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The present invention relates to an inclinometer, that is to say a device
intended to measure variations of inclination of structures. The invention is
especially usable in boreholes, in the civil engineering sector, for monitoring
works of art and buildings, and generally wherever precise checking of the
stability of a structure is required, particularly over the long term.

Measurements of the variation in the inclination of structures are
frequent and carried out especially in the case of the measurement of
geophysical deformations, more specifically of seismic deformations. Such
measurements are also performed to forestall a possible danger of collapse of
buildings or of a part of the latter, or else to track the evolution of the storage of
fluids in geological storage sites and the migration of these fluids into the
permeable layer.

During an earthquake, in fault zones, the movement of geological faults
occurs rapidly. The detection of these movements is easy. Between two
earthquakes, deformations exist but are very small and very slow. Now, these
deformations are coupled with seismic activity and the detection of these
deformations is indispensable for understanding the mechanism of faults in the
Earth's crust. Measurement instruments which are very precise and reliable over
the long term must therefore be called upon.

At the present time very few devices capable of carrying out the
measurement of these small deformations over the long term exist on the market.
The known current devices are generally bubble inclinometers, such as for
example the Lily borehole inclinometer from Applied Geomechanics (trademark),
which allow the measurement of these deformations on the basis of the
measurement of variations in inclination in boreholes sunk into the Earth's crust.

Inclinometers for the measurement of a variation in inclination of a
structure from a given initial position, comprising a framework, a pendulum
suspended freely from the framework and distance measurement devices
located at the framework, are known from documents US4949467,
US2005/0007125 A1 and WO90/10193.
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The present invention proposes a new device allowing precise
measurements of variations in the inclination of a structure.

An objective of the present invention is to provide a device suitable for
measurements of variations in inclination over time addressing constraints of
size, of performance and of cost rendering its use realistic in an industrial setting.

These objectives, as well as others which will become apparent
subsequently, are attained according to the invention by virtue of an inclinometer
for the measurement of a variation in inclination of a structure from a given initial
position, comprising:

- a framework intended to be secured rigidly and fixedly to the
structure so that the inclination of the framework varies identically
to the structure, and

- a pendulum suspended freely from the framework, comprising a
first end fixed to the framework and an opposite end which is free
to move.

The inclinometer comprises, at the level of the framework, at least three
distance measurement devices disposed so as to exhibit, in a plane, respective
measurement axes which are coplanar and concurrent at one and the same
point, each measurement device measuring a variation in distance separating it
from the pendulum.

In order to minimize the drift of the measurement system, the distance
measurement devices are fiber optic devices coupled to a common luminous
source.

The inclinometer is based on the measurement of the movement of the
pendulum subject to the Earth's gravity, that is to say which tends to remain
oriented vertically. "Vertically" will be understood to mean the direction
substantially parallel to the gravitational force. Likewise, "horizontally" will be
understood to mean the direction substantially perpendicular to the gravitational
force.

When the structure deforms, it gives rise to a variation in inclination with
respect to the initial position of the framework which is rigidly secured to it while

the pendulum, for its part, remains vertical. The relative movement between the
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framework in the initial position and the pendulum advantageously makes it
possible to measure the variation in inclination of the structure.

The measurement of the displacement of the pendulum with respect to
the framework in at least three coplanar distinct directions, obtained through the
distance measurements acquired by the measurement devices, makes it
possible to reconstruct in a precise manner the inclination of the framework with
respect to the pendulum.

The inclinometer is advantageously intended for the measurement of
geophysical deformations, of geological storage reservoirs and for civil
engineering applications (deformation of civil engineering works) for which
precise checking of the stability of a structure is required, particularly over the
long term.

According to preferred embodiments, the invention furthermore
addresses the following characteristics, implemented separately or in each of
their technically operative combinations.

In preferred embodiments of the invention, the so-called measurement
plane, in which the measurement axes of the measurement devices are situated,
is a plane perpendicular to a so-called reference axis corresponding to an axis
of symmetry of the pendulum when the framework is in the initial position.

According to an advantageous characteristic of the invention, in order to
improve the precision in the measurement of the distances, the distance
measurement devices are disposed substantially at the level of the free end of
the pendulum.

In an entirely advantageous manner, the measurement axes of the
coplanar respective distance measurement devices are not pairwise collinear.

In preferred embodiments of the invention, to optimize the calculations
for measuring the displacement of the pendulum in the measurement plane, the
inclinometer comprises three measurement devices disposed on the framework
so as to exhibit three coplanar respective measurement axes forming between
themselves an angle substantially equal to 120°.

The invention also relates to a measurement system comprising an

inclinometer such as set forth above in at least one of its embodiments and
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means for determining the variation in inclination of the framework on the basis
of the values logged by the distance measurement devices.

The redundancy of the data measured via the at least three
measurement devices allows inter alia intrinsic estimation of the measurement
system and compensation of its drifts.

The invention also relates to the use of the measurement system in the

measurement of geophysical deformations.

The characteristics and advantages of the invention will be better
appreciated by virtue of the description which follows, which description sets
forth the characteristics of the invention through a nonlimiting exemplary

application.

The description is supported by the appended figures in which:

Figure 1 schematically illustrates the principle of a particular
embodiment of the inclinometer which is the subject of the invention placed in a
borehole, for a given initial position,

Figure 2 schematically illustrates the principle of a particular
embodiment of the inclinometer which is the subject of the invention placed in a
borehole, for an inclined position obtained subsequent to a deformation of the
surrounding medium,

Figure 3 is a sectional view of figure 1, in a measurement plane, and
schematically illustrates an exemplary positioning of three distance
measurement devices of the inclinometer,

Figure 4 presents a magnification of a part of figure 3.

An exemplary measurement system, in accordance with the invention,
for measuring variation in inclination of a structure comprises an inclinometer 20
schematically represented in figure 1.

In the example presented, this structure is the Earth's crust in which a
deep vertical borehole 10 has been drilled and into which the inclinometer 20 is
introduced. The exemplary embodiment of the inclinometer is described in detail
in its application in the case of a measurement of variation in inclination of the

borehole for seismological applications. This choice is not limiting and the
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invention also applies to other applications, such as for example in the civil
engineering sector.

Throughout the subsequent description, unless stated otherwise, at the
level of the borehole made starting from a ground soil S, the terms horizontal and
vertical will be defined with reference to the Earth's gravity. The term "vertical"
therefore designates a direction substantially parallel to an acceleration vector of
the Earth's gravity, while the term "horizontal" designates a direction substantially
perpendicular to the vertical thus defined. The vertical axis is represented by the
Z axis of an XYZ orthonormal reference frame in space illustrated in figure 1. The
terms "top", "bottom", "upper" and "lower" refer to the vertical direction Z of the
XYZ reference frame. Thus, the terms "top" and "upper" designate a direction
directed toward the ground soil S, while the terms "bottom" and "lower" designate
a direction in the opposite sense.

The borehole 10 is preferably of cylindrical shape, with longitudinal axis
of symmetry 11, and exhibits a typical diameter of the order of 7 to 13 cm,
generally 10 cm.

The borehole 10 can attain a typical depth of several thousands of
meters with respect to the ground soil S.

In the example of figure 1, the borehole 10 is vertical, that is to say with
a longitudinal axis of symmetry 11 exhibiting a zero angle of inclination with
respect to the vertical axis Z. This vertical position where the longitudinal axis of
symmetry 11 exhibits a zero angle of inclination with respect to the vertical axis
Z subsequently defines a given initial position of the borehole.

In the example of figure 2, the longitudinal axis of symmetry 11 of the
borehole 10 is inclined by a non-zero angle y with respect to the vertical axis Z,
subsequent to a deformation of the Earth's crust, hereinafter the so-called
surrounding medium.

The inclinometer 20 comprises a rigid hollow longitudinal framework 21,
that is to say exhibiting a negligible deformation during its implantation in the
borehole 10, comprising an inner longitudinal wall 211 and an outer longitudinal
wall 212. Said outer longitudinal wall is intended to be opposite an inner wall 12

of the borehole 10 when the inclinometer 20 is introduced into said borehole, as
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illustrated in figures 1 and 2.

The framework 21 is advantageously closed at top and bottom ends so
as to render it air-tight and fluid-tight.

In a preferred exemplary embodiment, the framework 21 exhibits a
cylindrical shape to correspond to the cylindrical shape of the borehole, and of
smaller diameter than the diameter of the borehole so as to be able to be inserted
into the borehole without difficulty.

In an exemplary embodiment, the framework exhibits a length of 1 m
and a diameter of 8 cm.

The framework 21 exhibits a longitudinal axis of symmetry 213
substantially parallel, preferably identical, to the longitudinal axis of symmetry 11
of the borehole 10, when the inclinometer is in a fixed position in the borehole
10, that is to say when the inclinometer is fixedly secured to the borehole.

The framework 21 of the inclinometer 20 is intended to be installed in
the borehole several hundreds or thousands of meters from the ground soil S.
The temperatures there being greater than at the level of the ground soil S, (it is
known to the person skilled in the art that the temperature rises by substantially
2°C every 100 m of depth from the ground soil S), the framework 21 of the
inclinometer is chosen from a material resistant to high temperatures, for
example in a range going from 50°C to 250°C.

In a preferred exemplary embodiment, in order to minimize the
temperature effects, the framework 21 is made of Pyrex.

In order to secure the inclinometer 20 fixedly to the borehole 10, and
consequently to the surrounding medium, a space 13 lying between the outer
longitudinal wall 212 of the framework 21 and the inner longitudinal wall 12 of the
borehole 10 is filled in. Thus, the borehole inclinations, due to deformations of
the surrounding medium, induce an identical inclination of the framework of the
inclinometer.

In an exemplary embodiment, the space 13 is filled with cement mortar.

In another exemplary embodiment, the space 13 is filled in with solid
particles, for example micro-balls, preferably made of silica so as to resist

compression and to resist high temperatures.
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The inclinometer 20 furthermore comprises, inside the framework 21, in
an enclosure delimited by the inner longitudinal wall 211, a suspended vertical
pendulum 22, generally dubbed a simple pendulum.

The pendulum 22 comprises a flexible rod 221 of which a first end,
termed the upper end 2211, is secured to the top end of the framework 21 around
a fixed point O.

Here, flexible rod is understood to mean a rod which allows the
preservation of an essentially vertical direction, that is to say one along the axis
Z, during the use of the pendulum.

The rod 221 of the pendulum comprises at one end, the so-called lower
end 2212, opposite from the upper end 2211, a mass 222 for placing said rod
under tension. The rod 221 is thus sensitive to gravity and tends to remain
oriented vertically along the Z axis. By virtue of the mass 222, the rod 221 forms
a pendulum suspended freely from the framework by way of the fixed point O.

In an exemplary embodiment, the mass 222 of the pendulum 22 is a
cylinder, of substantially smaller diameter than an inner diameter of the
framework.

Preferably, the pendulum 22 exhibits a longitudinal axis of symmetry 223
substantially identical to that of the longitudinal axis of symmetry 213 of the
framework 21, when the framework and the borehole are in the initial position.

A deformation of the surrounding medium gives rise to a variation in
inclination of the framework of the inclinometer which induces a displacement of
the pendulum inside the framework, with respect to the axis of symmetry of the
framework. The angular variation of the framework is conveyed through the
relative movement between the pendulum and the framework.

Thus, when the borehole 10 is in the initial position, that is to say vertical,
as illustrated in figure 1, the pendulum 22 is vertical and of axis 223 parallel to
the axis of symmetry 11 of the borehole 10.

When the borehole 10 exhibits an angle of inclination y subsequent to a
deformation of the surrounding medium, as illustrated in figure 2, the pendulum
22 remains substantially vertical and exhibits an angle y' substantially smaller

than y with respect to the longitudinal axis of symmetry of the framework 21 and
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of the borehole 10.

The pendulum 22 is chosen on the one hand from a sufficiently flexible
material as to approximate a so-called perfect pendulum (corresponding to a
mass attached to an inextensible thread of negligible mass rotating without
friction in vacuo about a fixed axis), and for which y' = y.

The pendulum 22 is chosen on the other hand from a material resistant
to high temperatures, just as for the framework 21.

In a preferred exemplary embodiment, the pendulum 22 (mainly the rod)
is made of Pyrex.

A length L of the rod is chosen on the one hand so that the inclinometer
20 exhibits a sufficient angular sensitivity to detect slow deformations, in this
instance an angular sensitivity at least equal to 10-rad. As it will be explained in
the subsequent description, the angular sensitivity of the inclinometer is
proportional to the length of the rod.

Moreover, the length of the rod is chosen so that the inclinometer
exhibits reduced size and bulk so as to render it readily transportable and easily
handled.

In an exemplary embodiment, the rod exhibits a length of substantially
between 0.8 m and 1.2 m, preferably, for example equal to 0.87 m.

The inclinometer furthermore comprises, as illustrated in figure 3, in
reception housings 214 made in a thickness of the framework 21 between the
inner 211 and outer 212 longitudinal walls, three distance measurement devices
231, 232, 233. Each distance measurement device 231, 232, 233 measures a
variation in distance, or displacement, d1, dz, ds, separating it from the pendulum
22.

The three measurement devices 231, 232, 233 are positioned in such a
way that they exhibit coplanar respective measurement axes 2311, 2312, 231s.

Preferably, the three respective measurement axes 2311, 2312, 2313 of
the three measurement devices are situated in a plane, the so-called
measurement plane 24, perpendicularly to a so-called reference axis,
corresponding to an axis of symmetry 223 of the pendulum 22 when the

framework 21 is in the initial position, that is to say corresponding to the axis of
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symmetry 213 of the framework 21.

The measurement plane 24 is defined by the axes X and Y which define
with the vertical axis Z the XYZ orthonormal reference frame.

Advantageously, the three measurement axes 2311, 2312, 2313 are
concurrent at one and the same point.

In a preferred embodiment, the three measurement axes 2311, 2312,
2313 are concurrent at a point M, the point of intersection of the measurement
plane 24 with the axis of symmetry 213 of the framework 21.

Preferably, the measurement axes 2311, 2312, 2313 of the measurement
devices 231, 232, 233 are not pairwise collinear.

In a preferred example, illustrated by figure 3, the three measurement
devices 231, 232, 233 are distributed over the framework 21 in a manner angularly
equidistant from one another by 120°.

In a preferred exemplary embodiment, each measurement device 231,
232, 233 is disposed so as to measure the displacement between an outer face
2221 and the mass 222.

The three distance measurement devices 231, 232, 233 make it possible
to measure at any instant a displacement u of the mass of the pendulum, in the
measurement plane defined by the axes XY, on the basis of a reference position,
when the framework and the borehole are in the initial position.

A displacement u of the pendulum 22 in the measurement plane 24, due
to a deformation of the surrounding medium, is very small with respect to the
length L of the pendulum 22. The measurement devices 231, 232, 233 are
therefore chosen so as to be able to measure very small displacements, in this
instance of the order of at least 10°m.

Indeed, it is known to the person skilled in the art that, in the case of a
perfect pendulum, the angular sensitivity of the inclinometer is proportional to the
length L of the pendulum (equivalent to the length of the rod). The measurement

of a displacement u of the pendulum in the measurement plane 24 makes it

possible to measure an angular variation equal to T In the case of a real

pendulum exhibiting having a certain rigidity, a displacement u'=Ru is
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measured, where R is a coefficient dependent on a coefficient of flexibility of the
rod, R generally being less than 1. In this case, the angular sensitivity S of the
inclinometer is equal to S = L.R . Calibration of the inclinometer makes it possible
to calculate the constant R precisely.

In an exemplary calculation, for a pendulum of length L=1 m and close
to ideal behavior, that is to say a coefficient R close to 1, the angular sensitivity
of the inclinometer will be close to 1. Thus, the measurement of a displacement
of the pendulum 22 in the measurement plane 24 of 0.1 um will therefore
correspond to a variation in inclination of 107 rad and the measurement of a
displacement of the pendulum 22 in the measurement plane 24 of 1 nm will
correspond to a variation in inclination of 10° rad.

Current measurement devices being capable of measuring 10° m, the
angular sensitivity of the inclinometer can attain 10° rad.

Each measurement device 231, 232, 233 comprises (not represented in
the figures):

- an optical fiber, termed measurement fiber, for transporting and

guiding the light beam of a luminous source of central wavelength
Ao, preferably of a laser luminous source, toward the mass 222, an
end of said measurement fiber, fixed on the framework and placed
facing the mass, forming with the outer face 2221 of the mass 222
a Fabry-Pérot optical cavity,

- a means for detecting an interferometric signal, said interferometric
signal comprising the information on the displacement of the mass
of the pendulum with respect to the end of the measurement fiber,
and being generated by interference between a reference light
beam and a measurement beam, said reference light beam
corresponding to a fraction of the light beam issuing from the
luminous source which is reflected by the end of the fiber, and said
measurement light beam corresponding to a fraction of the light
beam issuing from the luminous source which is reflected by the
mass 222 and which traverses an optical path in the Fabry-Pérot

cavity whose variation is dependent on the distance to be
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determined.

The mass 222 comprises, preferably, at the level of its outer face 2221,
opposite each fiber end, a mirror 2222, of longitudinal axis substantially parallel
to the axis of symmetry 213 of the framework 21, so as to reflect the
measurement light beam in a maximal manner.

According to the invention, to compensate for small variations in
wavelength between luminous sources, the three measurement devices exhibit
a common luminous source. The beam issuing from the common luminous
source is split, via a 1*3-pathway coupler, into three beams, each beam
propagating, via a fiber, toward a coupler and then toward a measurement fiber
and a Fabry-Pérot optical cavity formed by the end of the measurement fiber and
a mirror.

The system for measuring a variation in inclination furthermore
comprises means (not represented) for determining the variation in inclination of
the framework, and consequently of the borehole, on the basis of the
interferometric signals measured by the means of detection of the measurement
devices.

Principle of inclination measurement

The mass 222 of the pendulum 22 moves on a sphere which can be
regarded as a plane, the measurement plane 24, for small oscillations. The
pendulum 22 performing a movement in the measurement plane 24, the
measurement of two displacements along two non-collinear directions between
the framework and the mass makes it possible to calculate the displacement of
the mass in the measurement plane. Three measurements of displacements d1,
dz2, ds along three axes (in the same measurement plane), for example at 120°,
make it possible to obtain additional information with respect to the measurement
of two displacements, such as for example a determination of the variations of
common physical origin of the measured displacements, a determination of the
components of the displacement of the pendulum, or else an estimation of the
precision of the positioning of the pendulum in X and Y.

The measured displacements di1, d2, d3 correspond to the distance

variations measured between the outer face 2221 of the mass 222 of the
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pendulum 22 and the measurement devices 231, 232, 233 secured to the
framework 21.

A distance variation corresponds to the difference between a distance
measured by the measurement device and a so-called reference distance
measured when in the pendulum is in the reference position.

In the subsequent description, the displacement d1, respectively dz, ds,
is reckoned positive when the distance between the framework and the mass
increases, therefore a positive distance variation, and is reckoned negative when
the distance between the framework and the mass decreases, therefore a
negative distance variation.

In fact, the displacements measured d1, d2, ds by the measurement
devices 231, 232, 233 are dependent on variations (due to a drift of the
measurement system over time) having a common physical origin. In an
exemplary real case, these variations may result for example from a thermal
expansion of the measurement system, or from a variation in wavelength of the
measurement devices 231, 232, 233, when they are optical devices. These
common variations of the measurement system correspond to one and the same
apparent displacement, denoted C, on the 3 measurement axes. Reduced
measurements d'1, d'2, d's, corresponding to what would be measured in the
absence of this variation common to the three measurements, and therefore
corresponding to the real displacement of the mass of the pendulum, are

therefore such that ¢, =d, - C.

Let ux and uy be the components of the sought-after displacement u of
the mass 222 of the pendulum 22 along the axes X and Y in the measurement
plane 24.

By convention, the measurement axis of one of the three measurement
devices is in the Y axis. In the example described in figure 3, the measurement
axis 2311 of the device 231 is in the Y axis.

If arbitrary mutual relative positionings of the measurement devices on
the framework are considered, such as for example illustrated in figures 3 and 4,
the relations between these components ux, uy, of the displacement u of the

pendulum and the measured displacements d1, dz2, d3 may be written:
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-u,=d -C
—cosa-U +sina-u,=d,-C (1)
+cosf-uU, +sinfB-u,=d, -C
where o corresponds to the angle formed between the measurement axis 2312
of the measurement device 232 and the X axis and [ corresponds the
measurement axis 2313 of the measurement device 233 and the X axis.
It is then possible to calculate the expressions for the components ux
5 and uy of the displacement u of the pendulum.
Three expressions are possible for determining the component ux:
__0,-C+(d -C)-sina
cos 3

X,1
_0,-C+(d -C)-sinp
cosf (2a)

X,2

_ (g, —C)-sina—(d,—C)-sinf
sina - cos f+sin - cosa

u

X,3

Two expressions are possible for determining the component uy:
uy,l :_(dl _C)

_(d,~0)-cosa+(d,~C)-cos (2b)

sine - cos f+sin - cosa

u,,

Prior to the calculation of the components ux and uy, it is necessary to

10 calculate the parameters a, f and C:

- The angles o and B are considered to be constants of the
measurement system and are determinable for example by
calibration,

- over a sufficiently small time interval, for example of the order of

15 about ten seconds, the term C is considered to be slowly varying,
for example of the order of 10 nm per hour, and may be regarded
as a constant term.

The redundancy of the measured data (three in number: the

displacements di1, d2, ds) with respect to the unknowns (two in number: the
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components ux and uy) affords the measurement system particular properties
which allow its calibration, that is to say the calculation of o and B, and the
calculation of the temporal evolution of the apparent displacement C.

a) Calibration of the measurement system

In one embodiment, in order to determine the exact values of a and j,
a data sample measured over a determined time interval is considered. In a
practical exemplary embodiment, this interval is of the order of about ten
seconds, and the measured displacements d1, d2, ds are recorded every 0.01

seconds. Over this interval, the apparent displacement C is chosen in such a

3 3
way that the sum of the reduced displacements > d, =" (d, - C) has zero value
i=1 i=1

on average during this time interval. A dispersion between the three values, given
on the basis of the three expressions of (2a), of the component ux is then
observed as a function of the values of the angles o and 3. Likewise, a dispersion
between the two values, given on the basis of the two expressions of (2b), of the
component uy appears. It is then possible to find the values of the angles o and
B which lead to a minimum value of the root mean square deviations ex and ey

associated with a vector u. By putting for the mean values of the displacement

=—Zu” (with n=3) and u =—Zu (with n=2), we obtain for the root mean

n

square deviationse, =\/12(ux,,-—ﬁx)2 (with n=3) and ey=\/lZ(uyd.—L7y)2
n ‘ nj=

J=1

(with n=2).

By applying this procedure to successive data samples, the optimal
values of the angles o and B can be calculated very precisely.

b) Determination of the apparent displacement C

In one embodiment, equations 2a and 2b are considered below with the
optimal values, obtained for example as hereinabove, of the angles a and B. It is
easy to show that the variation of C modifies the dispersion of the values of the

components ux and uy. By using a data sample as above, it is possible to find the
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optimal value of C which minimizes the root mean square deviations associated
with the vector u.
c) determination of the components of the displacement
Once the angles o and 3 are known, as well as the value of C for each
5 time interval, it is possible to precisely calculate the components ux and uy of the
displacement u of the pendulum in the measurement plane, corrected for the
common variations of the measurement system, by using the mean value of
expressions (2a) and (2b).
d) estimation of the intrinsic precision of the positioning of the pendulum
10 inXandinY
The root mean square deviations ex and ey associated with the values
of the components ux and uy, obtained using the equations (2a) and (2b), for
values o, B and C determined previously, make it possible to calculate the
intrinsic precision of the positioning of the mass of the pendulum in Xand in Y.
15 In the particular exemplary embodiment where the measurement axes
of the measurement devices 231, 232, 233, form between themselves an angle
substantially equal to 120°, that is to say the measurement system is symmetric,
the angles a and B are equal to 30°.
In this case, the relations between the components ux, uy, of the
20 displacement u and the measured displacements d1, d2, ds are given by the
scalar product between (ux, uy) and the direction vectors of the optical axes
which are (0,-1), (-cos 30°, sin 30°), (cos 30°, sin 30°) for the axes 2311, 2312,
2313 respectively.
The following equations are deduced therefrom:
-u,=d -C
—U,-cos30+u,-sin30=d,-C (3)
u,-cos30+u,-sin30=d, -C
25 On the basis of these three equations, it is possible to determine the
components ux and uy.

Three expressions are possible for determining the component ux:
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U :_(d2 -C)+(d —C)-sin30
) c0s30
U= (d, —C)+(d, —C)-sin30
) c0s30 (4a)
u = d3 _dz
2co0s30
Two expressions are possible for determining the component uy:

uy:_(dl _C)

u=d,+d, -2C (4b)

The deviations between the values obtained for the components ux and
uy by using equations (4a) and (4b) always make it possible to determine the
intrinsic precision of the positioning of the pendulum in X and in Y.

Compensation for the drifts of the measurement system, via the
measurement of the apparent displacement C, is also possible.

It is interesting to note that, when the measurement system is
symmetric, said measurement system possesses an invariant displacement

d=d +d, +d, equal to 3C, thereby allowing direct measurement of the apparent

displacement C, and therefore of the drifts of the measurement system for a

series of data. In this case, by putting sin(30°) = 0.5 and cos(30°) = % the

components ux and uy of the displacement u of the pendulum are expressed in a

unique manner:

1
= (d,-d
ux \/g( 3 2)
uy:_(dl_C)

()

The measurement devices are advantageously three in number, as
illustrated in figure 3. Although the number of measurement devices illustrated
in figure 3 and described is three, the number of these measurement devices is
not limited to that described and illustrated. Thus, it is possible, without departing
from the scope of the invention, to make a measurement system comprising

more than three measurement devices and exhibiting the same advantages
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(determination of the apparent displacement and of the components of the
displacement of the pendulum, estimation of the precision of the positioning of
the pendulum in X and Y) as for a measurement system with three measurement
devices. A number of measurement devices beyond three advantageously
makes it possible to obtain greater redundancy of the measurements obtained.
The calculations for retrieving the displacement of the pendulum in the
measurement plane are within the capability of the person skilled in the art.

The description hereinabove clearly illustrates that by its various
characteristics and their advantages, the present invention attains the objectives
that it set itself. In particular, it provides a measurement system which makes it
possible to circumvent the deformations specific to the measurement system and
to its drift. The inclinometer exhibits a reduced size so that it is readily
transportable and easy to use, hence the possibility of use in drilling at various
depths. It is advantageously made from a heat resistant material, so as to exhibit
a significant lifetime. This criterion is particularly significant since the
measurement system is required to measure the variations in inclination of a
structure over a period extending over several years.

Its constituent materials allow it to resist heat. On account of the
compensated drift of the measurement system according to the invention, the
measurement system allows tracking over the long term, for example over a

period extending over several days, months and/or years.

The deployment of several measurement systems in the vicinity of a
fault advantageously allows small slow depth-wise movements to be detected in

a reliable manner.

The invention is described in the case of a seismological application.
The invention is also applicable to the monitoring of geological storage sites.
Indeed, certain permeable geological systems covered by leaktight formations
make it possible to store fluids such as for example carbon dioxide, natural gas
or else water. In response to this storage, the geological system deforms slightly.
Measurement of these deformations with the aid of inclinometers according to

the invention installed in boreholes makes it possible to track the evolution of the
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storage and the migration of the fluids into the permeable layer. On account of
the compensated drift of the measurement system according to the invention,
the measurement system allows the tracking of storage over the long term, for
example over a period extending over several days, months and/or years. The
measurement system implementation in this application is within the remit of the

person skilled in the art.
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PATENTKRAYV

1. Inklinometer (20) for méaling av en variasjon i helling av en struktur fra en
bestemt start- eller innledende posisjon, omfattende:
- et rammeverk (21) som skal sikres stivt til strukturen, slik at rammeverkets
helling varierer identisk med strukturen, og
- en pendel (22) som er fritt suspendert fra rammeverket, omfattende en fgrste
ende (2211) som er festet til rammeverket (21), og en motsatt ende (2212) som er fri til
& bevege seg,

idet inklinometeret (20) omfatter ved nivaet til rammeverket (21) minst tre
avstandsmaleinnretninger (231, 232, 233) som viser respektive maleakser (2311, 2312,
2313) som er i samme plan og Igper parallelt ved ett og samme punkt, idet hver
maéleinnretning maler en variasjon i avstand som skiller den fra pendelen, karakterisert
ved at avstandsmaleinnretningene (231, 232, 233) er fiberoptiske innretninger som er

koblet til en felles lyskilde.

2. Inklinometer i henhold til krav 1, karakterisert ved at det sdkalte maleplanet
(24), i hvilket maleaksene (2311, 2312, 2313) av maleinnretningene (231, 232, 233) er
plassert, er et plan som er vinkelrett pa en sdkalt referanseakse som svarer til en

symmetriakse (223) av pendelen ndr rammeverket (21) er i startposisjonen.

3. Inklinometer i henhold til et av de foregéende krav, karakterisert ved at av-
standsmaleinnretningene (231, 232, 233) er anordnet hovedsakelig ved nivaet av den frie

enden (2212) av pendelen.

4, Inklinometer i henhold til et av de foregdende krav, karakterisert ved at de

respektive maleaksene (2311, 2312, 2313) i samme plan er ikke parvis-kollinzere.

5. Inklinometer i henhold til ethvert av de foregdende krav, omfattende tre male-
innretninger (231, 232, 233) som viser tre koplanare respektive maleakser (2311, 2315,

2313) som danner mellom seg en vinkel i det vesentlige lik 120°.

6. M3lesystem som omfatter et inklinometer (20) i henhold til ethvert av kravene 1
til 5 og midler for bestemmelse av variasjonen i helling av rammeverket (21) pa grunnlag

av verdiene som logges av avstandsmaleinnretningene (231, 232, 233).
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7. Anvendelse av malesystemet i henhold til krav 6 for maling av geofysiske

deformasjoner.
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