Geomechanical model for fracture deformation under hydraulic,

mechanical and thermal loads
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Abstract Hydraulic flow and transport (heat and solute)
within crystalline rocks is dominated by the fracture sys-
tems found within them. In situ stress conditions have a sig-
nificant impact on the hydraulic, mechanical and thermal
coupled processes, and quantification of these processes
provides a key to understanding the often transient time-
dependent behaviour of crystalline rocks. In this paper,
a geomechanical model is presented which describes frac-
ture closure as a function of effective stress and the changes
in parameters such as storage, permeability, porosity and
aperture. Allowing the fracture closure to be defined by the
change in normal effective stress provides a link to the nu-
merical consideration of parametrical changes due to rock
stress alterations caused for example by changes in fracture
fluid pressure, stress release, tectonic stress, thermal stress,
orientation of the natural fracture in the pervasive stress
system and local changes in a rock mass due to stress alter-
ation. The model uses geometrical considerations based on
a fractal distribution of apertures on the fracture surface,
and applies well-established analytical elastic deformation
solutions to calculate the deformation response to changes
in effective stress. Analysis of the fractal generation method
allows a standard normal distribution of fracture apertures
to be predicted for all common fractal dimensions relating
to a 2D surface. Changes in the fracture aperture are re-
lated to hydraulic functions such as permeability, storage
and porosity of the fracture. The geomechanical model is
experimentally validated against laboratory scale experi-
mental data gained from the closure of a fractured sample
recovered at a depth of 3,800 m from the KTB pilot bore-
hole. Parameters for matching the experimental data were
established externally, the only fitting parameters applied
were the minimum and maximum contact area between the
surfaces and the number of allowable contacts. The model
provides an insight into the key processes determining the
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closure of a fracture, and can act as a material input func-
tion for numerical models linking the effects of changes in
the stress field, hydraulic or thermal conditions, to the flow
and transport parameters of a fractured system.

Résumé L’écoulement et le transport (chaleur et soluté)
dans les roches cristallines sont dominés par les systemes
de fracture. Les conditions de stress in-situ ont un im-
pact significatif sur 1’hydraulique, les processus couplés
de mécanique et thermique et la quantification de ces pro-
cessus apportent une clé pour comprendre le comporte-
ment transitoire des roches cristallines. Dans cet article un
modele géomécanique est présenté, modele qui décrit la fer-
meture des fractures comme une fonction de la contrainte
effective et des changements de parametres tels le coef-
ficient d’emmagasinement, la perméabilité, la porosité et
I’ouverture. En s’accordant que la fermeture des fractures
est définit par les changements de la contrainte effective
normale, on apporte le lien avec la considération numérique
des changements paramétriques dus aux altérations de la
contrainte des roches, causés par exemple par des vari-
ations de la pression des fluides dans les fractures, du
dégagement de la contrainte, des contraintes tectoniques et
thermiques, des orientations des fractures naturelles dans
le systeme de contraintes pénétrantes, et des changements
locaux dans un massif de roches dus a I’altération des con-
traintes. Le modele utilise des considérations géométriques
basées sur une distribution fractale des ouvertures a la sur-
face des fractures, et permet d’établir des solutions analy-
tiques de la déformation élastique pour calculer la réponse
de la déformation a la contrainte effective. L’analyse de
la méthode par génération fractale permet de prédire une
distribution normale standard de 1’ouverture des fractures,
pour toutes les dimensions fractales en relation avec les
surfaces 2D. Les changements dans 1’ouverture des frac-
tures sont mis en relation avec les fonctions hydrauliques
tels la perméabilité, I’emmagasinement et la porosité de la
fracture. Le modele géoméchanique est expérimentalement
validé a I’échelle du laboratoire sur un échantillon fracturé
récupéré a une profondeur de 3,800 metres sur le puits du
site pilote KTB. Les parametres du calibrage des données
expérimentales ont été établies extérieurement, les seuls
parametres utilisés étant les surfaces de contact minimum
et maximum, et le nombre de contacts permis. Le modele
apporte une connaissance perspicace sur le processus clé
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déterminant la fermeture des fractures, et peut servir de
fonction input dans les modeles numériques reliant les ef-
fets des variations de la contrainte du terrain, les conditions
hydrauliques ou thermales, les parameétres de 1’écoulement
et du transport et les systémes de fracture.

Resumen El flujo hidrdulico y transporte (de calor y
solutos) dentro de rocas cristalinas estd dominado por
los sistemas de fracturas que se encuentran en ellas. Las
condiciones de esfuerzos in-situ tienen un impacto signi-
ficativo en los procesos aparejados termales, mecanicos e
hidraulicos y la cuantificacion de estos procesos aporta una
clave para entender el frecuente comportamiento transito-
rio dependiente de las rocas cristalinas. En este articulo
se presenta un modelo geomecénico que describe el cierre
de fracturas en funcién del esfuerzo efectivo y los cam-
bios en parametros tal como almacenamiento, permeabil-
idad, porosidad y apertura. El definir el cierre de fractura
mediante el cambio en esfuerzo normal efectivo aporta
un vinculo con la consideracién numérica de cambios
paramétricos ocasionados por alteraciones de esfuerzos en
la roca causadas, por ejemplo, por cambios en presion
de fluidos en fractura, liberacién de esfuerzo, esfuerzo
tectonico, esfuerzo termal, orientacion de fracturas natu-
rales en el sistema de esfuerzos penetrante, y cambios lo-
cales en una masa rocosa ocasionados por alteracién de
esfuerzos. El modelo utiliza consideraciones geométricas
basadas en la distribucidn fractal de aperturas en la super-
ficie de fractura y aplica soluciones analiticas bien estable-
cidas de deformacion eldstica para calcular la respuesta de
deformacidn a cambios en el esfuerzo efectivo. Los andlisis
del método de generacidn fractal permiten predecir una dis-
tribucion normal standard para la distribucién de aperturas
de fracturas para todas las dimensiones fractales comunes
que se relacionan con una superficie 2D. Los cambios en la
apertura de fractura se relacionan con funciones hidraulicas
tal como permeabilidad, almacenamiento y porosidad de la
fractura. El modelo geomecdnico se ha validado experi-
mentalmente en contra de datos experimentales a escala de
laboratorio obtenidos a partir del cierre de una muestra frac-
turada recuperada a una profundidad de 3,800 m en el pozo
piloto KTB. Se establecieron externamente parametros que
se ajustan a los datos experimentales, con los pardmetros
de ajuste aplicados que fueron el drea maxima y minima de
contacto entre las superficies y el nimero de contactos per-
misibles. El modelo arroja luz sobre los procesos clave que
determinan el cierre de una fractura y puede actuar como
un material de funcién de entrada para modelos numéricos
que vinculan los efectos de cambios en el campo de esfuer-
zos, condiciones termales o hidraulicas, con los parametros
de flujo y transporte de un sistema fracturado.

Introduction

Application

Understanding the hydraulic flow and transport (heat and
solute) within crystalline rocks is particularly important
in fields such as the utilisation of crystalline hot dry
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rock geothermal reservoir systems at depths of at least
4 km, (e.g. Baria et al. 1999; O’Sullivan et al. 2001),
or prediction of the behaviour of radioactive nuclide
migration (e.g. National Coorperative for the Disposal of
Radioactive Waste (NAGRA), Buscheck et al. 2002). The
transport characteristics of crystalline rocks are dominated
by the fracture systems found within them. In situ stress
conditions have a significant impact on the parameters
of the fracture system responsible for flow and transport
(e.g. Rutqvist and Stephanson 2003; Kessels 2000), and
quantification of the hydraulic, thermal and mechanical
coupled processes provides a key to understanding the
behaviour of crystalline rocks.

Fracture systems dominate the mass and energy transport
of deep crystalline rocks (e.g. Emmermann and Lauterjung
1997). The characteristics of the three dimensional fracture
systems in terms of flow, transport and heat conduction are
controlled by a number of critical factors, in particular the
geometry of the system in terms of the orientation of the
fractures in the pervasive stress system (e.g. Zimmermann
et al. 2000, 2003), the fracture connectivity (e.g. Bour
and Davy 1997; Manzocchi 2002), fracture permeability
(e.g. Nicholl et al. 1999; Wang et al. 1988; Watanabe
and Takahashi 1995), porosity (e.g. Montemagno and
Pyrak-Nolte 1995) and area of fracture system available
for sorption and heat exchange (e.g. Renner and Sauter
1997; Wels et al. 1996) form some of the most important
factors which need to be addressed.

One important aspect highlighted by a number of authors
regarding the long-term behaviour of fracture systems is
their response to stress changes which may be generated
due to hydraulic alterations of the systems, long-term stress
field alterations (erosion considerations during waste depo-
sition storage), and thermo-elastic stress alterations due to
a change in the amount of heat in the systems (hot dry
rock heat extraction). Indeed O’Sullivan et al. (2001) par-
ticularly pointed out that long-term geo-mechanical effects
of thermal stress changes on geothermal reservoir char-
acteristics need to be investigated. A model is presented
here where effective stress across a fracture is linked to the
fracture aperture, permeability and effective porosity. The
effective stress is a function of the tectonic stresses, the
hydraulic stresses and thermal stress release (McDermott
et al. 2005).

In situ conditions at depth

For deep-seated fracture systems, pressure heads of the or-
der of several hundred meters can be expected, particularly
in the case of injection or extraction of fluids for the recov-
ery of geothermal energy. This therefore greatly increases
the pressure-dependent effects in fracture systems, usually
not seen in near surface hydrogeological considerations
where comparatively small head changes are encountered.
Additionally during HDR operation, as a consequence of
heat energy extraction temperature differences of the or-
der of 100°C can be expected, which in turn leads to large
amounts of stress energy release.
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The response of a fracture network to stimulation by ei-
ther extraction or injection of fluid and temperature changes
is a time-dependent integral signal comprising the individ-
ual responses of the discrete fractures (e.g. McDermott
et al. 2003; Beeler and Hickman 2004). The individual
responses of the discrete fractures within the fracture sys-
tem are determined by interaction of the fluid injected or
extracted and its physical characteristics such as density,
viscosity, heat capacity and temperature. Within the solid
medium factors such as the elastic response of the medium
and pervasive in situ conditions including temperature and
pressure have a critical impact. Alterations within the frac-
ture system of parameters such as the contact area, stor-
age, effective porosity, flow channelling and permeabil-
ity can be expected coupled to changes in the pervasive
conditions.

Existing models

Both empirical solutions and elastic models are currently
applied to investigate fracture opening and closure in re-
sponse to stress alterations. Rutqvist and Stephanson (2003)
provides an excellent overview of models used for hy-
dromechanical coupling at an aquifer level, and a number
of well-known empirical approaches to changes in the nor-
mal stress across fractured medium. Zimmerman (1991)
published an important monograph on the compressibil-
ity of sandstones, including much work on stress and the
deformation of different shapes of pore spaces as well as
including a number of analytical solutions for deformation.
Papanastasiou (2000) and Bai et al. (2000) applied elastic
solutions for rock masses after Jaeger and Cook (1979)
for elliptical cracks to define the deformation responses of
fractures under tectonic extension in multiple layered sys-
tems. This approach views the fracture as an ellipse, which
can open or shut, but ignores the impact of asperities in the
fractures. Myer (2000) developed a similar model, where
the fracture is represented by several coplanar ellipses sim-
ulating cracks. The closure of the fracture is related to the
contact area between the ellipse where the fracture is as-
sumed to be closed, the interaction of the ellipses with each
other, and the elastic solutions for the collapse of an ellipse
in a given stress field. On the other hand, Greenwood and
Williamson (1966) proposed a model defining the frac-
ture asperity height with a probability density function.
This model coupled with a Hertzian deformation, Johnson
(2001), of the asperity tips and the detailed consideration of
contact stress of asperities linked with the resulting contact
area of the asperities is often used as a starting point for the
prediction of fracture aperture closure or expansion depen-
dent on normal stress, (e.g. Brown and Scholz 1985). Beeler
and Hickman (2001) presented a non Hertzian model for
the closure of a rough fracture where not just the tip area
of asperity contact is considered but the entire contacting
height of the asperities are taken into account, however the
effect on the rock mass was not included.
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Overview of the geomechanical model premises

and application

In this paper, an elastic model for the closure/opening of a
fracture under changes in effective stress is presented. Here
the far field stress conditions, the asperity distribution and
the development of contact between the fracture surfaces is
considered. A key assumption to this model is that the aper-
ture distribution can be represented as a fractal function,
(e.g. Ogilvie et al. 2003; Fomin et al. 2003; Babadagli and
Develi 2000; Glover et al. 1999; Watanabe and Takahashi
1995; Belfield 1994; Wang et al. 1988). The use of a fractal
distribution provides a number of advantages, in particular
the system can be considered either as a two dimensional
closure and contact of a number of asperities (i.e. aperture
and length are considered), or three dimensional closure of
two fracture planes (aperture length and depth). The math-
ematics and distribution of the asperities are principally
identical in each case due to the inherent self-similarity
of the fractal distributions, apart from the addition of a
second dimension when moving from a line to a surface
generation, (Zhou and Xie 2003). This important property
coupled with averaging techniques and the application
of a number of established soil and rock mechanic
formulas for settlement in elastic half space under loading
originating from the famous Boussinesq approach for point
loads (Boussinesq 1878), and the application of spatial
integration of this theory to define several shape-dependent
analytical solutions (e.g. Poulos and Davis 1974; Davies
and Selvadurai 1996) allows the simplified consideration
of what is a complex system under closure. All the closure
modelling and prediction of the hydraulic parameters of
the fracture presented here were undertaken using Excel
worksheets.

The fracture response is considered to be totally elastic
and the possible time dependency of closure is assumed
to be negligible given the relatively short period of time
over which the amount of closure alters in comparison
to the length of time of the processes being investigated.
Time-dependent closure has been recently investigated by
Matsuki et al. (2001), who considered time-dependent clo-
sure of fractures under the normal stress as determined by
Brown and Scholz (1985) for fractures comprising a given
probability function distribution of aperture sizes. Their
results indicated that within 40 h the system had reached
stable conditions, and that most of the response of the frac-
tures to external stress changes happened within a matter
of hours of application. The model developed here is used
to define and model long-term changes in the fracture sys-
tems, i.e. longer than 40 h. Very long-term effects such as
viscous closure are not included at this stage.

A big advantage of this geomechanical fracture closure
model is that it considers changes in effective stress in the
fracture plane and allows an increase in contact area of the
fracture surface. This allows consideration of both external
loading, changes in the porewater pressure (e.g. fluid injec-
tion or extraction) or changes in thermal stress. The change
in contact stress resulting from the change in effective stress
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is considered to be uniformly distributed throughout the as-
perities, and therefore the cumulative contact stress at each
point is not important, rather the change in the stress and the
associated deformation. The effects of possible mechanical
damage, hysterisis and shear movement are not included.

The whole rock body is considered to be involved in
the deformation and not just the asperities themselves, al-
though naturally they are predominant factors in defor-
mation of the fracture. Taking this into account reduces
the problem of unrealistically high contact strains as com-
mented upon by Beeler and Hickman (2001) and predicted
by some Hertzian based models.

The elastic response is defined by the elastic constants
Poisson’s ratio (#) and the elastic modulus (E) in Pa, there
is no need for a time-dependent relaxation modulus. As the
model approaches the evaluation of the increase in stress
stepwise, so changes in the elastic constants due to changes
in pressure and temperature can be taken into account.

The model has been applied to match the experimental
closure of a fracture taken from a sample of rock from a
depth of 3,800 m in the KTB pilot hole, Durham (1997).
The key parameters for the model were field and laboratory
measured elastic parameters, an estimation of the starting
contact area as a percentage of the fracture profile, and the
starting number of contacts between the fracture surfaces
and the maximum number of contacts possible between the
fracture surfaces.

The model
Model concept

Conceptually, the fracture plane is considered to comprise
two non-perfectly matching surfaces, where the heights of
the asperities on the surfaces are described by a fractal dis-
tribution (e.g. Glover et al. 1999; Xie et al. 1999; Zhou
and Xie 2003; Ogilvie et al. 2003). The fracture surface is
considered only in the planar i.e. aperture and length, and
not depth. This assumption is valid in terms of understand-
ing the compressive response of the fracture as the fractal
distribution in two or three dimensions will be constant.

The natural surface of the fracture is
considered as a series of asperities.

v

Real lower surface

Fractal asperity approximation
of lower surface

Fractal asperity distribution represents
expected real fracture surface

Fig.1 The fracture is represented as a series of asperities of different
heights, the heights of the asperities follows a fractal distribution
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Representation as a number of asperities
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Representation of the open space in the fracture
as a number of discrete equal sized flow channels.

Fig.2 The asperity distribution is converted to a fracture comprising
equal volume channels and a certain number of contacts. The total
volume of the fracture remains constant

] i | |

i Compression
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Compression of the fracture leads to an
increase in the number of contacts between the
surfaces of the fracture and the contact area
Fig. 3 Increase in the number of contacts in the fracture as com-
pression reduces the size of the aperture

This assumption, is, however, not carried through to the
calculation of permeability as this would then be a function
of the harmonic mean (e.g. Baraka-Lokmane et al. 2003);
for permeability the third dimension is considered.

The fracture is conceptually presented as a series of as-
perities (Fig. 1) which on closure form a number of flow
channels of equal width. The number of contacts between
the upper and lower surface of the fracture is given by
the fractal distributed asperity heights. The volume of the
fracture represented by the asperity distribution and that
represented by the flow channels of equal width is equal,
(Fig. 2). Further compression of the fracture increases the
number of contacts between the two surfaces and therefore
the number of flow channels (Fig. 3).

Detailed realisation of fracture closure model
To aid the understanding of the methodology behind this ge-
omechanical model, the model is illustrated by sequentially
following the steps involved in calculation of the closure
under a stress increment. The rock mechanical parameters
poisons ratio (v) and the elastic modulus (E), as well as
the density and compressibility of the fluid in the fractures
can be coupled to the pressure and temperature conditions.
The initial volume of the fracture prior to any stress change
is given, as is the ratio of contact area to non-contact area
of the fracture surfaces, the starting number of contacts,
and the maximum number of contacts. Incrementally with
stress increase steps (1)—(6) below are repeated in Fig. 4.
Here a short overview of the steps is given, a detailed de-
scription of the steps and the assumptions is given in the
following sections.

Step (1): Fracture geometry. The fractal geometry of
the fracture is calculated including the number of contacts
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Fig. 4 Modelling of
incremental closure of the
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fracture
Step 1,2 & 3 T
Model Representation of 1.._,__"\ + /t,...r
Equilibrium Conditions Oc N =-— u —>
Volume of Pores = V' (=1 l. F/ + \;\*
On
Step 4

Non equilibrium caused
by an increase in on or
decrease in u, leads to
an increase in oc, and
strain movement.

Step 5

Re-establishment
of equilibrium

conditions.

Volume of Pores =

Step 6

Maodel Representation of
Equilibrium Conditions
Volume of Pores

between the upper and lower surface and the volume of the
open space between the fracture surfaces.

Step (2): Channel geometry. The dimensions of the in-
dividual channels between the contacts between the upper
and lower surfaces, the volume of contacts and areas of the
contacts are calculated.

Step (3): Stress conditions. The model increases or de-
creases stress stepwise. Here the stepwise change of stress
is broken down into the change of stress within the various
geometrical elements.

Step (4): Fracture deformation. The deformation of the
various geometrical elements is calculated

Step (5): Next time step fracture geometry. The new frac-
ture volume is calculated based on the sum of the deforma-
tion.

Step (6): Fracture parameters. The parameters in terms
of porosity, aperture, permeability and storage release are
determined based on the change of volume and the new
fracture volume are calculated.

Fracture geometry

Generating a fracture surface applying a fractal approach,
(e.g. Zhou and Xie 2003; Glover et al. 1998a, 1998b) leads
to good representation of a typical rock surface. In partic-
ular, the asperity distribution can be shown to be Gaussian
normally distributed (e.g. Glover et al. 1998b). Zhou and
Xie (2003) shows that using a random Brownian function
(B) the probability (P) distribution of an increment on the
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surface is given by

(t=2)

PBx+h,y+k)—B(x,y) <z)

1 z _r2
= =% | exp| ——— |dr (1)
Vo (2 — k)2 /oo b (2 (h? + kZ)H)

where x and y represent Cartesian coordinates on a fracture
surface, 4 and k are the incremental differences, z is the
mean asperity height, r is the distance +/h% + k? and H
is the Hausdorff dimension (Hausdorff 1919). The fractal
surface dimension is given by 3-H (Zhou and Xie 2003). By
normalising both the number of contacts allowed between
the upper and lower surface of a fracture, and the size of
the aperture it can be seen that Eq. (1) reverts to a normal
Gaussian probability density function.

1 —(x — p)?

d o/ (2m) P ( 202 ) 2)
where | is the mean, x is the variable, and p2 in this case
is the variance (Evans et al. 2000). Using the fractal sur-
face generator SynFrac, available from Aberdeen Univer-
sity Petrophysics Group, Glover et al. (1999), the asperity
distribution was determined, normalised and fitted using a
polynomial fit (Fig. 5). The polynomial fit is given by

ne = mnc(0.994 + 0.224x — 2.256x% + 1.563x°
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Fig. 5 Normalised distribution of the number of contacts between
the fracture surfaces against the aperture closure of the fracture

—10.167x* — 50.550x> + 220.217x°

—254.595x7 4 94.573x%) + snc 3)
where x represents the degree of closure of the fracture,
0 being totally closed, 1 being open, nc is the number of
contacts, mnc is the maximum number of contacts possible
and snc is the starting (minimum) number of contacts. The
number of contacts between the surfaces of the fracture is
the key element in determining the closure behaviour of the
fracture. The statistical distribution of the contact heights,
and thereby the number of contacts between the fracture
surfaces under a certain load provides the key to under-
standing the form of the closure curve, and the parameters
coupled to this behaviour.

The fracture volume f, (m?) is considered to comprise
both the open spaces of the fracture and the contacts

Eq. 4)

fo=ncCyq + ncCyy 4)
where C- ,, is the volume of a contact and C},, is the volume
of a channel. The initial volume of the fracture is set as
an input parameter. After steps 1-6 are completed, the new
changed volume of the fracture as a result of that increment
of stress and associated deformation is calculated and used
as an input parameter for the next increment of stress.

Channel geometry
The channel geometry (Fig. 6) is calculated from three
parameters,

— The total volume of the fracture, f,.
— The number of contacts forming channels nc.
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— The total area of the existing contacts tCa.

C(IU
i]C, = nc
Jfa

where f, is the total unit area (m?) of the fracture, taken
as 1 m?. Each of these three parameters is recalculated in
every stress increment during the execution of steps 1-6.
The geometry of the channels (Fig. 7) is determined from
the volume of the fracture available to flow. The width of
the channel, x(m), is approximated by

JiCa
X =
ncfa

The value r represents half the aperture of the fracture
openings, and is taken to represent the radius of the end
sections of the fracture openings. The quadratic solution
for r can be found from the following expression of the
fracture volume for a unit width:

&)

(6)

fo=((x—=2r)2r + arinc @)

The plausible value of r is applied to define the channel
geometry, the aperture of the channel e(m) is given by.

®)

e=2r

Assuming a simple rectangular type contact, the contact
area of each contact Ca can then be represented by Eq. (9)

Cay
cq = 1<Ca

L ®

Stress conditions

The fluid pressure (u), the average contact stress (o), and
the normal stress (0,) need to be calculated at this stage,
all given in Pa. The effective stress (¢”) is given after Smith
and Smith (1998) by:

o' =0,—u (10)

unit length
4dih
L wid
unt

L(m)

A
Y

g .

x(m)

-
' o

A

-
<

Y

Contact Arca
Fig. 6 Determination of channel geometry
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Normal Stress on Fracture Plane
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A increase in the normal stress, or a reduction
in the fluid pressure leads to a strain response.

Ow

}

T

Ow
Fig. 7 Wall stress, contact stress, deformation

The normal stress on a fracture plane orientated with direc-
tional cosins /, m, n, to the stress axes oy, 0y, 0; respectively
and forming the normal vector 7 to the plane is given after
Davies and Selvadurai (1996) as

oy = (o"h)- A (11)
where
Oy Txy Txz
o= | Ty 0y Ty (12)
Tzx Tzy Oz
and
I
n=|m (13)
n

Here t represents shear stress. The normal stress comprises
what the authors term wall stress (o,,) and contact stress
(o.) (Fig. 8). The wall stress represents the difference be-
tween the surrounding normal stress and the fluid pressure
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oy Fracture =
o &
£ Rock o
& =
g B
Normal stress Normal stress
to fracture to fracture
Thermalc { Thermal
stress stress
—_—

Fig. 8 Inclusion of thermal stress

in the fracture, the contact stress is the stress carried across
the contacts in the fracture maintaining the fracture aper-
ture. Here wall stress is used rather than the term effective,
similarly defined, to show that the areas where asperities
contact are not considered.

When the fluid pressure (u) is reduced, the normal stress
does not change. The wall stress changes by the change in
the fluid pressure, positive towards the fracture plane, and
the contact stress increases by the effective stress increase
divided by the area of the contacts Eq. (14). This derivation
is proved for a 3D porous body by Zimmerman et al. (1994),
and here applied for the model representation of the fracture
plane.

If external confining pressure is applied, i.e. loading, the
wall stress increases again positive towards the fracture
plane by the difference to the fluid pressure and the contact
stress increases by the effective stress increase divided by
the area of the contacts.

Ao, = 27 (14)
o, =

‘" tCa
For fluid pressure alteration
Aoy, = Au (15)
or for a change in normal stress
Aoy, = Ao, (16)

At this point it is possible to see that the change in effective
stress can either be given by a decrease in the fluid pressure
(1) or an increase in the normal stress (o,). This means
by considering effective stress both the effects of fluid ex-
traction or injection can be considered as in the case of a
geothermal reservoir (e.g. McDermott et al. 2005), or an in-
crease in confining pressure on the sample as in laboratory
compression tests (e.g. Durham 1997).

Thermal stress arises as a result of the change in tempera-
ture in the rock system. In the case of the extraction of heat
from a fractured rock, for example the Hot Dry Rock appli-
cation (e.g. O’Sullivan et al. 2001), colder water is pressed
through the fracture. Cooling of the block can then as a
first approximation be assumed to be normal to the fracture
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Boussinesq bulbs of pressure
causes deformation in the rock mass

Fig. 9 Deformation resulting from an increase in effective stress in
fracture model

plane, and therefore the thermal stresses be operating nor-
mal to the fracture plane. In more complicated geometries,
such as the presence of several fractures in a shear zone, or
a predominant thermal gradient, this assumption will break
down and a more detailed analysis of the direction of the
thermal stress may be required. Additionally, as cooling
progresses in more complex systems the principal direc-
tions of the thermal stress will alter (work in progress). In
the current model, the thermal stress caused by cooling is
assumed to work normal to the fracture plane and in an op-
posite direction to the normal tectonic stress. The thermal
stress, o, can be approximated by Eq. (17) assuming no
viscous flow in the rock.

o, =K, EaAT (17)
Here E is the modulus of elasticity, a is the thermal ex-
pansion coefficient, AT is the change in rock temperature
and K, is the coefficient of mechanical restraint. The value
K, has a value of 1 in fully restrained systems where no
movement is possible, and where movement is possible its
value drops rapidly.

The effective stress across the fracture relating to Fig. 9
is given by
o' =0, —(u+o0,) (18)
The mechanical restraint to thermal contraction and the
development of the thermal stresses is dependent on the
complex geometry of the rock fractures within the rock
mass. Characterisation of the rock mass features is noto-
riously difficult (e.g. Barton and Bandis 1990; Bieniawski
1989; Laubscher 1977). Further research in the area of un-
derstanding mechanical restraint to thermal contraction in
rock masses is required, (e.g. JNC 1999).

Hydrogeology Journal (2006) 14: 485-498

Fig. 10 Inward movement of the fracture wall as a consequence of
a reduction in fluid pressure or increase in normal stress

Fracture deformation

The solid deformation due to the change in effective stress
is modelled as a combination of four factors in the rock
wall (Fig. 10):

1. Fracture wall deformation (p,,)

2. Fracture column deformation (p.)

3. Fracture base deformation (pp)

4. Fracture end deformation (p,)
Furthermore fluid deformation (o) in terms of pressure
changes in the fluid can also be considered.

5. Fluid deformation (pf)

Fracture wall deformation (p,,). To determine the frac-
ture wall deformation (p,,) firstly the displacement of the
fracture wall is calculated after Poulos and Davis (1974):

pu =201 =) — )} (19)
Here o, is the wall stress, ¢ and x are geometric terms
described in Fig. 10a. The value of p,, is given at a distance ¢
from the centre of the channel. This formulation is similar to
that used by Bai et al. (2000) for the prediction of elliptical
fracture aperture under tectonic stress and by Myer (2000).

Once the number of contacts has increased to the extent
that the length of the fracture is similar to the aperture, the
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fracture is represented by a circle and the wall deformation
is no longer significant. The circular representation is in-
herent in the consideration of the fracture end deformation
given below.

Fracture column deformation (p.). Column deformation,
comprises a compression parallel to the contact stress (p,)
and a lateral expansion normal to the contact stress (p;)

. 2r Ao, 20)
Pv = E
CavAo,
pr= @0

Fracture base deformation (pj). The deformation of the
base of the fracture is estimated by applying analytical
solutions for the deformation of strip footings on elastic
material as given by Giroud (1968) and summarised by
Poulos and Davis (1974). Here the following formulation is
derived for the specific case to derive the mean settlement

Calo. (1 — vz) ;

z (22)

Pp =

[ is an influence factor depending on the geometry of the
strip footing. For all the calculations the fracture was as-
sumed to have a length of 1 m. Fitting data from Poulos
and Davis (1974) this can be given as

1
I = A1 — B
“<Ca>+

A =0.6235242847
B = 0.85039655706

(23)

Fracture end deformation (p,). As the number of contacts
increase so the formulation of the fracture end deformation
becomes more important than the formulation of the frac-
ture wall deformation. Again, analytical solutions are used
from the field of elastic analysis, and a particularly inter-
esting effect is observed. The end of the fracture area is
considered to be equivalent to a circular opening in a uni-
form stress field. The change in stress is given by the change
in the fluid (u) or wall pressure.

2(1—1?)
—-—

oy = Aur (24)

derived from Poulos and Davis (1974)

It is interesting to note at this stage that in Eq. (24),
the displacement is a function of the original radius of the
hole. In the case of a large number of contacts, as would be
expected under high effective stress loads, the formulation
of the closure problem should reduce eventually to Eq. (24).
With increasing closure pressure, the hole gets smaller, but
never actually closes. It should be noted that this formula is
valid for incremental displacements, and gives an incorrect
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answer if one extremely large stress increment is applied
instantaneously.

Examining this formula and allowing only elastic de-
formation of rock materials in non-perfectly fitting fracture
surfaces, it can be seen that it is impossible by normal stress
alone to cause the fractures to be closed. There will always
be a residual opening. Closure must therefore be due to a
secondary influence such as deposition of minerals, plastic
deformation, or shear and breaking movements.

Fluid deformation (py). Fluid deformation is given by
P = CfAu (25)
where Cy is the fluid compressibility under the respective
temperature and pressure conditions.

Fracture geometry after stress increment

The new fracture geometry is given by the superposition of
all the deformations described above. The principle of stress
superposition has been long established and applied (e.g.
the application of the method developed by Fadum (1941)
for defining settlement under the corner of a rectangular
foundation). Different idealised geometrical assumptions
(see the above descriptions) are taken for the deformations
described above, and in reality this will lead to discon-
tinuities in the estimation of the deformation caused by
the stress increments. However the representation of the
fracture as regular channels (Fig. 1), at the start of every
loading step provides shape averaging of the unknown real
fracture form. Therefore the deformation error due to the
geometrical assumptions of the channel approximations is
not cumulative, and it is questionable given the simplistic
fracture representation whether a more detailed treatment
of the deformation is applicable at this stage.

The volume of the fracture is calculated by considering
the deformation of the various geometrical elements, and
their effect on the original volume. The deformation is
divided into a radial deformation, a box deformation and a
fracture wall deformation, Fig. 10a, b.

AV, = 1 Ar? (26)
AV, = 2r x (x —2r))
—(@2r —=2pp — p)(x —2r —2py)) 27

The total displacement of the fracture wall in terms of a vol-
ume (Fig. 11b), assuming unit depth is given by the integral
of Eq. (19), along the entire width of the channel. Accord-
ing to Bronstein and Semedjajew (1977) and substituting in
the integral, the displacement is given for a unit width by

AV, =nc-8(1—v?) Agw
X X\2 X 2
«<|512° r\/ (5) ‘X(z -7) (28)
+(3) sin 27

2
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Fig. 11 Approximation of the cross section of a fracture using
rectangles, after Baraka-Lokmane et al. (2003)

The change in volume of the fracture is given by

Afy, = AV, + AV, + AV, (29)
The change in volume of the fluid in the fracture as a result
of fluid compression is

Afr=prfo

As the stress increases so does the number of contacts. The
number of contacts is calculated in accordance with Eq. (3).
The calculation of the new contact area in the fracture is
defined by assigning each contact an equal contact area.
The contact area for each contact (Ca) is dependent upon
the minimum (min Ca) and maximum (max Ca) contact
area allowed and the number of contacts.

(30)

tCa =mintCa

. maxtCa —mintCa
+ <(nc— m1nnc)< >) 3D

max nc — minnc

Fracture parameters
The storage S (m/Pa) of the fracture is given by

_ Afv + A.ff

S = AoT, (32)

Baraka-Lokmane et al. (2003) give the effective aperture
of a fracture system comprising several different discrete
elements as

| e k)
T Y e 1)

=

(33)

Illustrated in Fig. 11, where m,, is the number of rectan-
gles representing fracture n in the cross section z to be
considered.

For a simplified assessment of the hydraulic conductivity
of the fracture, by examining equation Eq. (33) it can be
seen that using the modelling assumptions here (Fig. 3) the
value /; is constant in contrast to Baraka-Lokmane et al.
(2003), therefore the effective fracture aperture of the open
fracture (not including the area covered by contact) can be
given by Eq. (8). Baraka-Lokmane et al. (2003) then went
on to calculate the harmonic average of a series of fracture
slices in series along the flow path. In this case the fracture
apertures of each section in 3D have the same distribution
due to the fractal geometry, and therefore Eq. (8) provides
the effective aperture for the determination of the perme-
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ability of the sample. Given the fracture aperture, e, equal
to 2r, then the fracture permeability is then given by

(34)

It follows then that the flow through the fracture for a
pressure gradient i (Pa/m) is given as

62

= Aj
© 12 !

(35)
where A is the open cross sectional area of the fracture
through which flow is occurring (1—tCA)e and p the dy-
namic viscosity.

In hydrogeology, the equivalent permeability of the sys-
tem is often considered. Here the formulation for determin-
ing the equivalent permeability, i.e. that for a 1-m? cross
sectional area containing the fracture to provide for the flow
in the system, can be derived from Eq. (35) as

e3

ke=-—({—1tCa)

12 (36)

related to the cubic law after Witherspoon et al. (1980).

Roughness in the fracture system is inherently included
in the fractal distribution which converts itself into an
aperture distribution, but in this form the effect of viscous
forces or increased tortuosity as a result of flow chan-
nelling are not taken into account. A number of approaches
to quantify the effects of roughness on flow through
fractures are given by de Marsily (1986). A key paper to
understanding channel flow was presented by Tsang and
Tsang (1987). Schrauf and Evans (1986) reconstructed the
fracture surface as a series of parallel pipes and derived a
quadratic relationship of the fracture apertures to the flow
within the pipes. Sisavath et al. (2000) assessed in detail the
hydraulic radius approximation, the Saint-Venant approach
and the Aissen approach for estimating the permeability of
a fracture from the asperity distributions and consequent
flow channels created. Zimmerman and Bodvarsson (1996)
cover in detail the derivation of the hydraulic conductivity
from the aperture distribution, based on Navier Stokes
equations and the Reynolds Lubrication approximation.
They provide an equation, Eq. (37), relating the standard
deviation of the aperture with the average aperture size
and include a function of the contact area to define the
hydraulic aperture. They tested this formulation against a
series of results in the literature and found it to give a good
approximation of fracture conductivity.
e~ (h)’[1 = 1.50;/ (h)*] 11 — 2c] 37)
Here (h) is the average aperture size, o, is the standard
deviation of the aperture size, and ¢ is the contact area
between the fracture surfaces.

The simplified form of predicating the permeability,
Eq. (36), is applied as it seems questionable whether the
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increased accuracy gained by applying Eq. (37) will add to
the interpretive information gained by applying the closure
model presented here given the shape averaging applied to
the fracture voids.

Model verification: experimental closure
of a single fracture

The purpose of the development of the model described
above was eventually to determine the importance of
thermo-hydro-mechanical processes at the geothermal
reservoir scale e.g. consolidation during hydraulic testing
and associated thermo-mechanical effects. In particular, the
experimental investigation of the geomechanical character-
istics of the KTB borehole, (Emmermann and Lauterjung
1997), were of foremost importance.

The stress profile along the depth of the KTB boreholes
has been investigated in detail by Brudy et al. (1997). As
confirmed by Baisch et al. (2002) the stress field in the crust
is dominated by the presence of fracture zones and the cor-
responding normal stress across those fractures combined
with their resistance to movement. The total normal stress
across the fracture coupled with the fracture fluid pressure,
the material elastic and plastic properties and correspond-
ing deformation has an effect on the fracture opening and
thereby the permeability, porosity and storage of the frac-
ture system. Durham (1997) experimentally investigated
the effect of confining pressure on a fracture taken from
circa 3,800 m in the KTB pilot hole, measuring the closure
of the fracture and the corresponding permeability. These
results are taken and fitted with the geomechanical model
described here using the known elastic parameters from the
KTB site.

Figure 12 presents a fit of the experimental results ob-
tained from Durham’s work and those predicted by the
model described above. The “fracture permeability,” here
k4, given by Durham in his Fig. 2 refers to “the fracture per-
meabilities for producing the same water flux in the same
pressure gradient.” distributed through the bulk of the sam-
ple. The relationship between the aperture of the fracture
and the k; is given by:-

263
127r

4= Iz (38)

Here r is the radius of the sample Durham used to determine
the permeability of the fracture.

A comparison of the parameters used to fit the exper-
imental data and parameters available from the literature
are given in Table 1.

The value of the elastic modulus for the laboratory inves-
tigation is reported by the KTB-workgroup rockmechanics
(2005). The values of the poison’s ratio comes from geo-
physical investigation described by Brudy et al. (1997). The
geometrical parameters are almost identical to the geomet-
rical parameters indicated by Durham (1997).

The fit of the experimental results can be seen to be ex-
tremely good. Based on this fit the model can be applied to
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Fig. 12 Comparison of experimental (Durham 1997) and modelled
results

describe the geomechanical changes in the hydraulic char-
acteristics of a fracture network under changes in effective
stress due to fluid injection and heat extraction. For exam-
ple as a first approximation of the equivalent permeability
and storage of a shear zone with a fracture density f; of 10
fractures per meter is given in Fig. 13. The equivalent per-
meability for the shear zone k, (m?) is given by the multipli-
cation of the fracture density by the equivalent permeability
of asingle fracture, Eq. (39), provided by the closure model.
The equivalent storage of the shear zone S; is given by the
multiplication of the storage provided by a single fracture
St (m?/Pa) from the closure model with the fracture density,
added to the bulk volume change of the rock S, (m3/Pa) due
to the volumetric strain in the rock body Eq. (40) and (41)
derived from Davies and Selvadurai (1996). Here the in-
teraction of the fractures with one another is not accounted
for, an issue which will be covered in later work.

ks = keq fd (39)

Ss=Srfa+ Sp (40)
3(1-2

S, = % 41)

Results such as those illustrated in Fig. 13 may be
incorporated into numerical models e.g. the finite element
solution procedure, Kolditz (2002), linking effective stress
related to pressure and temperature conditions resulting
from fluid flow or heat transport to the fracture or shear
zone parameters.

Conclusions

A geomechanical model is presented which describes
fracture closure under effective stress and the change in
parameters such as storage, permeability, porosity and
aperture. The model uses geometrical considerations based
on a fractal distribution of apertures on the fracture surface,
and applies well-established analytical elastic deformation
solutions to calculate the strain deformation resulting from
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Table 1 Model parameters
and literature parameters for the

laboratory investigation

Parameter Model Literature Source

Elastic modulus (GPa) 55 55 KTB workgroup Rockmechanics (2005)
Poisson’s ratio 0.28 0.28 Brudy et al. (1997)

Init. contact area 15% 10% Durham (1997)

Min. number of contacts 10 Not avail

Max. number of contacts 500 Not avail

Init. equivalent aperture opening (mm) 0.068  0.067 Durham (1997)

1E-012

1E-013

1E-014

1E-015

1E-016

Equivalent permeability (m?)

1E-017

0 40 80 120
Effective stress (MPa)
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Storage (m/Pa)
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1E-011

=
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Effective stress (MPa)

Fig. 13 Predictive modelling of permeability and storage of a shear
zone

160

changes in the normal effective stress. Both the asperity
deformation in the fractures and the deformation in the
rock body are taken into account.

The fractal approach allows the closure model to predict
three-dimensional results for a two dimensional model. In
addition the statistical distribution of the contact heights,
and thereby the number of contacts between the fracture
surfaces under a certain load provides the key to under-
standing the form of the closure curve, and the parameters
coupled to this behaviour.

Hydrogeology Journal (2006) 14: 485-498

Consideration of the mathematical formulation of the
model indicated that at extreme values of closure, where the
fracture is represented as a series of minute channels with
circular cross-sections, that stress alone cannot be responsi-
ble for total fracture closure. The sealing of fractures to fluid
flow must be a consequence of a none-elastic process, such
as viscous deformation or pressure solution and deposition.

The model was applied with success at a laboratory scale
to measure the closure of a single fracture. At the labora-
tory, scale experimental data on the closure of a fractured
sample from the KTB borehole was modelled accurately.
Fitting parameters comprising the elastic constants match
independently measured parameters closely. Finally, the
model was used to estimate the elastic behaviour of a shear
zone comprising several similar fractures to alterations in
effective stress.
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