaction. 

isolated normal faults vary between 1 and 4 (Rippon 
1985, Barnett e ta l .  1987). Therefore the natural range in 
three-dimensional fault shape alone leads to variations 
of at least a factor of 3 in slip-to-length ratios. 

Mechanical interaction between fault segments also 
can influence the slip-to-length ratio. In all the numeri- 
cal experiments discussed above, mechanical interaction 
among echelon faults increases the magnitude of the 
maximum slip. For example, maximum slip magnitudes 
increase up to about 1.09 for two overlapping fault 
segments (Fig. 6), and up to 1.16 for the case of three 
overlapping segments (Fig. 7). A slip magnitude of 1 
corresponds to the maximum slip on an isolated fault. 
Therefore, mechanical interaction increases the slip-to- 
length ratio. 

This effect can become pronounced for fault arrays 
containing many echelon segments. For example, the 
slip-to-length ratio on the short middle segment of the 
array in the Arley Coal Seam (Fig. 8a) is about 1.7 times 
the ratio for both distal segments and as much as 3 times 
the ratio of the entire array. The occurrence of greater 
ratios in the central part of the array, and lesser ratios at 
the distal ends is consistent with the numerical experi- 
ments (Fig. 7c). In the array from the Volcanic Table- 
land shown in Fig. 8(b), the greatest slip gradients also 
occur on central segments, and the least slip gradients 
occur on outer segments. Figure 11 illustrates this quan- 
titatively by showing slip-to-length ratios of the indi- 
vidual segments normalized by the ratio for the entire 
array. The slip-to-length ratios for tfae central segments 
are up to 10 times that of the composite array. The distal 
segments, however, are characterized by ratios that are 
comparable to that of the entire array. 
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Poly3d has been used to investigate whether this 
variability can be explained by mechanical interaction. 
A simple model was constructed in which individual 
segments are represented by a planar half ellipse, with 
the cut, horizontal side of the ellipse intersecting the 
surface of the elastic half-space. The segments dip 70 ° 
and have the same strike. At the top of the half-space the 
modelled segment lengths, overlaps and spacings are the 
same as observed in the outcrop. All segments were 
assumed to have the same down-dip height and were 
subjected to a uniform stress drop. In the first experi- 
ment, the segments were not allowed to interact mech- 
anically with one another so that the computed slip-to- 
length ratios are controlled only by differences in three- 
dimensional segment shape. Figure 11 shows that these 
computed ratios do not agree well with outcrop obser- 
vations, especially not for segment number 3 and 5. 

In the second experiment, mechanical interaction was 
allowed. This results in an improved fit to the outcrop 
data (Fig. 11). In the central part of the array (segments 
2-5), there is good correspondence between the 
measured and computed slip-to-length ratios. Mechan- 
ical interaction is thus one possible explanation for the 
great slip-to-length ratios on the central segments. How- 
ever, some discrepancy remains at the array ends, where 
the computed slip is greater than that observed in the 
field. Possible causes for this discrepancy might include 
smaller height of the distal segments or increased fric- 
tion on the distal segments. 

CONCLUSIONS 

The discontinuous nature of faults in three dimensions 
has a profound impact on their mechanical behaviour. 
Our analyses suggest that mechanical interaction be- 
tween fault segments leads to systematic deviations from 
simple symmetric slip distributions. Interaction between 
neighbouring segments can cause off-centre location of 
maximum slip, asymmetrical slip gradients along under- 
lapping segments, decrease of slip gradients in the relay 
zones between overlapping segments, and kinematic 
coherence of fault arrays. The effects of interaction 
become more pronounced with increasing segment 
overlap and height, and with decreasing spacing. 

These relationships between three-dimensional fault 
geometry, spatial fault arrangement and slip distribution 
can be applied to practical problems in various ways. For 
example, the magnitude of the maximum slip along an 
outcropping isolated normal fault might be used to 
estimate the fault height: larger slip magnitudes suggest 
taller faults. For two interacting normal faults, the 
degree of asymmetry in the slip distribution can provide 
another indication on the fault height: shorter faults 
interact less and exhibit more symmetric slip distri- 
butions than taller faults. We have also shown that 
individual segments in a fault array have a tendency to 
grow until some degree of overlap with the neighbouring 
segments is obtained. 

The results indicate that field data need to be analysed 

very carefully in their geometrical context, taking into 
account both the three-dimensional fault shape and the 
influence of potential neighbouring structures. An 
example is the analysis of fault slip-to-length ratios. The 
slip-to-length ratio for isolated normal faults can vary by 
a factor of about 3 for the range of fault shapes observed. 
The slip-to-length ratio within fault arrays can vary by an 
order of magnitude because of mechanical interaction. 
Fault scaling laws based on two-dimensional models of 
single, continuous faults are incapable of capturing this 
variability. The numerical experiments predict a range 
of more than an order of magnitude in slip-to-length 
ratio for the simple case of a single slip event along faults 
in a rock mass with homogeneous isotropic linear elastic 
material properties and uniform loading conditions. The 
greater variation observed in field data (Gillespie et al. 

1992) is to be expected because of the more complex 
conditions found in nature. 

Our fault model captures some of the mechanics of an 
idealized single slip event. The results obtained corre- 
spond well with the slip distributions along some earth- 
quake ruptures and ancient normal faults. The corre- 
spondence with the slip along the ancient faults is 
remarkable because their final slip distribution is affec- 
ted by many factors that have not been considered here 
such as size of the slip patch, temporal changes in the 
stress field, spatial variations in material properties, 
effects of fault growth, development of permanent 
strains in the host rock material, inelastic deformation 
near the fault tips, etc. (Biirgmann et al. 1994, Peacock 
& Sanderson 1996). Although the role of these para- 
meters needs to be analysed further as the appropriate 
fault models become available, the good correspon- 
dence between our model and the field data is encourag- 
ing. Apparently some first-order complexities in natural 
slip distributions can be understood using relatively 
simple mechanical models. 
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