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Scaling Relations for the Lengths and Widths of Fractures
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Fault-fracture patterns have been studied in slabs of clay during extensional deformations. Fractures
nucleate and grow on many scales. A new scaling relation is proposed for the lesfgilfracture as a
function of the ared ~ A#, with the same exponemg = 0.68 + 0.03 for many deformation types. A
consequence of this scaling relation is that the width of a fracture scales with the lengtk d5 42
A spring network model is shown to reproduce the pattern, both visually and statistically, with the same
scaling exponents. [S0031-9007(96)01718-8]

PACS numbers: 62.20.Mk, 61.43.—j, 64.60.—i, 81.40.Np

Since the pioneering work of Mandelbrat al.[1]  clay models in quantitative terms. Some progress has
more than a decade ago, the self-affine roughness dfeen made towards understanding more complex fracture
fractured surfaces has been studied in many materialgatterns in thin films in terms of model experiments [12]
[2-5]. This has led to the idea that the Hurst exponenaind simulations [13], but no new relations have been
is a universal, material independent characteristic [5,6]proposed to characterize the shape of fractures.
However, others have attempted to correlate the Hurst Fracture patterns in clay have been simulated using
exponent with material properties, including the toughnespurely statistical models [14]. More realistic results have
[4,6]. While the self-affine scaling of fracture surfacesbeen obtained using physically based models. Based on
appears to be well established, the universality of thédeas from the study of disordered systems, materials
Hurst exponent remains controversial. have been modeled on a mesoscopic scale as networks

Most of the work on the scaling of fracture processesf springs [15—-17] or beams [18]. In particular, drying
has been focused on the propagation of a single craokracks in thin films have been simulated as thermally
and has stimulated the development of new theoreticdhduced cracks in a spring network connected to a
approaches to crack growth. In practice, the spanningubstrate [19]. Also, a random fuse network model has
fracture may be accompanied by smaller cracks anteen proposed as a model for clay cracking during drying
branches that are not detected, or are overlooked. If20]. However, there have not been any quantitative
many materials, failure occurs as a result of the growtlcomparisons between models and experiments.
and coalescence of a large number of cracks. This is We have studied the surface fracturing of clay in several
particularly true in the failure of complex, disordered deformation modes inspired by practical problems from oil
materials such as rock and concrete. Knowledge of theeservoir engineering. We propose a scaling relation for a
distribution of shapes and sizes of cracks provides anew set of measurable quantities characterizing the length
opportunity to study other aspects of the failure procesand width of a fracture. The exponents are robust: inde-
that may also show universal scaling behavior and lead tpendent of the clay type, moisture content, the type of ex-
a better understanding of failure in an important class ofensional deformation, and the deformation speed, within
materials. The structure of fault patterns is also importantertain limits. We have constructed a physically based net-
in oil reservoir characterization, in particular in order to work model that displays convincing visual and a quanti-
predict the fracture pattern at subseismic scales. tative statistical correspondence with the experiments.

The use of small physical scale models to study large Experiments—Four different experimental setups were
scale geological structures has a history going back tased: two for localized extension (A and B) and two
at least the 16th century [7]. Clay appears to have théor uniform extension (C and D), as explained in Fig. 1.
right combination of rheological properties to study theThree ordinary pottery clays were used: the stoneware
folding of sedimentary rocks, and has been used for thislays 1161Y, St. Thomas White from Potclays Ltd. (UK),
purpose for more than 150 years [8—10]. Experimentsnd the porcelain clay, HPB-45937, from KPCL (NL).
with small scale models have had an important influenc&xperiments with different moisture contents were per-
on the development of the understanding of tectonicéormed for the 1164Y clay. The moisture content was
[11], diapirism, and other processes. However, there hameasured in terms of the density [10] and varied in the
been little effort to study the morphologies generated byange1.81-1.93 g/cm’. Wet clay appeared to be more
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found from the digital pictures: A fracture was defined
as a connected region of pixels in the picture with an
intensity higher than a certain threshold. At the resolution
used, the detected fractures corresponded very closely to
the fractures found by careful visual inspection of the clay
surface. Pictures were taken at different resolutions, but
the basic statistical relationships did not vary with the
resolution.

For very small extensions the clay surface did not
fracture, but fractures nucleated and grew as the extension
increased. The growth of a fracture was halted either
because of shielding by other fractures or because it
encountered a particularly strong region in the clay. We
FIG. 1. Clay deformation experiments. In setup A the clayobserved that long fractures frequently appeared when
slab initially rested on two 10 mm thick wooden plates of sizeyo or more fractures joined at their ends. Figure 2(a)

50 X 25 cm in contact with each other. The two plates were .
driven apart by a motor, forcing the clay to deform, since it didShOWS an example of the fracture pattern for setup C in

not slip on the plates. The clay sunk down into the 10 mmFig. 1. Fractures appear on all scales. Many important
thick gap created in the opening between the plates. Setup Borrelations are evident: Large fractures often have
consisted of a 0.4 mm motorized aluminum plate on top ofsmaller fractures near their ends. What may be perceived
?hStatl'O”arlbeOOde” p'ated _Se_é“ptﬁ used a benttm]?ttal p'f‘t‘é-s one long fracture is often a collection of smaller,
e clay slab was prepared inside the concave part of the platg;. . ;
which V\yas then strzfighrzened leading to uniform eE(tension ofpth igned fractures. From close inspection of the clay slab,
top of the slab. Setup D was based on the idea of Oertel [21]f Was found that these fractures were not connected on the
using a scissor mechanism with multiple shears. Each she&urface. The actual surface deformation was of two types:
had upright pins and was moved by a motdd-shaped metal fault deformations, mostly oriented in the same direction,
profiles rested on the pins, leading to a uniform shorteningyng open surface cracks. Most detected fractures were
or lengthening of the base as the motor moved the SC1SS%om faults in the clay; the detected fracture area was then
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the projection of the open fault onto the surface plane.
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slab and the top surface by hand. Small amounts of wate !» NN

were used to smooth the surface. The excess water was 1, i \ }} } ( \

moved and the final shape was obtained by gently smoott | ) ‘)) r A

ing the surface with a putty knife. Finally, to enhance the Ll } gt ; ! f } '

visual contrast, the surface was colored with carbon blac { ! } o 12 | ; f s

using a soft brush. A typical size for the clay slab was ( ¢ } Z ! : 11 {

25 X 25 cm with a thickness o25 mm. Digital images \ by % _‘ ( ;! )

of the top surface of the clay models were recorded with i IR ( ' { poLd

high resolution CCD camera system (Photometrics Series {: ,f \l? i / \g

200 w/Kodak KAF-4200 with2000 X 2000 pixels). In . § f ) i{§ f \ \ ‘1

experiments with setups A, B, and D of Fig. 1 images were ' ’ AN ' £

recorded every 40 s. With setup C it was possible to obFIG. 2. (a) A2000 X 2000 pixels picture from an experiment
tain focused pictures only at the final stage when the met%ygtr;efrféugn?ulg];e'(:jlgtjsiln gufa?(()%xdgt)cgrggttwgrllsaffsr%pﬁﬁg rmth
plate and the top surface of the clay were flat: extension in the direction. Different statistical realizations are
A fracture appeared as a gray opening in the blackhown in (b), (c), and (d). The simulations are for= 1.15
surface. The areas corresponding to open fractures weedd Aa = 0.05.
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Simulations—The deformation and fracturing of the area of the fracture. Figure 3 shows that A# for both
clay slab was modeled as a network of elastic springexperiments and simulations. The average width scales
connected to a substrate [19]. This represents the clayith the area asv ~ A'"2. An upper cutoff is given
on an intermediate scale, between the microscopic detailsy the system size. To avoid size dependent effects in
of the clay particles and the macroscopic behavior of thehe experiments only the central region of the slab was
whole slab. The clay surface is represented as a twanalyzed removing the fractures extending outside this
dimensional triangular network of nodes connected byegion. For the simulations periodic boundary conditions
springs each with spring constahit = 1. The coupling in the vertical direction were used. Systematic deviations
from the substrate through the height of the clay slab igrom scaling are observed for small fractures. In the
represented by weaker springs with spring constapts experiments this is an artifact of the digitalization process.
During deformation, the substrate attachment points arét higher resolutions small fractures also obey the scaling
moved, imposing a deformation on the surface layer. law. In the simulation the deviation is also a result of
Disorder is an essential component of the model andinite resolution since a broken bond is the lower limit of
the physical system: It is introduced by a distributionfracture width.
of breaking thresholds for the springs. It was assumed The scaling behavior of the experimental data extends
that each spring in the network can sustain only a certaiover three orders of magnitude for the lengths and four
maximum forcem;, randomly selected from a normal for the areas. The scaling seems to be independent of the
distribution with average and variance\a?. clay type, moisture content, history, speed, and extension
Substrate deformation proceeds in small st&ps All type used. An interesting observation is tifappears to
substrate positions are moved and the lattice relaxed intdecrease with increasing deformation. This can be seenin
a state of minimal energy (zero net force on each nodefrig. 4 whereg is plotted as a function of the percentage
using overrelaxation [22]. The spring in which the forceof the imaged area that belongs to fractures, i.e., the
exceeds its threshold; by the largest amount is removed percentage of black pixels to the total number of pixels
and the lattice is relaxed again. This procedure is iterateth Fig. 2(a). However, the quality of the experimental
until all bonds are below their thresholds. The substratelata is not good enough to determine the dependence in
is then further deformed b$x and the breaking process detail. For small deformation only a few small fractures
is repeated. Fractures appear as open connected areasig present. The statistics are poor and dominated by the
the surface. smallest fractures whose lengths grow linearly with the
The mechanical coupling to the substrate introduces area due to the finite and discrete width. The exponents
length scale—the average distance between fractures, found for small deformations are effective exponents
In a one-dimensional systernscales as; /2 for small  resulting from the crossover from the linear dependence at
k> [20,23], and a similar dependence was found in twosmall extensions to the power-law dependence found for
dimensions. larger extensions. For very large extensions the fractures
The pattern from the simulation depended on the choice
of parameters. For large, (107! the fracture pattern
consisted of many small fractures; &s decreased the
global effects became more important and the fractures
looked more similar to the clay fractures. The choice of 0L6TED02
threshold distribution was also important. However, we
found that most centralized, symmetric distributions such _ 240 1
as uniform and Weibull distributions with realistic pa-
rameters, gave similar results. In the simulations pre- 0+
sented here a normal distribution was used. e
For a reasonable set of parameters, the evolution of the ;| ==
fracture patterns in the simulations was quite similar to
that of the experiments with similar nucleation dynamics

log, (11

(0.73+0.02

and coalescence dynamics. For a normal distribution of o 0 20 30 40 50
the threshold forces witlh = 1.15 and Aa = 0.05, and log, (A
— 103 ;
kz_ = 10 the- patterns at 15% gxtensmn_ compare We”FIG. 3. Plots ofl as a function ofA for the =3000 fractures in
with the experimental pattern as is shown in Fig. 2. the experimental picture shown in Fig. 2(a) and for a simulation

Since the fractures (see Fig. 2) are oriented withfif  on a800 X 800 network at15% extension. The experimental

of the vertical direction (the direction perpendicular to thedata have been shifted upwards by a factoi@f*. The solid
extension), we define the length of a fractuteas the part of the fitted lines indicates the region over which the fit was

tical dist f th to the | q ftheperformed. The shaded area indicates one standard deviation
vertical distance from the upper 1o the lower end O N€qx¢ e opserved length for given A, to each side of the

fracture, and the widthy, as the average horizontal width average length. The exponents are equal within the statistical
of the fracture aperture. Thu$ = Iw is the observed uncertainties.
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