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In-situ permeability from non-dilatational soil deformation
caused by groundwater pumping — a case study
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Abstract. Short-term disturbances in the recording of a sen-
sitive borehole tiltmeter are found to be generated by
groundwater pumping at 120 m distance. Biot’s consolida-
tion theory for elastic porous media is applied to simulate
the physical process involved. Results from various finite-
element calculations for axisymmetric conditions are ob-
tained. The findings are:

(1) The observed tilt disturbances can be explained as
being provoked by elastic consolidation phenomena.

(2) Non-dilatational tilt and strain deformations can be
measured outside the region where the pore pressure has
declined due to pumping.

(3) The time variation of the deformations constrains
the in-situ permeability of the aquifer within some volume
around the screen of the pumped well.

The fundamentals of this case study may be useful to
hydrologists and to those investigators who set up high-
resolution tilt and/or strain measurements for purposes of
geodynamic interest.

Key words: In-situ permeability — Soil deformation — Pump
tests — Aquifer parameters — Tilt and strain measurements

Introduction

Methods to estimate aquifer parameters from pressure vari-
ations in a well have been described by different authors.
Some of them investigated well tides from aquifer dilatation
caused by earth tides or ocean loading tides (Bredehoeft,
1967; Robinson and Bell, 1971; Rhoads and Robinson,
1979), or considered well level undulations due to tidal grav-
ity changes on the aquifer’s overburden (Morland and Don-
aldson, 1984). Others analysed well pressure fluctuations
due to volumetric strains caused by seismic disturbances
(Cooper et al., 1965). These pressure variations are reported
to be significant only if measured in confined aquifers. Soil
parameters from artificially forced well level oscillations
have been obtained by Krauss (1974). Unlike the methods
relying on natural forcing functions, the latter technique
is equally applicable to unconfined aquifers.

In many cases, satisfactory estimates can be made for
pore fluid viscosities, temperatures, densities, compressibili-
ties and shear moduli of formations. The quantities derived
from well pressure variations are therefore used to estimate
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the in-situ porosity and permeability of the aquifer. Under
favourable conditions, the penetration depth related to the
various methods extends from some ten to hundred metres,
depending on the periods of the pressure variations and
on the transmissivity of the aquifer (Bodvarsson, 1970;
Krauss, 1974; Varga, 1976).

We present a case study showing how in-situ permeabili-
ty of an unconfined aquifer is estimated from soil deforma-
tions caused by pumping. Since the deformations are sensed
by a tiltmeter which is installed in a borehole situated away
from the pumped well, mainly the non-dilatational part of
the total deformation field is observed. The volume of the
aquifer derived by this technique is probably larger than
for the methods mentioned above.

The physical process involved is described by Biot’s
widely used consolidation theory (Biot, 1941). A load, when
applied to a porous elastic medium, yields instantaneous
deformation by compression of both the porous skeleton,
called the matrix, and the pore filling. Further deformation
of the medium arises from body forces; namely, from inter-
nal pore pressure gradients that are stimulated by the com-
pression. These forces vary with time since the pressure
gradients decrease through diffusion until a new steady-
state equilibrium is achieved. The time variation of the pro-
cess is mainly governed by the permeability of the medium
and the viscosity of the pore filling. Zschau (1979) applied
Biot’s theory to show that meteorological air pressure varia-
tions can account for systematic tilt anomalies that he ob-
served several tens of metres below the slope of a hill.

In our case, the deformation of the aquifer results from
the pore pressure gradient that is stimulated at the screen
of the pumped well. The tilt amplitudes measured are 5-
10 times smaller than the earth tidal tilt amplitude. This
might be the reason why soil engineers and hydrologists
have not, so far, considered the method as a possible tool
to determine aquifer parameters, although the use of high-
precision instruments will not always be an inevitable neces-
sity. The findings also have implications for the implemen-
tation and interpretation of tilt and strain measurements
in projects of geodynamic interest.

Observations

The Institute of Geophysics, Kiel, runs a tiltmeter station
in the northern Federal Republic of Germany, close to the
village of Medelby (Fig. 1). Former purposes of the site,
built up in 1977, have been loading investigations in the
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Fig. 1. Location map of the village of Medelby (DK = Denmark,
D = Federal Republic of Germany) and of the tiltmeter site to the
west of Medelby (T,, T, =tiltmeter boreholes with registration hut;
W, W, =groundwater observation wells)

Fig. 2. Schematic cross-section of the major componenets of an
Askania borehole tiltmeter with sensor pendulum (heavy hatching),
pendulum holder (light hatching) and instrument casing (black).
Elements of the sensor pendulum, from top to bottom, are: suspen-
sion strips, capacitance transducer, calibration chamber, and feed-
back magnet (inside coil). The lower end of the borehole ends
in a cemented-in steel casing (cross hatching) that holds the instru-
ment. When in operation, only the sensor pendulum hangs verti-
cally

environments of the North Sea and the Baltic (Kiimpel,
1982).

The tiltmeter we use is a continuously recording As-
kania-Gezeitenbohrlochpendel vertical pendulum type
(Fig. 2). The top of the casing of the pendulum is clamped
to the borehole by spring-loaded studs, its bottom resides
on a stainless steel cone. Since the borehole is not vertical,
the sensor pendulum hangs obliquely in the casing with
respect to the instrument axis. To allow for a greater
obliqueness of the borehole and for a wider measuring
range without loss of sensitivity, the sensor pendulum is
suspended in a pendulum holder which itself hangs in a
nearly vertical position. Prior to operation of the tiltmeter,
the pendulum holder is fixed to the casing by raising a
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Fig. 3. Tilt disturbances 30 m below surface from pumping activi-
ties at 120 m distance. Graphs are tiltmeter recordings with compo-
nents x and y at different azimuths (as indicated). The lower end
of the tiltmeter borehole is always dragged towards the pump at
130° E of N; thus, on day number 93 in 1981 (lower graph), y
is deflected towards 310°E of N with no disturbances in x. Long
periodic undulations are tides

base plate. Tilt of the sensor pendulum with respect to the
pendulum holder is sensed by a capacitance transducer. Ca-
libration is achieved by forcing a steel ball to hop from
one of two notches to the other within a small chamber.
A feedback system made of coils and magnets provides
active damping and raises the linear range of the instru-
ment. The 60-cm-long sensor pendulum is suitable for mea-
suring tilt in two perpendicular axes because of suspension .
strips that allow movements in any direction. Within the
diurnal tidal bands, the instrumental resolution is 1 nrad
(=0.2 mseca).

Due to microseismicity, the noise level at the site varies
between 2 and 6 nrad. Besides the tidal signal and strong
rainfall-induced tilt anomalies, we observe short-term tilt
disturbances of 15-20 nrad amplitude (Fig. 3). Occurrence
of these disturbances coincides with groundwater pumping
for agricultural use at 120 m distance. The events become
visible on the tilt recording within 30 s after activation of
the pump, as was proven by monitoring the switch times
of the pump. The time of response of the tiltmeter to pump-
ing could even be shorter since the tilt signal is low pass-
filtered with a cutoff period of 20 s. Without filter, a poten-
tially immediate tilt response is masked by microseismicity.

A single event has a sawtooth-like shape with its recov-
ery lasting longer than its stimulation. The sign of the dis-
turbances is clearly independent of the azimuthal orienta-
tion of the tiltmeter. For seven different orientations (three
are shown in Fig. 3), the maximum tilt effect occurs in a
north-west direction. Moreover, the effect is independent
of the individual tiltmeter borehole. The upper recording
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Fig. 4. Sketch of relevant features and proportions determining
tilt disturbances at the Medelby site, northern FRG. Depth of
intersection between sand and sandy clay layer is estimated from
borehole information several hundred metres apart

in Fig. 3 is observed in hole T, the lower two are observed
in hole T, (see Fig. 1). Both holes are 30 m deep; T, is
PVC-cased, T, is iron-cased. As the top of the tiltmeter
is clamped to the borehole at 28.5 m depth, the non-New-
tonian part of the tilt signal indicates the change in inclina-
tion of a vertical element between 28.5 and 30 m depth.

Figure 4 is a section of the site along the line T; — pump
in Fig. 1. The well and the tiltmeter boreholes (only one
is shown) have been drilled into a sand layer. Depending
on the season, the depth of the groundwater level varies
between 1.5 and 3 m. The well extends 9 m into the aquifer.
Only the lower 3 m are perforated to allow the water to
enter through the well screen. The diameter of the well
is about 20 cm (8 in.) including the filter, made of pebbles.
The diameter of the tiltmeter borehole is also 8 in. The
productivity of the pump is approximately 20 I/min. Some
100 1 are pumped during a typical pumping cycle. Whenever
the pump draws groundwater, the lower end of the tiltmeter
borehole is dragged towards the pumped well located to
the south-east of the tiltmeter, thereby generating a tilt sig-
nal that is strongest in the opposite azimuth. Theoretically,
the tilt events might also result from deflections of the
plumb-line towards the north-west with the tiltmeter bore-
hole remaining in a fixed position. However, simple calcula-
tion shows that the Newtonian effect of lifting a 100-kg
mass over a height of Sm at 120 m distance deflects the
vertical by some negligible 10”7 nrad only. Within 30 m
distance of the tiltmeter boreholes, we operate two contin-
uously running water-table gauges of 5 mm resolution each
(W, and W, in Fig. 1). Neither of them monitors a lowering
of the water-table due to the pumping.

From other holes drilled in the vicinity of the site, it
is known that (a) the sand is partially intersected by thin
clay and clay shale layers and (b) somewhere below 3040 m
the sand changes its character to sandy clay. A detailed
stratigraphy is not available. Several samples from the up-
per 2 m of the sand layer have been subjected to sieve analy-
sis. The sand is well sorted, the median grain. diameter is
0.2 mm, the clay fraction being less than 5%. Intrinsic per-
meability for a single sample from 1-m depth has been re-
peatedly measured in a laboratory flow experiment. The
values obtained range from 5x 1078 to 22x 10~ %cm?, in
agreement with Davis (1969) who reports permeabilities
from 10 x 108 to 22 x 10~ 8cm? for five sands of this size.
Applying classical draw-down relations for wells in uncon-
fined aquifers (e.g. Brown et al., 1972), we calculate in-situ

permeabilities in the range 1.5x 107 8-6 x 10~ 8cm? when
taking into account that the well only partially penetrates
the aquifer.

Formulation of model calculations

The relation between elastic deformation and pore pressure
is described by the theory of consolidation for porous media
(Biot, 1941). If axial symmetry holds, the governing system
of differential equations is (Verruijt, 1969):
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where the variables u (=radial displacement), w (= vertical
displacement), o (=excess pore pressure, with respect to
the hydrostatic pressure) are functions of the coordinates
r (=radius), z (=height) and ¢ (=time). All forces are in
equilibrium for ¢ being negative, r is zero for the centre
of the pore pressure disturbance, z is negative below the
surface where the depth is positive.

l72=a—2+12 6_2 is the Laplacian operator
or* ror 022 P P ’
g U u Ow
or r Oz

is the volume strain (positive for compression),
(0,+0,)/2

Soil parameters are:

u=shear modulus,

A=Lamé constant,

a=1-¢,/c,, With c,=grain compressibility and c,, = (41+2u/
3)~ ! =compressibility of the porous matrix (after Nur
and Byerlee, 1971),

S=p-cy+(1—p)cn, ie. the hydraulic capacity where p is
the volume porosity and ¢, is the compressibility of
the fluid filling the pore (after Bodvarsson, 1970),

k =intrinsic permeability,
n =dynamic viscosity of the pore fluid.

Following the notation of Davis and De Wiest (1966),
Sg=0-g-S is the specific storage of the formation where
o is the density of the pore fluid and g is the gravitational
acceleration, and K=k-d-g/n is the hydraulic conductivity.
U, 4, ¢, are bulk formations constants for quasi-static, i.e.
drained conditions as compared to undrained conditions
that hold for elastic wave propagation.

Equation (1) is based on infinitesimal strains, elastic
deformation (i.e. linear reversible stress-strain relations),
soil that is saturated with pore fluid, the validity of Darcy’s
law (i.e. no turbulent flow) and the absence of inertia forces.
The first two equations result from introducing Hooke’s
generalized law for elastic porous media into the well-
known equilibrium conditions. Considerations on fluid flow
according to Darcy’s law and on the elastic storage capacity

is the average total stress.



of prous media under pressure lead to the third equation.
Because the change in pore pressure ¢ is relevant for each
part of Eq. (1), the system has to be solved simultaneously.
Since the third equation is not exactly analogous to any
heat conduction problem that has been analysed, analytical
solutions are rare and become complex, even for simple
geometric configurations.

Numerous consolidation problems have instead been
solved using the finite-element technique. The program
package available to us (IMSL, 1983) allows a straightfor-
ward conversion of the problem into programming code
when not more than one time-derivative term per equation
is encountered. Two modifications of Eq. (1) are introduced
to meet this condition. The first modification neglects any
time variation in the average total stress term. The effect
of this simplification on various geometrical configurations
has been analysed by Christian and Boehmer (1970). They
did not find severe divergences with respect to the complete
models if external loads remain constant with time, which
also holds in our case. Yet, our numerical solutions are
applicable only if other geometric and parametric simplifi-
cations within the model are as coarse approximations to
reality as the assumption of constant average total stress
is.

The second modification substitutes ¢ by a new variable
®=A-u/r+B-o,

which alters Eq. (1) into:
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Tilt y of a vertical element at radius r, depth z=(z, +
z,)/2, and time ¢ is obtained from

u(r,zo,t)—u(r,zy,t)
Z1—22

tan 'y (r, z, )= 3)
if |z, —z,| is taken much larger than vertical displacements.
By this convention, y is positive when the upper end of
the element is closer to the axis than the lower end. Respec-
tive relations hold for strain of vertical elements and for
tilt and strain of horizontal elements.

Figure 5 shows the spatial division of the model into
96 triangular elements. Along a line segment combining
two nodes, quadratic fits are exerted on the variables. The
thin, drained layer above the water-table is omitted which
leads to somewhat reduced depths of the well and of the
borehole. The load of the drawn groundwater that increases
atop the pump during a pumping cycle before it is supplied
to a system of pipes also is neglected. The saturated sand
layer and the sandy clay layer are characterized by their
parameters E, v, p and k, where E=2u(1+v) is the Young’s
modulus of the formation and v=0.5 1 (A+ )~ ! is its Pois-
son’s ratio. The difference in grain compressibility c, be-
tween the two layers is of minor importance only.

The upper part of the sandy clay layer is modelled by
a sequence of thin elements. This has been found necessary
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Fig. 5. Finite-element grid for modelling tilt disturbances in two-
layered r-, z-plane (axial symmetry). The pump is located close
to the upper left corner (see enlarged section). A pore pressure deficit
is stimulated between 5 and 8 m depth on the left boundary

to simulate the pore pressure diffusion across a layer inter-
section with a permeability contrast as is assumed here.
The accuracy of the model for the net diffusion process
is better than 10% when compared to analytical solutions.
A further grid refinement is arranged close to the pump
where the highest gradients in the variables u, w, ¢ are
encountered.

As for the boundary conditions; displacements and pore
pressure variations are prohibited at the lower boundary
surface and at the outer radius of the model (r=2360 m),
only vertical displacements and pressure changes are toler-
ated for the zero-radius. We disregard changes in the size
of the well caused by the pumping, nor do we consider
the elastic properties of the tiltmeter borehole as being dif-
ferent from those in its vicinity. Initially, displacements and
excess pore pressure are assumed to be zero everywhere.
The pumping is induced by a step function: at t=0s, a
constant pore pressure deficit of —200 hPa is applied at
the well screen. Eq. (2) is then successively evaluated at
times t=2"s (n=1, 2, ..., 10). Stability of the numerical
results, in the sense of Booker and Small (1975), is achieved.

Computational results

Various models are tested. Parameters listed in Table 1 label
the standard model. The static Young’s moduli are deduced
from a shallow seismic experiment at the site using theoreti-
cal and empirical relations between seismic velocities and
static moduli for unconsolidated sediments (Ohkubo and
Terasaki, 1977). In one of these relations, a Poisson’s ratio
of v=0.25 is taken; we apply a more realistic value of v=
0.45 instead. The true static moduli might vary by up to
+50% of the values given in Table 1. Increasing E;, E,
by the same factor, mainly reduces the displacement ampli-
tudes by the reciprocal factor. For k,, the standard model
adopts a value of 1.5x 10 8cm?. Effects due to different
permeabilities may be easily traced from the results, as will
be shown. Values of other parameters in Table 1 are taken
from the literature in accordance with the parameters al-
ready known [vy, v,: Hamilton (1971); p;, p,, k,: Davis
(1969); cg1, cg2: Simmons and Brace (1965); #, ¢,: Kuchling
(1971)].

Figure 6 shows how the excess pore pressure propagates
in space and time. As expected, the pressure propagates
faster for higher permeable sands. The time dependence
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Table 1. Soil parameters of standard model

z E v p k o

m dyne-cm™? % cm? cm?-dyne ™!
Sand layer 6))] 0- 32 2.0x10° 0.47 45 15x107° 2.5%10712
Sandy clay layer  (2) 32-180 3.33x10° 0.45 63 4x10" 1! 20x10712

Pore fluid (water):

c;=5-10""" em*-dyne™!, #=0.0165g-s " -cm ! (20°C)

PORE
PRESSURE

4
\" Tiltmeter
|

DEPTH

Fig. 6. Migration of pore pressure deficit after model calculations.
Main diagram: change in pore pressure is plotted for depth 20 m,
parameter is time in seconds from pump activation; solid and bro-
ken lines apply for permeabilities 15-10~%cm? (standard model)
and 15:107%m? in sand layer. Inserted diagram: parameter is
pore pressure change in hecto Pascals for standard model, time
is 64 s from pump activation

of the process can be normalized when k/x is replaced by
the dimensionless quantity k- ¢/L where L is some character-
istic length of the geometry of the experiment.

The initial increase of the pore pressure for r<30m
requires some further remarks. Although plotted for the
standard model only, the increase occurs equally if other
parameters are chosen. The phenomenon has been found
in many types of consolidation problems, both theoretically
and experimentally (e.g. Cryer, 1963; Verruijt, 1969), and
can be explained from the elastic behaviour of the aquifer.
When the pore pressure decreases at the well screen, mobile
water is attracted from the aquifer. The loss of water yields
a decrease in soil volume. The contraction is seen as a nega-
tive load by the surroundings. Loading deformation propa-
gates with seismic velocity, i.e. much faster than the deficit
of the pore pressure diffuses. As a consequence, soil parti-
cles displace towards the negative load, inwardly generating
a compression of the soil. Since the pore fluid opposes vol-
ume compression, the pore pressure increases in areas where
it has not yet declined due to diffusion (see also inserted
diagram in Fig. 6). Within the first 1,024 s, the standard
model predicts the pore pressure at the location of the tilt-
meter to vary within the range of the numerical noise, i.e.
by less than 0.1 hPa. Applying a k,-value 10 times higher
already yields a pore pressure drop of 1.4 hPa after that
time.

Clearly, significant soil displacements appear earlier at
the tiltmeter location than any pressure drop. Radially hori-
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Fig. 7. Horizontal displacements for r=120m in the vicinity of
the tiltmeter after model calculations. Indexed lines: parameter is
time in seconds from pump activation, solid lines for standard mod-
el except k; =15x10"%cm?, broken lines for same model except
v;=0.47, i.e. no contrast in Poisson’s ratio between two layers.
Hatched dotted lines: radial decrease of displacements, left curve
for r=120 m, right curve for r=122 m (standard model, 1,024 s
from pump activation)

zontal displacements for some of the models calculated are
plotted in Fig. 7. It is noticeable how the displacements
are influenced by the contrast in Poisson’s ratio of the two
layers. As time progresses, the displacements increase more
rapidly if there is no contrast. The depth of the layer inter-
section is of minor influence as long as the tiltmeter bore-
hole is completely in the upper layer. Some 5-10 m below
the intersection, the displacements decrease with depth,
which is partly due to the clamped boundary at 180 m
depth. The radial decrease of displacements shown in Fig. 7
corresponds to horizontal strains of —5x 10~ 8; respective
vertical strains are positive and amount to 2x 1072, Ac-
cordingly, the soil around the tiltmeter is found to be ra-
dially stretched ; namely, more than twice as much as com-
pressed vertically.

Referring to the observed tilt disturbances, the most
essential results are summarized in Fig. 8. Herein the pump
is simulated to run during a time span of 5 min. Tilt means
the change in inclination of a vertical element, which —
at the location of the tiltmeter — hardly differs from the
change in inclination of a horizontal element. The tilt re-
sponse following the shutdown of the pump is obtained
by subtracting the inverse tilt response — shifted by 5 min
— from the response for the persistently running pump (dot-
ted lines). Computational results and observations are com-
patible within the shaded area. The vertical width of this
area is estimated from uncertainties in both the amplitude
of the pore pressure deficit at the well screen and the values
of some soil parameters. Note that the observed tilt signal
does not allow tilt variations shorter than 20 s to be re-
solved.

The initial 25-s section of curve A is identical to the



Fig. 8. Tilt response at location of tiltmeter due to pumping cycle
lasting 5 min (linear time scale). A — standard model, except k, =
15x 10~ 8cm?; B — standard model (solid line); C — standard model,
except k,=15x10"%cm? (i.e. no permeability contrast between
two layers, broken line); D — standard model, except k; =15x 1078
cm? and v,=0.47 (i.e. no contrast in Poisson’s ratio between two
layers); shaded area: consistent with observations

initial 300-s section of curve B except for a linear stretching
of B due to a permeability 10 times lower. Curve D differs
from A only in an absence of Poisson’s ratio contrast be-
tween the two layers. Obviously, the deformation becomes
sensitive to the parameter v after some characteristic time,
i.e. when the pore pressure starts to drop significantly at
half the distance between the well and the tiltmeter borehole
(Fig. 6). Neither curve A nor D fits the observations, nor
do other models that are based on k; values as high as
15 x 10~ 8cm?. If the permeability of the aquifer was better
than 5x 10~ 8%cm?, 5-10 times stronger tilt disturbances
should have been recorded within the first minute after
pump activation.

The tilt response of the standard model is consistent
with the observations. This does not confirm the correctness
of all the parameters applied. The permeability of the sandy
clay layer, for example, is not constrained by any model
within the first 300 s (see curve C). Other parameters, in-
cluding the geometry of the standard model, may also vary
considerably without destroying the compatibility condi-
tion. Still, the bulk in-situ permeability of the upper
30-40 m ranges among the parameters best constrained by
the time variation of the tilt response.

So far, little has been said about the size of the region
around the well that provokes the deformation at the loca-
tion of the tiltmeter, i.e. the region to which we refer the
permeability estimates. The source for the external defor-
mation is the volume that decreases due to internal pore
pressure drop. Naturally, if pumping continues, the size
of this volume grows. Its shape is mainly determined by
the shape of the well screen and variations in permeability
around the well. Due to the diffusion process, the volume
is not limited by a clearly defined boundary but can instead
be described through concentric surfaces of equal pressure
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drop (see also Fig. 6) or, in other words, through isobars
normalized to the hydrostatic pressure.

As for the size of the volume that is mostly efficient
for the external deformation, there are two effects that op-
pose each other. Since the gradient of the pore pressure
is a body force in Eq. (1), those parts of the volume that
enclose the highest gradients seem to be mostly efficient.
With cylindrical or spherical (but not plane strain) diffusion
processes, the gradient of the diffusion variable increases
towards the centre of the disturbance, regardless of how
long the disturbance has already been active (Carslaw and
Jaeger, 1959). This proves the innermost volume around
the well screen to be mostly efficient for the external defor-
mation.

An isobar of low percentage pressure drop is effective,
however, in that it is both more expanded and closer to
external points of deformation measurements than is a more
central isobar of higher percentage pressure drop. Indeed,
the computational results show that the effects due to the
latter reasoning predominate those due to the former. The
instantaneous deformation following the pump activation
is provoked by the highest pressure gradient ever occurring
around the well. Still, the deformation increases substan-
tially when the volume of the pore pressure drop expands,
thereby lowering the pressure gradient at the well screen.

Somewhat arbitrarily, we define the 5% pressure drop
isobar as the one limiting the effective volume. Then, in
our case, the standard model yields a radial penetration
depth of 15 m after 5 min of pumping and a vertical pene-
tration depth of 8 m.

Conclusions

There are two major implications from the findings, pro-
vided the approximations made are tenable.

First, bulk in-situ permeabilities of aquifers may be esti-
mated from ground deformations that are caused by pump-
ing. Since elastic deformation is provoked beyond the re-
gion of declined pore pressure, indications for the trans-
missivity of the soil are available up to distances where
this deformation can be measured. The penetration depth
of the method exceeds that of those methods that rely on
well pressure fluctuations because it is controlled by the
duration of the stimulated pore pressure disturbance. Most
characteristic for the in-situ permeability is the time func-
tion of the deformation. Experiment expenses might be re-
duced to reasonable amounts if strong pressure signals are
generated in the well so that less sensitive instruments fulfil
the deformation measurements. A detailed description of
tiltmeters and strainmeters used for geodynamic purposes
has been given by Agnew (1985). Pumping could also be
replaced by fluid injection, yielding a change in the sign
of the soil displacements. In many cases it will be sufficient
to install a tiltmeter or a strainmeter in a shallow borehole.
Surface deformation due to temperature variation or wind
stress can be separated from the deformation signal caused
by pumping because the switch times of the pump are well
known. Signal enhancement can be achieved when cyclic
pulse tests are set up.

Second, the consolidation theory seems to be applicable
to certain deformation phenomena observed with highly
sensitive instruments (like earth tide meters). In particular,
rainfall-induced water-table variations are believed to pro-
duce the most annoying noise in geodynamic signals (e.g.
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Wood and King, 1977; Kimpel, 1982). Modelling these
generally local phenomena improves the understanding of
tilt and strain recordings that are obtained in tectonic re-
gions for the purpose of earthquake prediction, for instance.
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