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Abstract Flow through reservoirs such as fractured media is powered by head gradients which also
generate measurable poroelastic deformation of the rock body. The combined analysis of surface
deformation and subsurface pressure provides valuable insights of a reservoir’s structure and hydromechan-
ical properties, which are of interest for deep-seated CO2 or nuclear waste storage for instance. Among all
surveying tools, surface tiltmeters offer the possibility to grasp hydraulically induced deformations over a
broad range of time scales with a remarkable precision. Here we investigate the information content of
transient surface tilt generated by the pressurization a kilometer scale subvertical fault zone. Our approach
involves the combination of field data and results of a fully coupled poromechanical model. The signature
of pressure changes in the fault zone due to pumping cycles is clearly recognizable in field tilt data and we
aim to explain the peculiar features that appear in (1) tilt time series alone from a set of four instruments
and 2) the ratio of tilt over pressure. We evidence that the shape of tilt measurements on both sides of a
fault zone is sensitive to its diffusivity and its elastic modulus. The ratio of tilt over pressure predominantly
encompasses information about the system’s dynamic behavior and extent of the fault zone and allows
separating contributions of flow in the different compartments. Hence, tiltmeters are well suited to
characterize hydromechanical processes associated with fault zone hydrogeology at short time scales,
where spaceborne surveying methods fail to recognize any deformation signal.

1. Introduction

Naturally fractured reservoirs are relatively widespread on Earth and they are of common interest for a vari-
ety of societal and economical reasons. For example, these reservoirs may be exploited for the resources
they bear or on the contrary, they can be considered for deep-seated storage reservoirs like carbon dioxide
sequestration and nuclear waste disposal (Berkowitz, 2002). In the former case, the interest is often focused
on the resource’s sustainability and profitability whereas in the latter case, the emphasis is primarily on the
risk assessment of potential reservoir failure, induced seismicity, and leakage. Therefore, characterizing the
hydromechanical properties of fractured reservoirs is fundamental to achieve the sound and safe manage-
ment of such geotechnical projects. Nevertheless, fractured geological media form complex systems due to
their heterogeneous structure, anisotropy, and scale-dependent physical behavior (Berkowitz, 2002; Bonnet
et al., 2001; Neuman, 2005). Their complexity arises especially from the fact that their properties may vary
largely with both space and time, due to numerous interactions of processes, of which each may have its
preponderance depending on the scale of interest.

From centimetric to metric scales, it is now broadly admitted that under certain conditions, fluid flow in frac-
tured media can only be well understood and described using a fully coupled poromechanical modeling
framework (Rutqvist & Stephansson, 2003). Indeed, a fracture undergoing a significant change in either
pore pressure or effective stress will be deformed and this can be evidenced by laboratory experiments
(Bandis et al., 1983; Barton et al., 1985; Elkoury et al., 2011), field tests (Cappa et al., 2006a, 2006b; Hisz et al.,
2013; Karasaki et al., 2000; Schuite et al., 2017; Schweisinger et al., 2011; Svenson et al., 2008), or modeling
(Murdoch & Germanovich, 2006; Schweisinger et al., 2009; Vinci et al., 2015; Wang & Cardenas, 2016). As
their permeability is dependent on the cube of their hydraulic aperture, any opening or closing of a fracture
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might have a noticeable impact on the flow field (Boussinesq, 1868; Witherspoon et al., 1980). Furthermore,
when pore pressure or stress conditions vary largely enough, fractures may slip either abruptly or slowly,
leading to seismogenic failures or aseimic slips respectively as discussed in the recent review by Cornet
(2016). Accordingly, a natural seismic event can be responsible for an increase in a faulted reservoir’s per-
meability (Elkoury et al., 2006; Kitagawa et al., 2002; Rojstaczer et al., 1995).

In fact, this important coupling between the physical properties of a fracture and its surrounding rock body
on the one hand, and the flow on the other hand, has several practical consequences that can be applied in
geotechnical engineering or may be used to gain knowledge about fractured reservoirs. For instance in res-
ervoir stimulation, where the opening of existing fractures and the creation of new fractures are forced by
strong hydraulic pulses to enhance the recovery of stored fluids, microseismic events are generally trig-
gered (Davies et al., 2013; Warpinski et al., 2001) and may be used, for example, for fracture network charac-
terization (Williams-Stroud et al., 2013) and hydraulic properties estimations (Rothert & Shapiro, 2003). In
groundwater hydrology, hydromechanical well tests are shown to provide information on the geometry of
fractures and of the preferential flow paths, and they are especially useful in complementing conventional
hydraulic tests in order to better estimate the permeability and storativity of the medium (Murdoch & Ger-
manovich, 2006, 2012; Rutqvist et al., 1998; Schuite et al., 2015; Schweisinger et al., 2009).

At larger spatial scales, from hundreds of meters to kilometers, conductive faults concentrate the main
underground fluxes and therefore are responsible for much of the observable deformation. In this case, the
surrounding fracture networks are often treated as equivalent homogeneous isotropic media, mostly
because of the lack of information that precludes one from describing it with its detailed heterogeneities
(Bense et al., 2013). For some faulted reservoirs, a fully coupled hydromechanical model is not necessary to
interpret deformation data in the early development of a fluid pressure perturbation (pumping or recovery
test) in order to provide information about the system (Schuite et al., 2015). In such case, the hypothesis of
a pure elastic deformation of the fault is made during the early time when pressure diffusion is supposed to
occur mainly within the most permeable part of the system, namely the fault itself. This simplifies the prob-
lem outstandingly and necessitates only modest computer resources to model and jointly interpret pressure
and deformation data. It offers the potential of simply assessing the structural and hydraulic properties of a
faulted reservoir. However at some point in the hydraulic experiment, the pressure diffuses significantly in
the surrounding fracture networks and in the porous rock matrix which inevitably leads to poroelastic defor-
mation of the system. Then, a simple elastic model seems to be largely unable to reproduce the deforma-
tion data (Schuite et al., 2015).

Many authors have studied faulted reservoirs from deformation observations. In order to achieve a sufficient
spatial coverage of ground surface displacements, GPS or Interferometric Synthetic Aperture Radar (InSAR)
is commonly used techniques (Biessy et al., 2011; Burbey, 2008; Chaussard et al., 2014; Galloway & Hoff-
mann, 2007; Vasco et al., 2010). They can measure net displacements in several directions, possibly down to
millimeter accuracy, and therefore provide excellent constraints on the mechanical behavior and the struc-
ture of a faulted system that is being solicited by pumping or injection. Unfortunately, displacement meas-
urements of a millimeter with these techniques demand low sampling rates, daily at best. This hampers the
monitoring of hydraulic tests lasting only a few hours, or more generally, it may be difficult to capture the
early signature of a transient hydraulic signal in the deformation data (for instance, see Moreau & Dauteuil,
2013). This is an important limitation since this particular time window links processes taking place at differ-
ent temporal scales and possibly under different hydromechanical regimes.

Relative deformation instruments like tiltmeters or extensometers have emerged as interesting tools for
groundwater hydrology (Barbour & Wyatt, 2014; Chen et al., 2010; Fabian & K€umpel, 2003; Longuevergne
et al., 2009; Murdoch et al., 2015; Vasco et al., 2001). This is because they are able to record accurately and
precisely small deformations at high sampling rates compared to spaceborne methods, up to 1 Hz. These
instruments were originally designed for geophysical studies of the Earth’s crust (seismology, volcanology,
tectonics, etc.; Agnew, 1986) and have been increasingly utilized in the past decades as hydrogeophysical
tools thanks to important technical developments that made them accurate enough to capture low ampli-
tude hydrological signals (e.g., Boudin et al., 2008; Hisz et al., 2013). Despite the fact that they are sometimes
not yet recognized among the hydrogeophysical community as recently suggested by Binley et al. (2015),
relative deformation methods are noninvasive ways of monitoring transient subsurface flow.
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In particular, tilt measurement is a method that is sensitive to a fault’s geometry and hydromechanical
parameters (Burbey et al., 2012; Hisz et al., 2013; Longuevergne et al., 2009; Schuite et al., 2015), even if it is
not a proper measure of displacement but rather a measure of its gradient. Hence, the use of tiltmeters
offers the unique possibility to grasp the full hydromechanical behavior of a fractured reservoir from the
very beginning of a hydraulic perturbation and with a fine temporal resolution, high sensitivity, and good
stability. Besides, it gives a complementary insight of pumping tests lasting only a few hours, which are the
most common in hydrogeology. Indeed, hydraulic tests alone may reveal hydrodynamic properties of both
fault zones and surrounding fractured media on the condition that many boreholes are covering the site
and that many tests are performed, which can be impractical and costly. It is also worth pointing out that
typical hydraulic tests in fractured media may fail to determine the transient evolution of flow geometry,
and most often, numerous tests sampling different spatial scales are needed to evaluate all property con-
trasts. This is because these tests are either local (for example, cross-borehole flowmeter tests) or integrative
(large scale pumping tests; Le Borgne et al., 2006). Hence, separating properties and responses of the differ-
ent compartments of a faulted reservoir is not straightforward and surface deformation measurement may
here add valuable constraints on these unresolved issues, as it is sensitive to both the mechanics and the
flow dynamics of such a system.

Yet the full transient behavior of a tilt station, located at the surface near a fault where unsteady pressure
conditions prevail, remains poorly understood. In particular, it is still unclear which information surface tilt
data may reveal about the hydrodynamic behavior of each main compartment of a �102 to 103 m scale
fractured reservoir. In the past decades, large efforts have been made to model and invert surface deforma-
tion data, but most of the time, the complexity of models and the duration of field tests precludes being
able to reproduce and understand more than just the amplitudes of the measured signals. The work pre-
sented here aims at (1) demonstrating the usefulness of short hydromechanical experiments involving sur-
face tilt monitoring to constrain key mechanical and flow properties of a faulted reservoir and (2)
unraveling the information contained in complete transient tilt measurements about the dynamic behavior
of this kind of system. In order to do so, we implement and analyze a fully coupled poromechanical model
of a fault zone embedded in a porous matrix and confront numerical results with field data obtained at the
Ploemeur hydrogeological observatory (Brittany, France).

2. The Ploemeur Hydrogeological Observatory and Field Data

2.1. The Experimental Site
The Ploemeur site (Figure 1) is located near the south coast of Brittany (France), a region shaped by several
syntectonic intrusions of granitic rocks emplaced during the Hercynian orogeny. The Ploemeur fractured
crystalline aquifer emerges from the intersection of two main structures (Ruelleu et al., 2010): (1) a gently
dipping contact zone between a granitic unit and an overlying mica-shist, striking East-West and (2) a
dextral-slip normal fault zone striking N308E and dipping steeply toward the West. The system is topped by
a layer of clayed and sandy altered rock material with variable thickness generally ranging from 10 to 30 m.
Three pumping boreholes drilled along the subvertical fault are exploited to supply about 20,000 inhabi-
tants in the area, with withdrawal rates reaching 130 m3/h (Schuite et al., 2015) and summing up to 106 m3

each year since 1991 (Le Borgne et al., 2004). This fairly good productivity given the geological context is
thought to be intimately linked to the particular setting of the reservoir. In fact, the subhorizontal contact
zone is capable of draining a vast area, from a far-end recharge zone to the fault, that allows for the vertical
ascension of ground water fluxes toward the pumping site, which was the former natural outlet (humid
zone) before the exploitation started (Jim�enez-Mart�ınez et al., 2013; Leray et al., 2012, 2013).

The site is monitored by several wells which are approximately 100 m deep and most often screened over
their entire depth, except for the upper 20–40 m (Figure 1). We should point out that the aquifer exhibits a
confined behavior based on geophysical evidence (Schuite et al., 2015) and the hydraulic signature of earth
tides in piezometric observations.

As expected for fractured reservoirs, the Ploemeur aquifer is characterized by heterogeneous flow and
hydrodynamic properties depending on fracture connectivity and scale of investigation. Indeed, the system
displays an increase in transmissivity and storativity with the spatial and temporal scale of investigation,
whereas the diffusivity decreases (Jim�enez-Mart�ınez et al., 2013; Le Borgne et al., 2004, 2006). Despite the
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apparent complexity, its overall functioning can be synthesized in three main aspects when regarded at
broad scale (i.e., at 100 m and more). (1) The contact zone controls the transfer of seasonal flow from an

area north of the pumping site toward the pumped wells (Leray et al.,
2013; Ruelleu et al., 2010). (2) The fault zone, which is very diffusive,
concentrates the flow at the vicinity of the pumped wells when the
hydraulic perturbation lasts a few hours (Le Borgne et al., 2006). More-
over, this conductive structure almost exclusively controls the
observed deformation at these short time scales (Schuite et al., 2015).
(3) The granite and mica-shist units hold less permeable fracture net-
works, yet are well connected, embedded in their nearly impermeable
crystalline matrix (Le Borgne et al., 2006). Hence, we consider at first
order that this compartment forms an equivalent porous medium that
is less transmissive than the previous two structures, but might still
play a capacitive role in the system.

2.2. Surface Deformation Monitoring
In addition to the hydrogeological studies and piezometric monitor-
ing, the site is equipped with two tiltmeter stations which monitor
surface deformation at a 30 s sampling rate. Each station is located at
one side of the subvertical fault zone (Figures 1 and 2). These instru-
ments measure the gradient of the surface’s vertical displacement in
one direction. The tiltmeters installed at these stations are called long
baseline hydrostatic tiltmeters (LBHTs). Their measuring principle is
rather simple as it is works like a tube level (Figure 3). The devices con-
sist of silica vessels linked by a pipe that are filled with water. The level
of water in each vessel is precisely and continuously measured by a
system comprising displacement transducers. Then, when a change in
slope occurs, water flows from one vessel to the other to reach a new
hydrostatic equilibrium. The difference in relative water level change

Figure 1. Localization and field setting of the Ploemeur site. The cross section AB is shown in Figure 2.

Figure 2. Structural analogy between the numerical model’s geometry and the
Ploemeur fractured aquifer. (top) Cross section of the 3-D model and position
of MN profile delineated in Figure 6. (bottom) AB cross section of Ploemeur’s
aquifer as shown in Figure 1. The circular inset shows the sign convention used
for observed and simulated tilt in this study. The red rectangles are meant to
represent the link between modeled and natural hydrogeological structures,
not scales.
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in each vessel, divided by the distance separating them, is a direct
measurement of angular variation which is called tilt and is given in
radians. For a thorough review of these tiltmeters’ features, the inter-
ested reader is referred to the paper by Boudin et al. (2008).

The tiltmeter station LB1 on the West side of the fault is composed of
two LBHTs nested in a shallow subsurface bunker inherited from
World War II. Such a sheltered environment guarantees temperature
and air mass stability that is important to limit noise in tilt data and
thus optimize its accuracy and stability. These tiltmeters are carefully
attached to the granitic rock behind the concrete walls of the bunker
through silica pins. The second station on the East side of the fault,
LB2, is a three-in-one LBHT because it has three vessels aligned in one
direction (i.e., each couple of vessel forms a tiltmeter). This instrument
is buried in the ground at about 2.5 m depth and it is protected by
concrete walls. Each vessel of the tiltmeter lies primarily on a granitic
pillar positioned within the soil. The white noise in tilt data has a stan-
dard deviation inferior to 1 nrad (nanoradian) which makes our instru-
ments very accurate in agreement with Boudin et al. (2008).

All vessels were carefully localized with a combination of GPS and the-
odolite measurements. This was an important step to calculate the ori-

entation of each LBHT and to estimate their distance to the N308E-striking fault zone. The position of the
fault’s roof is approximately known from different geophysical and geological observations made in previ-
ous studies (Le Borgne et al., 2004, 2006; Ruelleu et al., 2010; Schuite et al., 2015). Orientation and position-
ing data of all LBHT stations are summarized in Table 1. We have collected tilt data since May 2006 for LB1
station and since September 2011 for LB2 station.

2.3. Initial Findings From Hydromechanical Field Observations
Ground surface deformation due to pumping is well identified at the Ploemeur site from tilt observations
(Figure 4a). The pumping rate is not continuously maintained at a static running level, but it is modulated
to replenish municipal supply reservoirs instead. One of the three pumps is used to adjust pumping rates
on a daily basis. Piezometric levels are fluctuating accordingly with an amplitude of about 2–3 m in the fault
zone and tilt measurements at the two stations are well correlated to these pressure variations (Figure 4a).
In general, the amplitude of tilt at LB1 represents systematically about 30% of the amplitude recorded at
LB2 CW. Hence at the Ploemeur site, the hydromechanical monitoring of loading-unloading cycles is consis-
tently repeatable. Nonetheless, caution in analyzing tilt data must be taken because two issues might alter
this repeatability. First, tiltmeters are recording earth tides generated by lunisolar attraction. The earth tide
waves, which are composed of a multitude of different fundamental harmonics that can be filtered out

from any given time series (Pawlowicz et al., 2002). Problems however,
arise when earth tides share roughly the same frequency and magni-
tude than the targeted hydraulic signals. Unfortunately, this is the
case at the Ploemeur site because pumping cycles and the two main
earth tide waves sometimes occur at approximately the same fre-
quency (about 6 and 12 h period). Although tidal analysis is carried
out on a long time period (several weeks) including a time period
without daily pumping, some earth tide residuals might remain in the
filtered tilt signals, resulting in difficulties to interpret the exact ampli-
tude associated with pumping or recovery. Second, LB2 is more prone
to technical failure or malfunctioning than LB1 as the soil is a less sta-
ble environment. In fact, bubbles might appear in the tube between
two vessels of the instrument (Figure 3). This delays noticeably the tilt-
meter’s response to deformation as the bubbles add considerable fric-
tion to fluid flow in the instrument’s tubes when it seeks to achieve
equilibrium. This occured for instance in the time series of LB2 CE
between 8 and 10 days in Figure 4a. Consequently, a thorough

Figure 3. Measuring principle of the long baseline hydrostatic tiltmeters
installed at the Ploemeur site. (a) Situation where the instrument is at equilib-
rium. (b) Situation immediately after a perturbation has occurred: a ground
surface deformation causes, for instance, the right vessel to be relatively dis-
placed downward. Consequently, a hydraulic gradient is formed between the
two vessels, forcing the water to flow in order to reach a new equilibrium. This,
of course, results in a relative change of water level in each vessel that is moni-
tored by displacement transducers (LVDT). Tilt is then simply recovered as
h5tan ðdh=LbÞ, very well approximated by h5dh=Lb for small angles.

Table 1
Properties of the Long Baseline Tiltmeters Installed at the Ploemeur Site

Instrument
labela

Orientation
(8E)

Base length
(m)

dF

(m)b
Measurement
range (lrad)

LB1 station
NS N328 7.75 2120 568
WE N75 32.80 2120 134

LB2 station
CW N286 25.45 35 N/A
CE N286 25.55 60 N/A
WE N286 51.00 47.5 86

aN, S, W, E, and C stand for north, south, west, east, and center, respec-
tively. It refers to the relative position and rough orientation of an instru-
ment’s extremities (vessels).

bThis parameter is an estimate of the shortest horizontal distance between
the fault zone’s top and the center of the instrument. See Figure 2.
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attention has been accorded to these issues by focusing on events where their effect is as small as possible
(Figures 4b and 4c).

A typical pumping cycle at the site is shown in Figure 4b. When pumps are turned off, the piezometric level
in the fault rises or declines and the tiltmeters are immediately reacting to the subsurface load. This implies
that the mechanical stress is nearly instantaneously transmitted through the system at least at the field
scale. Furthermore, this kind of hydromechanical monitoring delivers valuable information that may be
highlighted with four statements (Figure 4b). (1) The direction toward which LB1 tilts is the opposite of LB2.
(2) The amplitude of tilt is different at the two stations. (3) LB2 CW first decreases more rapidly than LB2 CE
and at t � 1:6 h, the two signals cross each other and LB2 CE becomes smaller than LB2 CW. (4) The tran-
sient behavior of tilt closely follows the hydraulic head of the fault zone. One might ask if there are specific
conditions or system properties under which the aforementionned observations prevail, or if, on the con-
trary, they are independent from the aquifer’s functioning and rely primarily on its geometrical aspects for
example.

Another peculiar feature of field scale hydromechanical observations lies in the ratio of tilt over pressure
(Figure 4c), which intuitively reflects the rate of surface deformation per unit fluid pressure change. Thee dif-
ferent phases can be highlighted in the tilt to pressure ratio. Initially, a rapid nonlinear increase occurs fol-
lowed by two longer successive linear phases. The latter two are distinguishable by a sudden decrease in
slope at t � 12:5 h. This denotes a change in hydromechanical behavior of the fractured aquifer as the rate
of deformation by unit pressure variation evolves through time. It is important to note that the data

Figure 4. Samples of piezometric and clinometric field data acquired at the Ploemeur site (a) over 2 weeks and (b, c) over
several hours. The orange curve in Figure 4c is obtained by calculating the ratio of N3288E tilt over piezometric head in
F32, or in other words, it is the ratio of the light blue curve over the black curve shown in the same graph. See Figures 1
and 2 for position of borehole F32 and the tiltmeter stations as well as tilt sign convention. The inset in graph Figure 4c is
a polar diagram showing the direction of tilt from both instruments at station LB1 during the same time frame (modified
after Schuite et al., 2015).
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presented in Figure 4c is the result of 39 h of pumping interruption, which has been exceptionally allowed
by the authorities for experimental purposes as described in Schuite et al. (2015). At the time of this experi-
ment, station LB1 was only recently installed and LB2 did not yet exist. Besides, we present only the LB1
N3288E data to compute the tilt over pressure ratio. Indeed, his twin is affected by tidal residuals, which blur
the interpretation of the ratio. Additionally, we show the evolution of tilt direction from both instruments at
station LB1 during the same experiment (inset, Figure 4c). In general, the station tilts perpendicularly to the
fault’s strike direction as the stress increases. Nevertheless, in a more detailed observation, we may argue
that LB1 station deviates noticeably from its original fault-perpendicular trajectory at the same moment the
tilt over pressure ratio changes in slope.

In order to understand the transient signature of such coupled surface deformation and aquifer pressure
data, we need to seek these behaviors in an equivalent poromechanical model comprising the subvertical
fault and surrounding rock, considered here as a homogeneous porous medium (Figure 2).

3. Theoretical Framework

3.1. Governing Equations of the Hydromechanical Problem
The hydromechanical problem needs four coupled equations: one describing the flow field and three
describing the displacement field across the porous rock body.

First, water flow through saturated porous media is expressed by Darcy’s law:

~q52
Kh

cw

~rp; (1)

where Kh is the hydraulic conductivity in m/s, cw the specific weight of water in N/m3, p the pore pressure,
and q is known as Darcy’s velocity, which can be seen as the fluid’s apparent velocity through a porous
body in m/s. In any given volume of the system, fluid mass balance must be ensured: the difference
between the quantity of fluid leaving and entering the control volume must equal the quantity that is
stored in it or released by it. This condition can be stated by the following fluid continuity equation valid for
any control volume in the system,

@n
@t

1 ~r:~q5Q; (2)

where the first term @n=@t stands for the increment of fluid content per unit time and Q is a source or sink
term. As defined by Wang (2000) after Rice and Cleary (1976), n can be regarded as a change of fluid mass
content dmw inside a bulk volume of porous material normalized by its density at a reference state qw0, as
n5dmw=qw0. Combining equations (1) and (2), yields

@n
@t

5
Kh

cw
r2p1Q: (3)

Equation (3) describes the pressure diffusion in a porous medium and is the first partial differential equation
of the coupled poromechanical problem. The term @n=@t represents the capacity of the medium to store or
release water and thereby, it intrinsically carries a double mechanical meaning. On the one hand, it reflects
the ability of the medium to create or destroy space available to the pore fluid and on the other hand, it
indicates that the fluid itself is able to compress or uncompress within a reference volume. Porous materials
have a particular structure made of some volume occupied by rock minerals Vr and some volume occupied
by the fluid Vw and are therefore characterized by poroelastic properties. These specific mechanical features
can be defined at least theoretically and in some sense during laboratory experiments. Accordingly, it is
more convenient to express the increment of fluid content over time as (Wang, 2000)

@n
@t

5S�
@p
@t

1a
@�

@t
; (4)

where � denotes the volumetric strain, a is referred to as the Biot-Willis coefficient, and S� is the so-called
specific storage at constant strain. If V is the bulk volume of any given porous material, the volumetric strain
is simply defined as
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� � dV
V

5�111�221�33: (5)

The components �kk are extensionsal strains for the kth axis in the coordinate system. The strain tensor can
be written as a function of the spatial derivatives of displacements uk in the k-direction xk:

�ij5
1
2

@ui

@xj
1
@uj

@xi

� �
: (6)

By looking at equation (4), it is straightforward to understand the physical meaning of both S� and a. They
represent the increment of fluid content in a control volume given by a unit increase of, respectively, pore
pressure at constant strain and strain at constant pressure. However, these poroelastic parameters are not
easily measured in laboratory experiments for instance, because it is difficult to maintain effectively con-
stant strain and constant pressure conditions. Instead, it is often easier to identify the mechanical behavior
of a sample rock volume as a whole or of its parts, namely the fluid phase and the solid mineral phase. Elas-
tic constants which are commonly used are Young’s modulus E, Poisson’s ratio m (drained), and the rock
grains’ bulk compressibility 1=Kg. In addition, the poroelastic behavior of the medium is defined by the com-
pressibility of the fluid 1=Kw and the porosity / which in saturated conditions equals Vw=V . Assuming a con-
stant porosity over time, which is a reasonable for a mechanically homogeneous rock or a rock made of
grains of equal bulk compressibilities (Berryman, 1992), we may derive an expression for both S� and a as a
function of these aforementioned parameters. From Wang (2000; equations (2), p. 33, 3.8, p. 49, and 3.42, p.
57 with the hypothesis K/5Kg; K/ being the pore compressibility at constant confining stress and pore
pressures), one could show that

S�5
a

Kg
1/

1
Kw

2
1

Kg

� �
(7)

and

a512
E

3ð122mÞKg
: (8)

Furthermore, just like fluid continuity is explicitly described in equation (2), there must be a condition on
the mechanical state of a given control volume of porous rock. Usually, it is considered that a force equilib-
rium prevails at any moment in time. In other words, the total stress applied on a rock volume is balanced
between the part born by the solid and the part born by the fluid so that all forces sum up to zero (Wang,
2000). Hence, it is assumed that for any mechanical change in a control volume, the equilibrium of all forces
is made instantaneously. This is expressed by a set of three equations completing the hydromechanical cou-
pling summarized as (Burbey, 2008; Wang, 2000)

E
212m

r2ui1
1

ð122mÞ
@2uk

@xi@xk

� �
5a

@p
@xi

: (9)

In summary, the coupled hydromechanical problem exposed here has two variables (p and u) and relies on
seven physical parameters (Kh, cw, Kg, E, m, /, and Kw). The term Q in equation (3) may act as a boundary con-
dition representing the imposed flux due to the injection or withdrawal of fluid at a well for example.

3.2. Pressure Diffusion and the Hydrogeological Point of View
It is more common for hydrogeologists to reason in terms of specific storage to represent the poromechani-
cal behavior of an aquifer, instead of the parameters mentioned above. Specific storage Ss is a measure of
how much fluid can be stored into a bulk volume of the medium in response to a unit increase of head.
From Wang (2000), one can show that

Ss5cw
a2ð11mÞð122mÞ

Eð12mÞ 1/
1

Kw
2

1
Kg

� �� �
: (10)

Then the hydraulic diffusivity D of a medium is defined as

D5
Kh

Ss
/ L2

t
; (11)
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where t is time and L is the distance from the perturbation source to the pressure front in an idealized 2-D
flow configuration.

At this point, it is important to note that on a purely theoretical basis, a pressure load in a medium with
high specific storage is not necessarily going to yield a larger deformation than a medium having a low spe-
cific storage (e.g., in tight rocks). This is because the medium will accommodate the load in terms of an
expansion of the bulk rock volume and a compression of the water. As the latter does not generate any
observable deformation, it is important to identify from the medium’s properties what makes up the stora-
tivity: to what extent is the rock expanding and the water compressing for any increase in pressure? There-
fore, a physical parameter to describe this partition is needed: Skempton’s coefficient B, which may be
expressed in undrained conditions as

B5

1
K 2 1

Kg

1
K 2 1

Kg
1/ 1

Kw
2 1

Kg

� � ; (12)

with

Figure 5. Colored contours of (a) Skempton’s coefficient B as a function of Poisson’s ratio m and the base 10 logarithm of Young’s modulus E; (b, c) log of specific
storage Ss and hydraulic diffusivity D as a function of porosity / and the log of Young’s modulus E. Kg 5 50 GPa for all calculations, /50:1 in (Figure 5a), m50:3 in
(Figures 5b and 5c) and Kh51025 m/s.
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K5
E

3ð122mÞ ; (13)

defined as the bulk modulus (Detournay & Cheng, 1993; Wang, 2000). Skempton’s coefficient B must be
comprised between 0 and 1. When B 5 1, any change in pressure results solely in a deformation of the
medium and to the contrary, when B 5 0, only the fluid compresses to accomodate the load. Usually in satu-
rated soils, B is very close to 1 because K is 2 or 3 orders of magnitude smaller than Kg � 10 GPa whereas
Kw52:2 GPa. Therefore in this case, 1=Kg may be neglected and the numerator almost equals the denomi-
nator in equation (12). However, in stiffer media like crystalline rocks K � Kg and the denominator in 12
becomes significantly larger than the numerator providing there is some significant porosity.

Having Kg fixed to 50 GPa, Skempton’s coefficient B is mainly sensitive to Young’s modulus E for Poisson’s
ratio m � 0:4 (Figure 5a). Similarly, specific storage Ss is mostly sensitive to Young’s modulus E until E ’ 3
GPa (Figure 5b). Beyond this value, porosity starts to have a significant impact on specific storage and
hydraulic diffusivity D (Figures 5b and 5c). Ultimately, the amplitude of flow and ground deformation
caused by a pressure variation within common reservoirs may be reduced to a function of E when it is more
than an order of magnitude below the grain’s bulk modulus Kg. Then, when E gets closer to Kg, deformation
is mainly controlled by porosity / and Young’s modulus E, and it is modulated by Skempton’s coefficient B.

4. Modeling Strategy

4.1. Numerical Modeling
We use the finite element modeling (FEM) software ABAQUS (version 6.13) to numerically solve the partial
differential equations (3) and (9) for pore pressure and displacement, in response to an induced flow in a
dipping fault, embedded in a homogeneous isotropic hardrock unit. As we are interested in the transient
behavior of this system and because we expect the fault to generate an asymmetry in the pressure field, we
consider a 3-D model as illustrated in Figure 6. The overall domain is a parallelepiped sized 33331 km and
is compartmentalized into three subdomains, each bearing the properties of the associated hydrogeological
entity. First, the fault zone has an extension of a 1,000 m along its strike direction and 500 m along its dip
direction. Its dip is set to 708 and it has a width of 30 m. The top of the fault is separated from the surface
by a subdomain of constant thickness (30 m) representing a confining layer, thus acting as an impermeable
barrier. The rest of the domain constitutes the host rock in which the fault is nested. Hence, all subdomains
are modeled as equivalent porous media with distinct hydromechanical properties.

Mechanical boundary conditions are set as follows (Figure 6): all sides are constrained in the horizontal
directions (x–y plane, Ux5Uy50) whereas the bottom face is constrained in the vertical direction z (Uz 5 0).
The upper surface and the rest of the domain are free to move in all directions. As for the hydraulic bound-
ary conditions, the pressure is maintained constant at the sides of the domain (p 5 0) and there is no flow
through the bottom and through the aforementioned upper confining layer (dp=dt50). The hydraulic per-
turbation is imposed as a constant seepage velocity qi520:008 m/s at 130 m below the surface at the

injection point (Figure 6). All modeling experiments simulate 30 h of
injection. Furthermore, the pressure field accross the model is moni-
tored relatively to its initial state, which is set to 0 Pa everywhere.
Finally, the whole domain is fully saturated from the beginning and
throughout the simulations. This is a reasonable assumption given
the confined behavior of the system.

We tested different parameter sets as presented in Tables 2 and 3.
Some parameters remain the same in all models: the matrix’s elastic
properties (Em 5 35 GPa and mm50:27 based on borehole seismic
data conducted at the Ploemeur site, and Kg 5 50 GPa), and the top
layer is given the same properties than the rock matrix, except for its
permeability which is maintained very low (Kh510222 m/s).

A tetrahedral mesh is used to descretize the domain with a refine-
ment forced around the injection point (characteristic length dc53
m) and the fault domain (5 m � dc � 10 m). Mesh size is increased

Figure 6. Geometry and boundary conditions of the finite element model used
in the study.
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toward the domain’s sides and bottom (100 m � dc � 150 m). This results in a total of 1.6 million tetrahe-
dral elements over the whole domain, which is a large number for the problem in consideration here. Usu-
ally, the meshing size emerges from the right compromise between good numerical convergence and
accuracy, and reasonable computing costs. In our model, the main issues were to deal with the geometry of
the heterogeneity (dipping fault) and with the transition between regions with very different mesh sizes. In
particular, we wanted to have a typical element length at the free surface close to the fault that was similar

to the spacing between two vessels of a tiltmeter on the field, so that
measured and modeled tilt series could be consistently comparable.
Another specificity in our procedure is the need of a relatively small
time step to capture the targeted processes compared to common
problems in hydrogeology. Combined with fact that the 3-D domain
had to remain large enough so that boundary conditions have limited
influence on the simulation’s results, all the necessary constraints
could not be met without a large mesh. Fortunately, models were run
on a shared memory supercomputing system at Virginia Tech (USA).
Using 24 processors in parallel, it took about 10 h to complete each
run, which was reasonable for us. However, it is worth pointing out
that depending on the objectives and by applying an extensive mesh
study, a lighter model could be designed for cases where supercom-
puting resources are not available.

4.2. Normalization and Comparison With Field Data
In order to compare field data time series and model outputs, we
define a characteristic diffusion time tD that corresponds to the time
the pressure front needs to reach the fault zone’s lateral edges. From
equation (11), we have

tD5
L2

f

4Df
; (14)

where the subscript f refers to the fault’s properties and Lf is the total
fault length along strike direction. Whereas Lf is fixed and known in

Table 2
Parameter Values Attributed to the Fault Zone for the Different Models Presented in the Study

Parameters Ef
mf /f

Kf
Bf

Kh;f Ss;f Df

Units GPa GPa m/s 1/m m2/s

M1 1.0 0.4 0.20 1.67 0.870 1.0 31025 5.13 31026 1.95
M2 0.10 0.4 0.20 0.17 0.986 1.0 31025 4.63 31025 0.22
M3 5.0 0.4 0.20 8.33 0.535 1.0 31025 1.49 31026 6.73
M4 0.10 0.4 0.20 0.17 0.986 1.0 31024 4.63 31025 2.16
M7 0.10 0.4 0.20 0.17 0.986 1.0 31025 4.63 31025 0.22
M8 0.10 0.4 0.20 0.17 0.986 1.0 31025 4.63 31025 0.22
M10 10.0 0.4 0.20 16.67 0.315 1.0 31025 1.05 31026 9.48
M11 10.0 0.4 0.20 16.67 0.315 1.0 31025 1.05 31026 9.48
M12 10.0 0.4 0.33 16.67 0.218 1.0 31025 1.61 31026 6.22
M13 10.0 0.4 0.33 16.67 0.218 1.0 31025 1.61 31026 6.22
M14 1.0 0.4 0.33 1.67 0.802 1.0 31025 5.68 31026 1.76
M15 10.0 0.4 0.80 16.67 0.103 1.0 31025 3.61 31026 2.77
M16 10.0 0.4 0.80 16.67 0.103 1.0 31025 3.61 31026 2.77
M18 7.0 0.4 0.33 11.67 0.314 1.0 31025 1.79 31026 5.59
M22 0.10 0.4 0.10 0.17 0.993 1.0 31023 4.59 31025 21.81
M26 7.0 0.4 0.33 11.67 0.314 1.0 31025 1.79 31026 5.59
M28 0.05 0.2 0.20 0.03 0.998 5.0 31024 1.77 31024 2.82
M34 0.60 0.4 0.20 1.0 0.919 1.0 31024 8.17 31026 12.24
M35 0.80 0.4 0.20 1.33 0.894 1.0 31024 6.27 31026 15.96

Note. Bf, Ss;f , and Df are calculated from equations (12), (10), and (11), respectively.

Table 3
Parameter Values Attributed to the Rock Matrix for the Different Models
Presented in the Study

Parameters
/m Bm

Kh;m Ss;m Dm

Units m/s 1/m m2/s

M1 0.05 0.472 1.0 31027 2.67 31027 0.3741
M3 0.05 0.472 1.0 31027 2.67 31027 0.3741
M4 0.05 0.472 1.0 31027 2.67 31027 0.3741
M7 0.05 0.472 1.0 31028 2.67 31027 0.0374
M8 0.01 0.899 1.0 31027 7.57 31028 1.3210
M10 0.05 0.472 1.0 31028 2.67 31027 0.0374
M11 0.01 0.899 1.0 31027 7.57 31028 1.3210
M12 0.1 0.309 1.0 31027 4.8 31027 0.2082
M13 0.1 0.309 1.0 31028 4.8 31027 0.0208
M14 0.1 0.309 1.0 31027 4.8 31027 0.2082
M15 0.05 0.472 1.0 31027 2.67 31027 0.3741
M16 0.01 0.817 1.0 31027 9.7 31028 1.0310
M18 0.2 0.183 1.0 31028 9.06 31027 0.0110
M22 0.01 0.817 1.0 31027 9.7 31028 1.0310
M26 0.01 0.817 1.0 310210 9.7 31028 0.0010
M28 0.01 0.817 1.0 31027 9.7 31028 1.0310
M34 0.01 0.817 1.0 31027 9.7 31028 1.0310
M35 0.01 0.817 1.0 31027 9.7 31028 1.0310

Note. Bm, Ss;m , and Dm are calculated from equations (12), (10), and (11),
respectively.
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the model (1,000 m), it is not known for the field. However, Df ;M can be calculated from equations (10) and
(11) (second subscript M stands for ‘‘model’’). For the field, we have retained a value of Df ;F522 m2/s from
pumping test data (second subscript F stands for ‘‘field’’). Then, we systematically adjust Lf ;F so that the time
series match.

Model pressure outputs p�MðtÞ are normalized as follows:

p�MðtÞ5
pMðtÞ3max ðpF32Þ

pMðteÞ
; (15)

where pF32 stands for the pressure recorded on the field in borehole F32 (Figure 1) and te is the last simula-
tion time.

The comparison of modeled tilt versus observed tilt is more subtle because the instruments integrate the
response of the whole 3-D structure and it is a gradient of the surface vertical displacement. One way of
looking at this problem is to consider a tiltmeter’s angle of vision. We suppose that to be comparable, two
different tiltmeters monitoring two different faults have to incorporate the response of the deforming
region from the same point of view (see supporting information). In other words, the extent of the pressure
front in the fault must be seen at a tilt station from the same perspective in all cases. Therefore, we compare
the modeled tilt at a horizontal distance dM from the fault’s top (see Figure 2) to the observed tilt with

dM5dF3
Lf ;M

Lf ;F
: (16)

Note that in this study, all tilt observations (in models and on the field) lie in the near-field region as defined
by Lecampion et al. (2005) because d=Lf < 1:5. In such conditions, tilt measurements were shown to be
sensitive to the lateral extent of the pressurized source (Lecampion et al., 2005; Lecampion & Peirce, 2007).

To simplify the analysis, we compare field data projected on a direction perpendicular to the fault zone, to
model outputs obtained on the M-N survey line shown in Figures 2 and 6. In doing so, we may collapse tilt
data from the two instrument of LB1 and perform all the analysis on a reference survey line, which is
assumed to be closely matching field conditions (Figures 1 and 2).

5. Results

5.1. Pressure and Surface Deformation Fields
In Figures 7 and 8, we show typical pressure and surface deformation maps from two models with very dif-
ferent properties (M10 and M22) and at two different times: first after 1.6 h of injection and then at the very
end of the simulation, i.e., after 30 h. As presented in Tables 2 and 3, M10 has a fault zone a 100 times more
rigid than M22. Also, the hydraulic conductivity of the fault is 2 orders of magnitude higher for M22,
whereas the ratio Df=Dm is 2 orders of magnitude higher for M10.

These contrasts in properties can be perceived from pressure and deformation maps, even at early times
after injection starts (Figure 7). Results show that the pressure front has already reached the fault’s edges at
t 5 1.6 h for M22, which is not the case for M10 due to its lower fault diffusivity Df. In fact the contrast in
hydraulic conductivity Kf is distinguishable as well, from the larger pressure gradients that may be noticed
near the injection point in M10 both at early and late times, unlike what is observed in M22 where pressure
gradients are smoother along the fault (Figures 7 and 8, map 1). This is of course a direct consequence of
Darcy’s law (equation (1)) given that the flux remains the same. Seemingly, the pressure perturbation pro-
gresses more easily in the matrix in M22 which has a lower hydraulic diffusivity contrast between fault and
matrix, and therefore displays a lower aspect ratio of the pressure field than does M10. In any case though,
these pressure fields remain symmetric with respect to the fault’s strike direction.

Surface deformation responses betwen M10 and M22 are very different as well. At early times (Figure 7,
map 2), M10 displays an eye-shaped vertical displacement pattern that lies on top of the fault zone, slightly
off toward the dipping flank. As for M22, the main verticalement displacement pattern forms a large lobe
on the dipping side of the fault, and a second lobe on the other side with much lower amplitude. The asym-
metry in Y direction is to be attributed to the significant fault dip (Longuevergne et al., 2009). The extension
of displacement fields is correlated to the pressure front’s extent in the fault, as the eye-shaped pattern of
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M10 stretches along the strike direction with time for instance. At the end of the simulation, vertical dis-
placement patterns are more similar in both models unlike in the early time of injection. The only main dif-
ferences are the position of their maxima with respect to the fault and their aspect ratio. Hence, it seems
hardly feasible to constrain the hydromechanical properties of a fault zone from vertical displacement maps
alone.

Tilt measurements however, have by definition the advantage of having a strong sensitivity to gradients of
vertical displacement and therefore they can take on positive or negative values. In M10 (Figures 7 and 8,
map 3), tilt fields form two slightly asymmetric lobes of opposite sign where in M22, three lobes of alternat-
ing sign prevail, with high positive values of top of the fault’s roof. This demonstrates that the shape of tilt
patterns is more discriminatory than surface displacement patterns in regards to fault zone properties.
Besides, maximum vertical displacements in both models are just below a millimeter at the end of the simu-
lation where maximum tilts are on the order of 1–10 lrad (not shown here). Submillimeter precision is not
achievable by common geodetic methods, especially at these times scales, whereas microradians are easily
detected by most surface tiltmeters nowadays. This observation once again underscores the benefit of
using surface tiltmeters to monitor hydraulic experiments in fault zones. We now want to address the

Figure 7. (1) Typical pressure, (2) surface vertical displacement, and (3) surface tilt maps for two models, M10 and M22
after 1.6 h of injection. The magenta dashed lines display the position of the fault zone. X and Y represent the direction
along the fault’s strike, and perpendicular to the strike, respectively. The pressure maps are taken from the horizontal
plane at a depth corresponding to the injection point. Tilt maps are taken as the gradient of vertical displacement along
the Y direction and are scaled between 21 and 1, making sure that the sign of initial unscaled tilts are respected. All other
fields are scaled between 0 and 1.
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question of the information content in transient tilt measurements and assess its potential to unravel the
system’s hydromechanical functioning.

5.2. Information Content of Transient Tilt
One of our objectives is to seek what information surface tilt data may bear about hydromechanical proper-
ties of a fault zone reservoir. A comparison of field data and various representative modeled outputs is dis-
played in Figure 9 as a function of relative fault rigidity and diffusivity. For all models shown, F32 head
variations are relatively well described by the model. Though, the surface deformation on both sides of the
fault shows very different responses. From this perspective and as could be sensed from deformation maps
(Figures 7 and 8), tilt observations may be able to rule out hydromechanical configurations. Indeed, all mod-
els with low fault diffusivity (Df ;M � 2 m2/s) and low fault rigidity (Ef � 1 GPa) produce surface tilts with an
opposite sign compared to those observed on the field at LB2 (M1 and M4). Moreover, M4 generates almost
no tilt at all at LB1. Note that in these simulations, the pressure front does not even reach the fault’s edges
(t=tD < 1).

For low values of Ef but high values of Df (M34, M35, and M22), the sign of the tilts are the same as field
measurements but the difference between LB2 station’s two halfs is growing rapidly with time. The oppo-
site seems to predominate when Ef is large but Df is low (M16), where LB1 tilt is largely overestimated by
the model and the difference in the two modeled LB2 responses is rapidly attaining a plateau. In

Figure 8. (1) Typical pressure, (2) surface vertical displacement, and (3) surface tilt maps for two models, M10 and M22
after 30 h of injection. The magenta dashed lines display the position of the fault zone. X and Y represent the direction
along the fault’s strike, and perpendicular to the strike, respectively. The pressure maps are taken from the horizontal
plane at a depth corresponding to the injection point. Tilt maps are taken as the gradient of vertical displacement along
the Y direction and are scaled between 21 and 1, making sure that the sign of initial unscaled tilts are respected. All other
fields are scaled between 0 and 1.
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intermediate cases like M3, both the plateau and relatively large difference in LB2 tilts’ responses can be
observed. Moreover, one may notice that the dynamic responses of M16 and M11 are almost identical
except for the maximum modeled LB2 responses which differ by a factor 2. In fact, Df in M16 is 3.5 times
lower than in M11 which itself has a fault diffusivity twice the one of M22. Again, this demonstrates that the

Figure 9. Comparison of surface tilt and piezometric head time series between field data and various represensentative
numerical model outputs, as a function of fault rigidity (or Young’s modulus E) and fault diffusivity Df. The latter classifica-
tion is valid only by rows or by columns, and not necessarily transversaly. x axis: t=tD ; y axis: Tilt in lrad or pressure in m.
Color codes are basically the same as in Figure 4: plain lines are for tilt observations from the field, dashed lines are model
outputs. Magenta: LB1 tilt orthogonal to fault which has been multiplied by 4 for better visibility; blue: C-E LB2 tilt; and
red: C-W LB2 tilt. Black circles are piezometric head data from borehole F32 and the black dashed line is its equivalent in
the model as defined in equation (15).
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temporal evolution of tilt at the surface near a fault, especially the difference in response between two suc-
cessive tiltmeters above the slab (LB2) and the amplitude of a tiltmeter on the other side (LB1), encom-
passes information about the mechanical properties of the fault independently of its diffusivity; and
independently of the diffusivity of the matrix too (Tables 2 and 3).

Another important feature of the data has been reproduced by three models: the crossing of the two
LB2 time series (M10 and M13, as well as M11 at very early times, Figure 9). M10 and M13 diverge mainly
by their fault diffusivity which is due to a 65% relative difference in fault porosity (Table 2). The ampli-
tude of modeled LB1 tilt is the same for both, but the curve crossing of LB2 time series arrives later in
M10 and their amplitude is slightly higher and closer to the observed tilts. Besides, M10 and M13 have
low matrix diffusivity compared to numerous other models displayed in Figure 9 (Dm;M � 1022), except
M18. Hence, the ratio Df=Dm seems to control the occurrence of tilt series’ crossing at LB2, at least partly.
Nevertheless, even if the pressure response, tilt amplitudes and occurrence of LB2 time series’ crossing
is best reproduced by M10, the modeled tilt responses are almost linear and therefore they do not
exhibit properly the dynamic responses observed on the field, which are of square root shape. In this
regard, the temporal shape of the tilt is better represented by M11 and M16 for LB1, and by M35 for LB2
CE for instance.

A summary of the different factors shaping the tilt response, based on the previous comparative analysis
between modeling results is shown in Figure 10 (including models not presented in Figure 9). Accordingly,
the natural fault zone at Ploemeur should be rather stiff and have a large diffusivity whereas the one of the
surrounding media should be comparatively low (Figures 2, 4, and 10).

5.3. Information Content of Tilt/Pressure Ratio
If one has precise and high frequency measurements of both surface deformation and groundwater pres-
sure, it is interesting to investigate the tight link between both quantities through time as a pressure pertur-
bation progresses in the fractured reservoir. We argue that one way of doing it, is to combine these
quantities into one variable. Consequently, we define s� as the ratio of modeled tilt over modeled hydraulic
head at positions equivalent to those of LB1 and F32 in the Ploemeur field, respectively. In addition, s� is
scaled between 0 and 1 to facilitate comparison between different models. Two examples are given in Fig-
ure 11 and all models presented in this study show an equivalent behavior (data not shown here). This ratio
has an evolution through time that is similar to the one observed in the field (Figure 4c). These figures show
that our models are able to reproduce the two asymptotic behaviors distinguished in the ratio, except for
very early times. However, unlike what is perceived on the field, the transition phase between the two linear
behaviors is longer (Figure 11).

Figure 10. Potential factors shaping the surface tilt responses. Light blue arrows specify if the properties are tending
toward high or low values respectively. The sign convention for tilt is illustrated in Figure 2.
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Usually, asymptotic behaviors characterize the functioning of complex systems that undergo competing
processes. The transition from one asymptotic behavior to another may be interpreted as a mutation from
one state of the system, where some processes may prevail, to a different state of functioning, where other
processes dominate over the previous ones. Here we seek to separate the processes that shape the tempo-
ral and asymptotic behavior of the hydromechanical response comprised in tilt/pressure (T/P) ratios. In
order to do so, we represent the hydromechanical functioning of system by two elastic models and each

one is intended to mimic one process. First, the elastic effect of pres-
sure diffusion in the fault zone is represented by the lateral growth of
a mode I dislocation plane (Okada, 1985). Second, the mechanical
response of the matrix is accounted for by the volumetric eigenstrain
source of Mogi (1958) as illustrated in Figure 12. In other words, both
these models consider a semi-infinite elastic half-space in which the
source of deformation is either the opening of a plane with prescribed
geometry (Okada source, see Schuite et al., 2015), or a spherical
source (Mogi). Representing the hydromechanical problem with such
models might be a crude approximation of natural processes, but the
advantage here is given by their simplicity that allows for the explicit
illustration of two end-member hydromechanical behaviors. We chose
the numerical model M22 as a reference model because it is has both
high fault diffusivity and high Skempton’s coefficient, which is neces-
sary to justify the use of Okada’s elastic model (Figure 14). Taking the
transient pressure response in the fault from M22 as input, we let the
Okada plane grow laterally as a function of

ffiffiffiffiffiffiffi
Df t
p

(classical for flow in
porous media, see de Marsily, 1986). The mode I opening of the dislo-
cation plane do (Okada, 1985) is calculated as

doðtÞ5pMðtÞ3
30
Ef
: (17)

The factor 30 corresponds to the width of the fault zone in meters;
hence, the ratio 30=Ef is comparable to the inverse of fault normal
stiffness, commonly used in fault mechanics (e.g., Guglielmi et al.,
2015). The center of the Mogi source corresponds to the centroid of
the Okada plane. Furthermore, the radius of the sphere increases as a
function of

ffiffiffiffiffiffiffiffi
Dmt
p

. The pressure input is also pMðtÞ but modulated
through time by a complementary error function (erfc) scaled
between 0 and 1, to account for the fact the pressure applied uni-
formly in Mogi’s source must somehow decrease as the sphere of

Figure 11. Ratio of tilt over hydraulic head s� as a function of normalized time for two different models. The normalized
critical time tc=tD is here defined as the time when the asymptotes (dashed lines) cross.

Figure 12. Separation of processes shaping the temporal behavior of the tilt/
pressure ratio s� . (top half) s� as a function of dimensionless time for different
models. The data denoted ‘‘Abaqus’’ refers to numerical model M22. ‘‘Okada’’
and ‘‘Mogi’’ are two elastic models that mimic the pressure diffusion and associ-
ated deformation of the fault and the matrix, respectively (as sketched under
the graph). The Okada plane is growing along strike direction following
Lf ðtÞ5

ffiffiffiffiffiffiffi
Df t
p

. Seemingly, we impose LmðtÞ5
ffiffiffiffiffiffiffiffi
Dmt
p

.
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influence grows. Note that the erfc function appears in the Theis solution of the equation of pressure diffu-
sion in isotropic homogeneous porous media, in radial form (de Marsily, 1986). As a result, a combination of
these two analytical models describes very well the behavior of the ratio s� of M22 (Figure 12). Indeed, it
captures correctly the transition from one dominent hydromechanical behavior to another: (1) in the first
stage of the experiment, pressure propagates rapidly in the conductive fault zone which controls strong
temporal deformation gradients; (2) then the pressure front reaches the fault’s lateral edges, which would
result in no further increase of the T/P ratio in the simple elastic representation of the fault (Figure 12, blue
curve), because then, deformation rates are only generated by an increment in mode I opening, but no lon-
ger by an increment in lateral extent of the fluid pressure-induced in-plane deformation front; and (3) at
some point, pressure diffusion in the matrix is sufficiently developed to contribute solely to surface defor-
mation, which maintains the T/P ratio increasing with time but at a lower rate until the end of the experi-
ment (Figure 12, red curve).

Hence, the evolution in shape of T/P ratios through time displays sensitivity to the hydrodynamic function-
ing of the fault zone system where a competition between 2-D-fracture and 3-D-reservoir diffusion prevails.
In order to investigate more deeply the information content of s�, we define three indices that can

Figure 13. Indentification of the link between tc, s1, and s2 of the ratio s� (see Figure 11) and some dynamic properties of
the reservoir. Each blue star is the result of one numerical model and the red line is the fitted power law as defined by (a)
equation (18) and (b) equation (19). Models M3, 11, 13, 15, 16, 22, 34, and M35 were used here.

Figure 14. Tilt profiles along survey line M-N illustrated in Figures 2 and 6 for two representative models (situation at the
simulation’s final iteration): M10 has a rigid fault zone (Ef 5 10 GPa), contrarily to M22 (Ef 50:1 GPa). The grey line is the
profile obtained from the numerical model and the dashed red line is the equivalent calculated from the analytical
solution of Okada (1985). This analytical solution (left) fails to capture the profile of the rigid fault case but (right) matches
reasonably well the case where Skempton’s coefficient is high in the fault, except for the amplitude of the negative
depressions on each side of the narrow central peak.
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systematically be measured: the slopes s1 and s2 of the two asymptotes followed by the ratio, and tc the
time at which the two asymptotes intersect one another as illustrated in Figure 11. When analyzed under
certain conditions, these indices collapse around two empirical power laws as shown in Figure 13 and
expressed as

W5
dM

Lf ;M
5c1

tc

tD

� �c2

(18)

and

W05
s2

s1

Df ;M

Dm;M
5c01

Lm;M

dM

� �c02
; (19)

where

Lm;M5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dm;M3tD

p
(20)

corresponding to the characteristic diffusion length in the matrix during a characteristic diffusion time tD

defined in (14). c1, c2, c01, and c02 are coefficients calculated by linear regression for which we obtained
c150:26; c250:31; c0152:92, and c0252:66. Also, we saw that tc=tD grows linearly with the horizontal dis-
tance between fault roof and tilt observation point, in each individual model (not shown here).

Hence, these relationships reveal the systematic link that exists between some properties of the faulted res-
ervoir and the indices observed in the ratio tilt over pressure s�. In particular, the asymptotic behaviors evi-
denced in the ratio s� , seem to be mainly controlled by the hydrodynamical properties of the medium,
namely the ratio of fault and matrix diffusivities. Moreover, it demonstrates that the information embodied
in the system’s transient hydromechanical behavior reflects primarily how, when and where the pressure
diffuses in a dual fracture-matrix system. It does not necessarily rely on the fact that the fault’s lateral edge
have been reached by the pressure front, because models for which tc=tD < 1 fit well using (18) and (19). It
is also not directly dependent on particular poromechanical properties, because any combination of them
may explain the dynamics of the system as they disappear behind the specific storage Ss, and thus behind
diffusivity D.

6. Discussion

6.1. Benefits of Transient Hydromechanical Experiments and Modeling
Instead of seeking the perfect match between numerical modeling results and field data, this study focuses
on the information content that might be found in the temporal shape of hydromechanical observations.
Indeed, the complexity of the natural system under consideration, involving numerous mechanical interac-
tions and heterogeneous flow structure, makes it challenging to fully explain surface deformation measure-
ments at the Ploemeur site. However, we show from modeling experiments that the general functioning
and hydromechanical properties of such a reservoir have a special signature in the transient evolution of
surface tilt time series. In many studies, geodetic data are used to strengthen parameter estimation in inver-
sion schemes because they constitute an independent additional constraint on the medium’s mechanical
response to hydraulic loading. There is no denying that data inversions are insightful techniques that pro-
vide knowledge on a reservoir’s state properties (see Binley et al., 2015 and references therein). Neverthe-
less, inversion analysis offers only little information about a system’s behavior in time, unlike what we have
demonstrated in the present study.
6.1.1. Tiltmetry as a Tool for Reservoir Mechanics
The sign of tilt series as well as their shape already reveal the mechanical framework in which the studied
faulted system lies in: from the ‘‘almost’’ purely elastic to the nearly poroelastic extreme cases. In fact, some
patterns are characteristic of a rigid fault zone and thus a low Skempton coefficient Bf whereas others are
typical of a nonrigid fault with Bf ’ 1 (see Figure 10). In the case of a fault or fracture seen as a planar per-
meable discontinuity embedded in a much less permeable rock, a Skempton coefficient equal to 1 signifies
that any pressure variation in the fault results solely in the deformation of its walls and thus, the surround-
ing medium. Hence, fluid pressure is translated as a stress normal to the fracture plane. This is why in this
case, the Okada (1985) solution approximates correctly the numerical model outputs (Figure 14) as it is the
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elastic situation. On the other hand, a poroelastic behavior comes into play when the rigidity of the fault
approaches the rigidity of the rock medium. Then, the poroelastic term in the expression of Skempton’s
coefficient (equation (12)) is not negligible any longer and any pressure change generates a significant com-
pression of water.

We have shown that these extreme cases may be well captured by surface tilt measurements from the field
setting at the Ploemeur site from both sides of the fault zone. This observation has an important implication
as regards the modeling objectives and procedure. As numerical modeling can become quite complicated
(geometry, discretisation, computing cost, number of parameters, etc.), it might be interesting to know
whether a fault has a pure elastic behavior, because if it is so, analytical solution of elastic deformation
might be sufficiently well suited to interpret surface deformation data. Conversely, if this is not the case, the
use of Okada’s solution might lead to severe misinterpretation of such data.

Based on comparisons between the investigated models and surface deformation measurements, we show
that the subvertical fault of Ploemeur’s aquifer is stiff and has a high diffusivity contrast between fault and
matrix. Le Borgne et al. (2006) have found from hydraulic testing that indeed, there is a significant heteroge-
neity in hydrodynamic properties across the field and from one scale of investigation to another. In particu-
lar, these authors found that the storativity S 5 Sse (with e the characteristic thickness of the medium) varies
from 1025 to 1023 from cross-borehole flowmeter tests conducted along the fault zone. For long-term
pumping tests, the interval for storativity S is reduced and the mean value is increased (1024 to 431023).
Such a high variability in the estimations, typical of fractured aquifers, might be explained in part by the
sensitivity of specific storage Ss to porosity when the fault is stiff (Figure 5b). For instance, if we retain a
median value of S ’ 1024 in a 30 m thick fault zone, and considering that it is indeed stiff as suggested by
the hydromechanical evidence presented here, so that Ef 5 10 GPa, the porosity of the fault would need to
be approximately 80% which is an unrealistically high value. Conversely, retaining a value of 20% porosity
in these conditions would yield S ’ 331025. Hence from a theoretical perspective, it appears that achieving
good estimates of a fault’s porosity in a such context is hardly feasible. On one hand, the system may be
purely elastic and strain is insensitive to porosity (B 5 1). On the other hand, the heterogeneity yields field
estimates of S from hydraulic tests that are broadly distributed, so that complementary and independent
estimates from hydromechanical tests are not sufficient to narrow down the incertitude on porosity.
6.1.2. Tiltmetry to Understand Reservoir Hydraulics
Being able to follow subsurface processes in time is a key asset in reservoir engineering. For example, in
geothermal reservoirs, one of the processes of interest is the geomechanical response of the formation to
changes in temperature that might reactivate faults. In this context, Im et al. (2017) have recently calculated
that surface tiltmeters may be suited to record deformation associated with such processes. Moreover,
many authors have demonstrated that relative geodetic instruments provide useful information on the
hydrogeological properties of shallower reservoirs during field hydraulic experiments (e.g., Barbour & Wyatt,
2014; Burbey et al., 2012; Schuite et al., 2015, 2017; Schweisinger et al., 2011; Svenson et al., 2008; Vasco
et al., 2001). Yet the detailed behavior of surface deformation with respect to subsurface fluid flow in frac-
tured media is not completely understood. In particular, Schuite et al. (2015) underscored the difficulty in
explaining surface tilt data during long hydraulic tests. To the best of our knowledge, we have unraveled
for the first time the information content on fractured reservoir hydrodynamics that can be found in com-
bined transient tilt and pressure data. We would argue that this type of analysis adds considerable value to
the use of tiltmeters in a context of reservoir monitoring. These instruments are sensitive to contrasts in
subsurface properties (here fault zone versus matrix) as much as they are sensitive to subsurface processes
(here the evolution in hydromechanical regime). Indeed, we show from numerical simulations that the ratio
tilt/pressure encompasses information on the diffusivity contrast between the fault and matrix and that the
evolution of this ratio through time follows two end-member asymptotic behaviors: the first is mainly con-
trolled by pressure diffusion in the fault whereas the second is governed by pressure diffusion in the matrix.
This seems to be valid regardless of the mechanical settings. Also, tilt data may contribute to estimate the
lateral extent of a fault zone and more interestingly, our results suggest that it may be achieved even when
the pressure front does not reach the fault’s edges. Consequently, it may be possible to accurately monitor
the propagation of fluids in complex reservoirs without the need of numerous costly boreholes. In the con-
text of deep CO2 storage for example, operators want to make sure that the fluid does not leak through
faults from the target geological unit to upper undisturbed units. From our results, we would argue that the
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use of surface tiltmeters may help diagnosing such a hazard since transient tilt time series hold information
on flow transition between compartments with distinct hydraulic properties.

6.2. Disregarded Effects and Limits
6.2.1. Discontinuities
In the model we implemented, the top 30 m thick top layer is given the mechanical properties of the
porous rock medium but has been assigned a negligible permeability. This is because the LB1 station is
directly attached to granitic rock and because it limits numerical instabilities at the interface between this
unit and the rest of the domain. Hence, this layer acts as a barrier for flow but does not block the mechani-
cal propagation of the perturbation. Nonetheless, the effect of its mechanical properties has been discarded
in this study, even if the LB2 tilt station is installed in the ground and thus, in some material that is signifi-
cantly softer than granite or mica-schist. This might alter tilt profiles across the fault zone and therefore it
should affect to some extent how LB1 and LB2 tilts may be interpreted by such a model.

Seemingly, we did not account for the mechanical discontinuity between granite and mica-schist. The
matrix domain is treated as a single entity. The mechanical properties of these two types of rock are in the
same order of magnitude (Wang, 2000) but the transition between them might have a different behavior. It
would be arduous to treat such discontinuity in the model since it does not appear homogeneous across
the field and has a complex geometry (Ruelleu et al., 2010). Nevertheless, Ruelleu et al. (2010) showed that
this contact zone is subhorizontal and LBHTs are poorly sensitive to extended horizontal features.
6.2.2. Geometry
We have focused our study on a single geometry of the system, namely with fixed fault dip, lateral and root
extents. Tilt is mainly sensitive to the dip angle and root length (Longuevergne et al., 2009). Consequently
any variation on these parameters would change the amplitudes of surface tilts and the degree of asymme-
try in M-N tilt profiles (Figure 14) and thereby the patterns at observations points equivalent to LB1 and LB2
are expected to change accordingly as well. However, the main processes and general hydromechanical
behavior are expected to remain the same. In particular, surface deformation patterns are likely to remain
as presented in Figure 8 as long as the studied fault is not close to horizontality. Then, similar shapes of tran-
sient tilts as the ones presented in Figure 9 should be found almost unchanged but at different distances
from the fault zone. Moreover, the fitting coefficients in the power laws 18 and 19 linking T/P ratio’s shape
to reservoir properties are probably dependent on the geometry too, but we expect them to remain power
laws. Nonetheless, this is something for further investigation. Despite the geometry dependency of our
results, we can make the safe assertion that surface tilt measurement would still prove to add valuable con-
straints on any similar system’s hydrodynamic functioning and hydromechanical properties.
6.2.3. Domain Approach
In the numerical study of the hydromechanical experiment, the fault is treated as a domain or, in other
words, as a volume that has distinct properties from the surrounding rock domain. For simplicity and com-
modity, we did not include anisotropy in key properties either in the fault or in the matrix. To some extent,
it seems reasonable to treat the large matrix volume with average, isotropic and homogeneous properties,
but a fault zone intrinsically represents heterogeneity within the broader domain. Even if it might increase
complexity, this effect should probably be investigated but is far beyond the scope of our study.

Moreover, the shape of the fault zone domain, especially the edges, might have mechanical effects that are
difficult to evaluate. However, the elastic solution of Okada (1985) closely approximates the tilt profile of
low rigidity faults (Figure 14). Hence, we are confident that observations made near the center of the fault
zone and thus far enough from lateral borders are sufficiently reliable.

7. Summary and Conclusion

In this study, we have presented surface tilt data recorded at the Ploemeur fractured aquifer observatory
(France). These measurements allow for the precise monitoring of deformation provoked by man-made
hydraulic perturbations at hourly time scales. Indeed, the transient tilt patterns are very well correlated to
piezometric level fluctuations in the fault zone. The responses of the two tiltmeters LB1 and LB2, one on
each side of the fault and at different distances from its roof, are different in amplitude and take opposite
signs. Besides, the ratio of LB1 tilt over pressure in the fault zone during a typical hydraulic test, shows a
very peculiar trend through time. It comprises two consecutive linear phases suggesting the presence of
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two hydromechanical regimes in the system’s behavior. From these observations, we built an interpretation
scheme based on 3-D poroelastic numerical models that includes two main domains with distinct proper-
ties: the fault zone and the surrounding rock medium. We simulated 30 h of transient injection at a point in
the fault, and we analyzed pressure and deformation outputs from various combinations of hydromechani-
cal properties, in order to assess the information content of transient tilt measurements in such context.

By comparing all models and by confronting them to field data, we showed that transient surface tilt meas-
urements near a fault zone are sensitive to geometrical, mechanical and hydrodynamical properties of the
system. We demonstrated that having tiltmeters placed on each side of the fault is crucial to obtain reason-
able contraints on these characteristics. In particular, we showed that tilt/pressure ratios encompass infor-
mation on the dynamic behavior of the system, as well as specific properties of the system such as the
hydraulic diffusivity contrast between fault and matrix. These characteristics are not directly dependent on
the elastic properties of the medium. Besides, we argue that achieving a good estimate of porosity seems
hardly feasible from tilt and hydraulic data in faulted aquifer settings, unless the fault is very rigid (Ef > 10
GPa) and if independent estimates of storativity come with low uncertainty (which is to our knowledge
rarely the case in fractured media).

In a nutshell, simple hydromechanical tests in fault zone involving surface tilt measurements offer a signifi-
cant insight into its overall dynamic functioning and properties. Surprisingly, tiltmeters are noninvasive
tools that seem even more suited to fractured hydrogeology than fault hydromechanics at the �102 to 103

m scale, because they display stronger sensitivity to hydrodynamical properties than poroelastic properties.

Notation

Meaning of Main Subscripts
f refers to a property of the fault zone.
m refers to a property of the rock matrix.
F refers to a field property.
M refers to a model property.

List of Mathematical Symbols, With Significance and Units
Latin Letters
B Skempton’s coefficient, dimensionless.
c1; c01 fitting coefficients, dimensionless.
c2; c02 fitting exponents, dimensionless.
D hydraulic diffusivity, m2/s.
dF horizontal distance between tiltmeter and the fault’s roof in the field, m.
dM horizontal distance between tiltmeter and the fault’s roof in the model, m.
E Young’s modulus, Pa.
K bulk modulus of porous material, Pa.
Kg bulk modulus of rock grains (Pa), noted K 0s in Wang (2000).
Kh hydraulic conductivity, m/s.
Kw bulk modulus of water, Pa.
L distance from perturbation source to pressure front, m.
Lb baseline length of a long-base tiltmeter, m.
Lf length of fault zone along strike direction, m.
Lm distance from perturbation source to pressure front in the matrix at t 5 tD, m.
p water pressure, Pa or m.
pF32 hydraulic head or pressure measured in borehole F32, Pa or m.
pM pressure from model output, Pa or m.
p�M normalized pressure from model output, Pa or m.
Q source term/volumetric flow rate, m3/s.
q Darcy’s velocity, m/s.
s1 slope of first s� asymptote.
s2 slope of second s� asymptote.
S storativity, dimensionless.

Water Resources Research 10.1002/2017WR020588

SCHUITE ET AL. HYDROMECHANICAL BEHAVIOR OF A FAULT 22



S� specific storage at constant strain, m21.
Ss specific storage in the hydrogeological sense, m21.
t time from the beginning of injection, s.
tc critical time of s� asymptotes’ crossing, s.
tD characteristic time of pressure diffusion along the fault zone, s.
te time at the end of injection, s.
uk displacement in the k-direction, m.
V bulk volume of porous material, m3.
Vr volume occupied by rock minerals in porous material, m3.
(x, y, z) global coordinate system.

Greek Letters
a Biot-Willis coefficient, dimensionless.
dc characteristic mesh size, m.
do magnitude of mode I opening in dislocation plane, m.
� volumetric strain, dimensionless.
/ porosity, dimensionless.
cw specific weight of water, N/m3.
m Poisson’s ratio, dimensionless.
h tilt, rad.
s� ratio of tilt over pressure, scaled between 0 and 1.
@n=@t increment of water content par unit time, m3/s.
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