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Volumetric imaging and characterization of natural fracture networks

C.Montemagno & L.J. Pyrak-Nolte
University of Notre Dame, Ind., USA~

Abstract

The three-dimensional geometry of the fracture network was obtained using a Wood's metal i 1n_|ecuon method
to capture the:intercotinected fracture geometryiunder reservoir conditions. An aute-correlation analysis was
performed 1o examine the anisotropy and stationarity of the two-dimersional spattal correlations'ih the fracture
network with depth in the sample. Visualization of the auto-correlation function in successive planes indicate
that the spatial‘cortelation among fiactures within a network is anisotropic and non-stationary: Theése results
imply that extension of two-diftiensional fractlire maps to the third'dimension may not accurately represent the
structure of the fthcture netwol'k '

Introduction orientation (Long et al., 1985; Tsang et:al,, 1988;
The difficulty in characterizing and imaging natural Karasaki, 1993, Cacaset-al, 1988). While these
fracture networks in rocks arises because the three ‘network models are fairly sophisticated, data-on the
dimensional networks are imbédded in 4 fock matrix three-dimensional topology of fracture networks
that is opaque te-almost all probes, Real fracture > have been lacking. Input sets for these simulators are
networks are often only observed as two-dimensional often Hased on two-dimensional observations of the
planes or cross-sections, such as ir rock outcrops, fracture hetWork. Two-dimensional data sets yield
tunnel or excavation walls, or as thin sections after information on the distribution of fractures but do not

destruction of the rock sample. The three-dimensional  yield information on the thtee-dimensional ~
interconnectivity of a fracture network is a key feature connectivity or thmc-dlmensmrial spatial- -

in the analysis of the structural integrity and the correlations of the network. '
hydraulic permeability of a rock mass. The To bridge thiis gap in the undetstanding of fracture
interconnectivity defines the rock blocks that have the networks, Wood's metal'injectionand computerized
potential to damage an engineering structure and %x-ray tomography were used to image the geometry
controls the movement of contaminants and other of natural fracture networks in coal vider in-site
fluids through rock. While the seismic visibility of stress conditions. The results of this process is the
fractures in rock has been studied as a means of generation of data sets that permit the quantitative
remote non-destructive detection of fractutes [Pyrak-  visualization and analysis of thrce dlmensmn

Nolte et al., 1990], more information is needed to fracture networks
reconstruct the complex network geometry for usein -
network flow modeling. S

The transport of fluids through a fractured rock Samples

mass is intimately felﬂtﬁq't‘? the-geometfy. of the Two coal tores were drilled from blocks of coal
fracture network. Numerical models for simulating collected from Seam #1 of the Sundance Pit at the La
fluid flow through fracture networks in three- Plata Coal Mine, New Mexico to study the three-

dimensions require some form of data on the
geometry of the network, such as spatial corrélations,
intercontiectivity, fracture length, or fracture

dimengional intercorinected geometry of fractures in
coal, Core AA was drilled perpendicular to the
bedding plane. Core BB was drilled parallel o the
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bedding planes and parallel to the domjnant fracture -

set {face eleats). The dimensions and porosity of the
samples are listed in Table 1.

TABLE 1. Data from Wood’s metal injection
experiments on coal samples AA and BB
from seam #1 in the Sundance Pit at the
La Plata coal mine, New Mexico.

Sample Number AA BB
[ Dimensions {cmy
Diameter 8.89 8.89
Length 4.41 11.18
Bulk Volume (cm®) 274 694
Fracture volume S
measured (cm?) 0.22 0.64
| Effective Practure 0082 1 O 094
Porosity (%) . . { +0.002 iO 002 .
Minimum aperture - 1.22 1.37
agcessed +0:59. |- +065
Experimental Procedure

A Wood's metal injection tec.hmque was used to
capture the interconnected fracture network geometry
in coal. Wood's metal injection was first used by
Dullien (1969} to capture the pore-geometry of voids
in sandstones. Since, it has been used o capture. the
void geometry and contact area distribution in single
‘natural fractures (Pyrak-Nolte et al., 1987), crack.
growth under compressive stress (Zheng, 1989), and
the distribution of two-phases in the pores of
sandstone (Yadav et al, 1986). The advantages of .
Wood's metal over {raditional resin techniques are
that the high-sorface tension.of Wood's metal allows
the size of aperture accessed to be controlled and that
the metal leaves a detajled cast of the fracturc
sucfaces.

The expenmental set-up is shown in Figure l The
coal sample is placed in a hydrostatic pressure vessel
and subjected to confining pressures representing: -
reservoir conditions. Core AA and BB were subjected
to confining pressures of 4.89 MPa and 5.54 MPa
~ respectively. The apparatus is heated to i,
approximately 95 °C. During heating,  nitrogen back
. pressure (0.44-0.49 MPa) is used to prevent oxidation
of the coal during heating (Ne_!son 1989 and to
provide a constant pressure front to the invading
metal, Molten Wood's metal is injected into the
sample and is allowed to solidify. After injection, X-
ray computetized tomographic (CT) scans are taken
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JFIGURE 1. Schematic of Wood’s metal
Injection system.

Lo delmeatc the metal- ﬁlled fractures. From the two-
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dimensipnal scans, the three-dimensional fracture.
network geometry can be reconstructed (Pyrak-Nplte
& Montemagno, 1994).

Diita
An example of the geometry of the fracture network

observed in the CT scans after image processing.is .
illustrated. in Figure 2, The metal-filted fractures are

i

FIGURE 2, Fractute pattern from an image
processed CT-scan of core BB,

clearly visible in this 63 mm by 63 mm section of core
BB. The fractures in this core appear planar and
rectilinear.



Aunto-Correlation Analysis

Spatial correlation analysis can yield several parame-
ters describing pore (Berryman, 1985} or fracture
geometry, such porosity, specific surface ares, frac-
ture spacing, length and width of the fracture. An
auwo-correlation analysis was performed to determine
the anisetropy and staticnarity of the two-dimen-
sional spatial correlations in a fracture network with
depth in the samples. Ninery and forny-rwo CT scans
were wsed in the analysis for corcs BE and A4,
respectively. To analvze the spatial correlations in the
nerwarks, the auto-cormelation function for each CT
scan was derermined using equation {1}, The amo-
correlation function is computed trom

ETEY =%j.":£ja’*"ilz]mp:r’£-i]d:: (LG 1)

the inverse Fourder Transform of the Fourier
Transform times the complex conjugate of the Fourier
Transform. After calculating the auto-comelation
function for each slice of the image, the auro-
correlation slices were used to reconstructed a
volumetric image of the spatial correlations with
depth in the sample.

Discussions

The spatial distibution of the fractures within a
single plane trom the CT scans can be examined with
one-dimensional graphs (Figure 30 or teo-
dimensional images (Figure 43, Figure 3 shows the
auto-correlation function for bath cores for
orieptations of 0° and 907, Because the fracture
network is anisolropic, the spatial correlation
functions for 07 and %07 are different for both cores
The width of the correlation functions {which is
related to the lenglh of the fractures) 1s larger for the
907 arientation. For the 07 arientation, the spacing
between fractures can be observed from the
oscillations in the auto-correlation function. The
anisotropy is also evident in the two-dimensiona]
wisualizations of the correlation functions in Figure 4.
If the netwark was isolropic the correlation functions
waltld appear as a circle in this fgure.

The non-stationarity in the spatizl correlation
among fractures is observed by exarmining the change
in correlation function with depth in the sample. In
Figure 4 the spartial correlations functions for twao
different depths (approsimately 20 mom apart) i the
sample are shown, The fact that the spatial
cormelatons vary with depeh dllustrates the non-
sationarity of 1he srructure of the frwture netvwork.
This analvsis indicared that the fraciure network wiis
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FIGURE 3. Auto-correlation function for
cores AA and BE illustrating the
anisotropy of the fracture network
with direction.
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stationary only for:increments of distance of less than
3 mm. Non-stationarity can arise from changes in
maceral (coal minerals) distribution during formation
of the coal and from lithostatic stresses in the'Earth
that increase with depth.

Summary

Spatial correlations in a natural fracture network in
coal are observed to be anisotropic and non-
stationary. This indicates the difficulty in extending
two-dimensional data sets from rock outcroppings or
borehole samples to theé third dimension.
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Rock mechanics in petroleum engineering - Proceedings/
Comptes-rendus/ Sitzungsberichie/ SPEASRM Intermaiional Con-
Jerence/ EUROCK 94/ Delft /2931 August 1994

1994, 25 ¢cm, 992 pp., Hil. 130/ $99.00/ £68 905410502 X
Besides covering established research topics like drilling, sand
faiture & hydrautic fracturing, the conference has focused on the
Irrote recent, environmental-related topics of waste disposal, hydro-
carbon storage, subsidence & compaction induced sefsmicity. Also
highlighted are emerging technologies for n‘npmvedmckchamc—
terisation, such as downhole probes, acoustic emisston & ncoustic
tomography. Toplcs: Rock characterisation and behaviour; Stability
of well bores and excavations; Fracture mechanics; Rock mass
response of hydrocasbon production and mining; Storage, waste dis-
posal and environmental applications; Chatk; In-situ measurement,
103 papers.

Petrosyan, M.I 9061919029
Rock bmkngebyblasﬂng )
(Russian translations series, 103) (Mo rights India)

1994, 24 em, 152 pp., HIL95 /855,007 £35
Atranslation of Razruzhenle gomikh porod privrivaol othoike,
Moscow, 1991. Results of complex investigations into the reck
breakage mechanism & the pattenis of crack formation during a
blast; Problems of modelling; Principal equations linking the model
with proto‘lype& strnilarity criteria; Methods of recording stresses;
Propagation & quality ore fragmentation; Stability enclosing rocks.

Kuzmenko, A.A., V.D.Vorobev, LLDenisyuk & A.A Dauetas
Selsmic effects of blasting In vock 9054102144
{(Russian transiations series, 100) (Nosights India)
1993, 24 cm, 177 pp., HiL.125/$70.00/£46

A ranslation of Selsmicheskoe gelseviye varyvav gomykh porogakh,
Moscow, 1990. Results of theoretical & experimental investigations
of the seismic waves depending on natural & technological factors
arediscussed. Methods of engineering caleulations of industrial
blast parameters are presented which ensuee greater safety inblast-
ing ions from the point of view of seismic effects. A method of
evaluating the technoeconcmic effectiveness of introducing protec-
tlon measures against seismic damage is described.

Hoek, E., PK.Kaiser & W.F Bawden 9054101865

- Support of underground excavatlons in hard rock
1995, 28 cm, 232 pp., HEL95 7 $45.00/£35 {No rights India)
(Studentedn, 905410 1873, Hi145/$19.504 £16)
Acomprehensive volurme dealing with the design of rockbalts,
dowels, cable bolts and shotcrete for underground excavations in
hard rock, Many practical examples ars given and extensive use is
made of user-friendly software developed specifically for this appli-
cation {available separate), Topics covered include rock mass classi-
flcation systems, shear strength of discontinuities, analysis of stnic-
tusally controlled failures, in situ and included stresses, estimating
rock mass strength, supportdesignfmovmu'essedtockaswellas

discussions on different types of undergmund support.

Pasamehmetoglu, A.G. etal, (eds.} 9054103094
Assessment and prevention of failure phmumm inrock
enginecring — Proceedings of a reglonal symposium of the ISRM,
Tstanbul, Turkey, 5-7 April 1993

1993, 25 cm, 800 pp.. Hil. 260/ $150.00/£96

Failure phenomena & its mechanism in model tests, surface strue-
tures and underground openings; Theoretical approaches; Numeri-
cal approaches; Case studies. Eds: Middte Bast Techn,Univ,, Ankara.

Nelson, PP, & 5.E.Laubach{eds.} 2054103808
Rock mechanics: Modelsand measurements, Challenges from
industry — Proceedings of the Ist North American rock mechanics
symposium, Austin, Texas, 1-3 June 1594

1994, 22.om, 1200 pp., HAL150/$85.00/ £35

Keynote lectures; Panel discussion; Hydranlic & mechanical proper-
ties of discontinvities; Borehole stability & hydraulic fracture; Rock
engineering for underground excavations; New developments in
blasting; Rock cutting & TBM performance simulation; In-situ
stress; Mechanical properties of intact rock; Static & dynamic
pmpamesofmmtmck Uncertainty & reliability in rock engineer-
ing; Numerical modelting; Mechanics of weak rock; Intact rock test-
ing; Natural fracture systems; Mechanics of poorly consolidated
weak rock; Deepmine design in South Africa & Canada; Deep mine
design / bursting / pillar design; Coal & surface mine design; Rock
mechanics in dam & hydro-project construction; Rock mechandes i
the design of rock slopes; Index. Editors: Univ. of Texas at Austin,
USA.

Xie, Heping (M. AKwasniewski, Bditor-in-Chief) 90354101334
Fractals in vock mechanies (Geomechanics Research Serles, 1)
1993, 25 cm, 464 pp., HIL 1504 $85.00/£55

Important developments in the progress of the theory of rock mech-
anies during recent years are based on fractals ad damage mech-
anics, The book is concermed with these developments, as related to
fractal descriptions of fragrmentations, dumage, and fracture in rocks,
rock bursts, joint roughness, rock porosity and permeability, rock
grain growth, rock and soil particles, shear slips, Auid flow through
jointedrocks, faults, earthquake clustering, etc. A simple account of
the basic concepts, methods of fractal geometry & their applications
torock mechanics, geology & seismology. Discussion of damage
mechanics of rocks & its application lo mining engineering. Author:
ChinaUniv. of Mining & Technology, Xuzhou, China.

Rossmanith, H.-P (ed.) 9054103167
Rock fragmentation by blasting - Proceedings of the fourth inter-
hational symposium - FRAGBLASTA, Vienna, 5-8 July 1993

1993, 25 cm, 534 pp., Hil. 195/$115.00/£72

Fundamental research in blasting; Vibration & damage inunder-
ground & surface blasting; Influence of joints & planes of weakness
o stress waves & fragmentation; Throw, muckpile shape, & aifblast
onsvrface; Blast design; Fragmentarion analysis; Explosives news
& explosives propetties; Special techniques & applications; Blast-
ing in special regions; Miscellanecus. Bditos: Techn, Univ. Vienna.

Andeev, G.E.

Brittle fallure of rock materials

Tests results and constitutive models

March 1995, 25 e, ¢.380 pp., HIL195/$115.00/£74
Comprises different basic aspects of brittle falture for rocks, Classi-
cal & contemporary models are considered theoretically as well as
failure pattems under different loading schemes. Terminology;

9054106026

Strength theories; Contermporary models about brittle fracture; La-

borationat methods for determining some mechanical propertiesof
rocks; Mohr strength envelopes; Experimental investigation of
brittle behaviour; Size effect; Concluding remarks and references.

§ingh, B. & PPal Roy 905410956 8
Blastingin excavations and mines
1993, 24 cm, 188 pp., Hi.115/$65.00/£43 {(Norights India)

Basic principles, usual techniques, significant variables, optimum
design aspects, and modifications of some physical concepts in the
context of mine & ground excavations. Basic theory & existing
methocds; Empirical & analytical modelling; etc.
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