
Three-dimensional distinct element modelling of relay growth and

breaching along normal faults

J. Imbera,1, G.W. Tuckwellb,2, C. Childsa,*, J.J. Walsha, T. Manzocchia, A.E. Heathc,
C.G. Bonsona, J. Stranda

aFault Analysis Group, Department of Geology, University College Dublin, Belfield, Dublin 4, Ireland
bSchool of Earth Sciences and Geography, Keele University, Keele, Staffordshire ST5 5BG, UK

cFault Analysis Group, Department of Earth Sciences, University of Liverpool, Liverpool L69 3GP, UK

Received 24 January 2003; received in revised form 4 February 2004; accepted 26 February 2004

Available online 14 May 2004

Abstract

Three-dimensional numerical models of neutral (i.e. slip-parallel) relay zones on normal faults that cut massive sandstone host rocks have

been constructed using the distinct element method code, Particle Flow Code in 3-D (PFC3D). The models successfully reproduce the

geometries, displacement profiles and strains observed in natural relay zones. In contrast to boundary element method simulations, the

modelled relay ramps dip towards the hanging wall, consistent with observations of most natural relay zones. The modelling shows that relay

zones are stable structures that ‘grow’ by progressive rotation of an approximately planar relay ramp without significant propagation of the

relay-bounding faults prior to breaching. Stable growth is terminated when a breaching fault propagates across the top or bottom of the relay

ramp. Breaching fault propagation is not instantaneous and the ramp continues to rotate, and therefore transfer displacement between the

relay-bounding faults, until they become fully hard linked. Following hard linkage, displacement is accommodated by slip on the through-

going fault surface. The modelling results confirm previous conceptual models of relay growth and breaching based on geometric and

kinematic analysis of natural relay zones.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Displacements on normal faults are rarely accommo-

dated on a single well-defined slip surface, but are

partitioned between interacting fault segments (Walsh and

Watterson, 1990, 1991; Peacock and Sanderson, 1991,

1994; Cartwright et al., 1995, 1996; Childs et al., 1995,

1996; Willemse, 1997). Fault segmentation occurs across a

wide range of length scales (Stewart and Hancock, 1991;

Trudgill and Cartwright, 1994; Walsh et al., 2003).

The transfer of displacement from one fault segment to

another segment that dips in the same direction most often

occurs through relay structures (Chadwick, 1986; Ramsay

and Huber, 1987; Larsen, 1988), which are zones of high

fault-parallel shear strain that provide soft linkage (Walsh

and Watterson, 1991) between two interacting fault

segments (Fig. 1a–c). Breaching occurs when the fault

segments are replaced by a single, through-going

fault surface. Typically, breaching faults propagate across

either the top or bottom of the relay ramp (e.g. Peacock and

Sanderson, 1991, 1994; Childs et al., 1995; Fig. 1a and d)

though, in previously jointed rocks, breaching faults may

reactivate pre-existing joint sets to cut across the centre of

the relay zone (Peacock, 2001). Intact relay zones are

suggested to be important sediment entry points into fault-

bounded extensional basins (Gawthorpe and Leeder, 2000),

and both intact and breached relays can influence the sealing

capacities and/or flow properties of faults in hydrocarbon

reservoirs (Morley et al., 1990; Childs et al., 1995). Thus,

knowledge of relay growth and breaching is important to

understand the kinematics of fault growth and segment
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linkage, fault zone development (Cartwright et al., 1995;

Walsh et al., 2003) and has direct relevance to hydrocarbon

exploration and production (Peacock, 2002).

Conceptual models of relay growth and breaching are

most often based on detailed geometric analyses of outcrop-

to seismic-scale relays (Peacock and Sanderson, 1991,

1994; Trudgill and Cartwright, 1994; Childs et al., 1995;

Huggins et al., 1995; Cartwright et al., 1996; Walsh et al.,

1999). These models suggest that breaching occurs when

strain can no longer be accommodated by continuous

deformation within the relay zone (e.g. Fig. 1a). There are,

however, few published kinematic (as opposed to purely

geometric) studies of natural relays that provide direct

observational support for such conceptual models. A

notable exception is the work of Childs et al. (1993, 1995)

who examined the growth and breaching of relay zones on

syn-sedimentary normal faults from 3-D seismic datasets

and analogue models. These authors applied displacement

backstripping methods (Chapman and Meneilly, 1991;

Petersen et al., 1992; Childs et al., 1993; Clausen and

Korstgård, 1994) to reconstruct the pre-breaching fault

displacements and relay ramp geometries. These kinematic

studies support the simple geometric models in which relays

are established, maintain a stable configuration and then

eventually breach. The conditions required for accurate

application of the displacement backstripping method

(Childs et al., 1993, 1995) are rarely met and, even where

they are, the lateral resolution of many seismic datasets does

not permit kinematic analysis of relay zones where the fault

separation is less than a few tens of metres. Similarly, the

imperfect (i.e. ,3-D) exposure of relays in outcrop and the

absence of growth strata in most cases preclude kinematic

analysis. Numerical models that capture the mechanics of

fault segment interaction therefore provide a useful tool to

examine growth and breaching of sub-seismic relays.

The aims of this study are twofold. The first is to show

that three-dimensional (3-D) numerical simulations based

on the distinct element method (DEM; Cundall and Strack,

1979) can be used to model the kinematics of a small,

neutral (i.e. ‘slip-parallel’) relay zone (Peacock and

Sanderson, 1991; Walsh et al., 1999; Fig. 1a) in a massive,

intact sandstone from the time the overlapping faults first

become geometrically coherent (i.e. conserving and trans-

ferring displacements between the segments; see Walsh and

Watterson, 1991), to the point of relay breaching and

beyond. The second aim is to understand better the stability

and breaching of relay ramps. Crucially, the DEM as

implemented in the program ‘Particle Flow Code in 3-D’

(PFC3D; Itasca Consulting Group, 1999a) allows realistic

modelling of fracture propagation and accumulation of large

fault displacements and inelastic strains (e.g. Strayer and

Suppe, 2002), difficult feats using continuum numerical

schemes (Morgan and Boettcher, 1999). Our work therefore

complements previous studies into the mechanics of fault

segment interaction using boundary element method simu-

lations based on the theory of linear elasticity (Section 2).

Fig. 1. (a) Schematic block diagram showing the stages of relay growth and

breaching inferred from geometric analysis of outcrop-scale, neutral relay

zones, i.e. relay zones in which the fault slip vector is parallel to the local

tips of the overlapping faults (adapted from Peacock and Sanderson, 1994).

Stage 1, which is when the fault segments are isolated and non-interacting,

is not always required (Walsh et al., 2003) and is not shown here; Stage 2 is

when the fault segments interact and a relay ramp develops; Stage 3 is when

a breaching fault propagates across the base or, as shown here, the top of the

relay ramp; Stage 4 is when the fault segments are fully hard linked.

Peacock and Sanderson (1994) have pointed out that different levels within

the same relay zone may have different displacements and hence be at

different stages of development. (b) Schematic map showing the

nomenclature for an intact relay zone. (c) Schematic fault throw vs.

distance graph for the relay zone shown in (b). ‘Transfer length’ is the

distance between the fault tip and the point at which the throw (or

displacement) gradient starts to increase towards the relay zone. ‘Transfer

throw’ is the fault throw at the point at which the throw (or displacement)

gradient starts to increase towards the relay zone. Relay strain ¼ transfer

throw/transfer length; relay shape ¼ transfer length/overlap length. (d)

Schematic map showing the nomenclature for a breached relay zone.
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We should emphasize, however, that the question of how

relay zones initiate was not addressed by our modelling.

Relay zones can form through bifurcation of a propagating

fault tip-line, propagation of a segmented fault array or

through lateral propagation and subsequent interaction of

previously independent structures (Mandl, 1987; Peacock and

Sanderson, 1991, 1994; Childs et al., 1995, 1996; Huggins

et al., 1995; Cartwright et al., 1996; see Walsh et al., 2003

for discussion). Though a distinction between these

mechanisms is not always clear from natural data (Childs

et al., 1995) our modelling results are believed to be valid

for all neutral relay zones regardless of how they initiated.

2. Previous work

The boundary element method (BEM) treats a faulted

rock volume as a homogeneous, linear elastic material cut

by displacement discontinuities. Fault surfaces are discre-

tized as arbitrarily shaped arrays of polygonal elements and

the displacement is assumed to be constant across each

element (e.g. Willemse, 1997; Crider and Pollard, 1998). In

the boundary element method code ‘Poly3d’ (Thomas,

1993), the model is loaded by prescribing tractions or

displacements at the centre of each element and/or applying

a remote stress or strain at the model boundaries. The

program calculates the slip on each element to determine the

stress and strain fields in the rock volume surrounding

the faults. Fault segments are therefore able to interact

through their overlapping stress fields. A fundamental

limitation of the boundary element method is that fault

displacements are accommodated exclusively by elastic

deformation in the surrounding rock volume. Thus, although

the BEM captures the mechanics of an idealized, single slip

event, it cannot be used to model actual fault propagation or

stress relaxation during relay growth and breaching.

Willemse (1997) studied the influence of fault aspect

ratio (i.e. fault strike dimension/fault dip dimension; Nicol

et al., 1996), overlap length and separation (Fig. 1b) on fault

segment interaction in a series of Poly3d models in which

two blind, overlapping faults with elliptical tip-lines are

embedded in an elastic whole space and dip at 608 towards

their mutual hanging wall. The models suggest that the

degree of interaction increases with increasing fault aspect

ratio and overlap length and with decreasing fault

separation. These results provide a mechanical rationale

for the more frequent occurrence of overlapping relative

to underlapping fault segments (Willemse et al., 1996;

Willemse, 1997). Crider and Pollard (1998) used a BEM

simulation to determine the Coulomb shear stress distri-

bution in the volume surrounding two dipping fault

segments with semi-circular tip-lines embedded in an

elastic half space. They assumed that linkage is most likely

to initiate in regions of increased Coulomb shear stress. The

modelling shows that the magnitude of shear stress varies

with fault dip dimensions and overlap length, and that the

greatest stresses always occur where the fault tip-lines are

closest, i.e. in the centre to upper relay ramp. Though Crider

and Pollard’s (1998) results are broadly consistent with

previous conceptual models of relay growth and breaching

(e.g. Peacock and Sanderson, 1991, 1994; Childs et al.,

1993, 1995), the BEM simulations do not accurately

reproduce the geometries of natural relay ramps and cannot

model relay breaching: whereas most natural relay ramps

have a component of dip towards the hanging wall fault (e.g.

Huggins et al., 1995), the modelled ramps have a component

of dip away from the hanging wall (Crider and Pollard,

1998, fig. 10; see also Peacock, 2002). Thus, although linear

elastic boundary element method simulations provide useful

insights into the mechanics of fault interaction, these models

are not able to reproduce in detail the bed geometries and

therefore displacement distributions associated with natural

relay zones.

Peacock and Zhang (1994) were the first authors to study

the kinematics of fault segment interaction using distinct

element method simulations. Their models, based on a two-

dimensional (2-D) code (‘Universal Distinct Element Code’

[UDEC]; Cundall, 1971) which simulates brittle rocks as

regularly packed arrays of elastic–plastic blocks that are

free to slide past each other, were designed to investigate the

effects of lithological layering on deformation in contrac-

tional and extensional oversteps along normal faults (e.g.

Peacock and Sanderson, 1992). However, as Peacock and

Zhang (1994) have pointed out, a major limitation of UDEC

is that the locations/orientations of potential breaching

faults are pre-determined by the regular packing geometry

of the elastic–plastic blocks within brittle layers. It is the

continuing improvement in computing power and the

advent of PFC3D that have allowed us to go beyond these

earlier studies by developing 3-D models that incorporate

incremental strain accumulation and realistic fault propa-

gation (cf. Strayer and Suppe, 2002).

3. Methodology

3.1. Distinct element method

The distinct element method simulates the behaviour of

elastic particles that interact at point contacts under the

effect of specified force or displacement boundary con-

ditions (Cundall and Strack, 1979; Fig. 2a). In PFC3D,

interactions between spherical particles (‘balls’) are con-

trolled by their normal and shear stiffnesses and, in the case

of non-bonded particles, by a Coulomb friction law applied

at ball–ball interfaces (Fig. 2). The stiffnesses are scaled

according to particle size. An explicit finite difference

algorithm simultaneously solves the equations of motion

and the force-displacement law to calculate, respectively,

the ball positions in xyz space and the normal and shear

forces acting at each contact (Itasca Consulting Group,

1999b; see Cundall and Strack (1979) for an accessible
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description of the DEM formulation). To ensure numerical

stability, a time step, which depends on ball stiffness and

density, is calculated for each particle in the model and a

critical time step is chosen such that a mechanical

disturbance cannot propagate further from any particle

than its immediate neighbours during each calculation

cycle. The consequences of this time stepping scheme for

modelling fault systems to high finite shear strains are

discussed below (Section 3.2).

The particles can be bonded together at point contacts to

simulate the behaviour of a cohesive rock (‘bonded particle

model’; Hazzard et al., 2000; Fig. 2b). No inter-particle slip

is allowed where a contact bond exists. A contact bond

breaks when its shear or tensile strength is exceeded (Itasca

Consulting Group, 1999b) and there is no healing of bonds

in the models described here. The normal and shear

strengths assigned to individual contact bonds are drawn

at random from a normal distribution and then scaled

according to particle size. The resulting spatial distribution

of bond strengths has important consequences for the way in

which the model relay zones grow and breach (Sections 4.1

and 4.3). Simulated bi- and triaxial core tests have shown

that bonded particle models successfully reproduce the

macroscopic stress–strain behaviour of naturally occurring

sedimentary (sandstone and chalk) and crystalline (granitic)

rocks (Hazzard, 1998; Hazzard et al., 2000). Particle stiffness

and the normal/shear stiffness ratio were found to influence

the Young’s modulus and Poisson’s ratio, respectively, whilst

the Gaussian contact bond strength distribution controls the

strength of the bulk PFC material. Thus, the macroscopic

behaviour of PFC materials is controlled by the micropara-

meters assigned to individual particles (Itasca Consulting

Group, 1999a,c; Hazzard et al., 2000). Recent studies have

shown that strain localization is possible in the post-peak

strength regime given a large number of particles, appropriate

boundary conditions and sufficient strain (Antonellini and

Pollard, 1995; Morgan and Boettcher, 1999; Strayer and

Suppe, 2002; Finch et al., 2003). Crucially inelastic (i.e.

permanent) strains can develop prior to macroscopic failure,

or in the case of the models presented here, prior to relay

breaching, by bond breakage and particle rotations and

translations. It is this behaviour that makes PFC3D an ideal

tool to investigate the kinematics of fault linkage.

3.2. Experimental set-up

The relay models are based on compact, bonded cubes

comprising ca. 71,500 balls and measuring 50 £ 50 £ 50

units (model scaling is discussed below). We ran simu-

lations using three different cubes in order to test the

sensitivity of relay breaching to variations in ball packing

geometry. The cubes comprise an assemblage with a

uniform particle size distribution (PSD) with maximum

and minimum ball sizes of 0.83 and 0.5 units, respectively,

and two assemblages that represent different realizations of

a power-law PSD which has an exponent of 2.6 and is

defined by particles belonging to one of four size classes

(radii of 0.675, 0.45, 0.3 and 0.2 units). Previous work

(Morgan, 1999; Morgan and Boettcher, 1999) has shown

that strain localization in 2-D granular materials is enhanced

if the power-law exponent of the PSD is $1.6. An

equivalent, 3-D exponent of 2.6 was therefore selected to

facilitate strain localization during relay breaching.

The cubes were created by placing, at random, the

specified number of particles drawn from either the uniform

or power-law PSD at half their final radii into a

50 £ 50 £ 50 unit volume bounded by six frictionless,

elastic walls. The particles were then expanded to their

required sizes and the assemblage was allowed to reach

static equilibrium i.e. the out-of-balance forces acting on the

particles were minimized (Strayer and Suppe, 2002).

‘Floating’ particles with fewer than three contacts (gener-

ally ,,ca. 10% of the total number of particles) were then

expanded and bonds were installed at the newly created

contacts to ensure that a dense network of contact bonds was

produced during the bond installation step. This procedure

resulted in a compact, low porosity assemblage with no

significant structural/mechanical anisotropy (see Itasca

Consulting Group, 1999c). The particle micro-parameters

Fig. 2. Principles of the distinct element method as implemented in PFC3D.

(a) Schematic diagram showing spherical particles interacting at their

contacts. The contact force (F) between two particles depends on the

amount of overlap (U) and the contact moduli (E1 and E2). The size of the

overlap has been exaggerated for clarity. In reality, the particles overlap at

point contacts with vanishingly small areas; volume is therefore conserved.

The acceleration also depends on the mass of each particle (m1 and m2). (b)

Contact bond between two particles (B) resists tensile forces (T). Where the

bonds are broken or for unbonded particles, frictional sliding between the

particles depends on the surface friction coefficients (m1 and m2).
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were then calibrated in a simulated triaxial testing rig

(Strayer and Suppe, 2002) to reproduce the bulk properties

of a typical fine-grained sandstone, the Springwell sand-

stone (Wu et al., 1991; Hazzard, 1998), deformed under a

confining pressure of ca. 30 MPa equivalent to a depth of

approximately 1 km in the crust (Table 1). Finally, the walls

surrounding the calibrated sandstone cube were deleted and

an inward-directed force of 106 N was applied to all

particles on the boundaries of the model to provide the

required isotropic confining pressure. We can estimate the

physical dimensions of the assemblage by comparing

the magnitude of the inward-directed force acting across

each face with the confining pressures expected at depths of

ca. 1 km. The force/pressure ratio implies that the linear

dimensions of a 50 £ 50 £ 50 unit cube are between 15 and

20 m and suggests that individual particles have radii of a

few tens of centimetres. Gravitational (i.e. isostatic) effects

are unlikely to influence relay growth and breaching on this

sub-seismic scale and hence have not been incorporated into

our models.

In order to obtain maximum resolution in the relay ramp

whilst, as far as possible, minimizing the boundary effects

caused by the fault tip-lines interacting with the faces of the

cube, we have chosen to model a rock volume containing two

vertical discontinuities that represent ‘patches’ on two

overlapping, vertical fault segments whose notional upper

and lower tip- (or branch) lines lie above and below the upper

and lower boundaries of the model, respectively (Fig. 3). A

similar conceptualization was used by Walsh et al. (2001) to

model the kinematics of a normal fault array comprising eight

or nine individual faults. The fault patches are defined by ‘fault

balls’with zerobond strength andwhose elastic stiffnesses and

radii were reduced by factors of 2 and 1.25, respectively,

relative toparticles in the sandstonematrix. These factorswere

chosen such that the numerical time steps calculated for the

fault balls are not significantly different to the time steps

calculated for particles in the sandstonematrix. The strength of

the faults is controlled by the elastic stiffnesses of the particles

along and on either side of each discontinuity and the

reductions in stiffness and radii allow easy slip on the faults

permitting fault interaction soon after the onset of deformation

(Walsh et al., 2001; Section 4.1).

The models were loaded by applying equal and opposite

velocities parallel to the z-axis to all particles on either

fault-parallel face of the cube (Fig. 3c). This shear boundary

condition partitions equal amounts of displacement between

‘footwall’ uplift and ‘hanging wall’ subsidence. Though the

elastic deformation fields adjacent to naturally-occurring,

large normal faults are often asymmetric, i.e. hanging wall

subsidence . footwall uplift (e.g. Stein and Barrientos,

1985), this asymmetry is usually attributable to free surface

effects in dipping normal faults, with vertical free surface

intersecting faults and small blind faults having symmetrical

deformation fields (e.g. Gibson et al., 1989). The fault

patches modelled here, which are subject to a constant

lithostatic, (i.e. confining) pressure (see above), can there-

fore be taken to be equivalent to segments on a small blind

normal fault. The shear boundary condition, though simple,

allows realistic, symmetric deformation fields to develop

adjacent to the relay bounding faults and, most importantly,

permits non-plane strain (i.e. fully 3-D) deformation within

the relay ramp (Section 4).

The faults lie parallel to the shear plane, a configuration

that, in principle, allows large fault displacements to

accumulate. However, the time stepping scheme used by

PFC3D (Section 3.1) means that the system responds to

‘high’ and ‘low’ boundary velocities by partitioning

different amounts of displacement between localized slip

on the faults and distributed shear within the footwall and

hanging wall blocks. At ‘low’ boundary velocities

(#5 £ 1026 units per time step), the amount of distributed

shear strain is low hence the maximum displacement on

each fault (i.e. the displacement measured outside the relay

zone) is nearly equal to the displacement measured at the

boundaries of the model. At higher boundary velocities,

however, the distributed shear strain accommodates more

than half the displacement across the boundaries of the

model (Fig. 4b). Distributed shear strain in the footwall and

hanging wall blocks is accommodated by mainly elastic

deformation leading to significantly higher out-of-balance

forces in models loaded with ‘high’ boundary velocities

compared with models loaded with ‘low’ boundary

velocities (Fig. 4c). Thus, models loaded with boundary

velocities less than 5 £ 1026 units per time step are, in

principle, optimal for the purposes of studying fault segment

interaction. However, in simulations conducted on a

Windowsw NT server (700 MHz Pentiumw III processor/

1024 Mb RAM), relays loaded using a low boundary

Table 1

PFC3D microparameters and bulk properties of the model sandstones. Min. radius ¼ minimum particle radius (model units); radius ratio ¼ ratio between

maximum and minimum particle radii (for model with a uniform PSD); contact modulus ¼ ball–ball contact modulus (MPa); stiffness ratio ¼ ratio between

particle normal and shear stiffnesses; mean norm. strength ¼ mean normal strength of contact bonds (MPa) (standard deviation in brackets); mean shear

strength ¼ mean shear strength of contact bonds (MPa) (standard deviation in brackets); E ¼ bulk Young’s modulus (MPa); y ¼ Poisson’s ratio;

UCS ¼ unconfined compressive strength (MPa). Microparameters for the Springwell sandstone are from Hazzard (1998)

Min. radius Radius ratio Contact modulus

(MPa)

Stiffness ratio Mean norm. strength

(MPa)

Mean shear strength

(MPa)

E

(MPa)

y UCS

(MPa)

Springwell 0.5 1.66 2.78E4 5.5 35.1 (31.8) 47.7 (31.8) 1.14E4 0.32 34.3

Navajo 0.5 1.66 1.26E5 16.2 170.0 (50) 170.0 (50) 3.4E4 0.36 169
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velocity (#5 £ 1026 units per time step) required between 1

and 2 weeks to reach the point of breaching. A more

practical solution is to shear the model for 2500 time steps

with a ‘high’ velocity of 5 £ 1025 units per time step, then

‘freeze’ the boundaries (i.e. set the boundary velocity to

zero whilst maintaining the displacement) and allow the

elastic strains that accumulate in the footwall and hanging

wall blocks to be converted into permanent displacements

on the faults. The boundary velocities are then re-imposed

for a further 2500 steps. Several loading cycles are required

to reach the point of relay breaching, which typically takes

between 4 and 7 days. Though there is no timescale implicit

in the DEM formulation, the simulations must represent a

sufficiently long period of time to allow the elastic strains in

the rock volume to be converted into permanent

displacements, including the generation of inelastic strains

within the relay zone, by bond breakage and particle

rotations/translations, prior to breaching.

The out-of-balance forces developed in models with a

‘high’ boundary velocity (5 £ 1025 units per time step) are,

on average, within a factor of two of those developed in

‘low’ constant velocity (5 £ 1026 units per time step)

models, but are nearly five times lower than the out-of-

balance forces developed in ‘high’ constant velocity

(5 £ 1025 units per time step) models (Fig. 4c). Crucially,

we have found no significant differences in the ramp

geometries or strains at breaching between the cyclic

loading and low constant velocity models, giving us

confidence that this boundary condition does not introduce

spurious forces into the numerical solution (Fig. 4d).

The simulations were allowed to develop until the total

displacement measured across the model boundaries (here-

after referred to as ‘boundary displacements’) reached ca.

11 units, equivalent to a maximum fault displacement of

less than 5 m (<25% of the cube dimensions). Particle

displacements in three initially horizontal marker horizons

with no mechanical significance were recorded every 0.27

units of boundary displacement to determine the slip

distribution on the faults and the strain in the relay ramp.

We investigated the growth and breaching of relays with an

aspect ratio of one (separation ¼ overlap ¼ 8.33 units

<4 m) using the three realizations of the Springwell

sandstone cube and one additional model of Navajo

sandstone (Table 1). A detailed description of relay growth

and breaching for a relay zone in a Springwell sandstone

cube with a power-law PSD is presented below. We

summarize the main features of growth and breaching for

the model relay zones and summarize the effects of PSD on

relay breaching in PFC3D models.

4. Results

4.1. Relay zone geometry and displacement transfer

Fig. 5a is a horizon map from the centre of a typical

Fig. 3. (a) Seismic section and (b) schematic block diagram through a relay

zone showing the volume around two overlapping faults. We assume that

the boundary conditions applied to the volume surrounding a relay zone

(box) can be approximated by simple shear. In (b), the hanging wall block is

shaded. (c) Starting assemblage with a uniform particle size distribution

comprising ca. 71500 balls. The cube is cut by two overlapping, parallel

faults (white balls) that represent small patches on two larger fault segments

(F). OL ¼ overlap length; S ¼ fault separation. Equal and opposite

velocities (þV/2V) are applied to all particles on the fault-parallel faces

of the cube (dark grey balls); FW ¼ footwall block, HW ¼ hanging wall

block. An inward-directed force is applied to all particles on each face of

the cube. The approximate linear dimensions of the unit cube are estimated

to be between 15 and 20 m such that individual particles therefore have

dimensions of a few tens of centimetres (see text).
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PFC3D simulation after 0.27 units (ca. 0.13 m) of boundary

displacement (boundary displacement ca. 3.2% of the fault

separation). The horizon, which was originally planar, has

been offset across the two faults. The structure contour

pattern shows that the horizon is gently inclined within the

footwall and hanging wall blocks indicating that most of the

displacement (ca. 90%) has been accommodated by slip on

the faults rather than by distributed shear strain within the

cube. Within the overlap zone, the structure contours are

closely spaced and approximately orthogonal to the trace of

the pre-defined faults but are more widely spaced and

oblique to the faults in the regions adjacent to, and beyond

the fault tips. These observations show that a ramp, which

connects the footwall and hanging wall blocks, has

developed after 0.27 units (ca. 0.13 m) of boundary

displacement. The ramp dip direction is parallel to the

strike of the faults within the overlap zone, but also has a

component of dip down towards the hanging wall in the

regions adjacent to and beyond the fault tips, thus defining a

rhomb shape in map view (Fig. 5a). Relay shape can be

quantified by the ratio of the fault transfer length to fault

overlap length (TL:OL; Fig. 1b and c). TL:OL ¼ 1 indicates

that the relay ramp is square in map view; TL:OL . 1

implies that the relay is rhomb-shaped. For the horizon

shown in Fig. 5a, TL:OL ¼ 2.

A separation diagram of the horizon cutoffs against the

two faults (Fig. 5b) shows that displacement on the footwall

fault decreases from ca. 0.25 units (,,ca. 0.12 m which is

3% of the fault separation) at y ¼ 211 units to zero at y ¼ 5

units whilst the displacement on the hanging wall fault

decreases from ca. 0.25 units at y ¼ 11 units to zero at

y ¼ 28 units. The decrease in displacement on the footwall

fault is therefore matched by a complementary increase in

displacement on the hanging wall fault and the ramp

transfers displacement from the footwall fault onto the

hanging wall fault, i.e. the rock volume between the two

faults is a relay zone. The rock volumes immediately

outside the relay zone accommodate low shear strains (g) of

ca. 1 £ 1022 and 1 £ 1023, respectively, in the directions

normal and parallel to the trace of the faults (Fig. 5b). The

magnitude of the fault-normal component of shear strain is

greatest at the fault tips and decreases towards the model

boundaries. It is these zones of deformation beyond the fault

tips that give rise to the oblique structure contours observed

in Fig. 5a. Inspection of Fig. 5b shows that the faults have

propagated beyond their pre-defined tips, with an increase in

fault length on each segment equivalent to#ca. 30% of the

original overlap length (ca. 1.2 m). Despite this propagation,

the finite displacement profiles within the relay zone are

approximately linear (Fig. 5c; see also Section 4.2 and

Fig. 4. (a) Schematic diagram of the starting assemblage showing the pre-defined faults (stippled), a reference horizon (dashed lines) and a vertical xz slice

through the model (solid lines). FW ¼ footwall block; HW ¼ hanging wall block. (b) Graph showing the elevations of particles that were originally located at

the intersection between the reference horizon and xz slice in (a) vs. x-coordinate for two models loaded with boundary velocities of 5 £ 1025 and 5 £ 1026

units per time step after ca. 0.27 units of boundary displacement (ca. 0.13 m). (c) Graph showing mean unbalanced force (MUF) vs. boundary displacement for

models loaded with constant boundary velocities of 5 £ 1025 and 5 £ 1026 units per time step, and a cyclic loading model (see text) with a velocity of 5 £ 1025

units per time step (‘5E 2 5 r’). (d) Graph of fault-parallel shear strain in the relay ramp (i.e. relay strain) at the point of breaching vs. boundary velocity for

models loaded with a constant velocity (‘normal’) and a cyclic loading boundary condition (‘relaxed’). The microparameters assigned to particles in this ‘test’

model were the same as those listed for Springwell sandstone in Table 1 apart from the following: contact modulus ¼ 7.83E3 MPa; mean normal

strength ¼ 1.8 MPa; mean shear strength ¼ 1.26 MPa. This model illustrates that the effect of the lower contact modulus and normal/shear contact bond

strengths relative to those of the Springwell sandstone models is to reduce the amount of strain required for relay breaching.
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Fig. 6a). This linearity is consistent with fault propagation

having occurred during the earliest stages of deformation,

i.e. at boundary displacements ,,0.27 units. Tip propa-

gation at the earliest stages of deformation is most likely if

the pre-defined fault tip-lines intersect contact bonds that

were assigned strengths drawn from the lower end of the

Gaussian bond strength distribution (Section 3.1). Such

bonds will fail under lower applied loads—and therefore at

lower strains—than contact bonds that were assigned

strengths drawn from the middle to upper end of the

Gaussian bond strength distribution. Fault tip propagation

during the earliest stages of deformation is, therefore, more

likely to reflect the inherent, particle-scale heterogeneity of

the PFC3D model rather than any fundamental aspect of fault

segment interaction.

The total fault displacement (i.e. the sum of the slip on

the footwall and hanging wall faults) is nearly constant

across the model apart from two ‘lows’ coincident with the

fault tips. If the displacement accommodated by distributed

shear in the volumes surrounding the fault tip-lines is added

to the total fault displacement, the aggregated displacement

profile is approximately equivalent to that of a single,

through-going fault surface (Fig. 5c). These observations

show that the faults are geometrically coherent at low

boundary displacements.

4.2. Growth of intact relays

Fig. 6a shows a series of profiles from the footwall, down

the centre of the relay ramp into the hanging wall block for

the same model at different boundary displacements. The

ramp is approximately planar within the fault overlap and

the dip of the ramp is greater in models with high boundary

displacements than in models with low boundary displace-

ments. For intact relays, there is a near linear relationship

between fault-parallel shear strain in the relay ramp (‘relay

strain’) and boundary displacement (Fig. 6b). Since there is

no evidence to suggest that the faults have propagated

beyond the tip-lines established during the first increments

of deformation (Section 4.1), intact relay zones ‘grow’ by

ramp rotation. The relay strains obtained from the three

different Springwell sandstone model relay zones are shown

in Fig. 6c. Two of the simulations were based on

assemblages with power-law particle size distributions

(‘pldist2b’ and ‘sppl1b’); the other simulation was based

on an assemblage with a uniform PSD (‘uniform’). Fig. 6c

shows that the relay strains increase linearly with boundary

displacement until the relay zone is fully hard linked

Fig. 5. (a) Structure contour map of the reference horizon in Fig. 4a after ca.

0.27 units of boundary displacement. The contours show elevation above a

starting datum, which is assumed to be zero. The contour interval is 0.01

units and the traces of the pre-defined faults are shown in black.

FW ¼ footwall; HW ¼ hanging wall. The dashed lines show the locations

of the footwall and hanging wall cutoffs illustrated in (b). The

square/diamond symbols correspond to the symbols used in (b). The dotted

line shows the location of the profiles illustrated in Fig. 6a. (b) Separation

diagram for the same reference horizon showing the hanging wall cutoffs

against the footwall fault (HW FWF), the footwall cutoffs against the

footwall faults (FW FWF), the hanging wall cutoffs against the hanging

wall fault (HW HWF) and the footwall cutoffs against the hanging wall

fault (FW HWF). Note that the diagram is oriented so that the reader is

looking from the footwall towards the hanging wall. The vertical dashed

lines show the pre-defined fault overlap length and the original position of

the fault tips. The vertical dot–dash lines show the new position of the fault

tips following fault propagation at the onset of deformation. See text for

explanation. (c) Displacement profiles for the reference horizon in Fig. 4a

showing the vertical component of displacement on the footwall fault

(FWF) and hanging wall fault (HWF). ‘Total FD’ ¼ FW fault

displacement þ HW fault displacement. ‘Total disp’ ¼ ‘total FD’ þ

vertical shear accommodated by distributed deformation around the fault

tip-lines. All results are presented in model units; 1 model unit is ca. 0.5 m

(see text).
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(Section 4.3). The relay strains obtained from intact relays

in the model with a uniform PSD are higher than the relay

strains obtained from intact relays in the models with

power-law particle size distributions. These observations

show that relay zone models based on assemblages with

uniform particle size distributions breach at higher relay

strains (a factor of two higher) than models based on

assemblages with power-law particle size distributions; a

feature that is consistent with the increased localization

of materials with power-law particle size distributions

(Morgan, 1999; Morgan and Boettcher, 1999).

4.3. Relay breaching

Fig. 7 is a horizon map from the centre of a typical model

after ca. 1.9 units of boundary displacement (boundary

displacement <23% of the fault separation). Displacement

localization distinguishes the breaching fault from the zones

of distributed deformation beyond the tips of the relay-

bounding faults (e.g. Fig. 5a). The breaching fault is

oriented sub-perpendicular to the trace of the bounding

faults and cuts across the bottom of the relay ramp to

produce a hanging wall (i.e. lower-ramp) breached relay

(Childs et al., 1995; Crider, 2001). The former relay ramp

and associated inactive or abandoned splay fault are

preserved in the footwall of the through-going fault (Fig.

7). Of the four models presented here (Section 3.2), three of

the relays failed by hanging wall (i.e. lower-ramp)

breaching and one by footwall breaching; for these models

and several layered models not described here (n ¼ 14) we

have yet to see a breaching fault that cuts through the centre

of a relay ramp. There is no asymmetry to the cyclic loading

boundary condition (Section 3.2), which suggests that

whether a relay ramp fails by hanging wall or footwall

breaching may be due to particle-scale heterogeneities in the

PFC3D model (Section 4.1). We anticipate that analysis of a

large number of simulations based on starting assemblages

with a wider range of PSDs than were tested here (i.e...3)

Fig. 6. (a) Graph showing the elevations of particles in the centre of the

same relay ramp at different boundary displacements between 0.27 and 1.35

units. See Fig. 5a for the location of these profiles. The starting elevations of

all these particles are set to zero. (b) Graph showing fault-parallel shear

strain (‘relay strain’) accommodated by the relay ramp on three different

horizons (A, B, C—see Fig. 8a, inset) versus boundary displacement. Filled

symbols indicate that the relay ramp is intact on that particular horizon;

open symbols indicate that the relay ramp has been breached on that

particular horizon. (c) Graph showing fault-parallel shear strain accom-

modated by relay ramps in two assemblages with power-law particle size

distributions (‘pldist2b’ and ‘sppl1b’) and in an assemblage with a uniform

PSD (‘uniform’). Filled symbols indicate that the relay ramp is intact on a

particular horizon; open symbols indicate that the relay ramp has been

breached on that particular horizon. Note that the relay in the assemblage

with a uniform PSD does not reach the point of breaching. All results are

presented in model units; 1 model unit is ca. 0.5 m (see text).

Fig. 7. Structure contour map of the reference horizon in Fig. 4a after ca. 2

units of boundary displacement showing a hanging wall breached relay.

The contours show elevation above and below a starting datum, which is

assumed to have been zero. FW ¼ footwall; HW ¼ hanging wall. One

model unit is ca. 0.5 m (see text).
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would yield a ratio of hanging wall to footwall breached

relays of approximately 1:1. A displacement profile for a

typical hanging wall breached relay shows that the

displacement on the through-going fault decreases to a

minimum at the branch-line between the breaching fault and

the footwall splay (Fig. 8d). However, if the displacements

accommodated on both the inactive splay and in the rock

volumes beyond its tip-line are added to the slip on the

through-going fault, the total displacement is nearly

constant across the entire model (Fig. 8d). Thus, the

breaching fault transfers displacement across the failed

relay at the level of the mapped horizon.

Horizon separation diagrams of the cutoffs at three

different levels on the relay-bounding faults (Fig. 8a, c and

e) show, however, that the relay zone is not fully hard

linked: the relay ramp appears to be intact below the centre

of the model (Horizon C, Fig. 8e and f). Analysis of the

relay strains and breaching fault displacements at different

stages during the development of this relay zone shows that

the breaching fault began to localize on certain levels

within the model when the strain reached ca. 0.02

(equivalent to a ramp dip of ca. 18), though the bounding

faults did not become fully hard linked in 3-D until the

relay strain had increased to ca. 0.08 (equivalent to ramp

Fig. 8. Horizon separation diagrams ((a), (c) and (e)) and displacement profiles ((b), (d) and (f)) for Horizons A–C (shown in inset). The key to the separation

diagrams is the same as in Fig. 5b. The displacement profiles in (b) and (d) show the displacement on the through-going fault surface, the displacement on the

footwall splay fault, the vertical shear accommodated by distributed deformation around the fault tip-lines and the sum of these three components. The

displacement profiles in (f) are for the displacement on the footwall fault (FWF), the displacement on the hanging wall fault (HWF), distributed shear and

the sum of these components. All results are presented in model units; 1 model unit is ca. 0.5 m (see text).
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dip ca. 4.68; Fig. 6b). Following 3-D hard linkage, the relay

ramp strain remained more-or-less constant with increasing

boundary displacement (Fig. 6b). The displacement on the

breaching fault, however, increased continuously with

increasing boundary displacement (Fig. 9). These obser-

vations show that: (1) breaching fault propagation, and

therefore hard linkage in 3-D, are not instantaneous; (2)

displacement transfer in ‘partially breached’ relays (i.e.

those relay zones in which a breaching fault has localized

at certain levels within the models, but are not yet fully

hard linked in 3-D) is accommodated by ramp rotation and

slip on the incipient breaching fault; (3) displacement in

fully hard linked relay zones is accommodated by slip on

the through-going fault, the inactive relay ramp and

associated splay fault being carried passively in the

footwall or hanging wall of the through-going fault surface.

Although the strains in partially breached relay zones are

likely to be complex owing to the partitioning of

displacement between ramp rotation and slip on the

incipient breaching fault, displacement profiles for the

three horizons in the partially breached relay in Fig. 8

show that the total displacement (i.e. breaching fault

displacement þ displacement on the footwall splay þ

distributed strain at the fault tips) is the same at all levels

within the model. The overall effect, therefore, is to

maintain geometric coherence between the overlapping

fault segments at all levels in the model.

5. Comparison with natural relays

An important test of the ‘validity’ of the numerical

modelling results is how closely the models reproduce

features seen in natural relay zones (cf. Crider and Pollard,

1998). In the following section, we compare the geometries,

displacement transfer characteristics and strains obtained

from the numerical simulations with those from natural

relay zones.

Fig. 10a shows a relay ramp on a normal fault that cuts

well-bedded sandstones and shales (Huggins et al., 1995).

This relay zone, which is typical of neutral relays on normal

faults that offset sub-horizontal sedimentary sequences, is

characterized by: (1) a rhomb-shaped relay ramp with a

component of dip towards the hanging wall (TL:OL ¼ 1.4;

Fig. 10a); (2) approximately constant throw gradients within

the relay zone (Fig. 10b); (3) an aggregated displacement

profile (i.e. total fault displacement þ down-to-the-hanging

wall component of shear strain) equivalent to that of a single

fault (Fig. 10b). The PFC3D models described in Sections

4.1 and 4.2 reproduce the features of this intact relay (Fig. 5).

Crucially, the modelled relay ramps dip towards the hanging

Fig. 9. Graph showing breaching fault displacement vs. boundary

displacement for the three horizons in Fig. 8 (inset). The faults are

considered fully hard linked when the relay ramp is breached on all three

measurement horizons (Fig. 8) and at the top and base of the model.

Fig. 10. (a) Map of an intact relay ramp at the Daisy Hill opencast coal site,

Northumberland, after Huggins et al. (1995). Fault segments ‘A’ and ‘B’

cut the Main Seam (seam elevation contours in metres) and down throw

towards the SE (black boxes). (b) Throw profiles (solid lines) for fault

segments ‘A’ and ‘B’ in (a); aggregate fault throw (dashed line); aggregate

throw including the ductile shear strain component (finely dashed line). (c)

Throw profiles of footwall breached relays between fault segments ‘C’, ‘D’

and ‘E’ along the northern segment of the Moab Fault, Utah, after Foxford

et al. (1998). Profiles show throws on the through-going fault (solid line);

throws on the hanging wall splay faults (finely dashed lines); total fault

throw (dashed line). (d) Surface trace map showing the fault segments

labelled in (c).
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wall, which suggests that the PFC3D models capture the

mechanics of fault segment interaction during incremental

slip accumulation in a more realistic manner than linear

elastic boundary element method simulations (Willemse

et al., 1996; Willemse, 1997; Crider and Pollard, 1998).

We have, for the first time, been able to model the

propagation of relay bounding faults and relay breaching.

The models described in Section 4.3 (Figs. 7 and 8)

reproduce the characteristic geometries and displacement

profiles of natural breached relays (Fig. 10c), including: (1)

breaching faults that cut across the hinges (not the middle)

of the relay ramp (Fig. 10d); (2) displacement minima at the

branch-lines between the inactive splay faults and the

through-going fault surface (Fig. 10c); (3) smooth aggre-

gated displacement profiles (Fig. 10c). These observations

suggest that fault localization, propagation and displace-

ment accumulation within the models are sufficiently

realistic that we can model the kinematics of relay

breaching without having to ‘seed’ a breaching fault at the

start of the simulation (cf. Peacock and Zhang, 1994). Thus,

distinct element method simulations potentially offer a basis

for predicting the likelihood of relay breaching. A key

question, therefore, is how well do the modelled breaching

strains compare with the strains recorded in natural relays?

We have collated a dataset of strains in natural breached

relay zones from outcrop and seismic data. The dataset

comprises some structures for which fault displacements

can be backstripped to the point of breaching so that the

relay strain at the time of breaching can be measured;

however, for the majority of data only the present day

displacement distribution is known. In these latter cases we

have measured the relay breaching strain from the dip of the

relict, inactive relay ramp relative to the regional dip

measured parallel to the bounding faults. These breaching

strain measurements are based on the assumption that ramp

rotation ceased following relay breaching. Although the

numerical models described here suggest that the strain at

which a relay zone is breached in 3-D may be up to twice the

strain at breaching on an individual plane of observation,

potential errors due to this assumption do not effect our

comparisons with model data as these are similarly

measured from map sections through 3-D structures. Our

dataset of relay breaching strains from the numerical models

is derived from measurements on three observation horizons

(e.g. Fig. 8) in the Navajo sandstone model and three

observation horizons in each of the three Springwell

sandstone models (Fig. 8).

The majority of relay breaching strains from the natural

data lie within the range 0.02–0.3 (Fig. 11a), corresponding

to fault parallel ramp dips of between 1 and 228, and have a

mean value of 0.13. The strains measured from the model

relays have a more limited range with a lower mean value of

0.085 but nevertheless compare favourably with strain

magnitudes in natural structures. The lower mean breaching

strains for the model relay zones can partly be attributed to

the homogeneity of the model sequence. The models were

based on massive Springwell sandstone blocks (the dimen-

sions of each block being more than six times the fault

separation; Section 3.2), whereas the natural data include

relays in relatively thinly bedded sedimentary sequences.

Recent studies suggest that relay zones on faults that cut

massive host rocks are more likely to be hard linked than

neutral relay zones on normal faults that cut horizontally

bedded sequences because the shear strains in the former

cannot be accommodated by bed-parallel slip (Walsh et al.,

1999). Thus, the modelled relay strains are consistent with

the massive nature of the sandstone host rocks.

Analysis of the collated natural dataset demonstrates that

the ratio between relay zone separation and fault transfer

throw on relay bounding faults is higher for breached relay

zones than for intact relay zones (Fig. 11b). This

observation provides a basis for estimating the probability

that a relay zone of a given separation will breach at a

particular throw (Fig. 11c). Although the size of our model

dataset for homogeneous starting sandstone cubes is limited,

the range of ratios of relay separation to throw over which

breaching occurs is similar to the natural dataset. As well as

inspiring confidence in the ability of our numerical models

to replicate natural relay zones in both qualitative and

quantitative aspects, these analyses may provide a basis for

developing predictive methods in a variety of application

areas; such as, prediction of the preservation potential of

sub-seismic relay zones in the risking of fault traps.

6. Discussion

Distinct element models are capable of reproducing

many of the geometric and kinematic features of relay zones

embodied in existing conceptual models (e.g. Peacock and

Sanderson, 1994; Childs et al., 1995). Early stage growth is

characterized by a stable relay ramp configuration with

progressive ramp rotation as displacement accumulates.

Ramp rotation is eventually followed by ramp breaching

along the hinges of the relay ramp, with subsequent

displacement localizing on the through-going fault at the

expense of an inactive hanging wall or footwall splay.

Although our modelling predicts strains associated with

relay breaching that are broadly equivalent to those

observed in nature, there are several features not included

in the models that could be critical to relay evolution. For

example, our models only examine the evolution of relay

zone geometries with a given aspect ratio and with parallel

bounding fault segments. Relays are, however, components

of 3-D segmented fault arrays and it is not clear the extent to

which departures from parallel fault segments, such as those

associated with 3-D bifurcating fault surfaces (Huggins

et al., 1995; Walsh et al., 2003), will impact both the

geometry and growth of relays. The models presented do not

include layering, a feature that could exercise a significant

control on the evolution and breaching of relays (Walsh

et al., 1999). The presence of layering might be expected to
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facilitate bed-parallel slip and associated ramp rotation, to

provide higher relay strains at breaching; a perspective that

is supported by our unpublished observational and model-

ling data. A further shortcoming of our models is that they

do not incorporate the formation of relays, including the

propagation and segmentation processes involved. Future

work should attempt to reproduce the entire growth history

of relays, examining the principal controls on their

formation through to breaching and beyond.

7. Conclusions

1. Relay zone models based on bonded particle simulations

using the distinct element method code PFC3D success-

fully reproduce the geometries, displacement profiles and

strains recorded in neutral (i.e. slip-parallel) relay zones

on normal faults that cut homogeneous sandstone host

rocks.

2. Relay zones are stable structures that ‘grow’ by

progressive rotation of an approximately planar ramp

with limited fault tip propagation.

3. Stable growth ends when a breaching fault propagates

across the top or bottom of the relay ramp. Breaching

fault propagation is not instantaneous and the relay

ramp continues to rotate until the relay zone is hard

linked in 3-D.

4. Breached relays that are hard linked in 3-D accommodate

displacement on the through-going fault surface. The

inactive relay ramp and associated splay fault are carried

passively in the footwall/hanging wall of the through-

going fault.

5. Distinct element models reproduce the essential features

of established conceptual models for relay growth and

breaching.
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