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Abstract

A comprehensive understanding of subsurface fluid flow is necessary for an
efficient management of natural reserves and energy resources. Flow through
fractured geological media is a subject in several areas of engineering and geo-
sciences, for example oil and gas production, water reservoir management, and
geothermal energy exploitation. Characterization of subsurface fluid flow re-
quires accounting for hydro-mechanical coupling between fluid-pressure varia-
tions and rock deformation.
Within this thesis, modeling aspects and numerical simulations of a compress-
ible fluid along a single compliant hydraulic conduit, such as a joint or a
fracture, are investigated. To efficiently model transport processes through
fractures with realistic geometries, i.e., characterized by high aspect ratios, a
hybrid-dimensional approach is derived. The theoretical approach is comple-
mented by a dimensional analysis of the governing equations to characterize
hydro-mechanical effects with respect to different material and geometrical pa-
rameters.
Field data from well pumping tests are numerically approximated to obtain
a set of parameters characterizing the surrounding fractured rock. Further
numerical investigations comprise simulation of periodic pumping tests and
pressure-sensitivity analysis to various parameters, e.g., rock stiffness or pump-
ing period. An analysis of flow induced by solid deformation follows, where
attenuation related to fracture flow as well as to leak-off is investigated.
Results of the theoretical analyses and of the simulations suggest that coupling
effects quantitatively increase with the aspect ratio of the analyzed fracture
and are closely related to the non-local deformation of the fracture boundaries.
The presented approach allows for an efficient modeling of fluid flow through
thin fractures. The comparison of field data with numerical results revealed
that the hybrid-dimensional approach is an effective tool to constrain effective
properties of fractured materials and, therefore, to improve understanding of
subsurface fluid flow.





Zusammenfassung

Ein umfassendes Verständnis von Fluidströmungen durch geologische Forma-
tionen ist für das effiziente Management von natürlichen Lagerstätten und En-
ergieressourcen unentbehrlich. Die Strömung durch geklüftete, poröse Medien
ist ein wichtiger Gegenstand in verschiedenen Bereichen der Ingenieur- und Ge-
owissenschaften, beispielsweise der Öl- und Gasproduktion, der Überwachung
vonWasserlagerstätten sowie der Nutzung geothermischer Energie. Die Charak-
terisierung der unterirdischen Strömungen erfordert dabei die Berücksichtigung
der hydromechanischen Kopplung von Fluiddruckänderungen und Gesteinsde-
formationen.
Im Rahmen der vorliegenden Arbeit werden Modellierungsaspekte und nu-
merische Simulationen eines kompressiblen Fluids entlang eines nachgiebigen
Strömungskanals, wie zum Beispiel einer Kluft oder eines Risses, untersucht.
Um die Transportprozesse in Rissen mit realistischen Geometrien, d. h. mit
einem großen Längen-/Seitenverhältnis, effizient zu modellieren, wird ein hybrid-
dimensionaler Ansatz entwickelt. Dieser Modellierungsvorschlag wird durch
eine Dimensionsanalyse der maßgeblichen Gleichungen ergänzt, um die hy-
dromechanischen Effekte im Hinblick auf verschiedene Material- und Geome-
trieparameter zu beschreiben.
Felddaten aus Bohrlochpumpversuchen werden numerisch untersucht um Pa-
rametersätze zu erhalten, die das umgebende, geklüftete Gestein realitätsnah
approximieren. Weitere numerische Studien enthalten Untersuchungen peri-
odischer Pumpversuche sowie eine Druckempfindlichkeitsanalyse verschiedener
Parameter, wie Gesteinsfestigkeit oder Pumpzyklen. Im letzten Teil der Arbeit
werden die Resultate aus den vorangegangenen Abschnitten genutzt, um das
effektive (viskoelastische) Materialverhalten fluidgefüllter Risse numerisch zu
untersuchen. Homogenisierte Materialeigenschaften von einfachen Modellsys-
temen werden dazu im Zeit- und Frequenzbereich analysiert und diskutiert.
Die Ergebnisse der theoretischen Analyse und der Simulationen lassen da-
rauf schließen, dass die Kopplungseffekte mit zunehmendem Seitenverhältnis
des untersuchten Risses quantitativ anwachsen und eng mit nicht-lokalen De-
formationen der Rissränder verbunden sind. Der vorgestellte Ansatz erlaubt
dafür eine effiziente Modellierung von Fluidströmungen durch dünne Risse. Der
Vergleich von Felddaten und numerischen Ergebnissen zeigt, dass der hybrid-
dimensionale Ansatz ein effektives Mittel ist, um die effektiven Eigenschaften
von geklüftetem Material zu charakterisieren und somit zu einem verbesserten
Verständnis von unterirdischen Fluidströmungen durch geklüftete, poröse Ge-
omaterialien führt.
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Chapter 1

Introduction

1.1 Motivation

The increasing need for energy and natural resources requires an optimized
management of the available reserves. Fluid flow through fractured material is
crucial for provision of liquids or heat from the subsurface or their storage in it.
Understanding subsurface fluid flow allows for an improved control over proce-
dures related to energy or fluid exploitation. Injection or production of fluids
related to subsurface reservoirs are procedures that concern several areas of
engineering or geosciences. Production of oil and gas from wells constitutes the
very heart of the hydrocarbon industry [e.g., 31]. Enhanced recovery methods
involve fluid injection into the reservoirs to maintain reservoir pressure. One
fluid is injected in a reservoir, for example a gas, to improve oil displacement.
In geothermal research, flow is induced through fractured rock to extract heat
transported with the fluid.

Fractures often represent fluid conduits that allow increased flow in compari-
son to flow through a non-fractured porous material, cf. Figure 1.1. Preferential

Figure 1.1: Example of an intact rock (left) and of a naturally fractured rock
(right). Rock fractures often represent preferential flow paths that greatly
increase permeability compared to fluid flow through intact rocks.

1



2 CHAPTER 1. INTRODUCTION

paths can be natural or artificially induced fractures. For various applications
in reservoir engineering the aim is to increase fluid flux taking place through
the fractured rock. At oil and gas drilling sites, an enhanced reservoir perme-
ability results in an increased oil or gas production rate. In the case of water
reservoirs, water management can be optimized exploiting the available fluid
resources [e.g., 37, 60]. For the operation of geothermal power plants, increase
of permeability is crucial not only to improve fluid flow but also to expand
the area between fluid and rock and optimize heat exchange. In several areas
related to fluid or heat production, the procedure of hydraulic fracturing is
commonly applied. Massive fluid amounts are injected from a well to fracture
the neighboring rock and, thus, increase permeability of the reservoir.

The aim of other applications is to minimize the fluid flux through a certain
rock domain. In the field of research for CO2 sequestration or for waste disposal
[e.g., 26], the objective is to store (supercritical) fluids within a rock domain
and minimize transport through it. All reservoir-engineering applications share
the necessity to know the hydraulic and mechanical properties of the analyzed
domain. For procedures involving one or more boreholes, information char-
acterizing the neighboring reservoir is crucial before and after any procedure
is performed. For example, knowledge about the environment surrounding a
well is essential to adjust the required fluid volume and flux for a safe and
efficient application of hydraulic fracturing. Furthermore, characterization of
the fractured rock is needed to estimate the results of hydraulic fracturing.

Permeability or permeability anisotropy as well as storage capacity values
of the fractured rock are needed to estimate flow rates of the fluid. Different
procedures have been investigated to efficiently characterize the subsurface.
Non destructive testing procedures have been investigated, based on the in-
terpretation of the propagation of mechanical waves in porous rock material
[52, 53, 55, 70, 90]. Frequently, pumping procedures are performed in an in-
jection well. Pressure or flux information from the injection point as well as
from other monitoring boreholes is used and interpreted to mechanically and
hydraulically describe the surrounding reservoir [3, 20, 34, 57]. Conventionally
pulse tests have been analyzed [18, 49, 50, 91] as well as harmonic [74] or non-
harmonic [75] periodic pumping signals with single frequency or multi frequency
content [19]. With the limited information gained from wells, interpretation of
data obtained at single points is the key to describe and characterize domains
surrounding boreholes, cf. Figure 1.2. Numerical modeling of flow through
fractures and, therefore, of the resulting pressure transients, can be used as a
predictive tool to constraint effective properties of fractured material.
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1.2 Aims and outline
The motivation of this work is to explain critical observations recorded dur-
ing pumping experiments at a field location at Kemnader See, cf. Figure 1.2
(left). Pressure transients induced by a periodic flux showed inverse responses
to pumping [36, 88, 98, 100] that seem at first counterintuitive and could not be
explained by modeling approaches developed so far. In this work, efficient nu-
merical methods for modeling of fractured material are tested that can account
for hydro-mechanically induced phenomena.

BK3

BK1

BK2

N

Figure 1.2: Field test location, Kemnader See, Bochum, Germany: (left) con-
figuration of boreholes BK1-BK3. Pumping operations are performed in one
borehole and pressure is monitored at all three wells. Interpretation and in-
version of information recorded at the boreholes allows for characterization of
the material surrounding the wells (source: Google Earth, modified with lines);
(right) borehole inspection with different sensors to characterize the rock sur-
rounding the well.

This investigation focuses mainly on two closely linked objectives. First, the
aim is to understand the occurring physical processes, in particular the coupling
effects due to fluid and solid interaction. For this purpose, investigations of the
sensitivity of occurring physical phenomena to various material and geometrical
properties of the fluid and the solid material are involved. Based on that knowl-
edge, a further objective is to characterize fractured rock by means of effective
hydraulic and material properties. Subsurface fluid flow models are developed
to allow for efficient analyses of data from well testing procedures. Analysis of
pressure transients in wells or along fractures allows for investigations of the
occurring physical phenomena related to hydro-mechanical coupling and for
hydraulic characterization of the surrounding rocks. Particular consideration
is given to characterization of rock domains containing high-aspect-ratio inclu-
sions and to understanding the role of conduit-aspect ratio on the occurring
physical phenomena [99].
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This work is structured in the following way:

• Theoretical aspects for modeling hydro-mechanical problems are analyzed
in Chapter 2. A novel modeling scheme, the hybrid-dimensional approach,
is derived that efficiently addresses hydro-mechanical coupled problems
involving high-aspect-ratio inclusions at reduced computational effort.

• Fluid injection in a single horizontal ellipsoidal fracture is modeled in
Chapter 3 to investigate the physical processes involved in fluid flow in
deformable conduits and to understand the importance of the coupling
between fluid flow and rock deformation. Numerical results obtained
from the hybrid-dimensional approach are first compared to the well es-
tablished theory of poro-elasticity. Furthermore, the hybrid-dimensional
approach is used to approximate pressure transients recorded during field
experiments to characterize the fractured rock surrounding boreholes at
the Kemnader See, Bochum, Germany.

• Based on the field data fitting, periodic pumping tests from a vertical
borehole are simulated to investigate the diagnostic potential of periodic
pumping tests for hydro-mechanical effects on subsurface-fluid flow, cf.
Chapter 4. Numerical results are analyzed to characterize and quantify
hydro-mechanics in comparison to diffusion effects. Furthermore, sensi-
tivity analyses are performed, based on parameter sweep studies.

• In Chapter 5, fractured domains are investigated based on the occurring
fluid-flow phenomena induced by deformation. Properties of fractured
rock are investigated by characterization of dissipative flow mechanisms
that occur at scales related to the fracture size. Furthermore, sensitivity
studies with respect to various geometrical and material parameters are
performed to understand the role of high-aspect-ratio inclusions in hydro-
mechanical coupling.

• Finally, the main results of this investigation are summarized in the con-
clusions.

It should be noted that parts of this work have been published or will be soon
submitted for publishing in scientific peer-reviewed journals. The results of
Chapter 3 have been published in Water Resources Research by Vinci et al.
[98]. Chapters 4 and 5 will be soon submitted for publication at Geophysical
Journal International and Geophysical Research Letters, respectively [99, 100].



Chapter 2

Modeling hydro-mechanical
coupling: theoretical aspects

2.1 Introduction

Analysis of fluid flow through fractured media requires to account not only for
the fluid flow and the mechanics of the solid material, but also for interactions
between the two constituents [e.g., 2, 65, 104]. To properly model fully satu-
rated fractured media, one has to allow for hydro-mechanical coupling of the
equations governing the solid deformation as well as the equations governing
the fluid pressure evolution [e.g., 62, 63, 88, 98]. Rock deformation and fluid
pressure transport cannot be investigated separately, but for strongly simplified
cases [e.g., 30, 76].

As a generic example of a coupled hydro-mechanical problem, a fluid-filled
fracture surrounded by rock material is considered, cf. Figure 2.1 (left). On
the one hand, a coupled problem can be induced by fluid pressure changes
that affect the solid deformation (fluid to solid coupling, cf. Figure 2.1). An
induced fluid flux q̄ transports fluid pressure p along a conduit. Pressure vari-
ations along the fluid domain act on the conduit’s boundaries and deform the
surrounding solid material. In response to the induced deformations, the rock
acts on the fluid domain with surface stresses t, which affect the fluid pres-
sure p and the volume of the fluid domain. On the other hand, displacement
applied on the solid material can induce fluid flow (solid to fluid coupling, cf.
Figure 2.2). Deformation of the solid constituent generates surface stresses t
on the boundaries of the fluid domain, which deform accordingly. A reduction
in space available for the fluid induces fluid flow q 6= 0 along the conduit. In
turn, an increase in conduit volume decreases pressure p. In addition to the
two-way coupling, indirect coupling effects occur. Interactions between fluid
pressure and solid deformation influence the transport processes, for example
by changing material or hydraulic properties. Shrinkage of the conduit volume

5
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Figure 2.1: Example of a hydro-mechanical problem induced by fluid to solid coupling; (left) flow q̄ is prescribed in a
fluid domain surrounded by a solid material; (center) the fluid acts on the solid with a pressure p. Pressure variations are
induced by transport processes along the fluid conduit; (right) due to pressure variations, the solid material is deformed and
counteracts the fluid pressure with the surface stress t on the boundaries between fluid and solid.

Figure 2.1: Example of a hydro-mechanical problem induced by fluid to solid
coupling; (left) flow q̄ is prescribed in a fluid domain surrounded by a solid
material; (center) the fluid acts on the solid with a pressure p. Pressure vari-
ations are induced by transport processes along the fluid conduit; (right) due
to pressure variations, the solid material is deformed and counteracts the fluid
pressure with the surface stress t on the boundaries between fluid and solid.

not only triggers fluid flux, but also diminishes the thickness of the conduit,
thus affecting its transmissivity.

Coupling depends on the material and geometrical properties of the ana-
lyzed problem and on the occurring physical phenomena, which vary in space
and time. The relation, for example, between fluid pressure distribution and
solid deformation is non-local and non-unique. Deformation at a certain point
is not only induced by the pressure applied at that position, but also by pres-
sure values acting along the entire boundary surface. This non-local property
of deformation together with the hydro-mechanical coupling characteristic ex-
plained above lead to a complex transport behavior along deformable conduits,
which shows counterintuitive effects.

Having general examples in mind (Figures 2.1, 2.2), hydro-mechanical cou-
pling can be modeled using different approaches and different coupling schemes.
The most simple, local approach to describe a coupled problem is to model the
fluid flow by means of the well-known Navier-Stokes equation and characterize
the solid phase as a linear elastic material containing discrete conduits. As
an alternative, the theory of poro-elasticity [12] can be used to describe the
entire domain, containing both fluid and solid, with the same set of equations.
Phenomena occurring at the pore scale are homogenized and heterogeneities at
the length scale related to a fluid-filled conduit are accounted for varying the
porosity of the rock and of the fracture domain.

Each modeling approach has advantages and disadvantages in comparison
to other procedures depending on the field of application, cf. Table 2.1. The
present work focuses on hydro-mechanical coupling between a solid phase and
a high-aspect-ratio fluid conduit, to better model the geometry of real frac-
tures. During the numerical solution procedure of the governing equations, for
example with the Finite Element Method, spatial discretization of the narrow
domain describing the fracture represents a challenge. For high-aspect-ratio ge-
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Figure 2.2: Example of a hydro-mechanical problem induced by solid to fluid coupling; (left) the domain containing solid
and fluid is deformed with a prescribed displacement ū; (center) the solid constituent deforms and acts with a surface stress
t on the fluid domain; (right) the fluid domain shrinks and fluid flux q 6= 0 is induced.Figure 2.2: Example of a hydro-mechanical problem induced by solid to fluid

coupling; (left) the domain containing solid and fluid is deformed with a pre-
scribed displacement ū; (center) the solid constituent deforms and acts with a
surface stress t on the fluid domain; (right) the fluid domain shrinks and fluid
flux q 6= 0 is induced.

ometries, which well approximate real fracture geometries, meshing quality di-
minishes and discretization is impossible without introducing highly deformed
elements. A novel modeling approach is proposed to efficiently account for
high-aspect-ratio conduits.

The aim is to derive a coupled set of equations governing pressure transport
and solid deformation, respectively. Three approaches are considered that ac-
count for hydro-mechanical coupling. First a methodology based on coupling
the Navier-Stokes equation and the Lamé-Navier equation is presented. A sec-
ond approach is based on the well-known poro-elastic theory. A third approach
is explicitly derived for high-aspect-ratio inclusions and is referred to as the
hybrid-dimensional approach.

2.2 Navier-Stokes and Lamé-Navier equations
The following approach represents a straightforward implementation of a prob-
lem related to hydro-mechanical coupling. To distinguish between variables
characterizing the fluid and the solid constituents, the indexes f and s are used,
respectively.

The Navier-Stokes equation governs the flow of a compressible viscous fluid
(Figure 2.3, left) and reads in general form [7]

ρfR
(
∂ vf

∂ t
+ vf · gradvf

)
+ grad p (2.1)

−ηfR div

((
gradvf + gradTvf

)
− 2

3
div (vf) I

)
= b ,

where ρfR is the effective fluid density, vf represents the flow velocity, p is the
fluid pressure, ηfR is the fluid viscosity, I represents the second order unity
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tensor, and b represents body forces. Equation (2.1) enforces balance of mo-
mentum and is complemented by the equation for conservation of mass in its
local form, the continuity equation [7]

∂ ρfR

∂ t
+ div

(
ρfR vf

)
= 0 . (2.2)

The rock is modeled as a linear elastic material. Deformations us of the
solid are described by the Lamé-Navier equation [39]

ρsR
∂2us

∂t2
− (λ+ µ) grad divus − µdiv gradus = b , (2.3)

where ρsR is the effective density of the solid, λ is the first Lamé parameter,
and µ is the second Lamé parameter (or shear modulus). In equations (2.1) and
(2.3) the inertia terms, related to the first time derivative of the velocity and
the second time derivative of the displacement, respectively, can be neglected
for static and quasi-static investigations.

Hydro-mechanics are accounted for when coupling between equations (2.1)
and (2.3) is correctly implemented. On the one hand, pressure changes af-
fect the conduit volume by deforming the solid domain. The fluid pressure
acting on the boundaries between fluid and solid can be accounted for as a
stress boundary condition in the mechanical problem. The stresses applied at
the boundaries of the solid domain induce the displacement us. On the other
hand, volume changes induced by solid deformation affect the fluid domain.
For example, increase or decrease in volume available for the fluid leads to
variations in the fluid velocity as well as in fluid density and pressure.

The Navier-Stokes equation does not introduce major assumptions to model
the fluid domain, for example regarding the flow profile that develops along the
thickness of the conduit. While the absence of major assumptions represents
a great advantage in terms of generality of the modeling approach, adopting
the Navier-Stokes equation limits its applicability to low-aspect-ratio conduits,
cf. Figure 2.4. During the numerical solution procedure, a large amount of
elements is needed to discretize the fluid domain along its width. Only a
fine discretization correctly captures the developing fluid velocity profile. The
requirement of having several elements along the conduit thickness adds com-
plexity to the discretization procedure, which most of the times cannot be
successfully performed for high-aspect-ratio geometries. In this thesis, focus is
put on thin conduits, where the thickness of the fluid domain is several orders
of magnitude smaller than its length. Therefore, this approach will not be
further discussed in the following investigations.
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Figure 2.3: Modeling approaches of hydro-mechanical coupling; (left) the solid is described as a linear elastic material and
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poro-elastic equations; (right) in the hybrid-dimensional approach the fluid domain is reduced to a one-dimensional geometry.
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Figure 2.3: Modeling approaches to account for hydro-mechanical coupling:
(left) the solid is described as a linear elastic material and the fluid flow
is governed by the Navier-Stokes equation; (center) the fluid and solid con-
stituents are accounted for with the poro-elastic equations; (right) in the
hybrid-dimensional approach the fluid domain is reduced to a one-dimensional
geometry. Fluid flow and solid deformation problems are solved separately.
Coupling is achieved by exchange of fluid pressure and solid deformation be-
tween the two governing equations.

2.3 Poro-elastic theory

2.3.1 Poro-elastic-based approach

The hydro-mechanical problem induced by interaction between fluid flow and
solid deformation can be modeled by the theory of poro-elasticity. The subject
was first treated by Terzaghi [92] to describe one-dimensional consolidation,
while the theory was generalized to three dimensions by Biot [12]. Later, the
topic has been at the attention of several scientific contributions [e.g., 8, 78,
96, 102]. The quasi-static poro-elastic equations describe the fluid flow through
a porous medium, solid deformation, and account for the hydro-mechanical
coupling between fluid flow and solid matrix.

The poro-elastic theory is based on volume averaging of quantities [e.g.,
25, 27, 28, 33]. A porous material with inhomogeneities at the length scale of
the average pore size is treated in the poro-elastic equations as a homogeneous
material. Description of a porous medium as an homogeneous material is a
good approximation if the size of the analyzed domain and the typical length-
scale of the physical phenomena are much larger than the average pore size.

A fully-saturated poro-elastic material is characterized by two phases, a
solid and a fluid constituent. The solid phase is composed of grains that gener-
ate the solid structure. In general, the bulk modulus of the solid frame is much
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smaller than the bulk modulus of the grains, Kd � Ks. Inhomogeneities at a
larger scale, as for example fractures or fluid conduits (e.g., Figure 2.1, left) are
not explicitly accounted for by the poro-elastic equations. The solid and the
fluid domain can both be approximated as porous materials, governed by the
same set of equations, with different material properties (Figure 2.3, center).
The conduit can be described as a highly porous domain (e.g., 90% porosity),
where the surrounding material can be modeled as a porous rock.

The derivation of the poro-elastic equations is based on the assumption that
the materials composing the analyzed domain are isotropic and homogeneous.
Furthermore, the solid constituent is modeled as a linear elastic material. The
partial differential equation governing the mechanics of the solid phase is ob-
tained imposing equilibrium to the porous material and reads

−div (σs
E − αp I) = b , (2.4)

where b represents the body forces and σs
E is the Cauchy extra stress tensor

of the solid phase. The solid displacement field us is then evaluated by means
of the linear elastic constitutive equations characterizing the solid phase.

The flow of the fluid constituent is described by Darcy’s law, which relates
the seepage velocity wf, i.e., the relative velocity of the fluid with respect to
the solid velocity (wf = vf − vs), to the gradient of the fluid pressure p as

wf = − ks

ηfR
grad p , (2.5)

where ks refers to the intrinsic permeability and ηfR represents the effective
viscosity of the fluid. Equation (2.5), together with a constitutive equation
for a barotropic fluid, is inserted into the fluid mass conservation equation to
obtain the governing equation [102]

1

M

∂p

∂t
− ks

ηfR
div grad p + α div

(
∂ us

∂ t

)
= 0 . (2.6)

Equations (2.4) and (2.6) represent the coupled set of governing equations
derived in the poro-elastic theory. Equation (2.6) is coupled to (2.4) by the
rate of change of the solid displacement us. The Biot-Willis parameter α =
1−Kd/K

s refers to the ratio of increment of fluid content in relation to changes
in bulk volume. Biot’s coupling coefficient M represents the storage modulus
at a material point, i.e., the amount of fluid that must be added or removed in
order to obtain a certain pressure variation. In equation (2.6), the inverse of
M is 1/M = φ/Kf + (α− φ)/Ks. Specific storage capacity 1/M at a material
point is related to the porosity φ, to the bulk modulus of the fluid Kf, as well
as to the bulk modulus of the grains.

Investigation of porous fractured rock intrinsically introduces different scales
at which physical processes take place. On the one hand, flow through a ho-
mogeneous porous material is related to the size of its pores. On the other
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Figure 2.4: Feasibility of modeling approaches depending on the aspect ratio
(2 a/δ) of the analyzed fracture. The hybrid-dimensional approach is derived
to account for hydro-mechanical problems related to high-aspect-ratio fluid
inclusions.

hand, fractures control fluid transport phenomena at characteristic lengths
much larger than the pore size. In fractured domains, fluid conduits represent
a preferential path for pressure transport and, therefore, their length often con-
trols the range at which transport phenomena occur. Typically, the length of
inclusions analyzed in reservoir engineering applications is 2a ∼ 10−2 . . . 103 m.
Specific storage capacity is related to each material point and storage deriving
from deformation of the fracture surfaces is not accounted for. To avoid such
limitation, the coupling term α div (∂ us/∂ t) in equation (2.6) can be modified,
in the fluid domain only, to account for deformations of the fracture surface
instead of the solid deformations at each material point. In this investigation,
the poro-elastic approach represents an alternative to the approach presented
in the former section that is more feasible to analyze thin inclusions, because
the set of governing equations are specifically derived to account for hydro-
mechanical coupling. In addition, the poro-elastic equations can account for
fluid mass exchange between the fracture domain and the surrounding porous
rock, i.e., leak-off.
As for the former approach, the complexity of the fluid domain discretiza-

tion procedure restricts the application of the poro-elastic approach in terms
of aspect ratio of the analyzed conduits. Nevertheless, because the velocity
profile is assumed, cf. Eq. (2.5), less elements are needed to discretize the
fracture domain along its width. Therefore, with the poro-elastic approach
higher-aspect-ratio geometries can be analyzed in comparison to the former
approach, cf. Figure 2.4.
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2.3.2 Diffusion-based approach
To obtain a simple diffusion equation one can rely on the well-known theory
of poro-elasticity. A diffusion-based approach relies on the assumption that for
some combinations of material parameters or applied boundary conditions the
equation governing the fluid flow can be decoupled from the mechanical prob-
lem describing the surrounding rock. For the poro-elastic equations (2.4) and
(2.6), decoupling occurs when the coupling term α div ∂us/∂t in equation (2.6)
vanishes, i.e., when the bulk volume of the analyzed domain remains constant
or when α → 0. Furthermore, it has been shown [76] that if the poro-elastic
equations (2.4) and (2.6) are reformulated in terms of mean stress σm = trT
and fluid pressure p, where T is the total stress, decoupling occurs for condi-
tions of constant mean stress σm. In either case, equation (2.6) degenerates to
a linear diffusion equation

1

M

∂p

∂t
− ks

ηfR
div grad p = 0 . (2.7)

The difference lies in the exact formulation of the storage modulus M . Due to
the focus on high-aspect-ratio geometries intersecting the source at a normal
angle, it is reasonable to assume that the flow mainly occurs in radial direction.
Therefore, the radial component of equation (2.7)

1

M

∂p

∂t
− ks

ηfR

(
∂2 p

∂r2
+

1

r

∂ p

∂r

)
= 0 . (2.8)

is analyzed. For this formulation the specific storage capacity sF = 1/M =
φ/Kf + (α − φ)/Ks is related to the fluid stiffness, as well as to the grain
stiffness at each material point.

Linear diffusion equations are widely used to model pressure transport along
fractures. One can rely on equation (2.8) and “simplistically” replace the lo-
cal material and storage properties by bulk fracture properties. The diffusion
equation governing fluid flow along a fracture then reads

∂p

∂t
− DF

∂2p

∂r2
− DF

r

∂p

∂r
= 0 , (2.9)

where the hydraulic diffusivity of the fracture DF = δ0 k/SFη
fR is related to

fracture permeability k, to the bulk fracture storage capacity SF, and to the
fracture aperture δ0, which is constant in time. For planar conduits the bulk
storage capacity has two contributions [65, 66, 76]

SF = δ βf +
∂δ

∂p
, (2.10)
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where the first term is related to the fluid compressibility βf and the second
to the contribution from changes in fracture aperture δ caused by pressure
variations. The fracture permeability k = δ2/12 is obtained by assuming a
Poiseuille type of flow in the fracture, related to the aperture δ. Pressure
dependence of storage capacity as well as fracture permeability are linked to
deformation caused by pressure diffusion along the fracture. The contribution
due to aperture changes is expressed by parametrization of the bulk storage
capacity SF = αs δ0 βf in multiples of the fluid compressibility. Equation (2.9)
is reformulated as

αs βf
∂p

∂t
− δ2

0

12 ηfR
∂2p

∂r2
− δ2

0

12 r ηfR
∂p

∂r
= 0 . (2.11)

In the diffusion-based approach a single macroscopic value of SF charac-
terizes the storage properties of the fracture. The computational complexity
is reduced in comparison to the approach above, as only a one-dimensional
domain representing the fracture is modeled. Nevertheless, the derivation of
equation (2.11) relies on a series of assumptions that constrain the applicabil-
ity of the approach. Equation (2.11) is used for homogeneous materials where
material parameters do not depend on pressure. Furthermore, storage related
to local deformations of the fracture surface is not accounted for at each po-
sition r along the fracture, it is rather addressed by a bulk storage capacity
characterizing the entire fracture domain.

2.4 Hybrid-dimensional approach
The hybrid-dimensional approach is a method derived to efficiently account for
coupled problems related to high-aspect-ratio fluid conduits. Accounting for
a two-dimensional domain, for example, the description of the fluid volume is
reduced to a one-dimensional domain, cf. Figure 2.3 (right). Investigations
involving a one-dimensional geometry allow for an efficient numerical solution
procedure and avoid issues deriving from the discretization of narrow two-
dimensional geometries.

For illustration, a three-dimensional solid domain with a horizontal fluid
inclusion is analyzed, where axial symmetry is exploited (Figure 2.5). In the
hybrid-dimensional approach, solid and fluid domains are modeled separately.
The partial differential equation governing the fluid flow along a deformable
inclusion is obtained enforcing balance of mass and balance of momentum on
the fluid volume, while the solid constituent can modeled by means of linear
elasticity. Different coupled set of equations can be derived from basic con-
servation laws for specific heterogeneities. In this example, the geometry is
naturally written in cylindrical coordinates (Figure 2.5). The solid domain is
modeled as two-dimensional axisymmetric and the fluid is modeled in a one-
dimensional axisymmetric domain. Following, the equation governing the fluid
flow is derived.
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Figure 2.5: Generic fracture geometry written in cylindrical coordinates. Geo-
metrical parameters used in the hydro-mechanical approach: the aspect ratio
2 a/δ of the conduit is related to the ratio of the fracture half-length a and
the aperture δ. Aperture δ(r, t) varies in space and time. The fracture volume
Vf(t) changes in time due to hydro-mechanical coupling.

2.4.1 Conservation of fluid mass
The general form of mass conservation is satisfied in a fully-saturated conduit
when the material time derivative

D

Dt

∫
V

dmf =
D

Dt

∫
V

ρfRdv = 0 , (2.12)

for every arbitrary fluid volume V in the fracture domain Vf(t), that changes
in time due to deformation (cf. Figure 2.5). The integral over the volume V is
reformulated as a triple integral in the three cylindrical coordinates

D

Dt

∫ ∫ ∫
ρfR r dz dφdr = 0 . (2.13)

The hybrid-dimensional approach is developed to efficiently model fluid
inclusions with high aspect ratio 2 a/δ between half-length a and aperture or
width δ of the conduit. In high-aspect-ratio inclusions it is reasonable to assume
that fluid flow mainly occurs in radial direction. The fluid density is assumed
constant over the fracture height. Furthermore, the axial symmetry of the
problem is exploited, thus equation (2.13) can be replaced by the line integral

D

Dt

∫
2π ρfR δ(r, t) r dr = 0 . (2.14)

The aperture δ(r, t) represents the aperture of the fracture normal to the radial
direction and varies with the position along the fracture and with time. The
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simplified one-dimensional integral (2.14) holds for every arbitrary interval dr
along the fracture domain.

To solve equation (2.14), the integral is transformed to the undeformed
configuration. This way, the integral is solved over a constant domain. The
Jacobi transformation [45] is used to transform between the deformed and
undeformed configuration. The Jacobian reads

J =
l

l0
=

∂r

∂R
, (2.15)

where l is a length and r is the position vector, both in the deformed configu-
ration. Conversely, l0 and R represent a length and the position vector in the
undeformed configuration, respectively. It follows that

dr = J dR and J̇ = J
∂ vfr
∂ r

, (2.16)

where vfr is the fluid velocity in radial direction.
Using Reynolds’ transport theorem [45] in equation (2.14), the time-de-

pendent domain of integration is transformed to the reference configuration.
The material time derivative is computed and transformed back to the current
configuration to give

2π

∫ [(
DρfR

Dt
δ + ρfR

Dδ

Dt

)
r

]
dr + 2π

∫ [
ρfR δ

Dr

Dt
+ ρfR δ

∂ vfr
∂r

r

]
dr = 0 .

(2.17)

According to the localization theorem [38], mass balance is locally satisfied
when the integrand of equation (2.17) vanishes. Therefore, the local form of
fluid mass balance in a high-aspect-ratio inclusion is obtained as(

DρfR

Dt
δ + ρfR

Dδ

Dt

)
r + ρfR δ vfr + ρfR δ

∂ vfr
∂r

r = 0 . (2.18)

The velocity of the solid phase in radial direction is assumed to be negligible
compared to the radial fluid velocity (vsr � vfr), thus the relative velocity of
the fluid becomes wfr → vfr. Using this approximation in equation (2.18) and
writing out the material time derivatives, the condition for mass conservation
in a deformable fracture filled with a compressible fluid is obtained:

∂

∂t

(
ρfR δ

)
+

∂

∂r

(
wfr ρ

fR δ
)

+
wfr ρ

fR δ

r
= 0 . (2.19)

The obtained equation enforces mass balance for the fluid domain, which means
that for any change in fluid volume, fluid density and velocity are affected
accordingly. Vice versa, for any variation in fluid velocity or density, the fluid
volume is affected to ensure fluid mass conservation.
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2.4.2 Balance of momentum
The balance of momentum for the fluid is evaluated assuming a Poiseuille-
type of flow. Again, assuming that the fracture is characterized by a high
aspect ratio and that the conduit’s boundaries have small curvatures, the flow
is approximated by that occurring between two parallel plates. Furthermore,
the half-length a of the fluid inclusion has to be chosen large enough to avoid
dominant effects of the fracture tip, cf. Figure 2.5.

The horizontal component of the fluid flow is driven by the pressure dif-
ference ∆p in radial direction. Pressure gradients in the fluid domain can be
triggered by the application of a fluid flux (e.g., Figure 2.1) or can be induced
by fracture deformation (e.g., Figure 2.2). A small interval ∆r of the fracture
domain is analyzed, in which the aperture δ̄ is assumed constant. The equation
for the velocity distribution in this interval along the fracture aperture reads
[61]

wfr(z) = − δ̄2

2ηfR
∆p

∆r

[
1− z

δ̄

] z
δ̄
, (2.20)

a parabolic velocity distribution of the fluid along the vertical direction z.
The fluid flow in the fracture is modeled as a one-dimensional axisymmetric

process. The mean flow velocity is obtained integrating the velocity profile over
the thickness. For infinitely small intervals with constant aperture the radial
distribution of fluid velocity in the fracture becomes

wfr = − δ̄2

12 ηfR
∆p

∆r
≈ −δ

2(r, t)

12 ηfR
∂p

∂r
, (2.21)

i.e., a locally applicable Darcy’s law. The permeability of the fracture is a
result of the parallel plate approximation and depends on the fracture aperture
δ at each point.

2.4.3 Equation governing fluid flow
The derived set of equations governing the fluid flow in the fracture domain
comprises equation (2.19) and equation (2.21). In the hybrid-dimensional
approach, the equation governing the fluid flow refers to a one-dimensional
axysimmetric domain and is based on two principles: a) fluid mass conserva-
tion and b) conservation of fluid momentum. The latter is obtained introducing
the assumption of fluid flow between parallel plates. Balance of mass and mo-
mentum are combined by inserting equation (2.21) in equation (2.19), which
leads to

∂
(
ρfR δ

)
∂t

− 1

r

∂

∂r

[
δ3ρfR r

12ηfR
∂p

∂r

]
= 0 . (2.22)
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The fluid compressibility is introduced as

βf =
1

ρfR
∂ρfR

∂p
. (2.23)

Equation (2.22) is rearranged in the form of a prototype one-dimensional con-
vection-diffusion equation assuming constant viscosity

∂p

∂t
+

1

12 ηfR r

∂

∂r

(
−r δ

2

βf

∂p

∂r

)
− 1

12 ηfR

(
δ

βf

∂δ

∂r

)
∂p

∂r
(2.24)

− δ2

12 ηfR

(
∂p

∂r

)2

= − 1

βf δ

∂δ

∂t
,

consisting of a time-dependent term, a diffusion term, a convection term, an
additional quadratic term, and a term at the right-hand side related to the
fracture deformation velocity.

In case that fluid is injected in the fracture, the initial-boundary-value prob-
lem is obtained by complementing equation (2.24) with appropriate initial and
boundary conditions

wfr (r = 0, t) = w̄ 0 < t ≤ tend , (2.25)
wfr (a, t) = 0 0 < t ≤ tend , (2.26)

where w̄ is a prescribed flux per unit area at the radius r = 0. Note that in
equation (2.25) the flow velocity wfr can be triggered imposing a boundary
condition w̄ as well as imposing a pressure boundary condition p̄. The set of
equations defining the initial-boundary-value problem is closed with the initial
conditions

p (r, t0) = p0 0 < r < a , (2.27)
δ (r = 0, t0) = δ0(rw) , (2.28)

where p0 and δ0(rw) are the initial pressure and aperture at equilibrium, re-
spectively.

2.4.4 Solid deformation
To solve equation (2.24), the aperture values δ(r, t) along the fluid domain have
to be updated according to the solid deformation caused by pressure transport.
During numerical solution procedure, pressure solutions p(r, t) from equation
(2.24) are applied to the fracture surface in the model of the rock domain
as a surface stress boundary condition, e.g., Figure 2.1 (center), (right). The
displacements evaluated from the solution of the mechanical problem are added
to the aperture δ in equation (2.24) for each iteration in time.
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The mechanical part of the domain can be modeled using different ap-
proaches. The Lamé-Navier equation (2.3) can be used to model the solid
domain and to obtain the deformation of the solid. As an alternative, analyti-
cal or semi-analytical solutions of solid deformation in a pressurized cavity can
be used. Solutions to pressurized conduits with constant pressure [94] as well
as with arbitrary pressure distributions [62, 89] allow for an efficient evaluation
of the solid deformation.

2.4.5 Hydro-mechanical coupling with leak-off
In case that the rock domain is modeled as a porous material, in addition to
solid deformation, hydro-mechanical coupling can include fluid mass exchange
between the fluid and the porous domain, in short, leak-off. Mass exchange
can be accounted for adding a source term qL to the right hand side of equa-
tion (2.24).

Leak-off is a flux starting from the conduit and flowing into the surrounding
porous domain. For simplicity, a fluid conduit with constant aperture δ(r)
is analyzed (cf. Figure 2.6). The seepage velocity wfN induced by leak-off,
orthogonal to the fracture surface, is governed by Darcy’s law formulated within
the poro-elastic domain as

wfN (r) = − ks

ηfR
grad prock · n , (2.29)

at each position r along the fracture. In equation (2.29), prock refers to the
pressure in the porous matrix, ks is the intrinsic permeability of the surround-
ing material, and n is the vector normal to the fracture surface, which has a
positive sign when pointing outside the fracture domain. The source term qL

is evaluated from the seepage velocity as

qL =
wfN

δ βf
. (2.30)

To obtain the seepage velocity and, therefore, the source term, the pressure
gradient in the surrounding material can be evaluated by means of a semi-
analytical solution of a diffusion equation [21] or numerically, if the surrounding
domain is modeled as poro-elastic material. While a numerical evaluation of
qL requires the poro-elastic equations (2.4) and (2.6) to describe the surround-
ing porous rock, an analytical solution can be easily added to equation (2.24),
independent of the modeling approach used for the solid domain. Analytical
evaluation of leak-off is particularly interesting if used in combination with a
semi-analytical solution to evaluate the rock deformation. The resulting hydro-
mechanical coupled model relies on numerical treatment of the fluid domain
only, while solid deformation and leak-off are efficiently evaluated analytically.

To analytically derive the source term qL, one can assume that fluid in-
filtrates the porous rock at each position r as a one-dimensional diffusion phe-
nomenon, orthogonal to the fracture surface (Figure 2.6). Exploiting vertical
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Figure 2.6: Accounting for leak-off in the hybrid-dimensional approach. Pres-
sure p(r, t) in the fracture (left) induces fluid flow in the neighboring rock
domain (right). Leak-off is accounted for in the fracture flow as a sink term qL.

symmetry, only half of the rock domain can be modeled. Leak-off towards the
surrounding rock is described as

∂ prock

∂ t
− ks

βf ηfR
∂2 prock

∂ z2
= 0 z ≥ δ

2
, (2.31)

associated with the initial condition prock(z, t = 0) = 0 and the boundary
condition prock(δ/2, t) = p(r, t). The pressure distribution p(r, t) in the fluid
domain is evaluated by equation (2.24).

The solution of the diffusion problem (2.31) at each position r is obtained
by means of the Laplace transformation as [16]

prock(r, z, t) =
z

2
√
π k

∫ t

0

p(r, t)
e

−z2
4 k(t−τ)

(t− τ)3/2
dτ . (2.32)

The pressure gradient at the boundary between rock and fluid is necessary to
evaluate wf in equation (2.29) and can be approximated with a finite difference
scheme

∂ prock

∂ z
∼ ∆prock

∆z
=
prock( δ2 + ∆z)− prock( δ2 )

∆z
. (2.33)

The source term qL is evaluated with equation (2.30) for each position r along
the conduit and can be added to equation (2.24) to account for leak-off.
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2.5 Summary
To account for hydro-mechanical coupling between fluid flow and solid deforma-
tion, three approaches were presented. Each approach has its advantages and
disadvantages (Table 2.1), related to the complexity of the method or to the
specific field of application. An approach based on the Navier-Stokes equation
(2.1) and the Lamé-Navier equation (2.3) represents the most direct way to
describe a coupled problem. This approach is however not used in this thesis,
due to the limitations related to the aspect ratio of the analyzed geometries.
The poro-elastic approach shares the same limitations as the former approach,
but limited to a lesser degree. Therefore, with the poro-elastic approach one
can successfully account for geometries with higher aspect ratios than with the
first approach. In the following chapters, the poro-elastic approach is used as
a benchmark for the numerical results obtained with the hybrid-dimensional
approach. With the latter methodology, initial-boundary-value problems are
solved, independent of the aspect ratio of the analyzed fractures.
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Chapter 3

Numerical modeling of the
hydro-mechanics of fractures

3.1 Introduction

Subsurface fluid flow is crucial for matter and heat transport in the earth but
also for provision of liquid resources and temporary or permanent underground
storage of fluids. For many years, the physical properties relevant for fluid flow
have been determined from pumping experiments in wells and deep boreholes
penetrating fluid reservoirs. Diffusion equations have proven very valuable
in the analyses of these tests [e.g., 17, 46, 57]. Yet, some field observations
cannot be explained even by employing extended forms of diffusion equations.
For example, inverse water-level fluctuations in the vicinity of pumped aquifers
(known as Noordbergum effect) have been documented [e.g., 9, 47, 51, 79]. This
phenomenon is related to hydro-mechanical coupling, the interplay between
temporal and spatial changes of fluid pressure and bulk stress or deformation
in porous media.

Hydro-mechanical coupling is also evidenced by observations of natural pro-
cesses at the earth’s surface or at shallow depth. The outpouring of warm water
along fault traces has been reported following earthquakes [e.g., 86]. Continu-
ous monitoring of wells revealed a systematic correlation of level changes with
seismic activity [15, 80] or with barometric loading of the fluid column [81], for
example. Seismicity is believed to be triggered by pore-fluid-pressure changes
related to natural precipitation [e.g., 43] but also by anthropological surface
activities such as charging surface reservoirs [e.g., 24, 87] or injection of fluid
into the underground [e.g., 56, 106].

In approaches resting on diffusion equations the coupling of deformation
and fluid pressure is only accounted for by employing storage parameters, e.g.,
specific storage capacity, representing the property of a material point and as
such closely related to the concept of representative volume elements (RVE).

23
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The constitutive poro-elastic behavior of a material point is assumed to be
correctly described by combinations of compressibilities of the pore space, the
solid constituents, and the fluid appropriately weighted using porosity. Yet,
the deformation of structures on length scales exceeding the size of RVE (e.g.,
hydraulic conduits such as joints and fractures) associated with changes in
fluid pressure is not accounted for in conventional analyses based on diffusion
equations.

Previously, various extensions of diffusion equations have been proposed
accounting for non-constant but pressure-dependent hydraulic properties [e.g.,
65, 67, 85, 104]. Yet, it remains questionable to which extent the non-local
character of joint and fault deformation associated with pressure transients is
appropriately reflected by these approaches.

In their seminal work, Rice & Cleary [78] derived a relation between spatial
and time derivatives of strain and pore pressure for an isotropic material from a
continuum mechanics perspective. When considering individual fluid conduits,
e.g., joints and fractures or faults, their geometric features become central for
the hydro-mechanical response [e.g., 62]. In particular, the pressure and stress-
sensitive aperture of joints controls their stiffness and transmissivity [e.g., 5, 6]
thus constituting the key element of the coupling.

The physical processes involved in fluid flow in deformable conduits are
modeled and investigated to understand the importance of the coupling be-
tween fluid flow and rock deformation. Rather than analyzing the stress-
permeability coupling by changing the far-field stresses [e.g., 69, 101], the
hydro-mechanical behavior of fractures is investigated where the fluid flow is
the deformation-driving phenomenon. Fracture propagation is not taken into
account but only elastic deformation of the fracture is considered.

Modeling equations are derived relying on physically-motivated relations
that avoid decoupling approximations, frequently used for analyses based on
diffusion equations. Specifically, the coupled nature of the problem is addressed
with two conceptually and technically differing approaches. The first model-
ing approach rests upon the well-established quasi-static poro-elastic theory
[12]. In this framework, the derivation of the governing equations is straight
forward, yet, the numerical solution procedure introduces technical difficul-
ties related to discretization. The large aspect ratio of fractures causes the
numerical models to have an extremely large number of degrees of freedom
leading to computationally expensive solution procedures. To overcome this
drawback, an alternative modeling procedure is developed, here addressed as
hybrid-dimensional approach, with the aim to model fractures with realistic
aspect ratios at reduced computational effort.

The objective of this study is to develop and test efficient numerical meth-
ods for the hydro-mechanical modeling of fractured materials. Observations
that can be unanimously linked to the coupling between fluid flow in and de-
formation of hydraulic conduits, i.e., hydro-mechanical coupling, constitute an
important element of this undertaking. The Noordbergum effect and inverse-
pressure response (see recent papers by Murdoch & Germanovich [63] and by
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L

Monitoring wellInjection well

r

Surface of the earth

Figure 3.1: Experimental setup: injection borehole (r = 0) and monitoring
borehole (r = L), intersecting fractured rock. The grey areas represent the
boreholes.

Slack et al. [88]) are considered to constitute such critical observations and
employ observations of the inverse-response during pumping tests in a jointed
aquifer in the testing of the developed numerical schemes.

After providing background information, the two approaches are first out-
lined in detail and then the alternative formulations and their numerical so-
lution procedures are investigated and compared. A dimensional analysis of
the governing equation confirms that more processes than just diffusion take
place during pumping operations, in particular along conduits characterized by
high aspect ratios. The hybrid-dimensional approach is finally used to model
critical observations from pumping tests that cannot be addressed by pressure
diffusion alone.

3.2 Background and modeling approaches

3.2.1 Critical observations

Hydro-mechanical coupling is documented by a range of critical observations,
such as the Noordbergum effect on field scale or the Mandel-Cryer effect on
sample scale, that are often associated with counterintuitive fluid-pressure vari-
ations [e.g., 97]. One such critical observation was encountered during pumping
operations involving an injection borehole and a monitoring borehole, both pen-
etrating a jointed aquifer (Figure 3.1, for well configuration of the field exper-
iment see Renner & Messar [75]). An inverse response in monitoring pressure
was observed upon every change in boundary condition in the injection well
[see also 88]. Just after injection was started, a sudden pressure drop was mea-
sured in the monitoring borehole, before the pressure started to increase due to
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Figure 3.2: Experimental pressure transients recorded in injection (black line)
and monitoring (blue line) boreholes during a sequence of 1) injection (t ∼
20− 170 s), 2) pause (t ∼ 170− 300 s), 3) production (t ∼ 300− 430 s), and 4)
pause (t ∼ 430 − 700 s) of pumping. Arrows indicate the direction of inverse
response to pumping.

pressure diffusion (Figure 3.2). Quasi-instantaneous pressure variations were
also observed when pumping was stopped or just after production was started.
This inverse response is clearly related to some physical mechanism other than
diffusion. These critical observations are used to test the modeling approaches
detailed in the following.

3.2.2 Basic concepts

Fracture geometry and deformation

The interpretation of field data recorded during fluid injection or production
is crucial for unraveling and understanding the conduit structure in the rock
surrounding a borehole. However, a model-free analysis of recorded pressure
transients is not possible. In contrast, basic characteristics of conduits, e.g.,
type, number, and orientation, typically have to be specified a priori and can
only be aimed for quantitatively constraining details of their properties. As
a consequence, the configuration and number of existing hydraulically active
fractures cannot be exactly retrieved from pressure-transient analyses but only
equivalent systems can be identified (Figure 3.1). In the light of this ambiguity,
a simple system is considered consisting of a single horizontal fracture since the
main purpose of this study is to investigate basic effects. Furthermore, it is
assumed that the injection well intersects the circular fracture in its center.
Monitoring wells are assumed to be located at some distance from the fracture
tip such that the flow field remains unaffected by end-effects.
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An ellipsoidal geometry is prescribed to the model conduit expressed by an
aperture δ and a radius a (please note the list regarding notation at the end of
the paper), a geometry naturally written in cylindrical coordinates (Figure 3.3).
The aperture is conceived as an effective hydraulic aperture that does not im-
ply a specific mechanical state of the real fracture to be modeled. Mechanically
open fractures (i.e., non-touching fracture surfaces) require a fluid pressure dis-
tribution along them capable of overcoming the normal stress on the fracture
surfaces (for constant fluid pressure along the fracture, fluid pressure simply
has to exceed normal stress). Yet, it has been long known that fractures main-
tain a finite hydraulic conductivity well below closure pressure [e.g., 40, 103].
This state may be addressed as hydraulically open but mechanically closed.
Flow along the fracture remains well approximated by the cubic law -exactly
valid for parallel plates- even when mechanical closure is reached [103]. The
Poiseuille-type velocity distribution normal to the fluid flow, characteristic for
flow between parallel plates, is well approximated by an effective permeabil-
ity of δ2/12. Indeed, the cubic law is applicable to rough surfaces in contact
when appropriately modifying the geometrical factor of 1/12 using measures
of fracture roughness [77]. The choice of an ellipsoidal shape is therefore sim-
ply intended to provide an analytical description of the corresponding effective
hydraulic aperture that specifically avoids singularities due to vertices. Alter-
natives, such as linearly tapered fracture geometry or parallel fracture surfaces
terminated by a circular cap, could equally well be used in principle.

X - 12 VINCI ET AL.: EFFICIENT NUMERICAL MODELING OF THE HYDROMECHANICS OF FRACTURES
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Figure 2. Experimental pressure transients recorded in
injection and monitoring boreholes during a sequence of
1) injection, 2) pause, 3) production, and 4) pause of
pumping. Arrows indicate the direction of inverse re-
sponse to pumping.
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Figure 3. Borehole intersecting a single horizontal frac-
ture modeled by elliptical geometry.
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Figure 4. Nonlocal character of fracture deformation
due to local pressure changes (long-dashed line); fracture
deformation due to constant pressure distribution (short-
dashed line).
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(no viscous shear stress)
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Figure 5. Feasibility of modeling approaches depending
on the aspect ratio (a/δ) of the analyzed fracture.

Figure 3.3: Borehole intersecting a single horizontal fracture modeled by ellip-
tical geometry.

Since the aperture associated with the model fracture is perceived to rep-
resent an effective hydraulic aperture maintained by contact of local asperities
on the fracture surfaces rather than a real continuous opening, bulk stresses
on the conduit are also not explicitly modeled or tracked. In the numerical
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models, mechanical equilibrium is guaranteed by restricting the displacements
on some of the boundaries of the model space (Figures 3.4, 3.5). Stresses are
a consequence of these restrictions but are not quantitatively evaluated here.
Local stresses on the fracture surfaces are not an explicit feature of the mod-
eling but the prescribed initial aperture with the specific value δ(rw, t0) at the
intersection with the borehole (r = rw, where rw � a) is considered to result
from an unspecified current global stress state. Fluid pressures along the frac-
ture encountered during the modeling remain below about 100 kPa, i.e., on an
order of magnitude that is small compared to typical stresses of most but the
shallowest depths of investigation.

Ks, Kd, G, Kf

a

r

q = 0

q = 0

q = 0
q = 0

10a

5a

p̄ or q̄

L < a

Figure 3.4: Boundary value problem solved with the poro-elastic approach.
Pressure is monitored at the injection borehole (r = rw) and at a monitoring
borehole (r = L < a).

Furthermore, in this study the focus is put on long and thin features as
typically encountered in geoscience applications where conduits exhibit aper-
tures of well below a few millimeters and lengths in the range of several meters
to tens of meters. Thus, it is assumed that δ � a, that fluid flows mainly in
radial direction in the conduit, and that the effect of changes in conduit length
on fluid flow are negligible compared to those of changes in width. Obviously,
horizontal displacements become crucial when investigating propagating frac-
tures.

While ample experimental evidence suggests that the hydraulic conductiv-
ity (or permeability) of real fractures is well approximated by the cubic law,
the storage properties of fractures are fairly complex and in fact their non-
local character causes the hydro-mechanical coupling, the very subject of this
study. A hydraulic conduit in a deformable material exhibits a sensitivity to
the changes in the stress state of the surrounding material frequently addressed
by normal and tangential stiffness that quantify the changes in aperture with
changing stress state. Normal stiffness (or storage) is closely related to the
stress or pressure dependence of transmissivity [e.g., 64]. Conversely, changes
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Figure 3.5: Boundary value problem solved with the hybrid-dimensional ap-
proach. Pressure is monitored at the injection borehole (r = rw) and at a
monitoring borehole (r = L < a).

in conduit volume may also be caused by the fluid pressure distribution in it,
a relation giving rise to a contribution to storage capacity beyond the com-
pressibility of the fluid. The presented modeling approach does not intend to
belittle the role of asperities and surface roughness per se, but approximating
the hydraulic conduit’s mechanical behavior by that of an elliptical fracture
with an effective aperture that gives the “right” conductivity (whichever way
this effective aperture had to be determined for a real fracture) provides a sim-
ple means of investigating the effect of the bulk deformability of the conduit on
fluid flow. The sensitivity of the hydro-mechanical behavior to the exact shape
and the characteristics of contacts will have to be subject of further work (but
see recent paper by Murdoch & Germanovich [63] and Slack et al. [88]).

Here, pressure p is evaluated relative to an unspecified initial state p0 before
injection. The pressure gradient imposed by injection drives the fluid flow along
the fracture. The transient pressure acting on the fracture surface deforms the
neighboring rock. The change in fracture geometry alters the permeability of
the fracture in turn affecting the distribution of the pressure p(r, t). In general,
an increase in pressure causes dilatation of the fracture, thus increasing the
effective permeability and contributing to the conduit storage capacity.

The solution of the elastic problem of an internally pressurized elongated
cavity [e.g., 89] reveals a non-local and non-unique relation between pressure
and deformation adding complexity to the solution procedure [e.g., 29]. The
displacement of the fracture surface at any point does not just depend on the
pressure applied to that point of the surface, but also on the pressure distribu-
tion along the entire fracture surface. Conversely, a pressure load on a point
of the surface causes the deformation of the entire structure (Figure 3.6). Due
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to the non-local character of deformation, the storage capacity of the fracture
cannot be quantified by a single material parameter in the modeling equations
but it is rather the result of the hydro-mechanical coupling between the fluid
flow and the rock deformation. At a single material point in the fracture do-
main, specific storage capacity is represented by the fluid compressibility alone
in the hybrid-dimensional approach and by conventional expressions involving
in addition frame modulus and grain modulus in the poro-elastic approach.

Fluid flow

The hydraulic part of the coupled problem consists of the flow of a compressible
(isothermal compressibility βf = 1/Kf, where Kf is the bulk modulus of the
fluid), viscous (dynamic viscosity ηfR) fluid along the fracture domain (here the
notation for theory of mixtures as given by Ehlers & Bluhm [33] is followed).
The large aspect ratio of fractures causes the fluid to predominantly flow in
radial direction. A Poiseuille-type velocity distribution [e.g., 61] is assumed for
hydraulically transmissive fractures with low contact area. Integration of such
a parabolic velocity profile along the aperture yields the radial component of
the (relative) fluid velocity

wfr = −δ
2(r, t)

12 ηfR
∂p

∂r
. (3.1)

The proportionality factor of 1/12 in equation (3.1) reflects the parallel plate
approximation and can be altered to account for rough and closed fractures
[e.g., 77]. The simplification to a flow between two parallel plates is applied for
each position r of the fracture domain leading to a local permeability of

k(r, t) =
δ2(r, t)

12
, (3.2)

a reasonable assumption considering the large extension of the fracture in the
horizontal plane as well as its high aspect ratio (see Section 2.4.2 for a detailed
derivation). Due to the quadratic dependence on aperture, permeability k, as
a local property of the fracture, is strongly sensitive to deformation.

3.2.3 Poro-elastic approach
In the first approach, the well-established theory of linear poro-elasticity [12]
is used. The quasi-static poro-elastic equations describe fluid flow in porous
materials, deformation of the solid phase, and account for the coupling between
the hydraulic and the mechanical problem. The ellipsoidal fracture domain and
the surrounding matrix are modeled as two different homogeneous and isotropic
porous materials, each obeying the following set of partial differential equations
with different material parameters
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−div (σs
E − αp I) = b and (3.3)

1

M

∂p

∂t
− 1

ηfR
div ( ks grad p ) + α div

(
∂ us

∂ t

)
= 0 . (3.4)

The sets of equations in the different domains are coupled on the interface, i.e.,
the fracture surface, by continuity conditions for displacement and flux. These
are enforced during the numerical solution procedure with the commercial Fi-
nite Element (FE) solver Comsol Multiphysics 4.3 (www.comsol.com). A slight
modification is introduced in equation (3.4) with respect to the conventional
formulation [12, 78] by allowing for a non-constant intrinsic permeability ks

of the porous material, i.e., ks remains within the divergence operator. The
Cauchy extra stress tensor σs

E (us) represents Terzaghi’s effective stress [93]
where us represents the elastic displacement of the solid skeleton. Here the
engineering-sign convention is followed, according to which the extra stresses
of the solid phase are defined as negative for compression and fluid pressure p
is defined as positive. The term to the right-hand side of equation (3.3) rep-
resents body forces b. The Biot-Willis parameter α = 1 − Kd/K

s is related
to the ratio of the frame bulk modulus Kd (drained modulus) and the grain’s
average bulk modulus Ks. The inverse of Biot’s coupling coefficient M, which
represents the specific storage capacity at a material point, reads

1

M
=

φ

Kf
+
α− φ
Ks

. (3.5)

The set of poro-elastic equations is solved in the fracture domain and in the
porous matrix for different material properties. It is assumed that the porosity
φ ∼ 1 in the fracture domain and that Kd of the surrounding matrix is much
larger than Kd of the fracture domain. For these assumptions, the storage at
a material point is only related to the fluid bulk modulus (M → Kf).

The local permeability ks at a material point in the fracture is assumed so
high that the fluid velocity is controlled by the geometry of the conduit struc-
ture, i.e., the relevant permeability is controlled by the aperture as quantified
in equation (3.2). The relative fluid velocity wf in the fracture, when described
by Darcy’s law, reads

wf = −k(r, t)

ηfR
grad p . (3.6)

The deformation of the fracture surface is evaluated by solving equation (3.3)
and prescribing the permeability at each position r along the fracture domain.
This way, permeability variations depend on the fracture surface deformation
that in turn is affected by the entire pressure distribution. It is however as-
sumed that permeability is constant in the vertical direction inside the fracture
domain.
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a

r

δ(r) p

Figure 3.6: Non-local character of fracture deformation due to local pressure
changes (black arrows and long-dashed line); fracture deformation due to con-
stant pressure distribution (grey arrows and short-dashed line).

Besides the effect of fracture deformation on permeability, an additional
coupling term (α div ∂ us/∂ t in equation 3.4) results from the deformation of
the fracture surface. The velocity of the solid vs = ∂ us/∂ t at the fracture
surface represents the velocity of deformation of the fracture in all directions.
Since the deformation in vertical direction is responsible for most of the volume
changes in the fracture domain, vertical deformation of the fracture surface
causes most of the hydro-mechanical coupling effects.

It is assumed that leak-off, i.e., fluid flow from the fracture to the surround-
ing matrix, does not occur to isolate the effects of fracture deformation. For
this purpose, the surrounding rock is considered impermeable, ksrock = 0, and
it becomes linear elastic within this assumption. The possibility to account
for leak-off of fluid into the matrix is however intrinsically implemented in the
poro-elastic approach and leak-off driven by the difference in pressure in the
fracture and in the surrounding rock can be easily modeled by varying the
permeability of the surrounding matrix. Furthermore, the peculiarities of the
stiffness of a closed fracture related to the mechanical behavior of the contact
asperities [e.g., 62, 63] may be addressed by varying the mechanical properties
assigned to the fractured domain.

3.2.4 Hybrid-dimensional approach

An alternative approach to the poro-elastic method, here addressed as hybrid-
dimensional approach, is now described that allows for geometries with high
aspect ratios. In contrast to the poro-elastic approach, the governing equation
are explicitly derived for the fluid flow in the fracture imposing equilibrium
conditions in the fluid phase with respect to a deformable fracture embedded
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in a deformable rock matrix. The mechanical problem of the surrounding
rock is separately treated within linear elastic theory. Fluid flow and fracture
deformation are solved in a coupled way by means of the FE solver Comsol
Multiphysics. The hydraulic problem along the fracture is modeled as a one-
dimensional axisymmetric process. The dimensional reduction constitutes the
major difference to the poro-elastic approach.

Again, local fracture permeability is related to local aperture, which is found
by solving the three-dimensional elastic problem. The field variable δ appears
in both, the hydraulic and the mechanical problem, thus constitutes the cou-
pling variable. The mechanical and hydraulic models are coupled in Comsol
Multiphysics by applying the transient pressure distribution in the fracture as a
load on the rock matrix in the mechanical model. The resulting displacements
of the fracture boundary are added to the aperture values characterizing the
fracture transmissivity in the hydraulic model.

Balance of mass and of momentum

First, the balance equation for mass is derived for a compressible fluid in a
single horizontal deformable fracture (cf. Section 2.4.1). Mass conservation for
the fluid results in a relation between the injected fluid volume, changes in fluid
density and fluid velocity, and variations in fracture volume. The conservation
of mass is satisfied in the fluid-filled fracture when

∂

∂t

(
ρfR δ

)
+

1

r

∂

∂r

(
r wfr ρ

fR δ
)

= 0 (3.7)

where ρfR is the (real) effective density of the fluid. An additional mass ex-
change (leak-off) between the fracture domain and the surrounding matrix can
be accounted for by adding a right-hand side/source term but is not referred
to at this stage to isolate the effect of fracture deformation.

Balance of momentum (see Section 2.4.2 for a detailed derivation) yields
a constitutive equation that links the average fluid velocity wfr in radial di-
rection with the pressure gradient as in equation (3.1), i.e., Darcy’s law. The
permeability is prescribed as in equation (3.2) depending on the local aperture
of the fluid-filled fracture.

Governing equations

Balance of mass (Eq. 3.7) and balance of momentum (Eq. 3.1), applied to the
fluid, lead to the nonlinear storage equation (see Section 2.4.3)

∂p

∂t
+

1

12 ηfR r

∂

∂r

(
−r δ

2

βf

∂p

∂r

)
−
(

δ

12 ηfR βf

∂δ

∂r

)
∂p

∂r
(3.8)

− δ2

12 ηfR

(
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)2

= − 1

βf δ

∂δ
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,
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complemented by the initial condition for the pressure p(r, t0) = 0. At the
intersection of the borehole with the fracture, a pressure p(rw, t) = p̄ or a
flux boundary condition q(rw, t) = q̄ can be prescribed. In addition, a no-flux
boundary condition has to be enforced only at the fracture tip q(a+ rw, t) = 0
since a one-dimensional flow model is used. The associated mechanical problem
is solved using the pressure distribution in the fracture to evaluate fracture
deformation.

In order from left to right, the governing equation (3.8) comprises a time-de-
pendent pressure term, a diffusion and a convection term, a nonlinear/quadratic
term, and a term at the right-hand side. The diffusivity coefficient CD =
δ2/12 ηfR βf and the convection coefficient CC = δ (∂δ/∂r) /12 ηfR βf are non-
constant parameters related to the aperture and to the aperture gradient, re-
spectively. Depending on the relative size of the two parameters, the fluid flow
is diffusion dominated or convection dominated. The term to the right-hand
side is proportional to the variation of the aperture with time and accounts for
most of the hydro-mechanical effects. By means of a simple sensitivity study,
it was found that changes in diffusivity coefficient CD and in convection co-
efficient CC caused by fracture deformation can be neglected, in comparison
to effects caused by the term to the right-hand side. The latter introduces
additional physical effects that are investigated in Section 3.3.2 by means of a
dimensional analysis and in Section 3.4.3 by means of numerical solutions.

3.3 Analysis of the modeling equations

The two apparently disparate modeling approaches are seen as treating the
same fundamental problem of a deformable conductive slit. At face value,
the hybrid-dimensional and the poro-elastic approach treat open and closed
fractures, respectively. Yet, the models underlying the two approaches are
seen as equivalent systems for which conductivity and flow field are captured
“correctly” in the sense that the used relations (Eqs. 3.4, 3.8) comply with ex-
perimental findings [e.g., 103]. The two employed numerical approaches share
the notion that a planar conduit (joint, fracture, or fault) may exhibit con-
siderable hydraulic conductivity even when it is mechanically closed, i.e., the
conduit experiences a normal stress that exceeds the fluid pressure along it and
thus the opposing conduit surface are locally in contact. Upon this mechanical
closure the conduit deformation is controlled by two players: the bulk conduit
structure and the local contacts. It is assumed that the two contributions can
be superposed and that principal results can be gained from restricting to the
contribution of the global conduit structure to its deformability.

3.3.1 Comparison of the modeling equations

Equation (3.8) is analyzed for the hybrid-dimensional approach and is com-
pared to equation (3.4) for the fracture domain only. In contrast to the hybrid-
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dimensional approach, the poro-elastic approach is solved for a two-dimensional
axisymmetric fracture domain. Nevertheless, due to the high aspect ratio
of the fracture, fluid flow develops primarily in radial direction and, there-
fore, pressure gradient variations in the vertical direction could be neglected.
The poro-elastic equation (3.4) was reformulated to facilitate a direct compar-
ison of the two modeling approaches (Table 3.1). Both equations comprise a
time-dependent pressure term, a diffusion term with the same diffusion coef-
ficient, a quadratic term, and a term related to fracture volume changes. In
the hybrid-dimensional approach a term proportional to the aperture gradi-
ent appears, representing convective processes although the flow is simplified
to a one-dimensional case. In the derivation of the governing equations (see
Section 2.4), the flow is assumed to be one-dimensional but a second dimen-
sion, namely the fracture aperture δ, is taken into account in the fluid mass
conservation (Eq. 2.14). The aperture variations along the fracture cause the
convective effects. Such a convection-related term does not explicitly appear
in the governing equation of the poro-elastic approach as convective effects are
a result of solving the poro-elastic equations (3.3, 3.4) in the “heterogeneous”
structure composed of two different media.

A further difference between the two modeling approaches is the coupling
term (Table 3.1). In both equations, it is related to the velocity of the rock
deformation and accounts for fracture volume changes. However, the coupling
of the elastic deformation is proportional to the gradient ∂ vsz/∂z of the solid
velocity in the poro-elastic approach, whereas the hybrid-dimensional approach
only approximates the gradient with vsz/δ, where vsz = ∂δ/∂t (Table 3.1).

Due to the similarities in the structure of both governing equations, a
generic partial differential equation is identified that is characterized by a
time-dependent term, convection-diffusion terms, quadratic effects and a hydro-
mechanical coupling term. This generic governing equation is investigated by
a dimensional analysis using equation (3.8) as an explicit example. Analyzing
equation (3.4) instead would yield the same general conclusions.

3.3.2 Dimensional analysis

A quantitative evaluation of the occurring physical effects is now performed
by introducing characteristic scales and by non-dimensionalizing the governing
equation. Physical dimensions are eliminated from equation (3.8) by substitut-
ing characteristic values Ψ̃ to arrive at the following non-dimensional variables
Ψ?

δ = δ? δ̃ , (3.9)
r = r? r̃ , (3.10)

t = t? t̃ , and (3.11)
p = p? p̃ , (3.12)
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where r̃ = a denotes the characteristic scale in horizontal direction. A char-
acteristic fracture aperture δ̃ may be gained from exploiting the analytical
solution of a fracture deformed by a constant pressure p̃ [94]

δ̃ =
4 (1− ν2)

π E
p̃ r̃ :=

1

Ẽ
p̃ r̃ . (3.13)

Equation (3.13) is used to reduce the set of characteristic values by expressing
the characteristic pressure p̃ as a function of the characteristic aperture δ̃, the
characteristic stiffness Ẽ, and the characteristic length r̃, i.e., p̃ = δ̃ Ẽ/r̃. In
addition, a characteristic time t̃ is chosen representing the finite rise time of
the boundary condition applied at the borehole, i.e., the finite time needed
to reach a constant flow rate or pressure. During pumping operations, the
transient behavior of the pressure distribution around a borehole is strongly
affected by the finite time needed to realize the boundary condition. Relating
t̃ to a characteristic diffusion time is inappropriate due to the important effects
of the “instantaneous” hydro-mechanical coupling on the pressure transient in
high-aspect-ratio fractures.

The governing partial differential equation (3.8) is reorganized and written
in terms of the introduced quantities as

A
r?

δ?2

∂p?

∂t?
− ∂

∂r?

(
r?
∂p?

∂r?

)
− 3

r?

δ?
∂δ?

∂r?
∂p?

∂r?

−B r?
(
∂p?

∂r?

)2

= −C
r?

δ?3

∂δ?

∂t?
. (3.14)

The dimensionless numbers in equation (3.14) are defined as

A =
12 η r̃2βf

δ̃2 t̃
=

transient

diffusion
, (3.15)

B =
δ̃ βf Ẽ

r̃
=

quadratic

diffusion
, and (3.16)

C =
12 η r̃3

δ̃3 Ẽ t̃
=

coupling

diffusion
, (3.17)

where A scales the time dependence of p, B scales nonlinear diffusion effects,
and C represents the transient effects caused by hydro-mechanical coupling,
all with respect to diffusion phenomena. To efficiently investigate the different
limits of equation (3.14), parameter combinations are analyzed for which some
phenomena dominate over other phenomena.

First of all, convective effects (represented by the third summand in equa-
tion 3.14) are of importance only in the region near the fracture tip. Due to
the elliptical shape of the fracture, the aperture gradient ∂δ?/∂r? is negligible
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along the entire fracture, apart from the region near the fracture tip (Figure
3.3). Furthermore, the quadratic term of equation (3.14), scaled by the dimen-
sionless number B, is inversely proportional to the aspect ratio of the conduit,
while A and C are proportional to the square and the cube of the aspect ra-
tio, respectively. Therefore, B can be neglected for high-aspect-ratio fractures
(δ̃ � a). Furthermore, relative to A and C, that scale with fluid viscosity and
the inverse of the characteristic time, the quadratic term becomes negligible
for fluids with high viscosity and processes with short characteristic times.

For configurations comprising a high-aspect-ratio fracture, a viscous fluid,
and a fracture of large extension, equation (3.14) can be reduced to

A
r?

δ?2

∂p?

∂t?
− ∂

∂r?

(
r?
∂p?

∂r?

)
= −C

r?

δ?3

∂δ?

∂t?
, (3.18)

which holds for all points in the fracture apart from the fracture tip. The ob-
tained reduced equation represents a transient diffusion equation with a hydro-
mechanical coupling term to the right-hand side.

For high aspect ratios in equation (3.18), pressure transient effects are com-
parable to diffusive effects (A ∼ 1). Furthermore, the larger the aspect ratio
is, the more pronounced the effects due to hydro-mechanical coupling effects.
Equation (3.18) can be further reduced to the transient diffusion equation

A
r?

δ?2

∂p?

∂t?
− ∂

∂r?

(
r?
∂p?

∂r?

)
= 0 . (3.19)

when a rigid fracture is investigated (K̃ →∞) and/or for low-aspect-ratio frac-
tures. The solution of the diffusion equation permits only positive pressure time
derivatives for injection procedures. Inverse-pressure responses (Figure 3.2) are
not covered.

The configurations analyzed in the numerical examples comprise compress-
ible fluids, deformable rocks and/or conduits with large aspect ratios (Ta-
bles 3.2, 3.3). For these cases, diffusion phenomena as well as hydro-mechanical
coupling effects are significant and non-local effects are captured.

3.4 Numerical modeling

3.4.1 Model configuration and solution schemes
Due to discretization issues during the numerical solution procedure (performed
in Comsol Multiphysics), the poro-elastic approach cannot be used to solve the
fluid flow in a fracture with an aspect ratio a/δ ≥ 105 (Figure 2.4). Discretiza-
tion of the narrow geometry of the fracture domain considerably increases the
computational effort and, for a/δ ≥ 105 a mesh without highly distorted el-
ements could not be obtained. On the contrary, in the hybrid-dimensional
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Table 3.2: Parameters used for the numerical examples with a low-aspect-ratio
fracture (a/δ = 2× 104).

Input a = 100 m
p̄ = 20 kPa
δ(rw, t0) = 5 mm

Poro-elastic input Ks = 33.3 GPa grain
Kd = 8 GPa skeleton
G = 15.4 GPa skeleton
Kf = 2.2 GPa fluid
φ = 0.01
ksrock = 10−19 m2

calculated Keff

Geff = G

Hybrid-dimensional input K = 29.4 GPa
G = 15.4 GPa

approach meshing the fracture domain is independent of the fracture aperture.
Below, conditions that can be handled by both approaches are chosen first, i.e.,
a/δ < 105, and the numerical solutions are presented. The solution obtained
with the well-established theory of poro-elasticity constitutes a benchmark for
the output of the hybrid-dimensional approach with its inherent approxima-
tions. Subsequently, high-aspect-ratio fractures (a/δ ≥ 105) are investigated
using only the hybrid-dimensional approach.

The symmetry of the geometry in vertical direction and the rotational sym-
metry of the problem around the borehole are exploited and only a quarter
of the problem is modeled in both, the poro-elastic approach (Figure 3.4) and
the hybrid-dimensional approach (Figure 3.5). For the mechanical problem,
symmetry is introduced by constraining the edge on the axis of symmetry with
regards to vertical displacements. Furthermore, the horizontal displacements
due to fracture deformation are neglected and, therefore, the borehole wall is
assumed fixed in radial direction; this way the storage effects of the borehole
are neglected. While neglecting borehole storage effects may seem simplistic,
it allows us to investigate and isolate effects due to fracture deformation. As
an initial condition the pressure p(r, t0) = p0 = 0 is prescribed.

The direct comparison of results from the two approaches requires com-
patibility between the poro-elastic and the elastic parameters describing the
environment of the fracture. The material parameters in the poro-elastic ap-
proach have to be transformed to effective elastic parameters Keff and Geff

that can be directly compared to the elastic parameters K and G, employed in
the hybrid-dimensional approach (Table 3.2). For the effective bulk modulus
Gassmann’s effective low-frequency result [35, 59] is calculated
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Keff =
φ(1/Ks − 1/Kf) + 1/Ks − 1/Kd

(φ/Kd)(1/Ks − 1/Kf) + (1/Ks)(1/Ks − 1/Kd)
. (3.20)

The effective shear modulus Geff of the fluid saturated porous material is as-
sumed to be identical to the shear modulus of the dry rock [35].

3.4.2 Results for a fracture with low aspect ratio
(a/δ = 2× 104)

A fracture with an initial aperture δ(rw, t0) = 5 mm and half-length a = 100 m
is modeled, prescribing further characterizing material parameters and bound-
ary conditions as summarized in Table 3.2. The skeleton bulk modulus pre-
scribed for the matrix refers to deformation on the scale of the analyzed fracture
length and, therefore, falls significantly below typical bulk modulus values for
intact rocks. A pressure boundary condition is applied at the borehole.

Both the poro-elastic approach and the hybrid-dimensional approach yield
a decrease of the fluid pressure along the fracture at all times (Figure 3.7). The
largest relative deviation

DEV =

∣∣∣∣pPE − pHD

pPE

∣∣∣∣ , (3.21)

between the two numerical solutions pPE(r, t) and pHD(r, t) for the poro-elastic
approach (subscript PE) and the hybrid-dimensional approach (subscript HD),
respectively, occurs in the vicinity of the borehole (Figure 3.7). However, de-
viations are small with maximum values in the range of 1 to 2 %.

For comparison, the pressure transient for a rigid fracture (∂ δ/∂ t = 0) was
evaluated (Figure 3.7). In this case, convection and diffusion of fluid pressure
is much faster than the pressure evolution according to the coupled solutions;
the pressure p̄ = p(rw, t), prescribed as the boundary condition at the bore-
hole, is reached throughout the fracture within two seconds. In contrast, the
pressure along the fracture is still evolving after five seconds when taking hydro-
mechanical effects into account (Figure 3.7). The small fracture deformation
caused by the modest applied pressure variations (∆p = 20 kPa) greatly af-
fects the pressure transient. Furthermore, the transient pressure distribution
was evaluated along a deformable fracture, accounting for permeability changes
due to fracture deformation but neglecting the hydro-mechanical coupling term
on the right-hand side of equation (3.8). The effects of permeability changes
alone do not cause noticeable modifications of the pressure transient, but the
obtained numerical solution overlaps with the solution for a rigid fracture (Fig-
ure 3.7).
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Figure 3.7: Pressure transient along a fracture (for its characteristics see Table
3.2) (top) and deviation between solutions of the poro-elastic approach (Eqs.
3.3, 3.4) and hybrid-dimensional approach (Eq. 3.8) (bottom) (t = 0− 5 s).

3.4.3 Results for a fracture with high aspect ratio
(a/δ = 2× 105)

The fracture investigated was characterized by an initial aperture δ(rw, t0) =
500 µm and half-length a = 100 m. In contrast to the previous example, the
fluid flow was induced by a flux boundary condition applied at the borehole
(Test a in Table 3.3). The evaluation focused on the pressure transient (Figure
3.8, top) at the injection point as well as at a monitoring point at a finite
distance L = 20 m from the injection point (Figure 3.5).

After injection is initiated, an inverse-pressure response is noted at the
monitoring point. There, pressure values first decrease below the initial value
(Figure 3.8, bottom). The subsequent increase in pressure represents pressure
diffusion along the fracture related to fluid injection but the early behavior of
the pressure transient is caused by the very fast (controlled by the propaga-
tion velocity of elastic waves) elastic deformation of the fracture due to which
its aperture increases along its entire length and therefore fracture volume in-
creases. The non-local character of the elastic deformation affects the fracture
almost instantaneously everywhere, even when the transient pressure front is
still in the vicinity of the borehole (Figure 3.8, top). As a consequence of this
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Figure 8. Hybrid-dimensional approach: (a) pressure
transient (red line) and rock deformation (black line)
along the fracture domain (t = 0, 5, 25, 50, 100, 150, 200
s, identified by the circular markers in (b)) with aspect
ratio a/δ = 2 x 105. (b) pressure evolution at borehole
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(b)
Figure 3.8: Results for a simulation of a high-aspect-ratio fracture using the
hybrid-dimensional approach: (top) pressure transient (red line) and rock de-
formation (black line) along the fracture domain (t = 0, 5, 25, 50, 100, 150, 200
s, identified by the circular markers in the bottom figure) with aspect ratio
a/δ = 2 × 105; (bottom) pressure evolution at borehole (black line) and at a
distance of L = 20 m (blue line).

volume increase, the fluid pressure and density in the far field decrease. When
the pressure front diffuses further along the fracture, pressure values start to
increase.

The sudden pressure drop, referred to as “inverse response to pumping”,
is one of the critical observations caused by hydro-mechanical effects. This
phenomenon is documented by experimental data (Figure 3.2) and, in Section
3.4.4, it is shown that the numerical models quantitatively match field obser-
vations for realistic parameters. Similar inverse-pore-pressure effects have been
investigated in poro-elastic initial-boundary-value problems, cf. Mandel-Cryer
effect [97].
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3.4.4 Quantitative modeling of critical observations
During previously reported field tests [see 75], pressure was recorded at the in-
jection borehole and at monitoring boreholes (Figure 3.1). Numerical solutions
for the transient pressure in the fracture obtained from the hybrid-dimensional
approach are compared to the experimental data to find a set of input param-
eters of the initial-boundary-value problem for which modeling results match
the observations. The numerical modeling simply used the pumping protocol
of the field-test rates as boundary condition.

The pressure transients at the injection borehole and at one of the moni-
toring boreholes determined by the hybrid-dimensional approach qualitatively
fit the experimental data during all pumping phases (Figure 3.9). The “inverse
response to pumping” in the monitoring borehole is captured when injection is
started, pumping stopped, and production started, i.e., at any variation in the
applied boundary condition at the borehole. Sudden pressure changes near the
borehole cause deformation along the entire fracture. During fluid injection,
a sudden volume increase is accommodated by a sudden pressure drop in the
monitoring well. When production is started, a localized pressure drop near
the borehole causes the aperture to decrease at all points in the fracture and
therefore, generates a sudden pressure increase in the monitoring well.

A simple trial and error approach complemented by a sensitivity study yield
a representative set of parameters for which the computed results quantitatively
match the field data (Test b in Table 3.3). The obtained geometrical constraints
(i.e., fracture length a and aperture δ) for the effective fracture are of reasonable
order of magnitude and so is the constraint on the elastic properties of the
surrounding rock. The obtained parameters are a fracture length a = 100 m,
an initial fracture aperture δ(rw, t0) = 600 µm at the borehole intersection, and
a bulk modulus of the linear elastic material surrounding the fracture K = 1.4
GPa. The bulk modulus, which represents the deformation behavior of a jointed
rock mass on the scale of tens of meters, is expected to fall significantly below
typical modulus values for rock-forming minerals or intact rocks particularly for
the shallow depths of the examined wells. In support of this notion, estimates

Table 3.3: Parameters used for the numerical examples with high-aspect-ratio
fractures (a/δ > 1× 105).

Test a Test b

a (m) 100 100
K (GPa) 8.3 1.4
G (GPa) 3.8 0.65
q̄ (l/min) 24 24
δ(rw, t0) (mm) 0.5 0.6
Kf (GPa) 2.2 2.2
L (m) 20 20
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of the rock mass modulus (following Hoek & Diederichs [44]) derived based on
classification (see for example Bieniawski [11]) of drill cores of the tested wells
range from approximately 1 GPa to about 10 GPa at most.

In addition to implementing an automated fitting routine, an improved
fitting of the experimental data could likely be obtained by accounting for
further physical processes, e.g., fluid leak-off and well storage. Loss of fluid
mass from the fracture volume towards the neighboring matrix may account for
some of the quantitative differences between the recorded and modeled pressure
transients at both, the injection and monitoring borehole. However, the aim is
to demonstrate that the counterintuitive pressure transient can in principle be
explained by hydro-mechanical coupling without additional phenomena.

3.5 Discussion

The presented approaches rely on the assumption that the fluid flow is con-
trolled by the aperture distribution along the fracture. In both approaches
contact between the fracture surfaces is neglected. The applicability of the
approach is limited by the validity of the cubic law employed for the descrip-
tion of the flow problem. While the cubic law still holds for fractures that
are mechanically closed it is not applicable to fractures with large contact
areas compared to the entire fracture surface or fractures approaching a per-
colation limit by other contact characteristics. Despite the differences in the
derived governing equations (Eqs. 3.3, 3.4 vs. Eq. 3.8) numerical solutions
obtained with the hybrid-dimensional approach closely match the ones of the
poro-elastic approach considered an appropriate benchmark (Figure 3.7). The
hybrid-dimensional approach is well suited for the investigation of fluid conduits
characterized by high aspect ratios, inaccessible by the poro-elastic approach
due to meshing problems. In particular for high-aspect-ratio inclusions, it was
concluded that parameters characterizing the bulk properties of the conduit,
e.g., the storage capacity of the fracture, cannot be accounted for by a scalar
representing a macroscopic property but the coupling between changes in con-
duit volume and pressure along it varies with time and is non-local.

The hybrid-dimensional approach can be used to investigate several dif-
ferent problems involving hydro-mechanical coupling in addition to the ones
presented. The approach models fluid flow in long and narrow fractures, avoid-
ing the discretization issues associated with such narrow geometrical domains.
Though the analysis lent towards fluid flow caused by injection procedures in a
well, it is applicable to flow induced by fracture-volume changes due to changes
in the bulk stress state, such as “squirt flow” [e.g., 59] or “fracture flow” (cf.
Chapter 5), as well. The macroscopic properties of representative elementary
volumes containing one or more high-aspect-ratio fractures can now be system-
atically investigated with respect to their distribution, density or orientation
at modest computational expenses and almost unrestricted in terms of aspect
ratio. Nevertheless, when generalizing the hydro-mechanical coupled problem
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to non-horizontal fractures, axial symmetry is lost and gravity forces cannot
be neglected in the derivation of the equation governing the fluid flow. These
assumptions fail also for cases with multiple intersecting fractures, in which,
additionally, mass exchange between the fractures has to be accounted for in
the fluid mass conservation.

The hybrid-dimensional approach is a tool to constrain effective properties
of fractured materials and thus may build the basis for more complex investiga-
tions accounting for multiple fractures and aiming at their significance for the
pressure response. In the field of reservoir engineering, effective properties of
the rock surrounding a borehole can be inferred by numerically modeling of field
data recorded during pumping operations, in particular critical observations
as the inverse-pressure response. Application of different injection-production
patterns allows for further characterization of the fractured rock. By means of
optimization techniques, the numerical results can be fitted to field data and
an “ideal” set of parameters characterizing the fractured rock can be obtained.

Further development of the hybrid-dimensional approach can consist in in-
cluding a loss of fluid mass from the fracture domain, i.e., leak-off. In addition,
the assumption of Poiseuille flow can be abandoned for closing fractures with
high contact areas. A different flow rule has to be implemented in the deriva-
tion of the governing equations. Accounting for contact between asperities on
the fracture surface leads to a more complex behavior of the deformation of the
fracture than in this study and, therefore, to investigations towards additional
effects caused by hydro-mechanical coupling.

3.6 Conclusions

In this study of the hydro-mechanical behavior of a single deformable fracture
in the subsurface, attention was focused on fluid pressure as the driver for frac-
ture deformation perturbing fluid flow. Two approaches describing the coupled-
hydro-mechanical problem of fluid injection from a borehole into surrounding
rock containing a hydraulically open and deformable fracture were derived and
compared. The first approach was based on Biot’s poro-elastic equations and
both, the surrounding rock and the fracture domain, were modeled as porous
materials. This approach, consider a benchmark for hydro-mechanical prob-
lems, showed limitations when trying to solve problems with fractures charac-
terized by large aspect ratios. Therefore, a hybrid-dimensional approach that
overcomes these limitations was derived, for which the governing equation was
gained by enforcing balance of mass and momentum of the fluid specifically for
the assumed ellipsoidal geometry of the fracture. In both approaches, contact
between fracture asperities was not explicitly treated but it was relied on the
validity of the cubic law for fractures with touching surfaces. The two ap-
proaches yield closely matching results when applied to the same problem. For
a high-aspect-ratio fracture, an initial-boundary-value problem was presented
and solved with the hybrid-dimensional approach alone. The performed dimen-
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sional analysis revealed the role of different physical phenomena for differing
test cases in dependence of the choice of material and geometrical properties.
For the cases investigated, i.e., high-aspect-ratio fracture and water as injected
fluid, the governing equation takes the form of a convection-diffusion equation
with transient effects due to hydro-mechanical coupling that specifically cap-
tures the non-local fracture deformation caused by the pressure transient along
the single fracture. Due to the non-local character of coupling, a single stor-
age capacity parameter for the conduit is insufficient to fully capture critical
observations such as inverse-pressure response. The hybrid-dimensional ap-
proach quantitatively models field observations including the inverse-pressure
response. Neglecting the effects of fracture deformation yields strongly different
numerical results.





Chapter 4

The imprint of
hydro-mechanical effects in
periodic pumping tests

4.1 Introduction

Pressure transients induced by injection into or production from wells dur-
ing pumping operations have since long been analyzed to understand and de-
scribe geometric and hydraulic properties of the surrounding rock material [e.g.,
34, 57]. Characterization of the subsurface’s conduit structure is essential to
understand fluid transport and thus is related to solutes, suspended solids, and
heat carried along with it. Knowledge of the characteristic material and geo-
metric parameters of the rock surrounding the wells, as well as of the occurring
physical phenomena, is crucial during management of water resources as well
as during exploration of oil and gas reservoirs. When interpreting data from
pumping operations the challenge is to predict long term flow rates, for example
over years (fresh water supply, hydrocarbon production, CO2 sequestration) or
centuries (geothermal energy provision), using the information obtained from
short term experiments, for example by pressure perturbations lasting from
some seconds to few hours.

Pumping tests in wells typically yield pressure values measured at the in-
jection borehole and in cases also at one or more monitoring boreholes. The
pressure transient is the result of hydraulic and mechanical processes whose
balance depends on various geometric and material properties of the rock sur-
rounding the wells. The pumping protocol also strongly affects to which extent
processes are activated. In addition to conventional pulse or step testing [e.g.,
49, 50, 91], harmonic [74] or non-harmonic [75] periodic successions of single
frequency or multi frequency pumping signals were imposed [e.g., 19, 75].

49
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Pumping tests have been employed in field experiments, theoretical inves-
tigations, and numerical approaches. Modeling of the pressure transients can
be used as a predictive tool that allows the operator for characterization of
reservoirs surrounding a well [e.g., 3, 20] and, as an extension, allows for sensi-
tivity studies of flow characteristics with respect to various geometric and mate-
rial parameters. Numerical hydro-mechanical analyses accounting for pressure-
sensitive media have been performed [e.g., 62, 65, 95]. Pulse testing procedures
were numerically modeled to fit field data and allow for parameter identification
[18].

In this work, numerical modeling of periodic pumping tests is presented
to understand the implications of hydro-mechanical coupling on the pressure
transient. Inverse-pressure response constitutes a prominent example of the
importance of hydro-mechanical effects [cf. 36, 88, 98]. Synthetic data are
produced employing two different models that describe the induced fluid flow.
The hybrid-dimensional approach (cf. Chapters 2, 3) is used to account for
hydro-mechanical coupling. This method relies on basic conservation laws and
does not introduce a priori assumptions on the fracture-storage capacity.

Storage capacity as a variable characterizing a fracture has been analyzed
for well tests [63]. The limitations of introducing the concept of storage capac-
ity as a macroscopic property of the fracture are investigated. The numerical
solutions of an approach accounting for a simplified fracture-storage capacity
[76] (cf. Section 2.3.2) are compared to fully coupled results. Pressure tran-
sients are qualitatively analyzed in the time domain. Relying on fast Fourier
transformation (FFT) pressure records are quantitatively studied in the fre-
quency domain. With the aim to estimate equivalent hydraulic parameters
in mind, the sensitivity of the pressure transients to geometric and material
parameters is investigated for both modeling approaches.

4.2 Background and modeling approaches

4.2.1 Configuration of the wells and the fracture
Pumping procedures are investigated involving periodic injection of fluid into
and production from a vertical well. Pressure is monitored in the pumping
well and at distances Li = 5 . . . 550 m from the injection point, cf. Figure 4.1.
All boreholes are assumed to intersect a single horizontal ellipsoidal fracture
of half length a, where a � rw, through which fluid flow is induced. The
material surrounding the fracture is considered as a poro-elastic medium [12].
Yet, fluid mass exchange between the fracture and the surrounding rock, i.e.,
leak-off, is “inhibited” by assigning a permeability of ks = 10−22 m2 to the
porous material. A low rock permeability is used to isolate effects induced
by pressure transport phenomena along the fracture, e.g., diffusion or hydro-
mechanical coupling effects. A periodic fluid-flow transient, consisting of a
succession of injection, no-pumping, production, and no-pumping, was applied
at the injection borehole with periods T = 37, 370, and 3700 s. The choice of
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Li

Monitoring wellInjection well

r

Surface of the earth

2rw
2a

Figure 4.1: Analyzed configuration: injection well (with radius rw) and mon-
itoring wells (at distances 5 < Li < 550 m) intersecting a single ellipsoidal
fracture of length 2a.

material parameters, geometric properties, and injection boundary conditions
(Table 4.1) is based on fitting of field data performed in Section 3.4.4.

4.2.2 Modeling

Hybrid-dimensional approach

Previously, a subsurface-fluid flow model (cf. Chapter 3) was developed to
interpret and analyze data records obtained during field tests [75]. The hydro-
mechanical problem of fluid injection in a deformable conduit is accounted for
by a hybrid-dimensional approach. A fully coupled set of equations was de-
rived from basic conservation laws for a specific heterogeneity, i.e., a horizontal
fracture modeled as an ellipsoid. In Chapter 3 it was shown that this approach
provides numerical approximations that are very similar to Biot’s equations
used to model a poro-elastic slit in poro-elastic matrix.

Fluid flow along the fracture is addressed as a one-dimensional axisymmet-
ric process with the governing equation (2.24). The governing equation (2.24)
was derived imposing equilibrium conditions in the fluid phase with respect to
a deformable inclusion surrounded by a rock matrix. The surrounding material
is referred to as a two-dimensional axisymmetric domain, cf. Figure 4.2. Me-
chanical deformation as well as fluid flow through the porous rock are modeled
by means of the poro-elastic equations (2.4) and (2.6).

The set of governing equations comprising equation (2.24) and the poro-
elastic equations (2.4), (2.6) is complemented by the boundary conditions
for the pressure and the solid displacement. On the boundaries of the one-
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a

p

r
L < a

10a

5a

Ks, Kd, G, Kf

q = 0
q = 0

q = 0

q = 0

Figure 4.2: Geometry and initial-boundary-value problem of the surrounding
rock material: two-dimensional axisymmetric poro-elastic domain.

q̄

a

q=0

r

Figure 4.3: Geometry and initial-boundary-value problem related to fluid flow:
one-dimensional axisymmetric domain of the fracture.

dimensional axisymmetric domain a flux boundary condition q(rw, t) = q̄ and
a no-flux boundary condition q(a, t) = 0 are applied at the injection point and
the fracture tip, respectively (Figure 4.3). The pressure p(r, t) along the frac-
ture is coupled to the fracture surface of the porous rock domain (Figure 4.2),
while the porous rock displacement is coupled to the aperture of the fracture,
cf. δ in equation (2.24). At the boundaries of the two-dimensional axisym-
metric domain, representing the far field, undrained boundary conditions are
applied and, according to symmetry, vertical displacement is fixed at the lower
edge. The injection and monitoring boreholes are not accounted for in the one-
dimensional axisymmetric domain and, therefore, borehole storage effects are
not modeled. Pressure transients at the wells are obtained as data read outs
at predefined distances along the modeled fracture domain.

Diffusion-based approach

As an alternative to a fully coupled hydro-mechanical treatment of the problem,
pressure transport along a deformable conduit can be addressed by the simple
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Table 4.1: Parameters used for the simulation of periodic pumping tests.
Periodic pumping

Pumping T = 370 s
q̄ = ±24 l/min

Fracture a = 1000 m
δ0(rw) = 640µm

Surrounding rock Ks = 14 GPa grain
(hybrid-dimensional) Kd = 1.4 GPa skeleton

G = 0.65 GPa skeleton
Kf = 2.2 GPa fluid
φ = 0.02
ks = 10−22 m2

Storage multiplier αs = 105

(diffusion-based)

diffusion equation (2.7), cf. Section 2.3.2. A diffusion-based approach relies on
the assumption that for some combinations of material parameters or applied
boundary conditions the equation governing the fluid flow can be decoupled
from the mechanical problem describing the surrounding rock.

The hybrid-dimensional approach is considered to yield the full behavior and
diffusion equations to be intrinsically correct only for undeformable materials.
In this work, a diffusion-based approach is used to investigate which apparent
fracture-storage capacity were needed to closely match the basic characteristics
of the fully coupled response.

Analytical solution for periodic radial flow

As a comparison to the numerical models, analytical solutions of the diffusion
equation (2.11), which governs radial fluid flow in a homogeneous medium,
are used in the frequency domain for periodic boundary conditions at the in-
jection well. Analytical solutions for sinusoidal injection pressure signals and
no-flux boundary conditions at r = a were derived [75]. The periodic pres-
sure transients at the injection borehole as well as at the monitoring boreholes,
transformed in the frequency domain, are characterized by a phase ϕi for the
imposed period T and an amplitude Ai. Phase differences ∆ϕi and amplitude
ratios Ai/A0 between signals at monitoring wells and the injection borehole are
interpreted to describe the occurring physical phenomena along the fracture.

Analytical solutions of the diffusion-based approach provide characteristic
lines in the phase-shift amplitude-ratio domain, to which numerical results can
be conveniently compared. The analytical solution weakly depends on the
monitoring distance r. With increasing distance, the characteristic line in the
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phase-shift amplitude-ratio domain shift downwards. For illustration, in this
investigation the analytical solution for r = 5 m is used, i.e., 100 times the well
radius rw.

4.2.3 Processing and analysis of numerical data

The use of periodic signals allows one to employ fast Fourier transform (FFT)
analysis to identify the phase shift ∆ϕi = ϕi−ϕ0 of the pressure transient pi(t)
at the monitoring boreholes with respect to the pressure p0(t) at the injection
borehole. Analysis in the frequency domain provides phase shift between two
signals within a common period. In cases, when the phase shift ∆ϕ exceeded
one period, potential ambiguities were avoided checking the signal by eye. The
amplitude reductions Ai/A0 between the pressure amplitude Ai at the mon-
itoring boreholes and the amplitude A0 at the injection borehole were also
evaluated by means of the FFT analysis.

Before transformation to frequency domain, pressure records were post pro-
cessed to eliminate transient non-oscillatory effects within the first pumping
cycles. In some cases a tapered cosine window was used to ensure that the
pressure transient started and ended with identical values. The phase shifts
∆ϕi and amplitude ratios Ai/A0 are used to analyze pressure transients along
the single fracture for the hybrid-dimensional approach and the diffusion-based
approach with the aim to characterize the hydro-mechanical response during
periodic pumping procedures. The analytical solution provides characteristic
lines in the dimensionless amplitude-ratio phase-shift domain, to which numer-
ical results are compared.

4.3 Results

Synthetic data were produced for periodic pumping tests employing a) the
hybrid-dimensional and b) the diffusion-based approach. Pressure transients
are qualitatively compared in the time domain but an extensive quantitative
comparison is restricted to the frequency domain (relying on FFT of pressure
records).

First, the pressure transients are separately analyzed in the pumping and
monitoring wells, and the sensitivity of the maximum pressure reached in the
monitoring borehole pmax to geometric and material properties (Table 4.2) is
investigated. For the diffusion-based approach, the sensitivity of the storage
multiplier αs, needed to fit the simple diffusion results to the fully coupled
ones, is analyzed with respect to variations in input parameters. Finally, an
interference analysis is performed, comparing pressure values at the injection
and monitoring wells.
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Table 4.2: Ranges of parameters used for the sensitivity analyses.
pmax

Aperture δ0(rw) = [0.1 . . . 5] mm
Drained bulk modulus Kd = [0.8 . . . 250] GPa
Storage multiplier αs = [104 . . . 107.5]
(diffusion-based)

Inverse response

Aperture δ0(rw) = [0.2 . . . 1] mm
Drained bulk modulus Kd = 1.4 GPa
Half-length a = 1000 m

Aperture δ0(rw) = 0.3 mm
Drained bulk modulus Kd = [0.7 . . . 142] GPa
Half-length a = 1000 m

4.3.1 Pressure analysis in the time domain

Pumping well

The fully coupled approach yields a peculiar asymmetry in the pressure tran-
sient at the injection well (Figure 4.4). Pressure excursions from the initial
pressure remain smaller during injection than during production. The asym-
metric pressure profile suggests that the mechanical response of the fracture
is sensitive to the type of the applied procedure, i.e., if mass is added to or
removed from the fracture domain.

Depending on the combination of δ0(rw) and Kd, pressure values at the
injection borehole reach pmax ∼ 102 Pa (for large apertures and soft rock)
or pmax ∼ 106 Pa (for thin fractures and stiff rock), cf. Figure 4.5. On
the one hand, pressure is strongly sensitive to fracture aperture. Changes
of δ0(rw) affect fracture permeability as well as the relative importance of
hydro-mechanical coupling phenomena to diffusion processes. On the other
hand, pressure values are weakly sensitive to Kd for large apertures, but for
δ0(rw) < 1 mm.

The diffusion-based approach can approximate the transient obtained with
the fully coupled hydro-mechanical model well when αs is chosen correctly, but
for the asymmetry of the pressure profile between injection and production
phases. In a simple diffusion problem, pressure pmax reached at the injection
borehole is caused by the flux boundary conditions applied and depends on the
fracture transmissivity and on bulk storage capacity. In contrast, the hydro-
mechanical approach explicitly accounts for local changes in aperture. For the
chosen combinations of apertures and rock bulk moduli (Table 4.2, top) the
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Figure 4.5: Contour of logarithm of pressure pmax at monitoring borehole for
combinations of initial aperture δ0(rw) and dry modulus Kd from 0.1 to 5 mm
and from 0.8 to 250 GPa, respectively.

storage multiplier that leads to a match between pressure transients obtained
with the hybrid-dimensional approach and with the diffusion-based approach
varies by over three orders of magnitude, from αs ∼ 104 to αs ∼ 107.5 (Figure
4.6). The storage multiplier strongly depends on the rock stiffness, independent
of the chosen initial aperture δ0(rw). In a weaker way it also depends on fracture
aperture.

Monitoring wells

The fully coupled approach yields pressure transients that are dominated by
oscillations caused by inverse response for large monitoring distances (r >
0.05 a), where in general pressure decreases. At r = 15 m, inverse response is a
short pressure perturbation taking place shortly after any change in injection
boundary condition, superposed on pressure oscillations driven by diffusion.
At r = 50 m, contributions from hydro-mechanical coupling are larger than
oscillations caused by diffusion. At distances r > 130 m, pressure variations
are uniquely caused by inverse-pressure response and oscillations caused by
pressure diffusion alone can be neglected, cf. Figure 4.4.

The fit of the diffusion-based approach by choosing αs is limited to the
pressure transient at the pumping well only. Pressure transients are monitored
at 5, 15, 25, 50, and 250 m. For the solutions of the diffusion-based approach
amplitude reduction is more pronounced than for the solutions of the hybrid-
dimensional approach. Clearly, the diffusion-based approach fails to capture
hydro-mechanical coupling effects that take place along the fracture, e.g., in-
verse response. However, also the penetration depth of the diffusion pressure
front is limited and, in comparison to the coupled problem, pressure amplitude
decreases faster.
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Figure 4.6: Contour of logarithm of storage multiplier αs for combinations of
initial aperture δ0(rw) and dry modulus Kd from 0.1 to 5 mm and from 0.8 to
250 GPa, respectively.

Sensitivity of inverse response to fracture aperture and stiffness

Pressure inverse response is a prominent evidence of the importance of hydro-
mechanical effects during pumping operations. In the following, the relation of
inverse response to different values of δ0(rw) and of rock drained bulk modulus
Kd is investigated. Instead of a flux boundary condition, that corresponds
more closely to field experiments, a pressure boundary condition p̄ = 20 kPa
is applied at the injection point to more conveniently compare the pressure
transients along the fracture, cf. Figure 4.7.

With increasing aperture and constant fracture length (see Table 4.2 (bot-
tom) for parameters used), inverse response quantitatively diminishes, vanish-
ing for very wide fractures (Figure 4.7, top). For the latter case, the hydro-
mechanical coupling becomes negligible because the relative magnitude of the
fracture deformation decreases with increasing aperture. The additional stor-
age caused by fracture deformation vanishes and pressure transport processes
are faster compared to conduits with higher aspect ratio.

The inverse response to pumping quantitatively decreases for stiffer sur-
rounding rocks, its magnitude is inversely proportional to Kd (see Table 4.2
(bottom) for parameters used). For Kd = 0.7 GPa, pressure values drop to
p = −4 kPa (20% of p̄) before diffusion effects take place, while for an ideally
rigid fracture no inverse response occurs.

The duration of inverse response is related to the magnitude of the pressure
drop, but it is also related to the drained bulk modulus of the rock. For
Kd < 1.4 GPa, the duration of inverse response is proportional to the stiffness.
For Kd > 1.4 GPa, the inverse response vanishes more rapidly with increasing
stiffness (Figure 4.7, bottom). For the chosen input parameters (Table 4.2,
bottom), the duration of inverse response has a maximum around Kd ∼ 1.4
GPa.
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Time teq needed to reach a steady state is not directly proportional to Kd.
The duration of the inverse response affects the pressure propagation along the
fracture. For the given pressure boundary condition p̄ at the injection well, a
steady state is attained when the prescribed pressure p̄ is reached throughout
the entire fracture length. On the one hand, for Kd > 14 GPa, teq is propor-
tional to the stiffness. Along rigid fractures a steady state solution is reached
much faster than for deformable fractures. Hydro-mechanical coupling effects,
which slow down the diffusion process, diminish for large stiffness values. On
the other hand, teq is inversely proportional to the stiffness for Kd < 1.4 GPa.
Along weak fractures, pressure transport is facilitated by large deformations,
which increase the fracture transmissivity. Time teq reaches a maximum for
1.4 < Kd < 14 GPa, where pressure transport is slowest (Figure 4.7, bottom).

4.3.2 Pressure analysis in the frequency domain

Phase shift between the pressure signals at the injection borehole and the mon-
itoring wells increases with increasing monitoring distance r up to 90 m, i.e.,
9% of the fracture length, while amplitude ratio decreases. The diffusion-based
approach yields ∆ϕ = 0.11 to 1.56 cycles and Ai/A0 = 0.18 to 4.5× 10−6. The
fully coupled calculations yield ∆ϕ = 0.052 to 1.1 cycles and Ai/A0 = 0.25 to
7×10−4, cf. Figure 4.8 (top). For larger distances, i.e., 90 m ≤ r ≤ 550 m, only
the fully coupled approach gives significant pressure perturbations resolved by
Fourier analysis. At r = 550 m phase shift and amplitude ratio were 0.69 and
5.1× 10−6, respectively.

Solutions obtained using a diffusion-based approach refer to a simple dif-
fusion equation and thus follow the analytical solution. The latter is inde-
pendent of pumping period, fracture length and aperture, but weakly depends
on the distance of the monitoring boreholes. Here, the analytical solution for
r = 5 m is used (Figure 4.8, top). For larger monitoring distances the an-
alytical solutions shift downwards. With increasing phase shift, the results
of the diffusion-based approach slightly deviate from the analytical solution.
The small deviations at distances r > 25 m are in agreement with the weak
dependence of the analytical solution on monitoring distance.

Numerical results of the fully coupled solution closely follow the analytical
solution only for small phase shifts ∆ϕi and amplitude ratio values (Figure 4.8,
top). With increasing amplitude reduction, results of the hybrid-dimensional
approach deviate from the analytical solution and exhibit larger phase shifts
and larger amplitude ratios in comparison to the diffusion-based approach. For
log(Ai/A0) < −3, phase shift values converge to ∆ϕ ∼ 0.69 whereas amplitude
ratios keep decreasing.

Three domains can be identified for which differences among the ratio of
diffusion and hydro-mechanical phenomena are observed. These regions can
be visualized along the spatial domain of the fracture (Figure 4.8, bottom).
The position r? = r/Ldiff is normalized with respect to the diffusion length
Ldiff =

√
DT , with D = δ2/(12 ηfRβf). In the vicinity of the injection borehole
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Figure 4.8: Periodic pumping test with period T = 370 s, δ0(rw) = 0.64 mm,
and a = 1000. From left to right the markers identify r = 5, 15, 25, 50, 90 m.
(top) Logarithm of amplitude ratios Ai/A0 vs. phase shifts ∆ϕi of the transient
pressure in the monitoring boreholes with respect to the pressure in the injec-
tion borehole. Amplitudes and phase shifts are larger in the hydro-mechanical
model, as a result of inverse response. The jump in phase shift and conver-
gence to ∆ϕ ∼ 0.69 are also caused by hydro-mechanical coupling. The blue
dotted line represents phase shift values at r = 110 . . . 550 m with and without
accounting for a jump in phase shift; (bottom) phase shift against distance r?,
normalized with respect to the diffusion length. In the vicinity of the injection
well diffusion dominates (red domain). For larger distances diffusion and in-
verse response coexist (gray domain). At larger distances, transient pressure is
a response to hydro-mechanical coupling only (blue domain).
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(r? ∼ 0 . . . 0.025), phase shift is related to the diffusing pressure signal only.
Phase shift values of either numerical approach and the analytical solution are
comparable. Further away (r? ∼ 0.025 . . . 0.01), hydro-mechanical coupling
effects become larger and affect the phase shift values. In this region of the
fracture, measured phase shifts are the result of the sum of both diffusion and
hydro-mechanical processes, which are characterized by the same frequency. In
the vicinity of r? ∼ 0.09 (at r ∼ 90 m), as diffusion effects vanish, very fast
pressure variations in the first period of pumping become visible. At r? ∼ 0.09,
during the data post processing, these effects are captured by the FFT analysis
and a jump of one cycle occurs in the phase values. With increasing distance
from the injection borehole (r? ≥ 0.01) phase shift values are related to the
hydro-mechanical response only and converge to ∆ϕ ∼ 0.69.

Influence of pumping period on phase shifts and amplitude ratios

Results of the diffusion-based approach lie near the analytical solution of radial
flow, independent of the pumping period T (Figure 4.9, top). In contrast,
solutions of the fully coupled problem depend on the applied period T and
are not restricted to characteristic lines in the dimensionless amplitude-ratio
phase-shift domain (Figure 4.9, bottom). Different pumping periods trigger
different pressure profiles along the fracture, characterized by distinct diffusion
lengths. For T = 37 s, pressure penetration depth along the fracture is smaller
than for T = 370 or T = 3700 s. The region dominated by diffusion is also
small. Therefore, the domain characterized by inverse response begins closer
to the injection borehole in comparison to large period injections, cf. Figure
4.9 (bottom).

The relative sizes of the three domains of Figure 4.8 (bottom) vary depend-
ing on the diffusion characteristics as well as on the hydro-mechanical coupling
effects. Phase shifts and amplitude ratio values for all pumping periods follow
the same pattern as in Figure 4.8 (bottom) but, depending on pumping period
T , phase shift values converge to the pure hydro-mechanical response closer
to of farther from the injection well. For small pumping periods, amplitude
reduction is large and phase shifts at the monitoring wells converge near to
the injection point. For T = 37 s, the phase shift induced by inverse response
occurs at r = 90 m and is ∆ϕ ∼ 0.69. Phase shift induced by inverse response
only is quantitatively equal to the one obtained with pumping period T = 370 s
(Figure 4.8), with the difference that for T = 370 s convergence of ∆ϕ occurs
at r = 120 m.
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Figure 4.9: Amplitude ratio vs. phase shift at monitoring boreholes at positions
r = 5 m (blue), r = 15 m (red), r = 25 m (green), r = 50 m (black), and
r = 90 m (magenta) for different pumping periods (T = 37, 370, and 3700
s), obtained with (top) the diffusion-based approach and (bottom) the hybrid-
dimensional approach.
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4.4 Discussion

Periodic pumping tests and, in particular, interference analysis of the pressure
transients are useful procedures to analyze pressure transport processes along a
deformable conduit. In addition to geometrical and material properties, pump-
ing protocol strongly affects to which extent hydraulic and mechanical processes
are activated. Inverse response to pumping, for example, only occurs when flux
at the injection well is changed. Application of a periodic signal at the injection
well replicates inverse response various times for each cycle. Hydro-mechanical
effects can easily be perceived by direct comparison of pressure values obtained
with the hybrid-dimensional approach to diffusion-based results in the time do-
main (Figure 4.4). Analysis of data in the time domain provides further insight
in the quantitative evaluation of hydro-mechanics.

By means of signal analysis procedures, the periodicity of the pressure sig-
nals was exploited. Fast Fourier transform analysis was used to analyze pressure
transients up to small responses, which could not be discerned by analyzing the
signals in the time domain. In the amplidute-ratio phase-shift domain, results
from parametric sweep or from different models can be easily visualized and
compared.

4.4.1 Mechanical response of the fracture

The pressure profiles provided by the hybrid-dimensional approach are asym-
metric (Figure 4.4), in particular at r = rw. During injection, smaller pressure
variations occur in comparison to the production phase. The fracture appears
to respond mechanically in different ways during injection and production, due
to the non-local property of deformation. For positive fracture deformations
(during pressure increase), the fracture appears less stiff than for diminishing
fracture aperture. A similar asymmetry is evident also in records of field ex-
periments [75].

Asymmetry in pressure profiles does not seem to be related to fracture geom-
etry, it is rather connected to the presence of hydro-mechanical coupling effects.
When fracture transmissivity is high and pressure distribution during injection
is constant along the fracture, asymmetry in the pressure transient does not
appear. Asymmetry only occurs if hydro-mechanical effects take place, e.g.,
inverse response, which occurs in thin fractures. Unlike pressure diffusion in
a rigid conduit, hydro-mechanical effects seem to occur in different ways when
injection or production is performed. During injection, hydro-mechanical cou-
pling effects are larger than during production. As a result of the increased
storage in the injection phase, occurring pressure variations are smaller in com-
parison to the production phase.
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4.4.2 Hydro-mechanically induced phase shift

At large distances from the injection well, pressure oscillations are induced
by fracture deformation only. At first glance, the inverse response suggests a
phase shift ∆ϕ = 0.5, opposite to the phase of the pressure at the injection
well. As a result of the non-local property of deformation, inverse response
effects are however of opposite phase at each position r. Any pressure acting
on the fracture surface causes deformation at all points in the fracture domain.
The phase shift ∆ϕ ∼ 0.69 of pressure oscillations caused by inverse response
results from the sum of phase shifts ∆ϕi of pressure values acting at all points
in the fracture, weighted by pressure amplitude and distance. For the limit
case of an incompressible fluid, pressure diffusion is instantaneous and phase
shift induced by inverse response is ∆ϕ = 0.5. Further analyses can provide
understanding of the relation of the hydro-mechanically induced phase shift to
geometrical characteristics of the fracture as well as to material parameters of
the solid rock and of the fluid.

4.4.3 Quantification of hydro-mechanical coupling

The storage multiplier is a quantitative index of the storage capacity of the
fracture related to fracture deformation (Figure 4.6). For αs = 1, only storage
related to fluid compressibility is accounted for. Higher values of αs charac-
terize soft and thin fractures, which deform easily and for which deformation
is relatively large with respect to the initial aperture. For this configuration,
the fracture-storage capacity is several orders of magnitude larger than storage
deriving from fluid compressibility alone. On the contrary, stiff fractures with
large apertures are characterized by a low storage capacity. Nevertheless, for
a relatively wide fracture, e.g., δ = 5 mm, in a relatively stiff rock, e.g., with
a drained modulus of Kd = 250 GPa, the storage multiplier αs ∼ 104 suggests
that effects other than diffusion cannot be neglected. While specific investiga-
tion of wide fractures is not the scope of this work, by means of dimensional
analysis (cf. Section 3.3.2) it was shown that phenomena other than diffusion or
hydro-mechanical coupling dominate for configurations involving rigid and/or
wide fractures and fluids other than water.

On the one hand, the expanded diffusion-based approach represents a use-
ful tool to approximate hydro-mechanics in deformable conduits. On the other
hand, reducing the fracture-storage capacity to a single value representing the
entire domain is a strong assumption. By means of the diffusion-based ap-
proach, only the pressure transient at the injection well can be fitted (Fig-
ure 4.4). Hydro-mechanical effects caused by spatial and temporal changes of
the fracture-storage capacity, e.g., inverse-pressure response, are neglected and
pressure transients at monitoring boreholes cannot be matched. With this ob-
servation in mind, particular caution is needed for practitioners, for example
in relation to induced seismicity analyses, when a diffusion-based approach is
used to model the pressure records from a single well. While numerical results
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from a diffusion-based approach match fairly well the signal at the injection
borehole, predictions may totally fail regarding the pressure distribution in the
subsurface.

4.4.4 Influence of pumping period on hydro-mechanics

Numerical results obtained with the hybrid-dimensional approach in the am-
plitude-ratio phase-shift domain depend on the chosen pumping period (Fig-
ure 4.9, bottom). Results obtained at monitoring points near the injection well
lie near diffusion-based solutions. At intermediate distances, pressure oscilla-
tions caused by diffusion start to fade. The inverse-pressure response effect
increases in importance and results in the amplitude-ratio phase-shift domain
deviate from the analytical solution. At distances exceeding the pressure pene-
tration depth associated with diffusion, pressure oscillations are uniquely trig-
gered by hydro-mechanical coupling.

Based on the three regions (Figure 4.8, bottom), characteristic patterns
of phase shifts and amplitude ratio values characterize the fully coupled re-
sults. The relative size of the characteristic domains depends on the pressure
penetration depth along the fracture and, therefore, on the pumping period.
Accounting for the fractures with identical geometrical and material properties,
a larger or smaller pumping period results in a larger or smaller domain along
the conduit, which is dominated by diffusion. Deviation from the analytical
solution or convergence to a phase shift value occur differently depending on T
(Figure 4.9, bottom).

Whereas the position in the fracture where diffusion vanishes depends on
the pumping period, the value to which phase shifts converge seems to be
independent of T . For both, T = 37 s and T = 370 s, ∆ϕ converges to
∆ϕ ∼ 0.69 (Figure 4.8, top, Figure 4.9, bottom). For T = 3700 s, pressure
penetration depth caused by diffusion is larger than the monitored distances
and the region dominated by inverse response only is not captured by the
numerical results.

4.5 Conclusions

Understanding the role of hydro-mechanics is essential for the interpretation
of pressure transients during well testing. Periodic pumping tests were sim-
ulated considering a vertical injection well intersecting a single horizontal de-
formable fracture. Pressure transients along the fracture were monitored at
the injection point as well as at monitoring boreholes positioned along the
fracture domain. Modeling was addressed using two methods, the hybrid-
dimensional approach and the diffusion-based approach. To illustrate the rel-
evance of hydro-mechanical coupling for flow in a deformable conduit, results
of coupled models were investigated and compared to non-coupled models and
analytical solutions. The diffusion-based approach, which is based on a simpli-
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fied storage capacity concept, fails to capture the hydro-mechanical response
of the fracture and fits the hydro-mechanical results only at a single point at
a time. Analyses of results were performed in the time domain, but extensive
comparison and post processing was evaluated in the frequency domain using
FFT. Phase shifts and amplitude ratios between pressure signals at the mon-
itoring and injection points were used to analyze and compare the numerical
results.

Results indicate that hydro-mechanical effects strongly affect the pressure
transient, in particular at large monitoring distances in comparison to the
penetration depth of diffusion. A prominent evidence of the importance of
hydro-mechanical effects is described by the concept of inverse-pressure re-
sponse to pumping. With increasing distance, phase shifts and amplitude ratio
values deviate from diffusion-based analytical solutions and phase shifts con-
verge to constant values, caused by inverse response only. Unlike for simple
diffusion, the behavior of the results of the coupled problem in the amplitude-
ratio phase-shift domain depends on the pumping period, which affects the
pressure penetration depth from the injection well along the fracture domain.
Using the hybrid-dimensional approach, it was shown that pressure transients
in a deformable conduit strongly depend on the initial fracture aperture and,
for small apertures, also greatly rest on the stiffness of the surrounding ma-
terial. Hydro-mechanical effects are more important for soft fractures and for
conduits with high aspect ratios.





Chapter 5

On attenuation associated
with fracture flow

5.1 Introduction

Characterization of heterogeneous materials can be performed by means of ef-
fective properties related to a homogeneous, continuous medium. With the
modeling tools derived in the former chapters, investigations of heterogeneous
materials and the related physical processes that occur within their domains
can be efficiently performed. Sensitivity analyses with respect to geometrical
and material parameters allow for interpretation of transient responses of the
analyzed domains and, therefore, to characterization of their effective proper-
ties. Following, a unit cell is analyzed where solid to fluid coupling is induced.
Deformations applied on the solid domain induce fluid fluxes within fluid-filled
conduits that are embedded in the unit cell.

Acoustic waves propagating in fluid saturated rocks are attenuated by a
number of mechanism, for example local fluid flow related to inhomogeneity
in the pore space [55, 59]. Inhomogeneous distributions of rock-matrix prop-
erties as well as of hydraulic properties induce heterogeneous effective stresses
and fluid pressure distribution, causing fluid flow on the length scale of the
heterogeneities. In a fractured material, fluid flow/redistribution may occur
in a single conduit or between conduits when the material volume is stressed
[83, 84].

Real rocks comprise voids of vastly different geometry. Often the term pore
is reserved for isometric voids on grain scale. The term fracture is used to
address a second prototype of void that typically has one dimension falling
significantly short of the other two, i.e, fractures constitute elongated features
with a high aspect ratio, i.e., the longest dimension is several orders of magni-
tude larger that the shortest dimension. Their long dimension can vary from
grain scale to way beyond it. In the current terminology, the term fracture

69
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flow identifies the attenuation that is related to fluid flow along thin inclu-
sions only. The term attenuation identifies the loss of energy dissipated by flow
mechanisms.

The term squirt flow [1, 22, 32, 58] denotes local flow of a viscous fluid
in individual cracks or between single grains, extending Biot’s approach and
related attenuation mechanisms. Pressure diffusion and resulting viscous atten-
uation induced by local flow or squirt-type mechanisms have been analyzed at
a scale related to the characteristic length of the conduits for low-aspect ratio
geometries [13, 41, 72, 83], i.e., the ratio of length and aperture is 2a/δ < 103.
Natural or stimulated fractures in reservoir rocks exhibit large aspect ratios
and resemble thin and elongated inclusions rather than isometric pores. The
physics of attenuation due to fluid flow in such high-aspect ratio conduits have
not been investigated yet.

Following, fluid flow is numerically investigated that is induced by elastic
deformation of inclusions that are much larger than the average pore size of a
porous rock. A two-dimensional prototype cell is employed that comprises two
fractures intersecting each other at a normal angle, hosted in a homogeneous
porous matrix. The numerical implementation allows one to independently
study the effects of flow within a fracture, between fractures, and between frac-
tures and porous matrix, often addressed as leak-off. The dissipative flow mech-
anisms lead to time dependence of the deformation. The different mechanisms
are actually associated with characteristic times varying with the properties of
pores and fractures. The observed deformation evolution is quantified by the
frequency dependence of inverse quality factors, i.e., measures for attenuation.
An improved understanding of the role of attenuation due to flow in fractures
with realistic aspect ratios provides new directions for the interpretation of field
data, for example estimation of fracture parameters from seismic data [4], or
analysis of fracture connectivity [10, 73, 83].

5.2 Modeling approach

A simple two-dimensional unit cell is analyzed that consists of a fractured poro-
elastic rock sample with two intersecting elliptical fractures [73, 82, 83]. The
porous rock matrix and the conduit are saturated with a compressible, viscous
pore fluid (dynamic viscosity ηfR and compressibility βf, Table 5.1). In contrast
to previous investigations [e.g., 82, 83], the hydro-mechanical phenomena are
investigated for high-aspect-ratio features, i.e., δh, δv � L (Figure 5.1). The
half length a = 5 cm applies for both fractures and the unit cell size is L = 2.2 a.
The length of the fracture is approximately two orders of magnitude larger than
the typical length scale of the pores in the matrix. The horizontal and vertical
fractures are modeled as an ellipse and as a half ellipse, respectively. The
vertical fracture intersects the horizontal one at its center.

Uniaxial compression is imposed by a vertical displacement boundary con-
dition ūy = 10−3 L applied at the top edge of the unit cell. The displacement
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Figure 5.1: Geometry of the unit cell: two-dimensional poro-elastic rock con-
taining two interconnected fractures. Displacement ūy is imposed on the top
edge. The bottom edge is constrained with respect to vertical displacement and
is undrained (q = 0). At the left and right edges periodic boundary conditions
are applied with respect to both, horizontal displacements and fluid flux.

boundary condition is enforced linearly in a time span tappl = 10−8 s while the
total simulation interval is t = [0, 108] s. Vertical displacements are fixed on
the lower edge. In addition, no-flux boundary conditions are applied on the
top and bottom edge. Furthermore, periodic boundary conditions are used for
the pore pressure and the solid displacements on the left and right edge of the
unit cell [48].

Through hydro-mechanical coupling, the deformation-induced pressure gra-
dients trigger fluid flow phenomena within the conduits and leak-off from the
conduits towards the surrounding porous rock, causing effective attenuation in
the investigated rock sample. The vertical compression of the horizontal frac-
ture induces fluid flow into the vertical one. Fluid flow along the fractures is
affected by the fracture transmissivity as well as by deformation of the conduit
through hydro-mechanical coupling effects [98]. Leak-off of fluid towards the
matrix is controlled by the permeability of the surrounding rock.

Hydro-mechanical coupling in the rock domain of the unit cell is studied
solving Biot’s quasi-static poro-elastic equations (2.4), (2.6) [12]. To solve the
time-dependent set of poro-elastic equations, the quasi-static Finite Element
Method (FEM) is used in a displacement-pressure formulation [e.g., 71, 105].
Since this investigation focuses on fractured poro-elastic domains, the poro-
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Figure 5.2: One-dimensional domains of the two interconnected fractures: (top)
horizontal fracture; (bottom) vertical fracture.

elastic modeling framework is extended by the previously presented hybrid-
dimensional approach [98] that allows for an efficient numerical solution of
hydro-mechanical, coupled problems of fluid-filled fractures with large aspect
ratios, i.e., 2a/δ > 103. The viscous fluid flow in the deformable conduits is
accounted for by a one-dimensional approach leading to the governing equation
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where δi with i ∈ {h, v} represents the aperture of the fracture in the analyzed
unit cell with local coordinate ξ, cf. Figures 5.1, 5.2. The apertures δi(ξ, t) and
the fluid pressure p(ξ, t) are evaluated with the poro-elastic equations (2.4),
(2.6) and equation (5.1), respectively, and are used as coupling variables be-
tween the one-dimensional fracture flow process and the two-dimensional poro-
elastic problem. The modeling equation (5.1) comprises, in order from left to
right, a transient term, a diffusion, a nozzle (convection), a quadratic, and a
hydro-mechanical coupling term. The source term qL accounts for mass ex-
change between the fracture volume and the poro-elastic domain, induced by
leak-off effects. In the performed simulations, the influence of the quadratic,
i.e., nonlinear, term remains negligible and is therefore not further discussed in
the numerical approach.

In each discrete time step of the numerical simulation, total and effective
stresses, fluid pressure, displacements, and seepage velocities are calculated in-
side the unit cell. Following the methodology described in [71], volume averaged
stresses and strain rates are calculated in a post-processing step and, applying
Fourier transform, the complex vertical stiffness M(f) = σ̄yy/ε̄s,yy relates the
Fourier-transformed averaged total stress σ̄yy(f) to the Fourier-transformed
averaged strain ε̄s,yy(f) of the rock matrix [68]. The inverse quality factor
Q−1 := Im(M)/Re(M) is evaluated to describe the characteristics of the dissi-
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pative effects in a compact way. The frequency-dependence of complex stiffness
M(f), and of Q(f), allows one to analyze the characteristic frequencies fc, i.e.,
frequencies where intrinsic attenuation Q−1 has peaks (inverse characteristic
relaxation times).

The numerical results are first obtained analyzing a unit cell with moderate
aspect ratios to qualitatively validate the hybrid-dimensional approach coupled
with the poro-elastic approach. Thus, three cases are investigated: a) fracture
flow in an impermeable elastic rock, b) leak-off from undeformable fractures
and permeable poro-elastic rocks, and c) fracture flow coupled with leak-off
from deformable fractures and poro-elastic rocks. The obtained results are
compared to the ones presented by Rubino et al. [83]. The maximum initial
aperture of the vertical fracture is δv = 10 µm. The resulting aspect ratio is
AR = 2a/δv = 104, Rubino et al. [83] analyzed moderate ratios AR ≈ 800. In
case a), an impermeable rock is analyzed, therefore an artificially small perme-
ability ks = 10−30 m2 is chosen, cf. material and geometrical parameters in
Table 5.1. As a consequence, only fracture flow takes place, leading to a single
attenuation process resulting in an inverse quality factor with a single maxi-
mum at characteristic frequency fc,ff ∼ 102 Hz (Figure 5.3). In the following,
this frequency is denoted as the characteristic frequency of fracture flow. This
characteristic frequency depends on fracture transmissivity, cf. [83], as well
as on fracture stiffness [98]. In comparison to deformable conduits, fluid flow
through stiff fractures results in a faster pressure-redistribution process, which
is related to a higher characteristic frequency.

log(f (Hz))
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Q
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a) fracture flow
b) leak-off
c) both

Figure 5.3: Inverse quality factor for a) fracture flow (blue line, ks = 10−30 m2),
b) leak-off only (red line, ks = 10−18 m2, undeformable fractures), and c) for
both processes (black dashed line).

In case b), undeformable fractures, i.e., with δv(t) = const. and, therefore
∂δv/∂t = 0, are analyzed that are embedded in a weakly permeable rock with
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ks = 10−18 m2. Leak-off of fluid from the fractures in the porous matrix consti-
tutes the only remaining attenuation process. The characteristic frequency of
leak-off fc,lo depends on matrix permeability ks of the surrounding rock [e.g.,
83]. The absolute values of peak attenuation 1/Q for fracture flow and leak-off
are comparable, though with different characteristic frequencies (Figure 5.3).

For case c), deformable fractures are investigated in a permeable poro-elastic
rock, thus both formerly mentioned attenuation phenomena occur. The two
extreme values in the inverse quality factor are related to the characteristic
frequencies of the occurring phenomena. An analysis of the behavior of the
inverse quality factor in the frequency region between the peaks is presented in
Section 5.3.5.

5.3 Results

5.3.1 Influence of aspect ratio on attenuation

For some combinations of fracture transmissivity, fracture stiffness, and rock
permeability, attenuation due to fracture flow is quantitatively similar or larger
than attenuation occurring at the pore scale. To concentrate on the physics
of attenuation caused by fracture flow in thin conduits, leak-off is neglected
(ks = 10−30 m2). The aperture of the vertical fracture is varied from δv = 5 µm
to δv = 500 µm, resulting in aspect ratios AR = 2 × 104 and AR = 2 × 102,
respectively. The lower the aperture δv the lower the characteristic frequency
fc,ff , cf. Figure 5.4. For high-aspect-ratio fractures attenuation induced by
fracture flow is observed at seismic frequencies (f < 102 Hz). Increasing aspect
ratio, attenuation related to fracture flow increases too (Figure 5.4).

5.3.2 Influence of fracture deformation on attenuation

Fracture flow is intrinsically related to fracture deformation and consequently
hydro-mechanical coupling. Comparing an undeformable fracture to an in-
vestigation including hydro-mechanical coupling, the flow process along the
deformable fracture results in a faster attenuation process involving less fluid
mass (Figure 5.5). For the chosen geometrical and material properties (Table
5.1 with δv = 10 µm), the characteristic frequency of fluid flow in an unde-
formable fracture is approximately two orders of magnitude higher than the
one for a deformable fracture. Deformable fractures cause attenuation that
exceeds the one associated with undeformable fractures by two orders of mag-
nitude (Figure 5.5).

5.3.3 Characteristic frequencies and amplitudes

Modeling fracture flow with a simple diffusion equation overestimates the char-
acteristic frequency and underestimates the amplitude of 1/Q by various orders
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Figure 5.4: Effect of vertical fracture aperture δv on characteristic frequency
and attenuation. Inverse quality factor 1/Q for fracture flow only. Sweep over
different apertures δv = 5 to 500 µm, impermeable matrix.

log(f (Hz))

lo
g(

1
/Q

)

∝ f

∝ −1/
√
f

-1 0 1 2 3 4 5
-5.5
-5

-4.5
-4

-3.5
-3

-2.5
-2

-1.5
-1

-0.5
0

deformable
undeform.

Figure 5.5: Inverse quality factor for a deformable (blue line) and an unde-
formable (red line) vertical fracture in an impermeable rock matrix. Vertical
fracture aperture δv = 10 µm, approximated by ks = 10−30 m2.

of magnitude, cf. Figures 5.5-5.7. The characteristic frequency fc,ff relates frac-
ture flow to a characteristic diffusion time tc,ff . Due to the hydro-mechanical
coupling effects on fluid transport, tc,ff cannot be estimated from the scaling
relation for a simple diffusion process [23]. The governing equation (5.1) covers
physical processes beyond diffusion. The characteristic frequency of fracture
flow fc,ff is compared with results of a simple diffusion model and with es-
timations proposed by Rubino & Holliger [82] and Gurevich et al. [42], for
different aspect ratios (δv = 5 . . . 500 µm), cf. Figure 5.6. On the one hand,
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Figure 5.6: Characteristic frequencies for different values of dimensionless pa-
rameter log(2a/δv) (sweep for δv = 5 to 500 µm, impermeable matrix) for
the full hydro-mechanical coupled problem (blue line), neglecting coupling ef-
fects (red line), and assuming simple diffusion (red dashed line). Characteristic
frequencies from simple diffusion time (black dashed line) and estimated frac-
ture flow characteristic frequencies proposed by Gurevich et al. [42], Rubino &
Holliger [82] (black line).

characteristic frequencies obtained for different aspect ratios lie near the pre-
dicted frequencies presented by Gurevich et al. [42], Rubino & Holliger [82]
for apertures δv ∼ 10−4 m. For smaller apertures, the estimated and the cal-
culated frequencies diverge, but remain in the same order of magnitude. On
the other hand, the characteristic time for pressure diffusion in the fracture
tdiff = (2a)2/D, where hydraulic diffusivity D = δ2/(12ηfRβf), does not allow
for estimation of tc,ff or finally fc,ff .

Nevertheless, the true characteristic frequency can be approximately matched
by a diffusion-based approach (cf. Section 2.3.2). A simple diffusion equation
governing fluid flow along a fracture is obtained [76] in the form

sF
∂p

∂t
− δ2

v

12 ηfR
∂2p

∂ξ2
= 0 , (5.2)

where sF represents the specific fracture storage capacity [76]. For planar con-
duits the specific storage capacity sF = βf + ∂ lnδv/∂p has two contributions
[65, 66, 76], one deriving from the fluid compressibility βf and one from rela-
tive changes in fracture aperture δv caused by pressure variations. Here, the
contribution due to aperture changes are expressed by parametrization of the
storage capacity sF = αsβf in multiples of the fluid compressibility. Storage is
entirely accounted for by a single macroscopic storage capacity. The larger the
storage deriving from hydro-mechanical coupling, the larger the factor αs.

Choosing αs appropriately the characteristic frequencies observed for full
hydro-mechanical coupling can be matched by modeling calculations based on
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Table 5.1: Material parameters applied in the numerical investigation.

Domain Parameter

Fractures a = 5 cm
ūy = L× 10−3 m
δh(t0) = 100µm
δv(t0) = 5 . . . 500µm

Surrounding rock Ks = 36 GPa grain
Kd = 16 GPa skeleton
G = 16 GPa skeleton
Kf = 2.3 GPa fluid
φ = 0.01
ks = 10−30 m2 impermeable
ks = 10−18 m2 permeable

the diffusion equation (5.2). The relation between fracture aperture δv and αs
is well approximated with the power law αs ≈ δ−1.1 c1, where c1 is a generic
constant that depends on the chosen material and geometrical parameters. By
means of this relation, experimental data of attenuation characteristics can be
easily approximated with the diffusion equation (5.2) to obtain the value of
αs and finally an estimation of the geometrical properties of the analyzed rock
domain.

While it was clearly pointed out in Section 5.3.2 that hydro-mechanical
coupling is crucial when investigating attenuation in fractured poro-elastic do-
mains, it is still open to which extent other terms in equation (5.1) affect the
amplitude of the inverse quality factor as well as the characteristic frequency
fc,ff . In addition to the results obtained in case of coupled hydro-mechanical
processes, numerical results are evaluated for an undeformable fracture. Ne-
glecting hydro-mechanical coupling in the simulations, the characteristic fre-
quencies shift towards the frequency values approximated by a simple diffusion
model with sF solely controlled by fluid compressibility, i.e., sF = 1. The effects
of the nonlinear, i.e., quadratic term in equation (5.1) can be neglected for the
analyzed test cases. Furthermore, hydro-mechanical coupling, nonlinear effects,
as well as nozzling term are neglected. The nozzling term is proportional to the
pressure gradient as well as to the aperture gradient and is eliminated when
modeling the vertical fracture with a rectangular shape, cf. Figure 5.8. The
fracture flow process in the vertical conduit results in a simple transient diffu-
sion process. The resulting characteristic frequencies are slightly lower than the
ones obtained accounting for the nozzling term. The difference in attenuation
between the hydro-mechanical problem and the undeformable fracture solution
varies with the aperture δv, cf. Figure 5.7. The difference is large for smaller
aperture values, and diminishes with increasing apertures δv.



78 CHAPTER 5. ON ATTENUATION DUE TO FRACTURE FLOW

log(2a/δ)

lo
g(

1/
Q

(f
c
,ff

))

2 2.5 3 3.5 4 4.5
-3.5

-3

-2.5

-2

-1.5

-1

-0.5

Full HM
No RHS
Diffusion

Figure 5.7: Comparison of full hydro-mechanical results, diffusion and convec-
tion, and simple diffusion: amplitude of log(1/Q) at the characteristic frequency
fc,ff vs. dimensionless parameter log(2a/δv).
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Figure 5.8: The vertical fracture is modeled with a rectangular geometry to
neglect nozzling/convective effects.
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5.3.4 Sensitivity of fracture flow to fracture intersection
angle

Fracture flow in the vertical conduit is uniquely triggered by fluid mass ex-
change, induced from the horizontal fracture. The intersection point, as well as
the intersection angle γ between the horizontal and the vertical fractures (Fig-
ure 5.9) are parameters that strongly affect the characteristics of fracture flow.
Depending on the angle γ, different attenuation as well as characteristic fre-

L

L

2a

γ

x

y

Figure 5.9: Vertical fracture intersecting the horizontal fracture with angle γ.

quency values are obtained, cf. Figure 5.10. The angle γ = 0◦ is assumed when
the two fractures intersect orthogonally. For increasing values of γ, both, at-
tenuation values decrease and reach their minimum value approaching γ = 90◦.
For γ = 90◦, the two fractures degenerate to a single horizontal inclusion, thus
no fracture flow is induced. Interestingly, for increasing values of γ, the critical
frequency of fracture flow also decreases.

5.3.5 Slope of the inverse quality factor

The characteristic slopes of the inverse quality factor for pure diffusion [54] are
well known. In the low-frequency limit, i.e., in the frequency range preceding
the maximum value of the inverse quality factor, attenuation is proportional to
the first power of f while in the high-frequency limit 1/Q ∝ −f−1/2. However,
when various transport processes take place simultaneously, the behavior of
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Figure 5.10: Polar plot of the normalized attenuation (red line) and character-
istic frequencies fc,ff (blue line) for different intersecting angles α = 0 . . . 70◦.
A unit cell with δh = 100 µm and δv = 10 µm is analyzed.

attenuation, in particular in the frequency band between the maximum val-
ues, is not clearly understood. Investigations [14, 41] have proposed that for
problems of superimposed attenuation effects different scaling laws apply, for
example 1/Q ∝ f1/2 in the intermediate frequency range, but this relation
seems not to be universally valid. Following, attenuation is analyzed for 1)
fracture flow only, 2) leak-off only, and 3) leak-off and fracture flow in a unit
cell with δh = 100 µm and δv = 10 µm (for other parameters used see Table
5.1).

In case 1) an extreme configuration is represented, where an artificially
impermeable rock (ks = 10−30 m2) is analyzed. Leak-off is neglected choosing
an extremely low permeability value and only fluid flow along the vertical
fracture occurs. Therefore, attenuation is characterized by a single maximum
fc,ff ∼ 102 Hz, related to fracture flow. The inverse quality factor agrees with
the characteristic behavior for pure diffusion at both, the low-frequency and
high-frequency limits. In the low-frequency limit dimensionless attenuation
1/Q ∝ f and is well approximated in a logarithmic plot by the generic line

log
1

Q
= log f + log c1. (5.3)

In the high-frequency limit 1/Q ∝ −f−1/2. This behavior is described by the
line

log
1

Q
= log f−

1
2 + log c2. (5.4)

To maintain generality, the parameters c1 and c2 are not specified with numer-
ical values and identify the intersection of the each line with the y-axis.
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Figure 5.11: Dimensionless attenuation for an artificially impermeable rock
(ks = 10−30 m2). The low permeability inhibits leak-off effects and only frac-
ture flow is induced. The single maximum of 1/Q is related to fracture flow.
The slopes of 1/Q before and after the characteristic frequency fc,ff are pro-
portional to f and −f−1/2, respectively.

In case 2), a rock matrix is investigated, characterized by a permeability
ks = 10−15 m2. The diffusion time of leak-off is much larger than the one of
fracture flow, therefore, attenuation exhibits one maximum value only, related
to leak-off, cf. Figure 5.12. Pressure gradients generated by the displacement
applied to the unit cell are dissipated by fluid flow through the porous rock
alone. As in case 1), the behavior of the inverse quality factor can well be
described in the low-frequency and high-frequency limits by means of equations
(5.3) and (5.4), respectively.

For case 3), a weakly permeable rock matrix is analyzed, ks = 10−20 m2. By
decreasing the rock permeability, in comparison to case 1), the characteristic
diffusion time for leak-off phenomena is increased, therefore, slower phenomena,
as for example fracture flow, also take place. The two occurring phenomena,
i.e., flow in the vertical fracture and leak-off, are characterized by the two
extreme values of the inverse quality factor, cf. Figure 5.13. The characteristic
frequency fc,lo ∼ 10−3 Hz is smaller compared to fc,lo in case 2), due to the
reduced intrinsic permeability ks. The second extreme value of attenuation is
fc,ff ∼ 102 Hz, related to fracture flow. The behavior of the inverse quality
factor in the low-frequency, i.e., f < fc,lo, and high-frequency limits, i.e., f >
fc,ff , is identical as in the former examples. Low-frequency and high-frequency
limits are well described with equations (5.3) and (5.4), respectively.

In the frequency band between the local maxima, the behavior of attenua-
tion results from the combination of the decreasing slope at f > fc,lo and the
increasing slope for f < fc,ff . The transition between two extreme values is
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well described by the sum of equations (5.3) and (5.4), i.e.,

log
1

Q
= log f + log f−

1
2 + log (c1c2) . (5.5)

Depending on the hydraulic and material properties of the analyzed unit cell,
the transition zone between two attenuation maxima varies in size and is the
result of superimposing the decreasing trend and the increasing slope of the
smaller and larger characteristic frequencies, respectively.
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Figure 5.12: Dimensionless attenuation for a permeable rock (ks = 10−15 m2).
The relatively high permeability allows for a fast re-equilibration of induced
pressure gradients and inhibits the development of fracture flow. The single
maximum of 1/Q is related to leak-off. The slopes of 1/Q before and after the
characteristic frequency fc,lo are proportional to f and −f−1/2, respectively.

5.4 Discussion
In all presented cases, a unit cell with interconnected fractures was investi-
gated. Fracture deformation as well as fluid mass exchange between the frac-
tures are essential for the investigation of deformation-induced fracture flow.
In the investigated unit cell, the horizontal fracture has the role of a fluid stor-
age domain. Thus, storage capacity is essential for fluid mass exchange and,
therefore, for fracture flow in the vertical crack. The fractures were assumed
to intersect orthogonally. Effects of variations in intersection angle are inves-
tigated in Section 5.3.4. If the two fractures do no intersect, the inter-fracture
flow mechanism does not take place and attenuation is only related to local
fracture flow phenomena. Fracture deformation still occurs but no fluid ex-
change takes place between the fractures. Attenuation related to fracture flow
is negligible compared to leak-off effects [83].
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Figure 5.13: Dimensionless attenuation for leak-off and fracture flow. The
characteristic frequencies of leak-off and fracture flow are fc,lo ∼ 10−3 and
fc,ff ∼ 102, respectively. The behavior of 1/Q in the intermediate frequency
band is well described by the sum of decreasing trend for f > fc,lo and the
increasing trend for f < fc,ff .

In contrast, both, leak-off and fracture flow take place when mass exchange
between the fractures is possible. Attenuation related to both processes varies
with the fracture aperture δv and the intrinsic permeability ks. The charac-
teristic frequencies fc,ff and fc,lo, at which the extreme values of attenuation
occur, remain unaltered compared to their individual occurrence, meaning that
the inherent time scales of fracture flow and leak-off do not influence each other
(Figure 5.2). On the contrary, the maximum amount of attenuation related to
leak-off is affected by the presence of fracture flow. In case c), where both, frac-
ture flow and leak-off take place, fracture flow, depicted by the higher charac-
teristic frequency, occurs over a shorter time interval than the leak-off process
depicted by the lower characteristic frequency. The characteristic frequency
fc,lo depends only on permeability of the surrounding rock. In this case, the
higher the permeability of the surrounding rock, the faster the process. The
characteristic frequency fc,ff mainly depends on the aperture of the fracture
and, due to hydro-mechanical coupling effects, on the stiffness of the fracture;
stiffness of the fracture is related to stiffness of the surrounding material or
fracture storage capacity. The larger the aperture, the faster the flow process
[98].

In comparison to case a), where only fracture flow occurs, the intrinsic
permeability of the rock ks = 10−18 m2 analyzed in case c) is large enough
to allow us for leak-off to take place and small enough to allow to distinguish
the two characteristic attenuation phenomena, depicted in the extreme values
of the inverse quality factor. The chosen permeability value is realistic for
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several crystalline basements. When fluid flow in the fracture and leak-off
occur simultaneously, the former process only takes place if it occurs faster
than leak-off. Pressure gradients generated by the induced deformation are
first dissipated along the fracture by fluid flow and the remaining pressure
gradients are dissipated by leak-off (smaller peak in leak-off in Figure 5.3). On
the contrary, if fc,lo � fc,ff , i.e., in case of a high permeable surrounding rock
matrix, all pressure inhomogeneities are dissipated by leak-off and fluid flow
along the fracture is negligible.

Neglecting leak-off, it was shown that attenuation related to fracture flow
increases in magnitude with increasing aspect ratio of the vertical fracture.
Therefore, fracture flow attenuation effects are larger in domains containing
high-aspect ratio inclusions, which better approximate the geometry of real
fractures. Furthermore, accounting for hydro-mechanical coupling is crucial
for a correct description of fracture flow.

For an undeformable fracture the transport phenomena in the vertical frac-
ture are much faster in comparison to the hydro-mechanical coupled results.
Thus, the characteristic frequency is larger when rigid fractures are investigated
than for deformable fractures. Also, attenuation (amplitude of 1/Q) is largely
underestimated for rigid fractures in comparison to deformable fractures. For
an undeformable fracture, specific storage capacity deriving from fracture de-
formation is neglected. For identical pressure variations, specific storage in an
undeformable fracture is related to fluid compressibility only and, thus, less
fluid mass is accommodated in comparison to a deformable fracture. A lower
mass exchange between the horizontal and the vertical fractures results in a
reduction of dimensionless attenuation (Figure 5.5). Attenuation differences
between the hydro-mechanical problem and the undeformable fracture solution
depend on the aperture δv, cf. Figure 5.7. Deviations are large for smaller aper-
ture values, and diminish with increasing apertures δv, suggesting that, while
hydro-mechanical coupling can be ignored for very wide fractures, it cannot be
neglected when investigating high-aspect ratio inclusions.

5.5 Conclusions

Attenuation effects, i.e., loss of deformation energy, was investigated in a two-
dimensional unit cell containing interconnected fractures embedded in a ho-
mogeneous poro-elastic matrix. The analyzed attenuation effects were related
to fracture flow in the vertical fracture and leak-off of fluid from the fractures
towards the surrounding rock. Fracture flow was induced by deformation of the
horizontal fracture, which triggered fluid mass exchange between the horizontal
and the vertical fracture. Using a hybrid-dimensional approach, particularly
apt for large-aspect-ratio conduits, fluid flow in the fractures was modeled as
a one-dimensional process, while description of the fluid flow at the pore scale
was performed by means of the theory of poro-elasticity. Leak-off and fracture
flow are related to distinct characteristic frequencies. The inherent time scales
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of fracture flow and leak-off do not influence each other. On the contrary,
the magnitude of attenuation for leak-off and fracture flow is affected by cou-
pled processes. The faster process, i.e., the one with the higher characteristic
frequency, dissipates the pressure gradients in the unit cell before the slower
process could become active. Thus, the faster process is characterized by a
higher value of attenuation than the slower process.

The contribution of fracture flow to attenuation in the seismic frequency
range increases in magnitude for high-aspect ratio inclusions. To correctly ac-
count for fracture flow, hydro-mechanical coupling effects cannot be neglected.
Simple diffusion problems largely overestimate the critical frequency of fracture
flow. Furthermore, neglecting hydro-mechanical coupling, attenuation related
to fracture flow is quantitatively underestimated. Deviation between attenu-
ation values resulting from a simple diffusion model and a fully coupled one
increases with increasing aspect ratio of the vertical fracture, thus suggesting
that hydro-mechanical effects are crucial in investigations related to fluid flow
along thin inclusion.





Conclusions

The scope of this work was to model and numerically investigate the flow of a
compressible viscous fluid along a single compliant conduit, such as a joint or
a fracture. Fractures typically have one dimension that is significantly smaller
than the other two and are well represented by elongated geometries with a
large aspect ratio. Though many investigations have been performed in this
research area, this work focused on geometries characterized by a high-aspect-
ratio, previously unexplored.

In Chapter 2, various modeling approaches were introduced with the objec-
tive to develop and test numerical methods for the hydro-mechanical modeling
of fractured materials. To efficiently solve initial-boundary-value problems in-
volving high-aspect-ratio geometries, the hybrid-dimensional approach was de-
rived in Chapters 2 and 3. The hybrid-dimensional approach consists of a fully
coupled set of equations derived from basic conservation laws for specific geo-
metrical heterogeneities, i.e., a horizontal fracture modeled as an ellipsoid. This
method is based on the reduction of the dimensions at which fluid flow in thin
conduits is modeled. Two-dimensional axial symmetric models were analyzed,
where the fluid flow along a single fracture was reduced to a one-dimensional
axisymmetric process. This simplification allows to describe inclusions inde-
pendent of their aspect ratio.

In Chapter 3 modeling equations as well as numerical results from the
hybrid-dimensional approach were compared to the ones obtained using the
well-known poro-elastic approach, considered to constitute a benchmark. Nu-
merical results of the two approaches for a low-aspect ratio geometry were
compared to validate the output of the newly developed methodology. Fur-
thermore, by means of a dimensional analysis the role of different physical
phenomena for differing model configurations was revealed. For high-aspect-
ratio fractures filled with water, transport of fluid along the fracture is the
results of diffusion and convection processes, together with transient effects
due to hydro-mechanical coupling, specifically related to the deformation of
the fracture induced by pressure variations. To understand the magnitude of
hydro-mechanical coupling effects in real applications, field recordings related
to well pumping experiments were modeled. The hybrid-dimensional approach
quantitatively modeled the pressure transients obtained during the field ex-
periments and successfully captured observations related to hydro-mechanical
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coupling, i.e. inverse-pressure response. It was shown that neglecting the effects
of fracture deformation yielded strongly different results.

Based on the material and geometrical properties obtained from fitting
numerical results to field data, further investigations of the effects of hydro-
mechanics in deformable fractures were performed in Chapter 4. For an efficient
analysis of well tests, periodic pumping procedures were simulated. On the one
hand, periodic variations of the applied boundary conditions stimulated the
hydro-mechanical response of the fracture. On the other hand, application of a
periodic signal as a boundary condition allowed for an extensive data analysis
in the frequency domain by means of Fourier transform. The phase shift and
attenuation of pressure signals between an injection well and several monitoring
boreholes was analyzed. It was shown that the response of deformable frac-
tures to fluid injection exhibits a complex pattern in the phase shift-attenuation
domain, which cannot be approximated by simple diffusion-based approaches.

Effects related to hydro-mechanical coupling were also quantitatively in-
vestigated in the frequency domain for fluid flow induced by deformation, cf.
Chapter 5. Attenuation effects in a unit cell containing interconnected fractures
were investigated. Attenuation related to fracture flow as well as to leak-off
was analyzed in relation to the characteristic time scales of each process. The
behavior and the interaction between each fluid flow phenomenon was inves-
tigated. While the characteristic time scale is not affected, the magnitude of
attenuation of each physical process is strongly affected by attenuation related
to other occurring phenomena. This understanding allows for a better inter-
pretation of field data and, therefore, for a more robust characterization of
fractured rock domains. Furthermore, it was shown that attenuation due to
flow induced along a fracture quantitatively increases with increasing aspect
ratio of the analyzed fracture geometry, confirming the results of investigations
presented in Chapter 4.

Various investigations for different configurations and domain sizes were
performed. By means of a dimensional analysis, cf. Chapter 3, a general un-
derstanding of various physical processes was obtained. Fitting field data, cf.
Chapter 3, investigating periodic pumping procedures, cf. Chapter 4, or ana-
lyzing deformation-induced attenuation phenomena,cf. Chapter 5, provided an
insight in the hydro-mechanics of fluid flow through fractured material pointing
in the same direction. Main findings of this thesis can be summarizes by the
following points:

• hydro-mechanical coupling effects become crucial when high-aspect-ratio
geometries are investigated. As the aspect ratio increases, the hydro-
mechanical coupling effects have a greater influence;

• neglecting hydro-mechanical coupling terms causes the numerical results
to largely deviate from a correct estimation of flow processes and, there-
fore, provides a biased characterization of material and geometrical prop-
erties of fractured rock domains;
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• some critical observations, e.g., the inverse pressure-response, can only
be reproduced by means of modeling equations that not only account
for coupling, but also specifically account for the non-local property of
fracture deformation.

The hybrid-dimensional approach was developed to investigate hydro-me-
chanical effects in fractured rock as well as to provide simulation results that
best reproduce the pressure transients in real fractured rock. The presented
modeling approach represents a tool to constrain effective properties of frac-
tured rocks. Geometrical properties of a single fracture and material parame-
ters of the surrounding rock were obtained by fitting numerical results to field
data, cf. Chapter 3. Fitting was performed adjusting the input parameters
based on the sensitivity of the numerical results to geometrical and material
parameters. By means of optimization techniques, numerical results can be
fitted to field data with respect to various input variables to obtain an “ideal”
set of geometrical and material parameters characterizing the fractured rock.
Among others, a genetic algorithm can be used to minimize the deviation be-
tween numerical results and data recorded during field experiments. Genetic
algorithms are gradient-free methods, meaning that the sensitivity of the pres-
sure transient to input parameters is not needed. Therefore, this approach
can be easily applied as an extension to this investigation. Adopting an au-
tomated fitting procedure, more complex scenarios can be simulated, in which
various fractures with different characteristics are accounted for. Data fitting
can be performed not only with respect to fracture geometry and rock param-
eters, but also with respect to fracture number, orientation, connectivity, and
distribution.

A different equation governing fluid flow in the hybrid-dimensional approach
should be derived, that accounts for flow in a vertical fracture. In the latter
case, in addition to differences in fracture orientation and geometry, body forces
related to gravity should not be neglected. Understanding the differences in
equations governing fluid flow in a horizontal and in a vertical fracture, a unified
modeling equation can be obtained that accounts for fracture inclination and
correctly described the two extreme cases, i.e., horizontal or vertical fracture.

Finally, open fractures were investigated, where contact between asperities
was neglected. The hybrid-dimensional approach can be extended to account
fracture behavior after closure, that is when the first asperities from opposite
fracture surfaces come in contact. When fractures with large contact areas
are investigated, the cubic law might fail to correctly describe the fracture
permeability. Exploration towards alternative formulations of fracture flow
might be needed. Accounting for stresses and permeability changes induced
by contact of fracture asperities provides a comprehensive model that captures
more complex behavior of fracture deformation in comparison to the presented
approach and, therefore, might lead to a better understanding of fracture flow
and the related hydro-mechanical effects.
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