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A B S T R A C T

Slip orientation inferred from fault striae or focal mechanism datasets is commonly used in stress inversion
methods based on the Wallace-Bott hypothesis. The hypothesis postulates that slip on a fault plane is collinear
with the orientation of the resolved shear stress. It is valid for a single planar fault subjected to a homogeneous
far-field stress. However, the experimental displacement data from an induced fault reactivation experiment,
conducted in the Mont Terri rock laboratory, Switzerland, indicated multiple triggered slip orientations, thereby
preventing application of the above inversion method. We present numerical and analytical results of slip on a
reactivated fracture with a non-uniform fluid pressure distribution. Using these models, we evaluate the reasons
for the inconsistency of our observations and the traditional Wallace-Bott hypothesis and test the physical effects
of various parameters on fault slip. In the fully coupled hydromechanical numerical model (three-dimensional
distinct element method), fluid pressure at a point on the fault surface is increased stepwise (assumed planar and
singular) until shear reactivation of the fault is induced. We studied two different models with high and low fault
plane stiffness to represent hard and soft rock masses, respectively. The model shows that high fault stiffness
preserves the planarity of the fault plane, while low fault stiffness permits dilation and morphological changes of
the fracture related to fluid pressure diffusion. The highest slip perturbation was observed in the low stiffness
model due to the change of the fracture shape, controlled by the non-uniform pressure distribution. The Eshelby
analytical solution confirmed that the more the fracture is dilated, the more the corresponding resolved shear
stress is perturbed. Additionally, when compared to dilation and fault aperture, the friction angle has the most
influence on the angular difference between geomechanical slip vectors and resolved shear stress.

1. Introduction

Stress inversion methods have been developed since the middle of
the last century in order to estimate the in-situ stress state using focal
mechanisms from earthquakes or fault slip deduced from slickenside
measurements on fault planes. Generally, these inversion methods are
based on the Wallace (1951) and Bott (1959) hypotheses (referred later
as WB hypothesis), stating that the slip on the fault plane occurs in the
direction of the maximum resolved shear traction. In 1959, Bott de-
monstrated that the slip direction on reactivated plane depends on the
principal stress orientation, the stress ratio and the orientation of the
fault plane. In addition, the WB hypothesis is based on a number of
assumptions: (i) faults are planar, (ii) intact rock blocks are unbreak-
able, (iii) stress state is uniform, (iv) slip movements are caused by the
same stress tensor, (v) neither block rotation nor stress perturbation
occur along the faults, and (vi) slip movements on each fault are in-
dependent of each other.

The WB hypothesis is used to predict the kinematics of newly
formed faults (Anderson, 1951; Wallace, 1951) and to estimate the
potential for reactivation of natural preexisting faults planes under
given regional stress states (Bott, 1959). Different methods and algo-
rithms to reconstruct the paleostress states were developed by many
authors (Angelier, 1990, 1979, 1975; Arthaud, 1969; Blenkinsop et al.,
2006; Carey, 1976; Carey and Brunier, 1974; Célérier et al., 2012;
Delvaux and Sperner, 2003; Etchecopar et al., 1981; Gephart and
Forsyth, 1984; Hansen, 2013; Lejri et al., 2017; Lisle, 1998, 1992;
Maerten et al., 2016; Reches, 1987; Yamaji, 2000). Most of these
methods rely on the WB hypothesis and are applied in numerous re-
gional studies (Angelier et al., 1985; Barrier and Angelier, 1986;
Bergerat, 1987; Lacombe et al., 1990; Le Pichon et al., 1988; Letouzey,
1986; Liesa and Simón, 2009; Mattauer and Mercier, 1980; Mercier
et al., 1989; Vandycke et al., 1991; Zoback et al., 1981).

However, it is legitimate to question the validity and expect lim-
itations of the WB hypothesis for the stress estimation methods since
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many of the underlying assumptions are not honored in real field si-
tuations. Field observations of geometrical complexity of fault surfaces
and fault networks (Jaeggi et al., 2017; Nussbaum et al., 2011; Wallace
and Morris, 1986; Wibberley and Shipton, 2010), evidences of local
stress perturbations from observed microstructures (Hancock, 1985;
Laurich et al., 2014; Petit, 1987; Soliva et al., 2010), curved lineations
on the local shear planes (Twiss and Gefell, 1990) imply that the me-
chanical problems of stress inversions are overly simplified and seem to
disagree with the Wallace-Bott (WB) assumptions.

Numerical investigations of the WB assumptions, examined by
Dupin et al. (1993), Kaven et al. (2011), Maerten (2000), Nieto-
Samaniego and Alaniz-Alvarez (1997), Pascal (2002), Pollard et al.
(1993) demonstrated that the slip direction can be strongly influenced
by the mechanical interactions between closely spaced faults within the
same tectonic stress regime. The mechanical interactions are partly
attributed to elastic deformations that cause local stress perturbations
acting on one fault plane when induced by slip on another fault plane.
Indeed, in the vicinity of fault intersections, the slip direction can de-
viate up to 50° from the direction of resolved shear stress (Maerten,
2000). The mechanical interactions are accompanied by strain hard-
ening behavior characterized by an increase in the fault surface
roughness and by changes in deformation mode from a simple frictional
sliding to a combination of sliding, dilation and formation of new
fractures. Nieto-Samaniego and Alaniz-Alvarez (1997) demonstrated
that those interactions affect the slip direction and, therefore, may in-
validate the WB hypothesis. If fault spacing is large enough to prevent
these mechanical interactions, the slip tends to follow the theoretical
WB predictions.

According to the WB hypothesis, for non-planar faults, such as
highly curved faults, corrugated faults, lineated portions of stylolitic
surfaces, and flexural slip folds, the directions of resolved shear stress in
general give a set of slip directions of rigid fault blocks, which is gen-
erally kinematically questionable (Lisle, 2013). For example, Lisle
(2013) demonstrated that the anisotropy of the shear strength arising
from simple fault plane topography can lead to significant angular
differences between the directions of resolved maximum stress and the
slip direction. Potential slip for a corrugated fault plane is oblique to the
maximum resolved shear stress direction. The author also showed that
the magnitudes of the high resolved shear stress (90% of the maximum
values) are defined within tolerance of± 26° of the slip direction im-
plying that in practice a high variability around the theoretical max-
imum shear stress direction is expected.

More recently, Lejri et al. (2015) examined the effect of all possible
Andersonian stress regimes, half space effect, fault fluid pressure,
sliding friction, Poisson's ratio and various idealized fault geometries in
relation to the validity of the WB assumptions. They confirmed that
high angular differences (later referred as misfit angle) exist between
geomechanical slip vectors and resolved shear stress under specific fault
configurations such as intersecting faults or highly corrugated fault
surfaces, invalidating the WB assumptions. These effects are slightly
reduced when faults touch the traction free surface of the Earth where
no confinement is applied. The propensity for a fault to slip at the
surface is increased and slip gradients are greater than on an isolated
fault at depth. According to Lejri et al. (2015), the increase of the fault
friction globally lowers slip magnitude, hence mechanical interaction,
and reduces the misfit angle between the slip direction and resolved
shear stress. The friction effects were also investigated by Pascal
(2002), who concluded that the sliding friction reduces slip perturba-
tion and validates the WB assumptions. The Poisson's ratio has a very
small effect on the misfit angles (Lejri et al., 2015).

Uniform fluid pressure inside the intersecting fault planes affects the
resulting slip orientations (Lejri et al., 2015; Maerten et al., 2018).
Greater fluid pressure leads to higher misfit angles (Lejri et al., 2015).
This is related to the fact, that fluid pressure reduces the effective
normal stress on a fault plane and thus may affect both the slip mag-
nitude and slip vector orientation, violating the WB hypothesis. In

addition, uniform fluid pressure increase in an intersecting fault situa-
tion will generate stress perturbations due to the resulting elastic de-
formation of the surrounding rock mass that can also explain deviation
from the WB hypothesis.

Pore pressure increased by fluid injection in the vicinity of the in-
jection borehole propagates and decays in the amplitude away from the
borehole, governed by hydraulic diffusion (Shapiro et al., 2003). This is
another important effect to consider when injecting in a fracture or
fault is that pressure diffusion is progressive leading to a non-homo-
genous pressure field. Such pressure diffusion effects are known to
eventually induce seismicity (i.e. fracture slips) in the surrounding rock
mass (Ellsworth, 2013; Evans et al., 2012; Guglielmi et al., 2008;
McGarr, 2014; Shapiro et al., 1999; Shapiro and Dinske, 2009; Zoback
and Harjes, 1997). The question is whether slip under a non-uniform
pressure field obeys or disobeys the WB hypothesis? Taking an example
from the Geysers geothermal field, Martínez-Garzón et al. (2016) ob-
served that slip deviation occurs on faults during periods of high in-
jection rates close to the injection wells. However in the Basel Fluid-
Injection Experiment the misfit between expected slip vectors and slip
vectors deduced from the focal mechanisms was< 15 degrees and>
80% of the slip vectors were consistent with those expected under the
estimated uniform stress pattern (Terakawa et al., 2012).

The consequences of a non-uniform pressure field are a non-uniform
fracture opening and shear. During fluid injection, a fracture opens
progressively from the borehole to the fracture tip. Stress transfers are
associated with these non-uniform deformation fields leading to stress
perturbations that could explain violation of the WB hypothesis (Cornet
and Julien, 1989; Roche et al., 2018). With time pressure diffusion
tends to equilibrate the pressure distribution leading to a more uniform
fracture shape and thus at such a stage it is expected that the WB hy-
pothesis would be valid again.

In this paper, we focus on the evaluation of the theoretical bases
related to the WB hypothesis in the context of stress inversion of the slip
data obtained during fault reactivation by a fluid injection. The slip
data is measured following the step-rate injection method for fracture in
situ properties (SIMFIP) developed by Guglielmi and Cappa (2013).
Compared to a standard double packer system, in addition to flowrate
and pressure monitoring the SIMFIP probe measures the three-dimen-
sional (3D) displacement in the injection chamber. The direct in situ
measurement of the 3D displacement corresponding to slip on re-
activated faults allows estimation of the principal stress orientations
and relative magnitudes by solving the inverse stress problem.

The SIMFIP probe was used to conduct the Fault Slip (FS) experi-
ment of fault reactivation in shale rocks at the Mont Terri rock la-
boratory (Guglielmi, 2016; Guglielmi et al., 2017). The experiment
focusses on understanding the conditions of fault stability and activa-
tion, as well as on evolution of the coupling between fault slip, pore
pressure and fluid migration in shales. One of the main goals of the FS
experiment is to develop a protocol of estimating the in situ stress using
the additional displacement data information. The FS experiment con-
sists of a sequence of pressure-controlled fluid injections into 2.4m long
intervals within the main tectonic zone of the Mont Terri rock labora-
tory, called the Main Fault, to reactivate the fault planes and to induce
fault slip, which can be used to solve the stress inversion problem
(Fig. 1a). The orientations (dip direction/dip angle convention is used
in this paper) of the two boundary planes of the Main Fault vary with
dip direction ranging from 140° to 165° and the dip angle – from 40° to
65°(Guglielmi et al., 2017). In total, there were five injection tests
performed. Here, we investigate the results of the test conducted above
the Main Fault at the depth of 40.6m below the laboratory floor
(−300m.a.s.l.). The pressure and flowrate time variations conducted at
the test are shown in Fig. 1b. The initial pressure steps are achieved by
small volume injections (insignificant flowrate). When the pressure
reaches 5.3 ± 0.1MPa a significant flow rate is required to maintain
the pressure which indicates fault opening. Deformation is measured
during this pressure/flow history. Deformation occurs even during
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constant pressure in the injection chamber even with insignificant
flowrate prior to fault opening pressure and we interpret this as an
indication of fault rupture – fault slip. The orientations of the slip
vectors are shown in Fig. 1c. It is demonstrated that slip orientation
rotates in a counterclockwise direction from 029°/20° at the injection 1
to the direction of 345°/16° at the injection 2, then to the direction of
313°/17° at the injection 3. Afterwards the slip vector rotates slightly
clockwise to the direction of 330°/0° at the injection 4 and then in a
counterclockwise direction again at the injection 4b and 5, having the
directions of 325°/17° and 320°/40°, respectively. The vector at the
injection 6 has an orientation of 050°/60°, which does not follow the
rotation tendency discussed above, however, this vector was measured
after the fault opening, and therefore additional processes can influence
its orientation. The difference in slip orientation at each pressure step
does not permit a stress inversion to be carried out because the WB
assumption of the stress homogeneity is not satisfied. We expect that
the cause of slip deviation is in the non-uniform pressure distribution
and altered fracture aperture. To investigate these complex interactions
between pore pressure distribution inside the fracture and slip or-
ientation, we built a numerical model that includes pressure diffusion
and fluid flow along the fracture coupled with fracture deformation,
using the three-dimensional distinct element code 3DEC (Itasca
Consulting Group, 2007). We estimate the role of changes in fracture
shape during fluid injection on stress perturbations using the analytical
solution of stress perturbation around an ellipsoidal fracture provided
by Eshelby (1957). This analytical solution helps in understanding of
how the changes in fracture shape during fluid injection can affect the
orientations of the slip vectors without considering the complete hy-
dromechanical coupling. For both numerical and analytical methods,
two particular models are presented here, with a high and a low frac-
ture stiffness to emulate a fault within more competent (carbonates)
and less competent (shales) rocks, respectively. The stiffness will de-
termine the opening of the fracture affecting its shape and is thus ex-
pected to be a controlling parameter on slip direction perturbations.

In addition to the fracture stiffness coefficients, a multi-parametric

study including (i) friction angles, (ii) dilation angles, and (iii) aperture
was performed to understand the effect of each parameter on the misfit
angle between the simulated slip vectors affected by the pressure non-
uniform distribution and the resolved shear stress direction relevant in
the WB hypothesis.

2. Theoretical background

2.1. Orientation of the resolved shear stress (Wallace-Bott hypothesis)

The rake of the displacement that is consistent with the resolved
shear stress according to the Wallace-Bott hypothesis can be computed
by methods proposed by Bott (1959) and Jaeger et al. (2009). The
normal and shear traction components on the plane P with a dip angle θ
and a dip direction of λ can be expressed in a local Cartesian coordinate
system (x′, y′, z′) with x′down dip, y′horizontal and z′normal to P
(Fig. 2). The dip angle and dip direction are defined relatively to the far
field principal stress coordinate system x-axis (σ1), y-axis (σ2) and z-axis
(σ3). The normal (σ) and shear components (τz′y′, τz′x′) on the plane P are
given by:

= + +σ σ λ σ λ θ σ θ( cos sin )sin cos1
2

2
2 2

3
2 (1)

= − −′ ′τ σ σ θ λ1
2

( ) sin sin 2z y 1 2 (2)

= + −′ ′τ σ λ σ λ σ θ1
2

( cos sin ) sin 2z x 1
2

2
2

3 (3)

The rake α of the maximum shear traction on the plane is obtained
by combining Eqs. (2) and (3) and is given by:

=

= +
−

′ ′
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α
τ
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λ

arctan

arctan 2(cos Φsin ) cos
(1 Φ) sin 2

x z

y z
2 2
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where Φ=(σ2− σ3)/(σ1− σ3) is refered as the stress ratio. In Eq. (4),

Fig. 1. (a) Simplified cross-section of the
structural setting of the FS experiment
(modified from Guglielmi, 2016). The lo-
cations of the test intervals are figured by
the blue and pink (investigated) rec-
tangles. (b) Pressure and injected flowrate
variations monitored at the injected in-
terval of 40.6 m depth. (c) Stereographic
projection of the plastic displacement
vectors picked at constant pressure,
shown by pink arrows on (b). (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)
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the direction of the maximum resolved shear stress (τmax) on a plane
depends only on the plane's orientation with respect to the principal
stress orientations and their magnitude ratio Φ. In our study, we used
the implementation of these equations in Faultkin software
(Allmendinger et al., 2011; Marrett and Allmendinger, 1990) to com-
pute the rake of the maximum resolved shear traction.

2.2. Problem statement and conceptual model

When fluid is injected into a fault zone (we will initially make the
simplification that the fault is represented as a single planar fracture), it
activates a series of thermo-hydromechanical processes that will affect
the rock mass condition and the fracture shape (Fig. 3).

We assume isothermal fluid injection and thus focus only on the
following hydromechanical processes. When fluid is injected into the
fault, the fluid will diffuse preferentially in the fault itself and the dif-
fusion will be controlled by the hydraulic aperture of the fault. This will
first induce an elastic response of the fracture and the rock mass sur-
rounding it. The pressure increase in the fault plane will generate an
elastic opening of the plane with a normal displacement component
(ΔUn) that in turn will modify the hydraulic aperture and involve a non-
linear diffusion process. The opening of the fault plane will be accom-
modated by the deformation of the surrounding rock inducing elastic
stress changes Δσe around the injection point. The deformation and the
stress changes will be controlled by the stiffness properties of the fault
plane and of the surrounding rock as well as by the non-homogeneous
pressure distribution around the injection location. Such a complex
fully coupled hydromechanical process is likely to induce some local

rotation of the principal stresses, resulting eventually in the “violation”
of the WB hypothesis.

In addition, the pressure increase in the fault plane will reduce the
effective normal stress. If sufficient shear traction is resolved on the
fault plane, this will eventually drive the plane to shear failure and be
associated with slip. In contrast to the elastic response described above,
the slip associated with shear failure is typically not reversible and we
will refer to it as plastic deformation. The initiation of slip is controlled
on one hand by the frictional properties of the plane (no cohesion is
assumed) and on the other hand by the shear traction τ acting on the
plane that depends on the local stress state (Mohr-Coulomb criterion).
The frictional properties are assumed to be invariant, although mod-
ification of the frictional properties due to wetting and/or lubrication or
other rock/fluid interactions is possible. Associated with fault slip,
stress will be redistributed with a relaxation of the shear stress on the
fault plane and a concentration of stresses near the fault tip (Δσp).
Mechanical dilation of the fault plane can be associated with fault slip
in order to accommodate asperities present on the plane. This will again
be accommodated by the surrounding rock mass inducing stress
changes and it will modify the hydraulic aperture of the plane which
will affect the pressure distribution in the fault plane. Some of the fluid
pressure may also leak into the rock matrix implying a poroelastic re-
sponse of the rock including both deformation and stress changes.
However, in our simulation with 3DEC, we neglect flow and pressure
changes within the rock blocks.

It is obvious from the conceptual model described above that fluid
injection along fault planes initiates a series of interdependent hydro-
mechanical processes (referred as hydromechanical coupling). These

Fig. 2. Principal stress coordinate system (x, y, z) and
local Cartesian coordinate system (x′, y′, z′) with the slip
vector α of the maximum resolved shear stress. The plane
P (blue rectangle) is expressed in a local coordinate
system with dip angle θ and dip direction λ relatively to
the principal stress coordinate system. The shear com-
ponents τz′y′ and τz′x′ are in the directions of strike and dip
of the plane P, respectively. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. (a) Stress redistributions
around a fracture during elastic and
plastic responses (modified from
Pollard and Segall, 1987). (b) Main
stress-displacement relations, con-
taining fault response to injection,
where τ- shear stress, σ- normal stress,
ΔUs- shear displacement, ΔUn – normal
displacement, φ – friction angle, ψ –
dilation angle, Δε – rock deformation.
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processes that are schematically represented in Fig. 3 will locally affect
the stress state and the fracture shape, and thus may change the di-
rection of the local shear traction causing variations of the slip vector
orientation. Since stress inversion techniques consist of interpreting this
slip vector direction for constraining the in-situ stress state, it is legit-
imate to ask ourselves about the impact of these processes on in-situ
stress estimation from the interpretation of fluid injection data.

3. Methodology

3.1. Background and assumptions of numerical approach

We use the distinct element code 3DEC (Cundall, 1988; Hart et al.,
1988) to simulate the fracture as a discontinuity separating two com-
partments represented as two blocks that are free to move, rotate and
separate relative to one another. Here we work with fully coupled hy-
dromechanical simulations, that means that solid deformations influ-
ence the fluid pressures and the fluid pressure affect the mechanical
stresses and strains. Thus, most of the processes described in our con-
ceptual model above are included in our simulations. The mechanical
model in 3DEC is assumed to be quasi-static, meaning that the inertial
forces are neglected and the model stays at a state of force equilibrium,
or a state of steady flow of material if the model fails.

We assume that the rock blocks are linearly elastic, homogeneous
and isotropic. Since we only consider short duration injections into a
medium with a strong permeability contrast between the high perme-
able fracture and the low permeable surrounding rock mass, we con-
sider zero porosity rock blocks such that no fluid diffuses and no por-
oelastic effects take place in the rock blocks.

Contacts exist between the two deformable blocks at each node of
the fracture. The behavior of the fracture is represented by an area
contact Coulomb slip model (Itasca Consulting Group, 2007). The code
uses an explicit algorithm so that information propagates through the
model dynamically (time-domain dynamic algorithm). At each time
step, the laws of motion and constitutive equations are jointly applied
to calculate normal and shear forces at each contact, which then are
used in the calculation of the block motion. In the elastic range, the
fracture behavior is governed by the fracture normal and shear stiff-
nesses (units are Pa.m-1), Kn and Ks as described by Eqs. (5) and (6):

∆ = − ∆F K U An n n c (5)

∆ = − ∆F K U As s s c (6)

where Ac is the contact area, ΔUn and ΔUs are the normal and shear
displacements increments, ΔFn and ΔFs are the normal and shear force
increments.

Slip occurs when the force conditions on the plane reach the Mohr-
Coulomb criterion:

= +F cA F tan φs max c n (7)

where c and φ are the fracture cohesion and friction angle, respectively.
Fracture asperities overriding is captured through a dilation model that
is activated when the joint is at slip. The normal displacement ΔUn leads
to a dilation of

∆ = ∆U dil U ψ( ) tann s (8)

where ψ is the dilation angle.
In the model, fluid flow is simulated within the fracture, and not in

the surrounding porous medium. The fracture is represented by parallel
walls with an equivalent hydraulic aperture uh. Fluid flowrate per unit
width of the idealized fracture follows the cubic law (Witherspoon
et al., 1980).

= − ∇ = − ∇q
u ρg

μ
k

12
h

h H h

3

(9)

where kH is the hydraulic conductivity of the fracture (m/s); ∇h is the

gradient in hydraulic head, ρ is the fluid density (kg/m3), g is the ac-
celeration due to gravity (m/s2) and μ is the fluid viscosity (Pa. s).

Coupling Eqs. (8) and (9) implies that in the elastic range, the hy-
draulic conductivity varies as a function of the effective stress as
(Detournay, 1980):
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where uh0 is the fracture aperture at zero normal stress and Δσn′ is the
increment in the Terzaghi effective normal stress which is written in
simplified form as (Walsh, 1981):

∆ ′ = ∆ − ∆σ σ α Pn n p (11)

where ΔPp is the increment in the pore pressure and the effective stress
coefficient α~1.

In the plastic range, the cubic law is adapted with the hydraulic
conductivity of the fracture varying (1) as a function of the effective
stress (‘elastic’ equivalent hydraulic aperture uhe) and (2) as a function
of dilation induced by fracture slip (‘slip’ equivalent hydraulic aperture
uhs), as

⎜ ⎟= + = ⎛
⎝

+ ∆ ′ + ⎞
⎠

k
ρg
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u u u σ

K
u

12
( )H he hs h

n

n
h

3
0 s

3

(12)

uhs is simply taken to be equal to the dilation induced at fracture slip
ΔUn(dil).

3.2. Parameters of the numerical model

The model geometry and conditions are inspired from the condi-
tions at the Mont Terri experiment site. The geometry of the 3DEC
model is shown in Fig. 4a. The model's outer boundaries form a cube
with edges 20m long. The model is split into two blocks by a planar
joint oriented 140°/60°. There are active and inactive areas of the joint
in the model. Active joint area simulates the fracture behavior and is
referred as fracture. The radius of the fracture is 5 m. Inactive joint area
represents the intact rock and isolates the active fracture area from the
model boundaries. Inactive joint areas are prevented from slipping by
setting the cohesion and friction values at a high level and elastic
parameters are chosen to be compatible with rock mass deformation.

The model is discretized into deformable tetrahedral zones (in total
186,703 zones). The size of the tetrahedral zones in the central part of
the block containing the fracture are twice as small as in the region
farther from the fracture (0.4 and 0.8 m, respectively). The joint is
surrounded by a continuous elastic material.

Equivalent stress and pressure initial and boundary conditions are
applied to all model nodes and external model faces, respectively.
Principal stress magnitudes were chosen from the Mont Terri estimated
in-situ stress state respectively of Martin and Lanyon (2003):
σxx=3.0MPa, σyy=5.0MPa, σzz=6.0MPa, and in-situ pore pressure:
pp=0.5MPa. The stresses are aligned with the orientation of the model
coordinate axes.

The material properties of the reference model are listed in Table 1.
We use two reference models with high and low fracture stiffness va-
lues. The high stiffness model contains normal and shear fracture
stiffnesses of 500 and 250 GPa/m, when the low stiffness model – 20
and 2 GPa/m, respectively.

Cycles of fluid pressure are applied to a specific flow-knot, located
in the middle of the fracture to simulate the injection. Although a fluid
pressure of 1.8 MPa would be enough to induce slip on the fracture for
the present stress state and plane orientation, we used the initial
pressure of 2.0MPa to increase the velocity of the fluid penetration and
facilitate the visualization of the slip results. The following pressure
steps were applied with an increment of 0.5 MPa. In total, we applied 6
injection steps. There is no gravity in the model, therefore the pressure
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is diffusing radially away from the injection point (Fig. 4b). Initially the
fracture is deforming elastically and controlled by the shear and normal
stiffness. Eventually, sub-contacts within the joint reach slip conditions
(failure). The orientation of the slip vectors of each slipping sub-contact
is computed at each time step (Fig. 4c). Time duration of a pressure step
is fixed long enough to reach a homogeneous pressure inside the acti-
vated fracture patch where all the sub-contacts reach slip conditions.

3.3. Eshelby analytical solution

Because of the fluid pressure gradient imposed by the radial fluid
diffusion, we assume that the fracture normal deformation will im-
plicitly lead to an oblate spheroid fracture shape. To estimate the stress
perturbation around the spheroidal fracture filled with water we used
the analytical solution proposed by Eshelby (1957) for ellipsoidal in-
clusions. Eshelby's solution is formulated for an infinite, isotropic and
linear elastic matrix with an embedded ellipsoidal inhomogeneity re-
ferred as the inclusion (Eshelby, 1957, 1961, 1959). The analytical
solution provides us with the stresses and strain around an ellipsoidal
inclusion. The analytical solution does not capture: (i) transient stress
changes associated with fracture tip propagation, (ii) heterogeneous
stress distribution inside the inclusion due to the fluid injection. How-
ever, it is possible to estimate the direction of the traction force close to
the interface between the inclusion and the matrix, which is considered
bonded. Here we follow the analytical method proposed by Healy
(2009) for a spheroidal inhomogeneity, where the semi axes are
a1= a2≠ a3.

Eshelby derived that the elastic stress inside the inclusion is
homogeneous, meaning that it does not depend on the position inside
the inclusion. The elastic field inside the inclusion is calculated using
the fourth-rank Eshelby tensor that depends on the ellipsoid dimensions
and the Poisson's ratio of the matrix (Eshelby, 1957; Mura, 1987) The
strain (ε) and stress (σ) are given as following:

= + ∗∗ε ε S ε:0 (13)

= + − ∗∗σ σ C S ε[ I]:0 0 (14)

where ε0 and σ0 are the remote homogeneous strain and stresses, re-
spectively, S is the Eshelby tensor and I – the identity matrix. The re-
mote strain is related to the remote stress as given by Hooke's Law. The
eigen strain ε∗∗ is the strain that the inclusion would experience if all
the matrix constraints are removed (Mura, 1987). The eigen strain is
given by:

= + −∗∗ −ε S A B ε ε( ) : ( : )t 01 (15)

where εt is the prescribed eigenvalues, A=[C1− C0]−1 · C0,
B=[C1− C0]−1 · C1, where C0 and C1 are the stiffnesses of the inclu-
sion and the matrix, respectively.

The stress and strain outside the inclusion are given by (Ju and Sun,
2001, 1999)

= + ∗∗ε x ε G x ε( ) ( ):0 (16)

= + ∗∗σ x σ C G x ε( ) · ( ):0 0 (17)

where G(x) is an another fourth-rank tensor being a function of ellip-
soid geometry, Poisson's ratio of the matrix and the coordinate position.
To simplify, the Eshelby tensor S is the interior-point Eshelby's tensor,
and G(x) is the exterior-point Eshelby's tensor (see Eshelby, 1957;
Healy, 2009; Ju and Sun, 2001, 1999; Meng et al., 2012; Mura, 1987 for
details).

Therefore, Eshelby's solution enables fracture to be filled with a
material having properties equivalent to water with an elastic modulus
of 2.0 GPa, and Poisson's coefficient of 0.49. A spherical oblate ellip-
soidal inclusion, representing the fracture opening during the fluid in-
jection, is defined by the ratio of its vertical semi-axis to the horizontal
semi-axis. The vertical axis is given by the normal displacement of the
fracture, and the horizontal – by its radius.

Fig. 4. (a) Three-dimensional model with planar joint, (b) pore pressure distribution and deformation is modeled and tracked for further analyses, (c) sub-contacts
(section of the joint) in conditions exceeding the failure conditions (slip) are tracked. The slip direction of the sub-contacts is recorded and its rake direction is
computed.

Table 1
Properties of the numerical model.

Block Joint Active part Inactive part

Mass density [kg/m3] 2450 Normal stiffness [GPa/m] 500 (or 20) 500 (or 20)
Bulk modulus [GPa] 5.9 Shear stiffness [GPa/m] 250 (or 2) 250 (or 2)
Shear modulus [GPa] 2.3 Friction angle [°] 22 40

Fluid Cohesion [MPa] 0 1×1024

Fluid density [kg/m3] 1000 Aperture, [m] 1×10-6

Bulk modulus [GPa] 2
Viscosity [Pa.s] 0.01
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4. Results

4.1. Numerical and analytical misfit angle

For the stress state and geometry of the reference case presented
above, the orientation of the resolved shear stress predicted by the
Wallace-Bott hypothesis has a rake angle of 43°. The misfit angle of
slipping sub-contacts between the predicted WB orientation and the
numerical 3DEC orientation for the first pressure step of 2MPa is shown
in Fig. 5. In the beginning of the pressurizing (Fig. 5A), slipping sub-
contacts are only observed very close to the injection point. The closer
the sub-contact is located to the injection point, the less misfit angle is
observed. The sub-contacts of the low stiffness model show the misfit up
to 15°, while the misfit angles of the high stiffness model are below 5°.
With fluid diffusion into the fracture, the slipping area grows (Fig. 5B).
For both models the slip direction deviation from the WB hypothesis is
primarily occurring close to the activated fracture patch tip (Fig. 5B),
where the strain gradient (or the aperture gradient) is higher and, thus,
the stress perturbation is the most severe. However, in comparison to
the high stiffness model, the low stiffness model shows the gradual
increase of the deviation from the injection point to the fracture tips.
This observation occurs due to the higher deformability of the low
stiffness fracture that induces larger intact rock deformation. At the end
of the pressure step all sub-contacts for both models achieve slipping
conditions. A deviation<5° is still observed on the tips of the low
stiffness fracture, while all the slip vectors of the high stiffness fracture
are consistent with the predicted value by the Wallace-Bott hypothesis.

To avoid the boundary effects and investigate only the effect of the
fluid pressure on the slip deviation, in the following section we ana-
lyzed the orientation of the slip vectors for both vectors with a 3m
activated patch radius. The summary of the misfit angles measured
away from the fracture boundaries at every time step is shown in Fig. 6.
Firstly, it is demonstrated that the first activated sub-contact located at
the injection point is consistent with the WB hypothesis for the high

stiffness model and deviates for the low stiffness model. In the low
stiffness case, as the fluid diffuses into the fracture the misfit angle
tends towards zero (i.e., towards the WB predicted vector), while the
slip vector of the high stiffness fracture stays consistent with the WB
predicted vector. The same tendency is observed later for activated sub-
contacts for both models: with time, the deviated vectors become
consistent with the WB predicted vectors. For the visualization of the
misfit angles we used the range of± 30°, because the principal misfit
angles are in this range. However, we observed an individual sub-
contact starting deviation at −90° in the beginning of the pressurizing
for the low stiffness fracture, meaning that the deviation is observed at
the very beginning of the pressurizing at the location of the injection for
the low stiffness fracture. The high stiffness fracture does not show the
deviation at the beginning of the pressurizing. At the same time the
magnitude of the slipping vectors increases with fluid diffusion. Fig. 6
shows that the vector deviation decreases with the increasing magni-
tude. Moreover, all vectors consistent with the WB hypothesis have a
slip magnitude of> 1 μm. The deviated vectors in the low stiffness
model have larger slip magnitudes (typically> 1 μm) than the deviated
vectors in the high stiffness model (typically< 0.1 μm).

Secondly, the stiffness difference results in the speed difference of
the rupture propagation along the fracture plane: propagation is
quicker for the low stiffness model. This is observed because here the
3DEC simulation is pressure controlled, meaning that for the same
pressure step, a larger fluid volume is required to maintain the pressure
step in the low stiffness model compared to the high stiffness one (This
volume depends on the fracture aperture and on the rock mass prop-
erties). Consequently, the high stiffness model takes more time to fulfill
the fracture.

Thirdly, Fig. 6 shows that once the fracture is filled with the fluid (at
the first pressure step of 2MPa), the slip deviation does not increase for
the higher-pressure injections. The slip direction becomes constant and
consistent with the WB hypothesis.

The shape of the activated fracture patch of 3m, which is related to

Fig. 5. Misfit angle of the fractures with low and high stiffnesses at different diffusion stages of the activated patch growth: A – In the beginning of the pressurizing, B
– in the middle and C – in the end of pressurizing. For the exact time of A, B, C refer to the Fig. 6. Fracture radius – 5m.
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Fig. 6. Misfit angle for the high (a, c) and low (b, d) stiffness model with increasing injection pressure. Figures (c) and (d) is a zoomed-in part with slipping vectors
magnitudes corresponding to rectangles in (a) and (b). The number of points corresponds to the amount of the slipping sub-contacts within the fracture, and the color
indicates the distance of these sub-contacts from the injection point. A, B, C – different diffusion stages of the investigated activated patch in Fig. 5.

Fig. 7. Fracture normal displacement for the high and low stiffness models computed at the time of B and at the time C. The black circles indicate the slipping sub-
contacts. Axis scale is in meters.

M. Kakurina, et al. Tectonophysics 757 (2019) 140–152

147



the distribution of the fracture aperture under the pressure diffusion of
2MPa is illustrated in Fig. 7. Normal displacement of both high and low
stiffness fractures gradually decreases from the injection point to the
tips at the diffusion stage B, and become close to uniform at the dif-
fusion stage C. However, it is important to note that the normal dis-
placement of the low stiffness fracture is about 20 times higher in
magnitude than the normal displacement of the high stiffness fracture.
The normal stiffness is 25 times higher, but we compare the activated
patched in terms of the size of the activated patch, not the time,
therefore, the obtained ratio differs from the stiffness ratio. These re-
sults clearly indicate that the fracture planes change their shape with
time and fluid diffusion. The central patch of the fracture, close to the
point source of fluid injection, becomes more planar at the diffusion
stage C in comparison to the diffusion stage B for both high and low
stiffness models.

The Eshelby (1957) analytical solution demonstrated the effect of
these changes in the fracture shape on the slip deviation. Fig. 8 com-
pared the numerical and analytical solution for both models at the time
B. Based on results of Fig. 7, we represented the fracture shape as an
oblate spheroid with a ratio of its vertical semi-axis to the horizontal
semi-axis of (1.17× 10−5)/3 for the low stiffness fracture,
(5.9× 10−7)/3 for the high stiffness fracture. The vertical semi-axis of
the oblate spheroids correspond to the absolute value of the normal
displacements at the diffusion stage B (Fig. 7). The analytical solution
for such a “penny-shaped” fracture gives the misfit angle ≪1° and the
distribution of the misfit angles looks different to the numerical solu-
tion. However, if we compare the analytical solution for the low and
high stiffness models, it is clearly observed that the curved fracture
surfaces corresponding to the low stiffness fracture show higher misfit
than the planar surfaces corresponding to the high stiffness fracture. In
addition we adapted the shape of the analytical fracture in order to
have the maximummisfit angle of± 15° for the high stiffness model. To
do so, we increased the ratio values in both models by 105, so that the
ratio is 0.39 for the low stiffness model and 0.02 for the high stiffness
model. When the fracture becomes more ellipsoidal in comparison to
the previous “penny-shaped”, again it can be seen that the more oblate

fracture shape causes high slip deviation. This is the important result
given by the Eshelby solution, that the shape of the pressure-activated
patch can significantly impact the orientation of the slip vector.

4.2. Sensitivity analysis

Since the deviation is observed only at the initial pressure step of
2.0 MPa, the sensitivity study for both high and low stiffness models
covering (i) dilation, (ii) friction angle and (iii) aperture was performed
at this pressure step. The fracture properties used in the sensitivity
study are given in Table 2.

The results of the study are shown in Fig. 9. For the friction angle
and fracture aperture the investigation was made until all the sub-
contacts will only grow in magnitude. As has been shown above, after
the fracture is filled with water the slip orientation becomes closer to
the theoretical value.

4.2.1. Dilation angle
The effect of joint dilation is illustrated in Fig. 9(a, b). For the low

stiffness model, high dilation increases deviation by approximately 1° in
the beginning of the pressurization and accelerates the time for the
severe deviation. The same effect of acceleration is observed for the
high stiffness model: the orientation of the slipping vectors of the high
stiffness model with ψ=30 become closer to the WB predicted value
much earlier than for ψ=0. The same slip magnitude is achieved much
earlier for fractures with a lower dilation angle. The range of the misfit
angle and the slip magnitude of the deviated vectors for both models

Fig. 8. The directions (black arrows) of the resolved shear on the low (a) and high (b) stiffness numerical and analytical models. On the analytical model I the real
apertures of the low (c) and high (d) stiffness fracture are represented, on the analytical model II - the increased apertures of the low (e) and high (f) stiffness fractures
for visualization. The sub-contacts on the fractures (a) and (b) correspond to the slipping sub-contacts at the diffusion stage B on the high and low stiffness fractures in
Fig. 7. Axis scale is in meters.

Table 2
Fracture properties used in the sensitivity study.

Fracture properties Test values

Stiffness, [GPa/m] Kn=500, Ks=250 Kn=20, Ks=2
Friction angle, [°] 22 19 16
Dilation angle, [°] 0 15 30
Aperture, [m] 1×10-6 1×10-5 1×10-7
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does not significantly vary between models with different dilation va-
lues. Therefore, for the tested conditions it can be said that dilation does
not affect significantly the misfit angle between the slip directions and
the WB theoretical angle for both models.

4.2.2. Fracture hydraulic aperture
The size of the fracture aperture affects its permeability and con-

sequently the time of fluid diffusion into the fracture. It is clearly ob-
served in Fig. 9(c, d) that for the smaller aperture of 10 μm for both
high and low stiffness models it takes more time to fill a fracture with a
fluid and achieve non-deviated vectors on the whole fracture. The range
of the misfit angles for the low stiffness model is smaller and the time
during which slip activation is longer for the lowest aperture case
(0.1 μm). The discontinuities in the lowest aperture case arise due to the
increased time step applied by the 3DEC to capture the slip orientation.
However, the tendency of deviation is preserved – the deviated vectors
tend to achieve the constant value consistent with the predicted WB
orientation. After a certain amount of time (depending on the aperture
size) the slip becomes consistent with the theoretical value. However,
the longer it takes for fluid injection to propagate inside the fracture,
the longer we observe the misfit.

4.2.3. Frictional angle
Friction angles of 16° and 19° were tested and compared to the base

case of 22°. Friction angle has the strongest effect on the misfit angle of
all the tested parameters in the sensitivity analysis (Fig. 9e, f). For the
low stiffness model the friction angle of 16° causes the slip deviation up
to± 40°, the friction angle of 19° - the slip deviation of± 25°, for the
friction angle of 22° - deviation of 20°. For the high stiffness model the
misfit range does not change significantly for the tested values of the
friction angle.

A lower friction angle also accelerates the severe deviation of slip
and increases the slip magnitude of the deviated vectors. Generally, the
change in friction angle induces a significant change in the slip direc-
tions. For the low stiffness model it increases the misfit angle and the
magnitude of the deviated vectors. For the high stiffness model it does
not significantly increase the misfit or the magnitude of the deviated
vectors. These results demonstrate that the friction angle plays a sig-
nificant role in slip deviation for the present conditions.

The sensitivity study demonstrates that (i) for all of the tested cases
the slip reaches a constant direction that is consistent with the WB
hypothesis when the activated patch gets larger and is filled with water,
(ii) the longer it takes for fluid injection to propagate inside the

Fig. 9. Sensitivity study. Similarly to Fig. 6, we show here the misfit angle between the modeled slip and the expected slip according to the WB hypothesis (Misfit
angle). a), b) - effect of dilation angle, c), d) - effect of initial aperture, and e), f) - effect of friction angle.
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fracture, the longer we observe the misfit, (iii) dilation and aperture do
not significantly affect the slip orientation, while the friction angle and
the stiffness are key parameters influencing the misfit angle.

5. Discussion

The WB hypothesis is generally used to estimate stress state using
stress inversion methods. However, it is known that many of the as-
sumptions of the hypothesis are not respected in field cases. In this
study we show, that a non-uniform pressure field induced by a local
fluid injection in a planar fault can significantly deviate the slip vector
orientation from the WB prediction, which is consistent with previous
studies (Martínez-Garzón et al., 2016; Terakawa et al., 2012). The in-
jection of fluid pressure affects the three-dimensional fracture shape
causing a complex stress perturbation at the tip between the activated
fracture patch and the remaining inactive zone of the fracture.

Generally, when fluid diffuses into the fracture and triggers the slip
on sub-contacts, their primary orientation deviates from the WB pre-
dicted direction. With continued fluid propagation their orientation
rotates towards the WB predicted value. After a given injection time the
slip becomes constant on all the fracture sub-contacts and consistent
with the WB hypotheses.

The primary deviation and then agreement of the slipping vectors
with the WB predicted value is connected with the fracture shape
during the pressurizing. The highest deviation is related to the sharp
aperture gradient that dynamically propagates at the tip of the acti-
vated patch. After this patch was activated the fluid then filled the
fracture, reducing the aperture gradient and uniformly aligning the slip
orientation.

The fracture shape and propagation depend on the fracture stiffness.
A high stiffness fracture tends to minimize deformation normal to the
fracture. Therefore, the fracture opening is small, it does not deform the
surrounded rock mass, and the deviation is only observed at the tip of
the activated patch because of the inherent aperture difference and
stress perturbation on the fracture tips. The slip vectors on the major
part of the activated patch are mostly consistent with the WB predicted
orientations. These results confirm the observations obtained by Dupin
et al. (1993), who used the high fracture stiffness to validate the Wal-
lace-Bott hypothesis using 3DEC. A low stiffness fracture deforms pro-
gressively towards the tips. As a result, gradual slip deviation towards
the fracture tips is observed due to the higher distortion induced on the
medium close to the fracture tip. Hence, more sub-contacts deviate
during the fluid injection on the low stiffness fracture. However, for
both stiffness models the direction of the slipping vector close to the
injection point located in the central part of the activated fracture patch
is consistent with the WB prediction.

The numerical 3DEC and the analytical WB models gave very dif-
ferent results in terms of the misfit angle value and its distribution on
the fracture plane. The fully coupled 3DEC numerical solution estimates
the stress perturbation considering the pressure gradient inside the
fracture, the fracture deformation and transient stress changes asso-
ciated with fracture tip propagation. The analytical solution estimates
the stress perturbation based only on the shape of the inclusion. The
Eshelby analytical solution does not consider internal stress perturba-
tions, the interface between the inclusion and the matrix is considered
bonded and friction properties of the fracture. The analytical solution is
made for a perfect ellipsoid, whereas an activated patch in 3DEC has a
shape more like a “bell”. The numerical solution is calculated on the
tetrahedral mesh, while the analytical was applied on a simple square
grid. It can be concluded that the numerical model takes more aspects
into account and its results are more reliable. However, the Eshelby
solution helped in understanding the effect of the shape of the activated
patch on the slip deviation and these results are very important. The
comparison of the numerical and analytical solutions for the low and
high stiffness model indicates that the more the fracture is deformed the
more it causes the deviation.

The sensitivity analyses demonstrate that the friction angle has a
strong influence on slip deviation in the low stiffness model, which is
consistent with the results obtained by Pascal (2002). The misfit of the
high stiffness model does not change systematically with friction angle,
which could be due to the high rigidity of non-deformable fracture
planes. Lejri et al. (2015) also concluded that increasing friction will
decrease the slip magnitude as well as the misfit angle until the slip
vectors become consistent with the WB hypothesis. In this study, the
slip magnitude indeed decreases with increasing friction, which is
consistent with Lejri et al. (2015).

All our observations indicate that the observed slip deviation is
probably generated by the stress perturbations associated with the non-
uniform deformation induced by the non-uniform pressure distribution.
The comparison between the analytical and numerical solutions sug-
gests that the shape of the fracture cannot explain fully the value of the
misfit angle. The numerical solution, which considers both shape and
pressure changes in the fracture, demonstrated that the non-uniform
fluid pressure contributes to the misfit angle. It is probable that the
misfit angle depends on additional parameters that are not considered
in this study. The FS data shows that the orientation of the slip vectors
rotates. These field observations are consistent with our numerical
observations from the low stiffness model, (the Opalinus clay in Mont
Terri shale rocks has relatively low stiffness). The sub-contacts deviate
from the WB assumptions as soon as they are activated and then con-
stantly rotate their direction parallel to the WB predicted value. The
interruptions in the constant trajectory of slip rotations and, in general
its deviation may be explained by the fact that the deviation occurs with
injection time, and sharp changes in the fault opening with time could
be potentially related to friction or stiffness variations, which are found
to be the main parameters affecting the slip deviation in the present
study. Fracture deformation might allow for a fracture initially un-
favorably oriented towards stress to slip locally. This can propagate a
weakening patch in the fracture and finally lead to larger slip, which is
not yet predictable by the WB hypothesis. In addition, the slip direc-
tions varying with time may also have other explanations such as dif-
ferent asperities on the fracture, fracture curvature, activation of sev-
eral fractures at the same time and other reasons that have not been
studied in this paper.

The constant slip on all the fracture sub-contacts of the numerical
model and its consistence with the WB hypothesis may be related to the
numerical model boundary conditions and geometry. A larger model
incorporating more realistic fractures or faults might produce larger
deviation from the WB prediction compared to our study. In addition,
the accuracy of the 3DEC model can also be improved by testing dif-
ferent meshing size and fracture scale, but this would require sig-
nificantly more computational power.

6. Conclusion

The data obtained from the FS experiment in Mont Terri showed the
rotation of the slip vectors during the fluid injection. To understand the
origin of this rotation and possibility of using these vectors in the stress
inversion methods we checked the fundamental assumption that slip is
parallel to the resolved shear stress in the presence of a local fluid
source such as a borehole injection across a fracture. In this study we
thus focused on the validation of the WB hypothesis in the presence of a
fluid point source that may induce slip reorientations using analytical
and numerical methods.

We built two numerical models consisting of a homogeneous, iso-
tropic, elastic and deformable block with an embedded low stiffness/
high stiffness fracture using the 3DEC numerical method. We inject a
fluid pressure step-by-step to trigger the slip along the fracture. The
main result of this analysis is that for a given homogeneous far-field
stress in all tested cases, we calculate that a non-uniform pressure field
induced by fluid injection does affect the slip direction. The effect is
different for a low stiffness/high stiffness fracture and based on the
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fracture deformation and propagation during the fluid diffusion. The
high stiffness fractures are more consistent with the Wallace-Bott the-
oretical solution, while the low stiffness fractures demonstrate the
significant deviation. The sensitivity analysis show that among all the
tested parameters, the stiffness and friction angle are the key factors
influencing the misfit angle between the numeral observations and the
theoretical WB values.

Therefore, the estimation of stresses based on the slip directions of
activated fractures during borehole injection is not explicit. The frac-
ture stiffness should be always considered and the slip direction cal-
culated for a longer pressure injection. Based on the results obtained
from the investigated numerical model, for the Mont Terri experimental
site we propose to make a stress inversion only when the slip has a
constant orientation during a significant time of pressurization.
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