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Joint spacing: analogue and numerical simulations
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Abstract—Joint spacing distribution laws remain a controversial subject in the literature. In order to understand
joint spacing. analoguc and numerical modelling techniques were used. In the analogue model an evolution of the
joint spacing distribution law during fracture development was observed as new fractures appear. Different
processes for fracturc initiation and propagation have been tested numerically including mid-point fracturing and

partially or completely random processes.

This study suggests that an initiation of fractures according to a random process could explain real joint spacing

distributions.

An evolution of joint spacing distribution laws from initially negative exponential to log-normal and normal is

found with increasing joint development.

INTRODUCTION

Brock size is an important factor for engineering and
petroleum geologists and is a function of the mutual
orientation of intersecting sets of discontinuities (includ-
ing joints, faults, bedding planes, schistosity, etc.)
(I.S.R.M. 1978). The block size represents a simplified
picture of the fracture network and can provide infor-
mation concerning the rock mass behaviour and/or per-
meability. The spacing of discontinuities largely controls
the size of individual blocks and therefore constitutes
one of the most important block size parameters.

Since Priest & Hudson (1976), numerous papers
describing the statistical or geostatistical properties of
discontinuity spacing in rock have been published.
Sampling methods vary from one study to another and
with scale (core sampling, limited outcrops, aerial
photographs. etc.). each implying a different bias. In

some studies, all discontinuities (different types and
different sets) are included (Hudson & Priest 1983); in
others, the analysis is restricted to only one kind and/or
one set of fractures (Bouroz 1990). This implies that data
from such studies are not always comparable. This study
considers only joints, and ‘spacing’ is defined as the
perpendicular distance between joints of the same set.

According to most publications, the relative fre-
quency of joint spacing can be described by different
distribution laws (Fig. 1): log-normal distributions (Sen
& Kazi 1984, Rouleau & Gale 1985, Bouroz 1990, Narr
& Suppe 1991) or negative exponential distribution
{Snow 1968, Priest & Hudson 1976, La Pointe & Hudson
1985, Villaescusa & Brown 1990). Normal spacing distri-
butions are more rarely described (Huang & Angelier
1989).

Why one distribution occurs in one case, and another
in another case, remains unexplained (Dershowitz &
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Fig. 2. Geographical situations of the studied areas. (a) Map of North Yorkshire with the Scarborough and Whitby
locations. The stippled area is Jurassic outcrop. (b) Location of Nash Point in South Wales.

Einstein 1988). Sampling bias may go some way to
explain the occurrence of different spacing distributions.
For example in analyses based on photo-interpretation
(for example Tsoutrelis et al. 1990) small spacings are
generally ignored because of photographic resolution
(Huang & Angelier 1989). Frequency distributions of
this type may apparently fit with a negative exponential
distribution but the distribution is truncated at inferior
values. Moreover, Huang & Angelier (1989) suggest
that the probability of small spacings plays a critical role
in the choice of a distribution law. In field studies,
another important bias could arise if large spacings are
ignored (Kulatilake & Wu 1984, Pineau 1985) or, if all
discontinuities (without separation of different types
and different sets) are counted (for example in borehole
cores), smaller spacing values are obtained. In these
situations, small spacing values are represented more
relative to large values. The corresponding best fit is
generally a negative exponential (Priest & Hudson 1976,
Barton & Zoback 1990).

Dershowitz & Einstein (1988) indicate that the differ-
ent distributions may be present in unbiased data. They
suggest that independently created joints can lead to
negative exponential distribution, whereas joints which
interact can produce log-normal distributions.

This paper aims to explain the observed variation in
unbiased spacing distributions by comparing field data
to the spacing distributions developed in an analogue
model and numerical simulations. Different models of
joint spacing development are tested. Joint spacing data
are collected from the field in three areas in the U.K.
The field examples allow comparison with the analogue
and numerical data.

FIELD DATA

Field data are collected to provide unbiased exampies
of typical joint spacing distributions to constrain the
numerical models. However, an interpretation of the

structural significance of the joint sets in the field
examples is not the aim of this work.

High quality exposures cut by a single dominant,
regional joint set are selected. At each location spacing
data are collected by placing a scan-line of at least 30 m
perpendicular to the strike of the dominant joint set. The
intersection of the joints with the scan-line is recorded.
The bias commonly induced by the lack of observation
of the smallest spacings is prevented because each joint
is enhanced by erosion. The length of the scan-line also
ensures that no high spacing values were omitted.

Scarborough and Whitby: geological settings

Joint spacing data are collected from exposures near
the towns of Scarborough and Whitby, on the coast of
North Yorkshire, U.K. (Fig. 2a). Middle Jurassic sedi-
ments of the Scalby Formation are exposed on the
coastline 1 km to the north of Scarborough. These
comprise fluvial interbedded mudstones, siltstones and
thin sandstones with isolated, ribbon sandstones bodies
(Alexander 1986). At Whitby shales of the Upper Lias
are exposed. The main tectonic structures of the region
are the Cleveland Anticline and the Peak Fault. The
Cleveland Anticline is positioned between Scarborough
and Whitby, and strikes approximately E-~W with gentle
dips. The folding is related to N-S Tertiary compression
(Kent 1974, Kirby er al. 1987). The N-S-trending Peak
Fault has downthrow to the east, with a vertical throw of
between 120 and 150 m (Fox-Strangways & Barrow
1915). Analysis of recent seismic sections (Milson &
Rawson 1989) and field studies (Alexander 1986) reveal
that the Peak Fault forms the western border of a faulted
sedimentary trough, some 30 km long and 5 km wide.
The Peak Fault has been active since the Triassic, with
further movements during the mid to late Jurassic (or
early Cretaceous) and again during early Tertiary com-
pression (Milson & Rawson 1989).

At both locations coastal erosion has produced exten-
sive horizontal rock platforms on which joint traces are
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clearly visible. Within the Scalby Formation at Scarbor-
ough, a main joint set is present striking 165°. This set
has horizontal trace lengths commonly over 50 m. The
same joint set continues with small and gradual changes
in direction along the coastline to the north of Scar-
borough to Robin Hood’s Bay, where the joints strike
145° (Rawnsley et al. 1992, this issue; set J,). Within the
Upper Lias at Whitby the main joint set strikes approxi-
mately 180°. The joints at Robin Hood’s Bay are prob-
ably the result of Tertiary compression (Rawnsley e al.
1992). The continuity of joint trend along the coastline
strongly suggests that the joints at Scarborough and
Whitby are of the same age as the joints at Robin Hood’s
Bay.

Nash Point: geological setting

Nash Point is located on the coast of South Wales, to
the south of Bridgend (U.K. map reference SS 92 68,
Fig. 2b). The rocks studied are Liassic, forming both an
extensive E-W-trending cliff line and a well exposed
wave cut platform at its base. Beds comprise 1 m thick
hard pale grey limestone and less thick shale horizons.
The dip is close to horizontal and at low tides single beds
are often exposed over many hundreds of square metres.
A series of conjugate strike slip faults cut the sequence
trending 010° + 10° and 160° + 10° with horizontal trace
lengths often greater than the width of exposure (100-
200 m). At a distance (approximately 100 m) from the
faults, the joint pattern consists of parallel and horizon-
tally extensive joints striking 170° (Fig. 3a). In the
vicinity of the faults, the joint pattern is perturbed
indicating that the joints are syn- or post-faulting. The
faulting and jointing are compatible with the Tertiary
compression direction (Roberts 1974, Rawnsley et al.
1992).

Selection of probability laws

The selection of the best-fitting probability law from
the spacing data is largely dependent on the number of
classes into which the data is sorted. Spacing data are
plotted in histograms. The significance test of chi-2
(Saporta 1990) allows one to compare observed and
theoretical distributions and to determine the best fit. A
very good fit is obtained with a log-normal law at Nash
Point and Scarborough (Figs. 4b & c) and a negative
exponential law at Whitby (Fig. 4a).

It is possible that for the same data both negative
exponential and log-normal curves are obtained. A log-
normal distribution is characterized by its mean, stan-
dard deviation and mode, the dominant spacing value. If
the mode is close to zero, it may fall within the first class
of the histogram. In this case the first class is the most
represented and a negative exponential distribution pro-
vides a good fit (Fig. 4d). By increasing the number of
classes until the mode value does not belong to the first
class, the best fit will be a log-normal distribution (Fig.
4c). This shows that when the mode falls within the first
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class, the histogram seems to imply an exponential
negative distribution whereas the real distribution could
be log-normal.

Thus the controversy between log-normal and nega-
tive exponential laws could be due to the mode value in
the log-normal laws which could be very low, and
consequently the increasing part of the function can be
reduced and difficult to show.

SPACING EVOLUTION DURING ANALOGUE
FRACTURE SET DEVELOPMENT

Analogue method and material

In order to understand the joint development process,
a series of experiments were carried out in which frac-
ture development could be observed. Parallel fracture
sets within brittle coatings have already been obtained
(Durelli 1942, Rives & Petit 1990a, b, Wu & Pollard
1991). In the present study fractures have been induced
in polystyrene plates subjected to traction in the pres-
ence of alcohol. The alcohol causes environmental
changes in the polystyrene which facilitates polymer
chain breaking (Krammer 1979). In the model, fractures
result from the ‘stress cracking’ process in which cracks
initiate at shallow defects in the polymer surface and
then propagate in both directions normal to the applied
negative stress (Krammer 1983, Petit & Barquins 1988).
The fractures produced in the polystyrene plates are
parallel, very thin and linear. The main advantages of
this experimental technique is that polystyrene plates
are very easy to use, the tests are prepared quickly and
fractures can be seen easily with appropnate lighting.
A plate (180 x 100 x 1.5 mm) was loaded by two
couples of forces (four point bending) which bend the
plate with a constant radius of curvature between the
two central points (cylindrical folding) (Fig. 5). The
external part of the fold is thus subjected to a homogene-
ous extension (plane strain condition). A thin trans-
parent plastic film covered the surface to maintain a
constant alcohol ambience. Plastic tape was placed
along the plate edges (Fig. 5) to inhibit fracture develop-
ment at the plate boundaries by preventing alcohol from
reaching the edges of the plate. Plate deformation was
controlled by linear amplification of the fold. Fracture
development within the plate was controlled by strain
rate and time. Fractures developed in the external
surface of the plate from randomly distributed defects
and propagated parallel to the fold axis. The propaga-
tion of fractures was filmed for analysis. The experi-
ments were stopped at different stages of fracturing
(after the development of the first few fractures and at
intermediate and high fracture densities). Spacing
values along scan-lines, traced perpendicularly to frac-
tures in the middle of the plates, were measured using a
macroscope.
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Joints in rocks initiate from defects (fossils, minerals,
pores, etc.) and propagate away from the origin as
shown by plumose structures (Helgelson & Aydin 1991)
(e.g. Fig. 3b). It is assumed that in a rock mass such
defects are randomly distributed. The stress-cracking
technique could therefore be analogous to the develop-
ment of a set of joints in an intact sedimentary layer
without previous joints or faults, but containing defects.

Results

Fractures initiated from point defects randomly dis-
tributed in the plate. They propagated parallel to the
fold axis (normal to the maximum tensile stress) and
formed a set of parallel fractures. With increasing defor-
mation, existing fractures propagated and new ones
appeared until the density of fractures within the plate
was very high and the spacing very close (Fig. 3c).
Fractures stopped propagating either at the edge of the
plate or when two closely spaced parallel fractures
propagated toward one another and overlapped, some-
times with a ‘hook’ geometry (Fig. 5) similar to that
described in rock (Olson & Pollard 1989). New fractures
initiated at a minimum distance from the nearest frac-
ture, approximately equal to the half of the final mean
spacing. The maximum fracture density was reached
when a further increase in load broke the plate.

Fracture spacing distributions are analysed at three
different stages of fracture development; after the devel-
opment of the first few fractures, at an intermediate
fracture density and at the maximum fracture density.
The results with fitted probability laws are shown in Fig.
6. The spacing distribution is negative exponential at
a stage with only few fractures, log-normal at inter-
mediate fracture density, and tends towards normal at
high fracture density. It thus appears that the fracture
spacing distribution law evolves with increasing fracture
set development (and with increasing deformation),
from a negative exponential distribution to a log-normal
distribution to a quasi-normal distribution (Fig. 7). Dur-
ing fracture set development, the mean value decreases
with increasing strain along an hyperbolic function (Fig.
8). The evolution of the mean is not linear as in the
brittle coating analogue models of Wu & Pollard (1991).
This difference could be partially explained by the
influence of the loading time and loading rate which are
not well constrained in our experiments. The discrep-
ancy could also be linked to the much higher sensitivity
of the brittle coating used by Wu and Pollard compared
to that of the polystyrene plates used here (the strain
gain between the first and the final fractures is 2%o and
5%, respectively). Also the behaviour of the brittle
coating is different to the polystyrene in that it contains a
residual stress (Faure 1966). Nevertheless, the stress
cracking experiments illustrate a possible joint develop-
ment process, and the problem of the strain (or stress)
which produces natural joints remains unresolved (see
for example Lorenz et al. 1991) and is out of the scope of
this paper.

T. Rives, M. Razack, J.-P. Petit and K. D. RAWNSLEY

NUMERICAL SIMULATION

In the last 10 years numerical simulation of rock mass
fracturing has made significant advances (Miller & Borg-
man 1985, Massoud 1987, Chiles 1989). These simu-
lations have been application-oriented. A fracture state
is generated representing joints within a rock mass to
deduce hydraulic and mechanical properties (Baecher
1983, La Pointe & Hudson 1985, Kulatilake 1988).
Other numerical simulations attempt to reproduce and
understand joint development processes (Narr & Suppe
1991).

Principles of simulation

It should be noted that in the numerical simulations
carried out in this study only statistical and probabilistic
features (mean, standard deviation, distribution laws) of
joint sets are taken into consideration. The models do
not directly employ mechanical parameters for joint
development but the processes tested are constrained by
established mechanical conditions.

The scan-line used to measure joint spacing in the field
is represented numerically by an arbitrary range of
values from 0 to 4000. Six hundred numbers within this
range are sequentially generated, following a defined
process, to represent joint intersections with the scan-
line. After the generation of each 60 new ‘joints’, the
spacing values are calculated and plotted in histograms.
Probability laws are fitted to the spacing distributions.
Different joint spacing development processes are
tested by comparing the spacing in the model to real field
data. Only the processes which generate realistic joint
spacing distributions at each development step are
selected. A process which generates a realistic distri-
bution after 600 joints but unrealistic distributions at
intermediate steps cannot be a viable process since the
unrealistic distributions are not observed in nature. A
close fitting joint spacing development process will pro-
vide information on the origin of joint periodicity.
Different processes were tested to establish a possible
joint development process:

Mid-point bisection process. Price (1966) suggested
that in a bed subjected to extension, containing some
randomly positioned pre-existing joints, the next frac-
ture will occur in the middle of the distance correspond-
ing to the greatest spacing (which is theoretically sub-
jected to the greatest stress). Randomly positioned
joints can result from a Poisson process, which produces
a negative exponential spacing distribution (Saporta
1990). The mid-joint bisection process is tested by gener-
ating the 60 initial fractures by the Monte Carlo method
(Pelletier 1971, Howard & Nolen-Hoeksema 1990) from
a negative exponential distribution. The next joint is
positioned by bisecting the greatest spacing (Fig. 9a).
This operation is repeated until 600 joints are created.

Semi-random bisection process. This process is similar
to the mid-point bisection process except that after
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Fig. 3. (a) A joint pattcrn at Nash Point showing a set of lincar fractures striking 170°in Liassic limestone. Average spacing is

0.3 m. Orthogonal joints rarely cross-cut the 170° joints. (b) Joint planc in a thin bed of limestone showing a plumosc

structure diverging from a point indicating propagation away from a point. (c) Analogue fracture set produced by the stress

cracking process in a thin plate of polystyrenc. The almost constant fracture spacing corresponds to a highly developed
stage.
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Fig. 4. Histograms and fitted distribution laws for joint spacing values sampled in three areas around the U.K.: M, mode;

m, mean; N, number of values, dashed zones indicate standard deviations. (a) N-S joint set of Whitby (Yorkshire) with

negative exponential fit. (b) 170° joint set of Nash Point (south Wales) with log-normal fit. (c) & (d) 170° joint set of
Scarborough (Yorkshire); (c) log-normal fit (12 classes), (d) negative exponential fit (six classes).
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generating an initial set of 60 joints with the Monte Carlo
method, the greatest spacing is selected and randomly
cut into two smaller spacings (Fig. 9b).

Random process. Six hundred numbers are generated
independently and at random between 0 and 4000 (Fig.
9¢).

Interaction process. Overlapping and ‘hook’ geom-
etries in analogue modelling (Swain & Hagan 1978) and
in field outcrops (Olson & Pollard 1989) are often
observed and indicate the presence of interactions be-
tween fractures. The development of a fracture pro-
duces stress relaxation in its vicinity (Pollard et al. 1982,
Segall & Pollard 1983). This relaxation affects a small

tracture —"

hook geometry

Adhesive —
tape .
propagation
/ I ] direction
o e area of cylindrical bending iniiation
point

l

1

Lo 4

Fig. 5. Sketch of the analogue apparatus and representation of a few fractures in the external part of the polystyrene plate.
Fractures propagate away from initiation points randomly distributed in the plate and stop either at the edges of the plate or
when they interact with one another forming hook geometries. See also Fig. 3(c).
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zone around each fracture in which no new fracture can
form. The quantification of this interaction zone remains
unknown but seems to be linked to the mechanical rock
properties (Pollard & Aydin 1988) and the bed thickness
in sedimentary layers (Souffaché & Angelier 1989). To
take into account this interaction in simulations, the
random process is modified to include shadow zones
around each fracture (Fig. 9d).

Results

The spacing distribution functions obtained in the
mid-point bisection process (Fig. 10) do not fit any
theoretical classical unimodal laws. Generated spacing
values are rarely small, producing distributions with a
negative asymmetry. This process cannot produce rea-
listic joint spacing distributions, and consequently is
probably not representative of a real joint development
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Fig. 9. Sketches illustrating the different numerical processes tested:

(a) mid-point bisection, the greatest spacing is selected then cut in the

middle; (b) semi-random bisection, the greatest spacing selected then

randomly cut; (c) random process, each fracture is generated at

random; (d) interaction process, each fracture is generated at random
but eliminated if its position is too close to another one.
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of the 60 pre-existing fractures assumed to be negative exponential;

(b)~(d) spacing distributions at each stage of 60 new fractures follow-
ing the mid-point bisection process.

process. This conclusion is in agreement with the mech-
anical model of Narr & Suppe (1991).

The distributions obtained in the semi-random bi-
section process after doubling the number of joints (Fig.
11) show a uniform tendency (i.e. values are equally
probable); large spacings quickly disappear and gener-
ated spacings are uniformly distributed between zero
and the greatest spacing value. This process does not
give distributions comparable to those of real situations.
Thus, it is unlikely that this process is representative of a
realistic joint development process.

In the random process, as in the simulations described
above, the random generation of the first 60 fractures
creates a negative exponential spacing distribution with
the mean almost equal to the standard deviation. Ran-
dom positioning of 60 new fractures (independently of
the first fractures) leads to a new negative exponential
spacing distribution with a smaller mean but always
close to the standard deviation (Fig. 12). The random
process allows simulation of the observed evolution of
the analogue mean spacing with development. The ran-
dom position of each new fracture generated is more
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nential; (b)-(d) spacing distributions at each stage of 60 new fractures

following the semi-random bisection process. The obtained distri-
butions are uniform.
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probable in regions of larger spacings than small spacing
(the cumulative probability is greater). This implies that
great spacings become fewer during this process and the
number of small spacings increases continuously. This
process permits simulation of the evolution of the nega-
tive exponential distribution function but cannot pro-
duce log-normal law.

Spacing distributions in the interaction process (Fig.
13) are found to be negative exponential during the first
steps, then they become log-normal and finally are
almost normal after 600 fractures are generated. The
standard deviation remains close to the mean value
during the first stages and then after further stages the
standard deviation decreases continuously to one-third
of the mean value. This decrease indicates that this
process is not a Poisson process but results from more
than one parameter.

The interaction process provides a realistic joint
spacing distribution (exponential or log-normal or nor-
mal) at each stage of joint development. The evolution
of the spacing distribution in the interaction process is
also in close agreement with the evolution shown in the
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Fig. 12. Histograms plus fitted distribution laws of the spacing distributions of the generated fractures, at different steps,
with the random process. With increasing fracture density (increasing N) the type of the distribution law stays negative
exponential.

analogue model (Fig. 14). The evolution from a negative
exponential distribution to a normal distribution
suggests that at the beginning, fracture spacing is gov-
erned by arandom process; then with increasing fracture
density, the shadow zones are more and more numerous
and their importance becomes greater until the final
fractures have no freedom, and a normal distribution is
reached corresponding to a near constant close spacing.

It seems that the spacing distribution can be con-
sidered as an indicator of joint set development stage.
The evolution of the mode/mean ratio (from 0 to 1) with
increasing number of generated fractures could also
indicate the saturation level of a set. The evolution of the
mode/mean ratio in the numerical model (Fig. 15a) is in
agreement with the evolution stages in the analogue
model (Fig. 15b). A low value (towards 0) signifies that
the set is poorly developed; a high value (towards 1)
indicates a nearly saturated set.

DISCUSSION

In the model of joint spacing development suggested
by the analogue experiment, spacing periodicity results
from an ‘interaction model’ in which individual fractures
nucleate at various randomly distributed points through-
out a layer at various times. Fractures propagate from
these points in both directions perpendicular to the
traction direction. No fracture can nucleate at less thana
certain limiting distance (the interaction zone) from any
other fracture. The process continues until all available
space is occupied and the joint setis ‘saturated’. Thus the
saturated joint spacing has a limited range of values
(Cobbold 1979). Numerical results also show that a
completely random process with a small shadow zone
around each fracture can simulate joint spacing develop-
ment (interaction process). The interaction models
(analogue and numerical) simulate joint development in
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with the same area beneath each curve. Numbers indicate increasing
fracture set development. The diagram shows the evolution of the
distribution laws with increasing fracture saturation.

a sedimentary layer because in both cases fractures
initiate in tension from randomly distributed defects and
then propagate away from these points in both direc-
tions.

data and (c) from ficld data. Increasing numbers in (a) and (b) indicate
more developed stages. The position of the ratio for ficld data could
indicate the saturation level of the joint set.

The interaction model implies that the criteria for
initiation and propagation of the joint are different. In
the model a joint can initiate only from one of the
randomly distributed defects that lies outside the inter-
action zones around existing joints. The area available
for joint initiation decreases with the cumulative length
of the joints. The cumulative length of the joints is
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related to both the number of joints and the fracture
length distribution. Once initiated, a joint will propagate
until it enters the interaction zone of another joint, or
the driving stress becomes insufficient for continued
propagation. Because the joints are co-planar, the only
interaction between them is ‘end to end’ creating eche-
lon or hook geometries (Olson & Pollard 1989). A
propagating joint only ‘sees’ the ends of the other joints
and the widths of the interactions zones that surround
them. A joint will only terminate if it enters the ‘width’
of rock occupied by the interaction zone of another
joint. The width of the interaction zone varies only
slightly for different joints and therefore the likelihood
of a joint entering the interaction zone of another joint
increases only with increasing number of joints. The
number of joints and the cumulative length of the joints
increases with the evolution of the joint set.

The model suggests that joint set development is
controlled by the spatial distribution of initiation points,
the size of the interaction zones. the initiation and
propagation criteria of the joint set, and the stage of
evolution. As a result, the joint spacing distribution is
related to the fracture length distribution.

The evolution of spacing distribution type with joint
set development indicates that for each set of joints at a
given location, the spacing distribution depends upon
the stage of joint set development. The final stage of
development corresponds to the ‘saturation level’ of
Narr & Suppe (1991). Consequently, the type of law
fitted could indicate the degree of evolution in the
development of a set. For the generated spacing distri-
butions the type of law is represented by the mode/mean
ratio which could also indicate the stage of development
of areal joint set. Assuming this ratio is valid for the joint
spacings measured in the field. the spacing distributions
could indicate the saturation level of each set. Increasing
values are obtained for Whitby. Scarborough and Nash
Point (Fig. 15¢). The joint set at Whitby is less developed
compared to the same set 30 km to the south in Scarbor-
ough. This difference for the same regional joint set can
be explained by the lithology variation between the two
areas, mudstone at Whitby and sandstone bodies at
Scarborough. The joint set at Nash Point appears to
have reached a quasi-saturated development level.

The spacing distribution laws, negative exponential,
log-normal and normal, produced in the analogue model
have a variation coefficient (mean/standard deviation)
between 1 and 3. As a consequence, during static simu-
lation of joint spacing distribution the chosen laws must
be within this range.

The mechanical process producing the classical re-
lationship between joint spacing and bed thickness
(Novikova 1947, Hobbs 1967, Ladewra & Price 1981)
remains unclear despite recent work (Angelier et al.
1989, Souffaché & Angelier 1989). An important
consequence of the evolution of the spacing distribution
is that each bed in a series of beds can have reached
different developmental levels. Consequently a
measured mean joint spacing value is not always the
minimum ‘potential” mean spacing of a layer, and the
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classical relationship between bed thickness and mean
spacing is doubtful. We suggest that the valid relation-
ship between joint spacing and bed thickness is more
complicated than the previously suggested average
spacing/bed thickness correlations, because the size of
the interaction zone and the stage of joint set evolution
must be considered. The interaction zone seems to be
related to bed thickness and mechanical properties,
although further work is required to quantify this fea-
ture. A further complication to the development of joint
spacing may result from vertical propagation of joints
between beds (Helgeson & Aydin 1991) and variations
in loading conditions (Dyer 1988, Olson & Pollard 1989,
Wu & Pollard 1991).

The interaction model implies that the origin of joint
spacing distribution cannot be considered as a one-
dimensional problem as previously suggested (Price
1966, Hobbs 1967, Narr & Suppe 1991) but instead must
be treated as a three-dimensional problem. However,
provided joints initiate from randomly distributed points
they will also intersect a one-dimensional scan-line at
random. The use of a scan-line to describe joint spacing
is therefore valid. The interaction process also suggests
that it is impossible to predict the position of future
fractures relative to existing ones.

Some authors propose more sophisticated fitted laws
including gamma (Huang & Angelier 1989) or Weibull
(Bardsley et al. 1990) to describe joint spacing distri-
butions. These laws vary with two parameters and in-
clude both the basic distributions (log-normal and nega-
tive exponential). Because of the control of two
parameters, these laws can provide the best fits to data
sets and could describe the evolution of joint spacing
distributions; however, further work is required to con-
strain the two possible parameters. Further develop-
ments of this study will include dynamic joint develop-
ment simulations taking into account real joint length
distributions (Razack 1982).

The present work concerns a very idealized situation
with only one joint set, without any interaction with
other structures (e.g. faults, other joint sets), but it
serves to underline the value of individual analyses of
joint sets.

Acknowledgements—The authors would like to thank Mrs Pat Rawns-
ley for her hospitality, and Elf-Aquitaine for financial support. We
thank A. Aydin, H. Wuand S. Treagus for their constructive remarks.

REFERENCES

Alexander, J. 1986. Idcalised flow models to predict alluvial sandstone
body distribution in the Middle Jurassic Yorkshire Basin. Mar. &
Petrol. Geol. 3, 298-305.

Angclier, J.. Souffaché. B., Barrier, E.. Bergerat, F., Bouaziz, S.,
Bouroz, C., Creuzot, G.. Ouali, J. & Tricart, P. 1989. Distribution
de joints de tension dans un banc rocheux: loi théorique et espace-
ments. C.r.Acad.Sci., Paris, Sér. 11 309, 2119-2125.

Baecher, G. B. 1983. Statistical analysis of rock mass fracturing. Math.
Geol., 15, 329-348.

Bardsley, W. E., Major, T. J. & Selby, M. J. 1990. Note on a Weibull
Property for Joint Spacing Analysis. Int. J. Rock Mech. & Mining
Sci. & Geomech. Abs. 27, 133-134.



Analogue and numerical simulations of joint spacing

Barton, C. A. & Zoback, M. D. 1990. Self-similar distribution of
macroscopic fractures at depth in crystalline rock in the Cajon Pass
scientific drillhole. In: Rock Joints (edited by Barton, N. & Ste-
phansson, O.). Balkema, Rotterdam, 163-170.

Bouroz, C. 1990. Les joints et leur signfication tectonique en domaine
tabulaire: exemples dans le plateau du Colorado (Utah, Arizona,
Nouveau Mexique). Unpublished thése Doctorat, Paris VI.

Chiles, J. P. 1989. Modélisation géostatistique de réseaux de fractures.
Geostatistics, 1, 57-76.

Cobbold, P. R. 1979. Origin of periodicity: saturation or propagation?
J. Struct. Geol. 1, 96.

Dershowitz, W. S. & Einstein, H. H. 1988. Characterizing rock joint
geometry with joint system models. Rock Mech. & Rock Engng 21,
21-51.

Durelli, A. J. 1942. Determination of stresses on free boundaries by
means of isostatics. Proc. 15th Semi-annual Eastern Photoelasticity
Conference, 32—42.

Dyer, R. 1988. Using joint interactions to estimate paleostress ratios.
J. Struct. Geol. 10, 685-699.

Faure, G. 1966. Le vernis craquelant. Journées d’extensométrie de Juin
1966, 21-32.

Fox-Strangways, C. & Barrow, F. G. S. 1915. The Geology of the
Country Between Whitby and Scarborough. Mem. geol. Surv. Engl.
& Wales.

Helgelson, D. E. & Aydin, A. 1991. Characteristics of joint propaga-
tion across layer interfaces in sedimentary rocks. J. Struct. Geol. 13,
897-911.

Hobbs. D. W. 1967. The formation of tension joints in sedimentary
rocks: an explanation. Geol. Mag. 104, 550-556.

Howard, J. H. & Nolen-Hoeksema. R. C. 1990. Description of natural
fracture systems for quantitative use in petroleum geology. Bull.
Am. Ass. Petrol. Geol. 74, 151-162.

Huang, Q. & Angelier,J. 1989. Fracture spacing and its relation to bed
thickness. Geol. Mag. 126, 355-362.

Hudson, J. A. & Priest, S. D. 1983. Discontinuity frequency in rock
masses. /nt. J. Rock Mech. & Mining Sci. & Geomech. Abs. 20, 73~
89.

1.§.R.M. 1978. Commission on standardization of laboratory and field
tests. Suggested methods for the quantitative description of dis-
continuities in rock masses. Int. J. Rock Mech. & Mining Sci. &
Geomech. Abs. 15, 319-368.

Kent, P. E. 1974. Structural history. In: The Geology and Mineralogy
of Yorkshire (edited by Rayner. D. & Hemingway, J. E.). Yorks.
geol. Soc. 13-28.

Kirby, G. A.. Smith, K., Smith. N. J. P. & Swallow, P. W. 1987. Oil
and gas generation in eastern England. In: Petroleum Geology of
North West Europe (edited by Brooks, J. & Glennie. K.). 171-180.

Krammer, E. J. 1979. Environmental cracking of polymers. In:
Developments in Polymer Fracture (edited by Andrews, E. H.).
Applied Sciences, Barking. U.K.

Krammer, E. J. 1983. Microscopic and molecular fundamentals of
crazing. Adv. Polvmer Sci. 52/53, 1-56.

Kulatilake, P. H. S. W, 1988. State of the art in stochastic joint
geometry modelling. In: Key Questions in Rock Mechanics (edited
by Cundal er al.). Balkema. Rotterdam, 215-229.

Kulatilake, P. H. S. W. & Wu, T. H. 1984. The density of discontinuity
trace in sampling windows. Int. J. Rock Mech. & Mining Sci. &
Geomech. Abs. 21, 345-347.

Ladeira, F. L. & Price, N. ]J. 1981. Relationship between fracture
spacing and bed thickness. J. Struct. Geol. 3, 179-183.

La Pointe. P. R. & Hudson, J. A. 1985. Characterization and interpre-
tation of rock mass joint patterns. Spec. Pap. geol. Soc. Am. 199, 1-
37.

Lorenz, J. C.. Teufel, L. W. & Warpinski, N. R. 1991. Regional
fractures I: A mechanism for the formation of regional fractures at
depth in flat-lying reservoirs. Bull. Am. Ass. Petrol. Geol. 75,1714
1737.

Massoud, H. 1987. Modélisation de la petite fracturation par les
techniques de la géostatistique. Unpublished thése docteur
Ingénieur, E.N.S. Mines de Paris.

$6 14:8/9-0

937

Miller, S. M. & Borgman, L. E. 1985. Spectral-type simulation of
spatially correlated fracture set properties. Math. Geol. 17, 41-52.

Milson, J. & Rawson, P. F. 1989. The Peak Trough: a major control on
the geology of the North Yorkshire coast. Geol. Mag. 126, 699-705.

Narr, W. & Suppe, J. 1991. Joint spacing in sedimentary rocks. J.
Struct. Geol. 13, 1037-1048.

Novikova, A. C. 1947. The intensity of cleavage as related to the
thickness of the bed (in Russian). Sov. Geol. 16.

Olson, J. & Pollard, D. D. 1989. Inferring paleostresses from natural
fracture patterns: A new method. Geology 17, 345-348.

Pelletier, P. 1971. Techniques Numériques Appliquées au Calcul
Scientifique. Masson, Paris.

Petit, J.-P. & Barquins, M. 1988. Can natural faults propagate under
Mode 11 conditions? Tectonics 7, 1243-1256.

Pineau, A. 1985, L’échantillonage des espacements entre fractures:
une distribution exponentielle négative tronquée. C.r.Acad.Sci.,
Paris, Sér. 11301, 1043-1046.

Pollard, D. D., Segall, P. & Delaney. P. T. 1982. Formation and
interpretation of dilatant echelon cracks. Bull. geol. Soc. Am. 93,
1291-1303.

Pollard, D. D. & Aydin, A. 1988. Progress in understanding jointing
over the past century. Bull. geol. Soc. Am. 100, 1181-1204.

Price, N. J. 1966. Fault and Joint Development in Brittle and Semi-
brittle Rocks. Pergamon Press, New York.

Priest, S. D. & Hudson, J. A. 1976. Discontinuity spacing in rock. Int.
J. Rock Mech. & Mining Sci. & Geomech. Abs. 13, 135-148.

Rawnsley, K. D., Rives, T., Petit, J.-P., Hencher, S. R. & Lumsden,
A. C.1992. Joint development in perturbed stress fields near faults.
J. Struct. Geol. 14, 939-951.

Razack, M. 1982. A propos d’une loi de distribution des fractures.
Interét pour I'hydrogéologie des aquiféres fissurés. C.r.Acad.Sci.,
Paris, Sér 11294, 1295-1298.

Rives, T. & Petit, J. P. 1990a. Diaclases et plissement: une approche
expérimentale. C.r.Acad.Sci., Paris, Sér. 11 310, 1115-1121.

Rives, T. & Petit, . P. 1990b. Experimental study of jointing during
cylindrical and non-cylindrical folding. In: Mechanics of Jointed and
Faulted Rock (cdited by Rossmanith, H. P.). Balkema, Rotterdam,
205-211.

Roberts, J. C. 1974. Jointing and minor tectonics of the Vale of
Glamorgan between Ogmore-by-the-Sea and Lavernock Point,
South Wales. Geol. J. 9, 97-114.

Rouleau, A. & Gale, J. E. 1985. Statistical characterization of the
fracture system in the Stripa Granite, Sweden. Int. J. Rock Mech. &
Mining Sci. & Geomech. Abs. 22, 353-367.

Saporta. G. 1990. Probabilité, Analyse des Données et Statistique.
Technip. Paris.

Segall, P. & Poliard, D. D. 1983. Joint formation in granitic rock of the
Sierra Nevada. Bull. geol. Soc. Am. 94, 563-575.

Sen, Z. & Kazi, A. 1984. Discontinuity spacing and RQD estimates
from finite length scanlines. Int. J. Rock Mech. & Mining Sci. &
Geomech. Abs. 21.203-212.

Snow, D. T. 1968. Anisotropic permeability of fractured rocks. In:
Hydrology and Flow Through Porous Media (edited by De Wiest,
R.J. M.). J. Soil. Mech. Found Div. 84, 73-91.

Souffaché, B. & Angelier. J. 1989. Distribution de joints de tension
dans un banc rocheux: principe d’une modélisation énergétique.
C.r.Acad.Sci., Paris, Sér. 11 308, 1385-1390.

Swain, M. V. & Hagan.J. T. 1978. Some observations of overlapping
interacting cracks. Engng. Fracture Mech. 10, 299-304.

Tsoutrelis, C. E.. Exadactylos. G. E. & Kapenis, A. P. 1990. Study of
the rock mass discontinuity system using photoanalysis. In: Mech-
anics of Jointed and Faulted Rock (edited by Rossmanith, H. P.).
Balkema, Rotterdam, 103-112.

Villagscusa, E. & Brown, E. T. 1990. Characterizing joint spacial
correlation using geostatistical methods. In: Rock Joints (edited by
Barton, N. & Stephansson. O.). Balkema, Rotterdam, 115-122.

Wu, H. & Pollard, D. D. 1991. Fracture spacing, density, and
distribution in layered rock masses: Results from a new experimen-
tal technique. In: Rock Mechanics as a Multidisciplinary Science
(cdited by Roegiers, J.-C.). Balkema, Rotterdam, 1175-1184.



