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Abstract--The different inverse methods used in slip data analysis depend on the general validity of the 
mechanical model adopted by Carey and Brunier, and others. The mechanical scheme is based on the Wallace- 
Bott relationship assuming a faulted rock mass as a system of rigid blocks interacting mechanically without 
friction. Until now the validity of this conceptual model was supported by internally consistent results obtained 
by applying numerical inversion techniques to fault slip data. This paper presents the first results of a numerical 
modelling investigation of this simple mechanical model by a direct approach to the problem. The numerical 
method used here is a three-dimensional Distinct Element Method which is suitable to study discontinuous 
media. First, by modelling the behaviour of one fault, we propose an extrinsic verification of the Wallace-Bott 
relation in three dimensions and considering rock linear elasticity and friction effects on faults. According to the 
small discrepancy obtained (i.e. the deviation between the modelling results and the theoretical results), we 
conclude that the assumptions of the basic model are justified in the range of stress values that we study. Second, 
using a two-fault model, the effects of overlap in stress perturbations around the faults results in particular fault 
slip interactions. The existence of such phenomena invalidates, in a generally minor way taking into account 
practical uncertainties, the assumption of fault slip independence in the basic model. Finally, we discuss limits to 
inverse methodologies and the necessity for interactions between data collection, interpretation of these data and 
the ability of the basic model to be used in microtectonic analyses. 

INTRODUCTION 

DURING the last 20 years, several numerical methods 
have been developed in order to solve the inverse 
problem in which a mean reduced stress tensor is deter- 
mined by using fault slip data sets. The inverse problem 
was first formulated and solved by Carey & Brunier 
(1974) using the Wallace-Bott assumption (Wallace 
1951, Bott 1959). In the original theoretical model, the 
behaviour of a discontinuous (faulted or fractured) rock 
mass was assumed to consist of body movements of rigid 
blocks, assuming small displacement and rotation. Fric- 
tion on faults was not considered at this early stage 
because observation of striated faults or fractures 
implies that slip had actually occurred. 

Up to now, several numerical methods have been 
used to analyse sets of fault slip data, but since all refer to 
the mechanical model defined by Carey & Brunier 
(1974), all are similar from a physical point of view. 
Attempts to introduce more realistic conditions have 
been done in terms of friction-failure criteria and 
lithostatic-hydrostatic pressure in several ways (Sassi 

1985, Reches 1987, Sassi & Carey-Gailhardis 1987, 
Angelier 1989). 

Using numerical methods, numerous studies have 
been performed to characterize palaeostress fields. 
None of these studies suggested that deviations between 
theoretical and actual stresses may be statistically signifi- 
cant in sites where numerous faults were measured. This 
explains in part why there has been no explicit verifi- 
cation by brittle deformation modelling of how a frac- 
tured rock mass actually behaves when discontinuities 
interact. 

However, there is a difference between the actual 
shear on a fault plane and the shear computed on the 
same plane according to the Wallace-Bott model. This 
difference has never been examined by any means, 
experimental or numerical. In fact, few attempts to 
investigate theoretically the validity of this basic mech- 
anical model of deformation, which is an extreme simpli- 
fication of the problem, were done because practical 
results showed that these deviations always remain stat- 
istically small as most users pointed out. Considering the 
difficulty of such a problem (the analytical solution 
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cannot be derived easily) and its dependence on many 
parameters,  numerical modelling is the best approach 
that can be used. Several existing numerical methods 
could be envisaged to solve this problem (e.g. based on 
finite element or finite difference scheme). In the pres- 
ent paper, the Distinct Element  Code developed by P. 
A. Cundall (Cundall 1988) has been employed because 
the method is well adapted to study rock masses as 
discontinuous media with brittle behaviour. 

We have modelled the directions of displacements on 
(a) one and (b) several fault planes and compared our 
results with the theoretical solution given by the 
Wallace-Bott  relation. The purpose of this study is to 
highlight possible discrepancies between the conceptual 
model adopted by Carey & Brunier (1974) and a more 
realistic representation of the behaviour of a faulted 
rock mass. Thus, we discuss the principles and appli- 
cation of modelling as they relate to the previously 
defined scientific objectives. The patterns of surface 
displacements obtained on one and several fault planes 
resulting from triaxial loading have been calculated. 
These results validate in a quantitative way the appli- 
cation of the Carey & Brunier 's  mechanical assump- 
tions. 

FAULT ANALYSIS IN TECTONIC STUDIES 

In brittle deformation,  any procedure of mechanical 
or kinematic analysis is based on a conceptual model of 
mechanical behaviour. The simplified scheme discussed 
by Wallace (1951) and Bott  (1959) resulted in the first 
successful at tempt to formulate the inverse problem 
(Carey & Brunier 1974). 

Inverse procedures in brittle tectonics 

According to Carey & Brunier (1974), a site of micro- 
tectonic measurements could be regarded as a fractured 
rock mass containing planes of discontinuities with vari- 
able orientations and distribution. The total defor- 
mation at the site is the summation of finite small 
displacements by slip on the planes of discontinuity. 
Moreover ,  the behaviour of the fractured rock mass is 
described by the following hypothesis: considering the 
properties of block materials and faults, each block has a 
rigid behaviour and friction is not taken into account. 
Implicitly, the faults are planar and have infinite dimen- 
sions. Considering the kinematic laws, displacements on 
different faults are small and independent.  A single 
homogeneous tectonic stress field is considered respon- 
sible for the displacement on faults. Following Bott  
(1959), the basic assumption to relate stress and slip is: 
"the direction of a striae on a fault represents the 
direction of the tangential stress applied to this plane" 
(Fig. 1). 

Several methods of palaeostress reconstruction using 
fault slip data sets have been developed and improved by 
many authors. They may consist of graphic determi- 
nations (Anderson 1951, Arthaud 1969, Angelier & 

Fig. 1. Fault plane and stress state: the Wallace-Bott relationship for 
fault slip data analysis. Stress on the fault plane (o) includes two 
components, the normal stress (an) and the shear stress (r); the slip 
direction's' (lineations on fault plane) is assumed to be parallel with 
the shear stress direction (r) with the same sense, n, vector of unit 
length normal to fault plane; s, vector of striae on the fault plane; u, n A s. 

Mechler 1977, Vergely et al. 1987) or involve numerical 
inverse techniques (Carey & Brunier 1974, Carey 1976, 
Etchecopar et al. 1981, Angelier 1983, 1984, Gephart  & 
Forsyth 1984, Michael 1984, Reches 1987). These 
methods have been applied to several scales of structural 
problems such as in the European platform (Letouzey & 
Tr6moli~res 1980, Letouzey 1986, Bergerat  1987). 

The common aim of these methods is to characterize 
the average reduced stress tensor that could explain the 
slip directions observed on faults in a tectonic site. The 
reduced stress tensor is defined by the orientation of the 
principal stress vectors oa, ~r2 and 03, and by their 
relative magnitudes given by commonly adopted stress 
ratios such as R = (o2 - ~rl)/(o3 - ol) with o3 > o2 > Ol 
(tension positive) or ~ = (o2 - o3)/(ol - 03) with ol > o2 
> o3 (compression positive). Note that R = 1 - q~. Note 
also that a different definition of R was given by Etche- 
copar et al. (1981); using that definition, R and q~ are 
equivalent. A more complete discussion of stress ratio 
definitions can be found in Angelier (1989). In this 
paper, we shall adopt the ratio (a2 - ol)/(o3 - ol) with 
o3 > ~2 > Ol, tension positive, and name it R. 

The analysis of fault slip data is in general both self- 
consistent and coherent in terms of compatibility with 
other stress data such as palaeostress directions inferred 
from stylolites and tension gash measurements (Art- 
haud & Mattauer 1969), joints (e.g. Bouroz 1990) or 
analysis of calcite tectonic twins (e.g. Lacombe et al. 
1990). Consequently, until now, the consistency be- 
tween these different kinds of data brought an implicit 
validation to the basic mechanical scheme. These consis- 
tencies should be considered 'internal'.  An independent 
check is still needed,  which is the aim of this paper. 

Direct procedures in brittle tectonics 

Wallace and Bott  proposed an explicit relationship 
between stresses and slip. Holding the orientations of 
the stress principal directions constant, there is a specific 
relationship between the stress ratio (R) and the direc- 
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tion and sense of the shear on a given fault plane (with 
the assumptions listed above). Furthermore, an analysis 
of these variations with R (Sassi 1985, Vergely et al. 
1987) showed that the theoretical striae (orientation and 
sense of slip of the maximum shear stress) for different 
stress states (e.g. R = 0.5 and R = 0.75, respectively, for 
the examples of extensional and strike-slip stress sys- 
tems) obeys certain geometrical rules, such as the sys- 
tematic clustering of the slip directions for particular set 
of planes (Fig. 2). 

single fault with finite geometrical extent. This first step 
will also constitute a test of the Distinct Element Method 
accuracy for such problems. Second, we examined a 
two-fault model to estimate the degree of independence 
for several faults. In this study, the influence of rheo- 
logical parameters such as friction is considered and the 
intact material follows an elastic isotropic behaviour. 

MODELLING METHODOLOGY 

The modelling objects 

We previously emphasized the internal consistency of 
the inverse methods in fault slip analysis. These methods 
are concerned with small slips in the absence of rotation. 
Others have derived methods that apply to the case of 
polyphase tectonics (Angelier & Manoussis 1980, 
Etchecopar et al. 1981, Armijo et al. 1982, Angelier 
1984). Here this aspect of the problem is not included, 
and our discussion is limited to single phase tectonism 
with synchronous fault slips. 

In order to obtain a mechanical scheme with an 
extrinsic validation procedure, we have undertaken 
numerical modelling using the Distinct Element 
Method. This provides the opportunity to check the 
hypothesis of Carey & Brunier's (1974) model. The 
objectives of this work include: 

(1) the modelling of fault slips in order to estimate the 
validity of Wallace-Bott relations and to characterize 
the displacement field on fault. 

(2) the interactions between two or several faults 
either with variable distances between them or with 
intersections. How different will be the displacement 
field on each fault? In other words, is the assumption of 
independent slip valid in all cases? If this assumption is 
not valid, can the effects of such interactions be esti- 
mated? 

We describe first three-dimensional modelling of a 

The results of a numerical modelling scheme must fit 
the variety and the quality of the data effectively avail- 
able. Starfield & Cundall (1988) have discussed the 
methodology of using numerical methods in geo- 
mechanics, and they infer that a modelling process must 
include: first, modelling investigations to define funda- 
mental parameters of the system for more complex 
cases; second, the basic notion that computer solves 
problems with the same quality as the quality of the data 
the user enters in it. 

The Distinct Element Method 

The Distinct Element Method ('DEM') is a numerical 
method in geomechanics that enables one to simulate 
the mechanical response of systems composed of dis- 
crete blocks. Detailed description of the numerical 
schemes have already been published by many authors 
(Cundall 1971, 1988, Hart et al. 1988, Harper & Last 
1990). The description of the TRIDEC computer pro- 
gram used in this study is beyond the scope of this paper. 
The DEM is based on a time marching integration 
scheme using central finite difference. It is an explicit 
method in which the equations of dynamics (e.g. New- 
ton's second law for rigid block motion) are integrated 
over time. With the DEM, a rock mass consists of a 
system of discrete blocks in mechanical interaction at 
their boundaries (Fig. 3). Blocks may behave as deform- 
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Fig. 2. Wal lace-Bot t  relat ionship for two stress systems. Diagrams show the theoretical  sliding directions (large dots)  to 
fault planes.  Faults  planes  are m a p p e d  using their  polar  co-ordinates  (small dots).  The  discont inuous line ( -  - - - )  displays 
the set of  fault  p lanes  on  which striae cluster to a single direction when  they are loaded under  one  stress pat tern  (after  Sassi 

1985). (a) E - W  extensional  stress system with R = 0,5; (b) strike-slip stress system with R = 0.75. 
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Normal  interact ion Shear interact ion 

Fig. 3. Basic scheme of the Distinct Element Method. (a) Nature of 
distinct element model; (b) mechanical representation of interfaces in 

the Distinct Element Method (after Cundall et al. 1987). 

able elastic bodies. Block interactions are computed 
assuming finite stiffness at contact points along the 
interface between blocks. The contact forces applied to 
rigid blocks or discrete particles (in the case of deform- 
able blocks, a finite difference grid with mass points at 
vertices of tetrahedra) are given by the elastic response 
at contact points (stiffnesses both in normal and tangen- 
tial direction are defined as properties of the contacts) 
which are evaluated after each integration cycle over the 
time step. Opening or shear displacement (sliding) along 
block interfaces occurs when the normal and the shear 
forces (or stresses) meet conditions for tensile or shear 
failure, respectively. The shear strength is defined by a 
Mohr-Coulomb failure criterion, which requires defi- 
nition of the angle of sliding friction and a cohesion as 
joint properties. 

Modelling methodology 

With any numerical method of geomechanics, model- 
ling requires the definition of the problem geometry, 
then the definition of the material properties (para- 
meters and rheological behaviour) and finally the in situ 
and boundary conditions. In this study, a number of 
fault block models have been constructed. Our first type 
of models consists of a single faulted block, i.e. a 
medium in which one has defined one plane of disconti- 
nuity (a joint with frictional resistance to slip). Our 
second and third model types are blocks with two faults 
that intersect or not. Figure 4 shows an example of a one 
fault-block model, with different perspective views. In 
this figure, the mesh inside the blocks is made up by 
tetrahedra. Some blocks have been hidden to display the 
internal structure of blocks at the location of the surface 
of failure. 

Table 1 gives the elastic parameters of the continuum 
as well as the interface properties. The fault (surface of 
potential failure) follows a Mohr-Coulomb failure cri- 
terion for sliding friction. The blocks are glued together 
everywhere except along a square planar area that will 
be the slip surface. Therefore the faults in these series of 
models have finite dimensions, and we expect some 
distortions in the displacement field near the fault 
boundary. Our purpose is to determine the displace- 
ment induced on fault surface in the case of a well- 
defined far-field stress system. Different fault geom- 
etries have been considered, corresponding to our 
knowledge of their theoretical behaviour when they are 
submitted to a particular average stress tensor (Fig. 2). 
Stress fields are presented in Table 2. 

The problem solved is the following. First, blocks are 
pre-stressed according to a given stress state defined in 
Table 2; at this stage the response is purely elastic and 

Reference axis 
l ,  

lull plane 

One o 
densely ¢ 

middle 

Fig. 4. Three-dimensional modelling of mechanical faulting using the distinct element method (TRIDEC code). Perspective 
view of the internal geometry of an elemental model (see text for explanation). The fault zone is represented by the contact 
area between the two densely discretized middle blocks (finite difference tetrahedral zones). Geometry of the model view: 

dip, 62.10°; dip-direction: 256.38 °. 
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Table 1. Numerical values of the mechanical and rheological para- 
meters adopted in the different models 

Parameter 

Joint material properties 
Block 

material without with 
properties sliding sliding 

Density 2500 kg m -3 - -  - -  
Young's modulus, E 60 × 109 Pa - -  - -  
Poisson ratio, v 0.25 - -  - -  
Normal stiffness 200 × 109 200 × 109 
Shear stiffness 200 × 109 200 × 109 
Friction coefficient,/1 - -  100 0.1 
(~ = r75, where $: friction angle) 

the fault is given an infinite strength to sliding. Second, 
the friction coefficient of fault is set to the standard value 
in Table 1; the stored elastic energy in the whole body is 
then partly released by shear failure on the fault planes 
when they can be reactivated. 

MODELLING DISPLACEMENT-STRESS 
RELATIONSHIP: SLIP DUE TO ANDERSONIAN 

STRESS STATE 

An example of model geometry is shown in Fig. 5(a). 
It consists of a fault that dips 60 ° towards the direction 
140 ° submitted to an E-W extensional stress pattern 
with a stress ratio R = 0.5. Note that 'dips' and 'dip 
directions' are defined in a reference system with one 
vertical principal stress axis (Andersonian stress state). 
The result for this case is shown in stereographic projec- 
tions (Fig. 5b), where it is compared to the theoretical 
shear stress vector of Wallace-Bott. In order to visualize 
the variations in the computed shear stress vectors, the 
computed slips are also displayed on a map of the fault 
plane (Fig. 5c); each vector is normalized to the magni- 
tude of the maximum vector. Others cases have been 
considered, some results are mentioned in Table 3. All 
the results must be examined knowing that an angular 
difference smaller than about 5 ° between two slip direc- 
tions is not significant, such directions should be con- 
sidered as similar. 

Our initial runs were made with a low frictional 
coefficient of 0.1. We then repeated our runs with severe 
frictional parameters. However, as expected, only the 
magnitude of the displacement is modified and not the 
direction of the vectors. According to these results, we 
conclude in the case of a finite single fault in a medium of 
finite dimensions: 

(1) finite and infinite dimension analyses yield very 
consistent results. This leads us to disregard the scale 
problems for other examples provided that we keep the 
different parameters we previously defined within a 
same scale order; 

(2) considering slip directions on fault, the model of 
an independent crack presented herein is consistent with 
the basic assumptions of Bott. Consequently, our results 
support the validity for the mechanical model and hence 
the theoretical basis of the inverse procedures for fault 
slip data sets analysis. This suggests that the fundamen- 
tal assumption of the Wallace-Bott relationship, paral- 
lelism between shear stress and observed striae, can be 
used in the numerical inversion techniques; 

(3) variation of displacement vectors on fault plane is 
not significantly perturbed when friction coefficient is 
changed in a reasonable range of values. We conclude 
that this frictional parameter does not affect the orien- 
tation of slip in the range of stress magnitudes and for the 
range of friction parameters we observe, although it has 
an obvious influence on slip magnitude. Considering the 
magnitude of the displacements on a fault plane (Fig. 
5c), some variations occur between the boundary zones 
and the central zone of the active slip plane. The elliptic 
distribution of slip displacement magnitudes is due to 
the finite dimension conditions. 

Small variations in slip directions close to the bound- 
aries of the active plane apparently reflect the contrast 
between elastic behaviour inside the blocks and fric- 
tional behaviour along the fault. We observed that the 
displacements reach their largest values in the centre of 
the sliding area. 

The elastic behaviour of the blocks induces a gradient 
in the fault displacement. Considering the stress field 
properties computed through our model, and according 
to Xiaohan (1983) and Phan Trong Trinh (1989) who 
carried out finite element modelling on similar prob- 
lems, we observe stress concentration around the zero 
displacement boundary of the fault. As the agreement 
between models and theory is good (Fig. 5b), the stress 
pattern which induces slip is the regional stress pattern. 
Stress perturbations close to the fault represent an 
adaptation of the local stresses to the deformation 
induced by global stresses. It ensures that stress field 
homogeneity is an arbitrary notion; its degree of applica- 
bility depends on the scaling factor. 

These results are products of numerical modelling of 
information computed for discontinuous rock mass ele- 

Table 2. Geometries and shape ratios of the boundaries stress conditions adopted in the different 
models 

Azimuth Inclination Shape ratio 
Principal stress axes (°) (°) and stress state nature 

o 1 - -  90 
a2 000 O0 
a3 090 00 

ot 000 00 
a2 - -  90 
a3 090 O0 

= 0.5 and E-W extensional stress state 

q~ = 0.25 and strike-slip stress state 
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Fig. 5. Modelling of the displacement-stress relationship. (a) Sectional view of the model: fault plane (with small elements) 
corresponds to the common area of both parallelepipeds in the middle of the model;  a N050 60NW fault as a case example. 
(b) Stereographic plot with stress tensor, Wallace-Bott  model (MWB) slip (2) and Distinct Element Model (MED) slip (1) 
on the fault plane. (c) Slip distribution on the fault plane. (d) Same as (a), but shows other calculations given in Table 2. 

Stressplots: ~ , c q ;  ~ , o 2 ;  ~ o 3 .  

Table 3. Results of the displacement-stress relationship modelling. Slip directions on fault planes in models, MED-1, are compared with slip 
directions inferred from MWB application. (a) Extensional stress state conditions (presented in Fig. 5); (b) strike-slip stress conditions (see Table 

2 for numerical values of stress state) 

Model 
reference 

Wallace-Bott  slip Modelling slip Maximum value 
Geometry direction on the fault plane: direction on the fault plane: Difference: of shear displacement 

of fault plane MWB (2) MED-1 (1) MWB - MED-1 on the fault plane 

(a) 
Tens 14 N050 60NW 56W 51W 5 1.66 x 10 3 
Tens 15 N030 80NW 32W 25W 7 1.16 x 10 -3 
Tens 16 N030 50NW 70W 66W 4 2.35 x 10 -3 

(b) 
Dec 15 N030 90 0 0 0 1.37 x 10 -3 
Dec 16 N030 40NW 0 5W 5 1.28 x 10 -3 
Dec 17 N010 30NW 48W 43W 5 6.28 x 10 -4 
Dec 18 N010 80NW 12W 8W 4 6.57 x 10 -4 
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ments. This is quite different from the basic mechanical 
model that we check, in which the mechanical behaviour 
of the rock mass is considered homogeneous although 
discontinuities are present. Considering this major 
difference, the deviation observed between computed 
Distinct Element Model and Bott's model is remarkably 
small. This comparison provides the first explicit demon- 
stration of Bott 's model consistency. As pointed out 
before, previous demonstrations were empirical. More- 
over these results constitute an interactive test to check 
the accuracy of the method we use in resolving such 
problem. 

MECHANICAL AND KINEMATIC INTERACTION 
BETWEEN FAULTS 

We also analysed the possibility of significant changes 
in fault slip as a result of local stress perturbations for a 
pair of faults. This analysis allows verification of the slip 
independence hypothesis adopted by Carey & Brunier 
(1974), in the case of a simple system with two synchron- 
ous fault slips. 

Modelling scheme modifications 

The procedure for the two-fault model is similar to the 
previous analysis in terms of active area size. The size of 
the faults has been chosen such as to avoid any edge 
effects. The location of the second fault is always sym- 
metrical to the first one, with respect to the geometric 
centre of the model. An extensional stress pattern is 
simulated (Table 2), whose characteristics are the same 
as those for the one-fault case. The material mechanical 
properties of this model are also the same as those in the 
one-fault model. The orientation of the faults are: (1) 
N030 50SE and N050 60NW; and (2) N030 50NW and 
N030 80SE. Many other patterns have been used, but 
these are not described herein because they led us to the 
same conclusions. 

For each pair of faults, two cases will be considered: 
(1) the active area of the two faults do not intersect in the 
model; and (2) these active areas intersect, and the 
intersection line contains the centre of the model. In 
cases where faults intersect, each plane has been divided 
by their common line into two smaller fault elements. 

Modelling specific results 

The modelling results are presented in Figs. 6 and 7 
for the first pair of faults (stereographic projections and 
map of slip vectors in the fault plane as before), and in 
Table 4 for both cases. Comparison between Figs. 5 and 
6 or 7 and between Tables 3 and 4 enables one to 
compare computed results of the single fault 'MED-I '  
and two fault models 'MED-2'.  These figures and tables 
also include the theoretical results obtained with the 
Bott 's simple model 'MWB'.  

Let us examine the case of the N050 60NW and N030 
50SE fault planes shown in Figs. 6 and 7. The first model 

presents a rock volume crossed by two faults that do not 
intersect. The slip directions are very homogeneous 
(Fig. 6c), that is no significant variation occurs within the 
range of acceptable errors defined before. The average 
slip vectors are also similar to the one-fault model result, 
and they also fit Bott 's theoretical model within the 
range of acceptable errors. 

Let us consider now the example of Fig. 7, where the 
two fault planes intersect at the centre of their respective 
slip areas. We first observe that slip vectors are now 
heterogeneous in direction on the individual fault planes 
(Fig. 7c). In other words, variations in slip directions 
occur within a given fault active area. As a consequence, 
local conformity with the Bott's model may be poor, i.e. 
only within 30 ° in some locations in the fault plane. The 
N030 50SE plane (plane B) displays variations in slip 
directions as large as 23 ° (Table 4). Notably, variations 
occur in a rather continuous way and the largest vari- 
ations occur close to the boundaries of the active slip 
area. Moreover, slip directions which widely differ from 
the mean value are scarce. 

In contrast, the N050 60NW fault plane of the same 
model (plane A) displays a double set of variations in 
slip directions on both sides of the fault intersection (Fig. 
7c). The perturbations of shear stress or displacement 
vectors are larger and more important near the fault 
intersection. We point out that there is a striking con- 
trast in fault behaviour. One of the two fault planes, that 
is the N050 60NW plane, undergoes more perturbations 
and larger ones, whereas the other fault shows little slip 
dispersion. We conclude that in the first case (Fig. 6) the 
slip displacements on the two faults may be considered 
stable and independent whereas in the second case, 
significant slip deviation occurs due to fault slip inter- 
actions. The distribution of slip deviations between the 
two planes is quite asymmetrical. One fault remains 
more stable in terms of slip direction vector than the 
other one. 

As a consequence of this second experiment, the 
hypothesis of independent slip displacements which is 
the one of the most important bases of Carey & Bru- 
nier's (1974) theoretical model, needs particular com- 
ments as follows: 

(1) when fault planes do not intersect, and when their 
distance is beyond the effect of stress perturbation, slips 
on each fault occur in directions and magnitudes very 
similar to those independently determined based on the 
single fault case. They are also similar to the results 
directly computed by applying the Wallace-Bott simple 
model. In this case, the independence hypothesis is 
verified; 

(2) where fault planes intersect (or are close to each 
other), slip directions may exhibit significant variations 
within a fault plane. However, the average slip vector 
remains similar to that predicted by the Wallace-Bott 
model and to that obtained with the single fault model- 
ling experiment. Where active planes do not intersect 
but are not located far away, continuous variation in 
directions commonly occur throughout each plane. 

Such continuous variations are also present in the case 
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of intersecting fault planes, provided that one considers 
the two portions of fault surface on both side of intersec- 
tion line instead of the whole surface. In other words, 
discontinuous change occurs along this line. This discon- 
tinuity and its vicinity correspond to the largest vari- 
ations: this line may be considered as an actual failure in 
slip mechanics. Note, however, that there is always a 
region, generally around the central segment of this 
intersection line, where change in slip vectors of both 
sides occurs continuously (Figs. 6c and 7c). In this 
particular region, the slip is parallel to the average slip 
direction of the total active fault area and consequently 
can be considered representative with respect to the 
Wallace-Bott model. Summarizing, in cases of fault 
intersection, two gradients of slip vector reorientation 
are present; the first one corresponds to the gradient in 
each portion of fault induced by the difference of behav- 
iour between the boundaries and the centre of the fault. 
The other gradient occurs along the intersection line, 
and it is actually induced by kinematic interactions 
between fault movements. 

Fault plane "A" 

O. 

DISCUSSION 

First, our single fault experiments allow for the first 
time extrinsic justification of the assumptions of the 
Wallace-Bott mechanical scheme with a three- 
dimensional DEM study. 

Second, the perturbations that we have observed 
provide evidence for the existence of kinematic inter- 
actions between different fault planes in a single rock 
volume subjected to a single tectonic stress pattern and 
at one time. The distance between the planes on which 
such interactions are induced depends upon whether the 
zones of local stress concentration near the faults over- 
lap (previous subsection). Where different faults are 
present in a single rock volume, kinematic interactions 
may occur. For the pairs of fault slips that we have 
studied, we observe that in both cases (Fig. 7 and Table 
4) one plane is always more affected by those pertur- 
bations that the other. It allows us to define a criterion 
about preferential fault planes' geometry with respect to 
the homogeneity of slip on them. For a given stress 

U 
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Fig. 6. A two-fault model without fault intersection: N050 60NW and N030 50SE fault planes as a case example. (a) 
Sectional view of the model; (A) N050 6 0 ~  fault plane; (B) N030 50SE fault plane. (b) Stereographic plot with stress 
tensor,  MWB slip (2) and M E D  slip (1) on the fault planes. (c) Slip distribution on the N050 60NW fault plane. (c) Slip 

distribution on the N030 50SE fault plane. 
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Fig. 7. Model of mechanical and kinematic interaction between intersecting faults, with N050 60NW and N030 50SE fault 
planes as a case example. (a) Sectional view of the model; (A) N050 60NW fault plane; (B) N030 50SE fault plane. (b) 
Stereographic plot with stress tensor, MWB slip (2), MED slip and its variation on each fault plane (1 '-1") .  (Cl) Slip 

distribution on the N050 60NW fault plane. (c2) Slip distribution on the N030 50SE fault plane. 

pattern, the 'master' fault (more stable than the other) is 
the fault which has the best orientation with respect to 
the stress axis and the failure criterion, in other words 
the plane which is easier to be reactivated. For example, 
under the stress regime of Fig. 7, a N030 50SE fault 
plane is more stable than a N050 60NW one because the 
difference between the geometrical pattern and the 
stress pattern on the latter is more significant than for the 
former. 

In the case of a two-fault system, fault slip will follow 
the Bott's relationship in any situation except where 
stress perturbations associated with faults overlap. Our 
models indicate that when faults interact, the average 
slip vector is close to the theoretical value (computed 

using the Wallace-Bott simple model). The mean slip 
direction, generally located in the center of the active 
fault area, is the best fit of the tangential stress applied to 
this fault. Also, it represents the best value on the active 
slip area from which to compute tectonic palaeostresses 
with inverse methods. Considering that data are more 
consistent with the theoretical slip direction according to 
the Wallace-Bott model near the central zone of a fault 
plane than near its extremities, we should consider in 
theory a larger number of data in this area to get good 
numerical results. As it is difficult in reality (except 
perhaps in quarries or mines) to visualize the different 
parts of a fault plane in three dimensions, we may 
consider that an analysis based on numerous data helps 
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Table 4. Results of the fault interaction modelling. Average slip directions on fault planes in models, MED-2, are compared with slip direction 
on one-fault models, MED-I,  and with slip directions infered from MWB application. The variability of slip directions in these two-faults cases 

has been displayed 

Wallace-Bott 
slip direction Modelling slip direction Average slip direction Gap of variability 

Geometry on the fault plane: in the one-fault model: in the two-fault model: in modellized slip Difference: 
of fault planes MWB MED-1 MED-2 directions MWB - MED-2 

Without fault plane intersection 

N050 60NW 56W 5 lW 50W 0 6 
x 

N030 50SE 70E 66E 68E 0 2 

N030 50NW 70W 66W 66W 0 4 
× 

N030 80SE 32E 25E 35E (20, 35) - 15 3 

With fault plane intersection 

N050 60NW 56W 51W 50W (34, 81) - 47 (0, 18) 
× 

N030 50SE 70E 66E 58E (52, 75) - 23 (0, 25) 

N030 50NW 70W 66W 70W (60, 84) - 24 (0, 14) 
x 

N030 50SE 32E 25E 30E (20, 66) - 46 (0, 34) 

to limit the influence of eventual disturbed slip vectors in 
the inverse procedure.  

This modelling did not take into account deformation 
mechanisms as pressure solution (Mercier personal 
communication, 1990). This kind of slow deformation 
mechanism would probably reduce the importance of 
interactions effects and consequently increase in this 
case the consistency of Carey & Brunier 's (1974) mech- 
anical scheme even in complexly faulted tectonic loca- 
tions. In this case, we could draw inferences from field 
data. For example, there exists some evidence of press- 
ure solution striae (e.g. in Navacelle, South France) but 
the geometrical relationships between those planes and 
their sliding vectors have not been analysed in detail. In 
a completely opposite situation, where fast deformation 
occurs as for the seismic case example, the results of the 
present study remain valid considering the D E M  charac- 
teristics. So, interaction effects are not only dependent  
on fault geometries but also probably depend on the 
deformation velocity. 

In microtectonic studies, stress states inferred from 
analyses of fault slip data sets are representative at a 
scale greater than the typical size of the faults (e.g. 
Mattauer & Mercier 1980). In other words, the use of 
Carey & Brunier 's (1974) model requires that the me- 
dium in which measurements have been collected is seen 
as homogeneous.  Therefore  it is bet ter  not to mix 
measurements made on large faults (regional scale) with 
small-scale fault data for example taken in a quarry 
(metric to decametric scale). 

In practice, the collected data are usually good since 
the accuracy of measurements is usually within 5 ° . How- 
ever, it is not rare to observe variations in the direction 
of the striae for planes of almost identical orientations, 
even in areas of single phase tectonics. Such elements in 
a collection of fault data set may induce some difficul- 
ties, such as large apparent discrepancies, in the com- 

puted palaeostress states using inverse methods. It is 
always a puzzling problem for the geologist to identify 
possible errors in the measurements (i.e. wrong data) 
with variations that could be related to the actual behav- 
iour of the fractured rock mass. 

Here ,  we have shown that the Wallace-Bott  relation- 
ship seems validated for rather realistic computer  mod- 
elling of the mechanical behaviour of such medium. It 
has been shown that variations in the direction of the 
displacement vectors can be related to interaction 
effects between active fault planes closely spaced or 
intersecting each other. However ,  the mean value of the 
pitch on such fault planes is centred on the Wallace-Bott  
theoretical value. According to these results of model- 
ling, it is recommended to increase the number of 
measurements as much as possible in the search of a 
better  statistical evaluation of the regional stress state. 
Following this line, it may seem important to perform 
numerical inversion of the data set directly in the field, in 
order to interactively go back to geological observations 
when necessary. 

CONCLUSION 

In this paper, we presented and examined the prelimi- 
nary results by numerical investigation of the Wallace- 
Bott  and Carey-Brunier  key assumptions, which pro- 
vide the basis for all palaeostress tensor determinations 
using fault slip data and focal mechanisms of earth- 
quakes. We aimed at reconstructing a more realistic 
model taking into account stress variations with a frac- 
tured rock mass, using a three-dimensional Distinct 
Element  numerical method. The main results of this 
preliminary analysis are as follows. First, we demon- 
strate that in most practical cases, Wallace-Bott 's  
assumptions are valid as a first approximation. This is 
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confirmed especially where fault spacings are large 
enough to prevent mechanical interactions. Second, 
where fault spacings are smaller or faults intersect, 
which results in significant mechanical and kinematic 
interactions, our first results suggest that large devi- 
ations of shear relative to a given homogeneous far-field 
stress remain rare. As a result, the simplified model 
remains valid as a first approximation, provided that 
data sets are large and include several fault orientations. 

We thus confirm, based on a consistent mechanical 
approach carried out by numerical means, the reliability 
of fault slip studies which developed following Carey & 
Brunier's analysis of rigid discontinuous rock mass be- 
haviour. Previously, this reliability was simply suggested 
by the consistency of the results obtained using these 
methods. We point out the importance of collecting 
numerous data, in order to statistically attenuate the 
local disturbances that would result from mechanical 
and kifiematic interactions between fault slips. We con- 
clude that in a multi-fractured elastic medium loaded 
under a global stress state, mechanical interactions may 
influence block movement to a degree which depends on 
the geometry and the size of faults. Following our 
preliminary two-fault models, a more systematic explor- 
ation of these geometrical effects will be undertaken in 
order to seek for generalization of the current con- 
clusions of this study. 

Acknowledgements--The authors are indebted to Dr P. A. Cundall for 
providing us a version of his code TRIDEC and his guidance to J.-M. 
Dupin in the early phase of this work. Also, we would like to 
acknowledge Professor S. F. Wojtal and an anonymous reviewer for 
providing helpful comments on the first version of this paper. The 
numerical modelling were performed using the TRIDEC computer 
software commercialized by ITASCA Consulting Group, Inc, Min- 
neapolis, Minnesota. This study was supported by Institut Fran~ais du 
PEtrole (I.F.P.). 

REFERENCES 

Anderson, E. M. 1951. The Dynamics of  Faulting. Oliver and Boyd, 
Edinburgh, 

Angelier, J. 1983. Analyse qualitative et quantitative des populations 
de jeux de failles. Bull. Soc. gdol. Fr. 25,661-672. 

Angelier, J. 1984. Tectonic analysis of fault slip data sets. J. geophys. 
Res. 89, 5835-5848. 

Angelier, J. 1989. From orientation to magnitudes in paleostress 
determinations using fault slip data. J. Struct. Geol. 11, 37-50. 

Angelier, J. & Mechler, P. 1977. Sur une mrthode graphique de 
recherche des contraintes principales 6galement utilisable en tecto- 
nique et en sismologie: la mEthode des dirdres droits. Bull. Soc. 
g~ol. Fr. 19, 1305-1318. 

Angelier, J. & Manoussis, S. 1980. Classification automatique et 
distinction des phases superposres en tectonique de failles. C.r. 
Acad. Sci., Paris 290, 651-654. 

Amijo, R., Carey, E. & Cisternas, A. 1982. The inverse problem in 
microtectonics and the separation of tectonic phases. Tectono- 
physics 82, 145-160. 

Arthaud, F. 1969. Mrthode de d6termination graphique des directions 
de raccourcissement, d'allongement et interm6diaire d'une popu- 
lation de failles. Bull. Soc. g~ol. Fr. 11,729-737. 

Arthaud, F. & Mattauer, M. 1969. Exemples de stylotites d'origine 
tectonique dans le Languedoc. Leurs relations avec la tectonique 
cassante. Bull. Soc. g~ol. Fr. 11,738-744. 

Bergerat, F. 1987. Stress fields in the European platform at the time of 
Africa-Eurasia collision. Tectonics 6, 99-132. 

Bott, M. H. P. 1959. The mechanics of oblique slip faulting. Geol. 
Mag. 96, 109-117. 

Bouroz, C. 1990. Les joints et leur signification tectonique en domaine 
tabulaire: exemples dans le plateau du Colorado (Utah, Arizona, 
Nouveau Mexique). Th~se 3~me cycle, Universit6 Pierre et Marie 
Curie, Paris VI, Paris. 

Carey, E. 1976. Analyse numrrique d'un modEle mrcanique EIEmen- 
taire applique ~ l'Etude d'une population de failles. Calcul d'un 
tenseur moyen des contraintes ~ partir des stries de glissement. 
Th~se 3~me cycle, Universit6 Paris Sud., Orsay. 

Carey, E. & Brunier, B. 1974. Analyse thEorique et numrrique d'un 
modrle mrcanique 616mentaire applique h l 'rtude d'une population 
de failles. C.r. Acad Sci., Paris 279, 891-894. 

Cundall, P. A. 1971. A computer model for simulating progressive, 
large scale movements in blocky rock systems. Symp. Soc. Int. Mec. 
Roches, Nancy 1, 11-18. 

Cundall, P. A. 1988. Formulation of a Three dimensional Distinct 
Element Model - -  Part I. A scheme to detect and represent contacts 
in a system composed of many polyhedral blocks. Int. J. Rock Mech. 
Min. Sci. & Geomech. Abs. 25, 107-116. 

Cundall, P. A. 1990. Numerical model of jointed and faulted rock. Int. 
Conf. on Mech. Jointed & Faulted Rock, Vienna, Austria. 

Etchecopar, A., Vasseur, G. & Daignirres, M. 1981. An inverse 
problem in microtectonics for the determination of stress tensors 
from fault striation analysis. J. Struct. Geol. 3, 51-65. 

Gephart, J. W. & Forsyth, D. W. 1984. An improved method for 
determining the regional stress tensor using earthquake focal mech- 
anism data: an application to the San Fernando earthquake se- 
quence. J. geophys. Res. 89, 9305-9320. 

Harper, T. R. & Last, N. C. 1990. Response of fractured rock subject 
to fluid injection. Part III. Practical application. Tectonophysics 
172, 53-65. 

Hart, R., Cundall, P. A. & Lemos, J. 1988. Formulation of a three 
dimensional distinct element model. Part II. Mechanical calcu- 
lations for motion and interaction of a system composed of many 
polyhedral blocks. Int. J. Rock Mech. Min. Sci. & Geomech. Abs. 
25, 117-125. 

Lacombe, O., Angelier, J., Laurent, P., Bergerat, F. & Tourneret, C. 
1990. Joint analyses of calcite twins and fault slips as a key for 
deciphering polyphase tectonics: Burgundy as a case study. Tec- 
tonophysics 182,279-300. 

Letouzey, J. 1986. Cenozoic paleostress pattern in the Alpine foreland 
and structural interpretation in a platform basin. Tectonophysics 
132,215-231. 

Letouzey, J. & Tr6molirres, P. 1980. Paleostress fields around the 
Mediterranean since the Mesozoic derived from microtectonics: 
comparisons with plate tectonic data. In: Gdologie des Chaines 
Alpines Issues de la T~thys. Int. Geol. Congr., Mem. Bur. Rech. 
Geol. Min. 115,261-273. 

Mattauer, M. & Mercier, J.-L. 1980. Microtectonique et grande 
tectonique. Bull. Soc. g~ol. Fr. 10, 141-161. 

Michael, A. J. 1984. Determination of stress from fault slip data: faults 
and folds. J. geophys. Res. 89,517-526. 

Phan Trong Trinh. 1989. Superposition et perturbation du champ des 
contraintes. DEtermination du tenseur des contraintes et modElisa- 
tion numErique. Th~se 3~3me cycle. I.P.G. Paris VII, Paris. 

Reches, Z. 1987. Determination of the tectonic stress tensor from fault 
slip along faults that obey the Coulomb yield condition. Tectonics 6, 
849-861. 

Sassi, W. 1985. Analyse num6rique de la deformation cassante. Th~se 
38me cycle, Universit6 de Paris Sud, Orsay. 

Sassi, W. & Carey-Gailhardis, E. 1987. InterprEtation mEcanique du 
glissement sur les failles: introduction d'un crit~re de frottement. 
Annales Tectonicae 1,139-154. 

Starfield, A. M. & Cundall, P. A. 1988. Towards a methodology for 
rock mechanics modeling. Int. J. Rock Mech. Min. & Geornech. 
Abs. 25, 99-106. 

Vergely, P., Sassi, W. & Carey, E. 1987. Analyse graphique des failles 
f~ l'aide des focalisations de stries. Bull. Soc. gdol. Fr. 3,395--402. 

Wallace, R. E. 1951. Geometry of shearing stress and relation to 
faulting. J. Geol. 59, 118-130. 

Xiahoan, L. 1983. Perturbations de contraintes liEes aux structures 
cassantes dans les calcaires fins du Languedoc. Observations et 
simulations mathEmatiques. Th~se de Doctorat 3~me cycle, Univer- 
site de Montpellier, Montpellier. 


