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Abstract.

A water desaturation zone develops around a tunnel in water-saturated rock

when the evaporative water loss at the rock surface is larger than the water flow from the
surrounding saturated region of restricted permeability. We describe the methods with
which such water desaturation processes in rock materials can be quantified. The water
retention characteristic 8 () of crystalline rock samples was determined with a pressure
membrane apparatus. The negative water potential, identical to the capillary pressure, ¥,
below the tensiometric range (¢ < —0.1 MPa) can be measured with thermocouple
psychrometers (TP), and the volumetric water contents, 8, by means of time domain
reflectometry (TDR). These standard methods were adapted for measuring the water
status in a macroscopically unfissured granodiorite with a total porosity of approximately
0.01. The measured water retention curve of granodiorite samples from the Grimsel test
site (central Switzerland) exhibits a shape which is typical for bimodal pore size
distributions. The measured bimodality is probably an artifact of a large surface ratio of
solid/voids. The thermocouples were installed without a metallic screen using the cavity
drilled into the granodiorite as a measuring chamber. The water potentials observed in a
cylindrical granodiorite monolith ranged between —0.1 and —3.0 MPa; those near the wall
in a ventilated tunnel between —0.1 and —2.2 MPa. Two types of three-rod TDR probes
were used, one as a depth probe inserted into the rock, the other as a surface probe using
three copper stripes attached to the surface for detecting water content changes in the
rock-to-air boundary. The TDR signal was smoothed with a low-pass filter, and the signal
length determined based on the first derivative of the trace. Despite the low porosity of
crystalline rock these standard methods are applicable to describe the unsaturated zone in
solid rock and may also be used in other consolidated materials such as concrete.

Introduction

Unsaturated flow phenomena in soils and in the vadose zone
receive considerable attention because of their eminent role in
the hydrological and biogeochemical cycles. In contrast to the
unsaturated zone extending from the soil surface to the aqui-
fer, the corresponding phenomena in rock formations are
poorly documented probably due to experimental difficulties
and limited accessibility. Using ordinary tensiometers installed
within large pieces of the fine porous skeleton of a Rendoll
soil, Buchter [1984] showed that the negative water potentials,
¥, inside the calcareous matrix respond very rapidly to infil-
tration and drainage events. A piece of skeleton tapped with a
tensiometer acts as a natural large-volume and thick-walled
tensiometer cup. Adjacent to rock surfaces exposed to a non-
saturated atmosphere a region with negative water potentials
develops even when the geological stratum is under hydrostatic
pressures of several megapascals [Baertschi et al., 1991]. Be-
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cause of tunnel or cavern ventilation with ambient air, the rock
matrix dries out when the evaporation exceeds the saturated
flow from the region surrounding the unsaturated zone. An
unsaturated zone may also develop when the pressure in a
trapped gas phase increases, for example, as a consequence of
methane production or thermal expansion of the air [Finsterle,
1993]. Such transient multiphase transport phenomena are
especially relevant if they occur in the vicinity of repositories
for chemical or nuclear wastes. The theory for quantifying such
phenomena is quite advanced [Eaton et al., 1990; Pruess and
Wang, 1987, Finsterle, 1993], but the database for describing
unsaturated flow in rock matrices is to our knowledge practi-
cally lacking. The objective of this study was the adaptation of
soil physical standard methods to the rather different and dif-
ficult experimental conditions and requirements of crystalline
rock. In particular, we show the usefulness and the limitations
of time domain reflectometry (TDR) and thermocouple psy-
chrometry (TP) methods. We extended the usual range of
sample desaturation with the pressure membrane technique.
Further, we document the technical procedures and provide a
database for deriving some of the hydraulic properties charac-
terizing the macroscopically homogeneous granodiorite.
Hence this contribution is focused on methodological aspects.
In a subsequent study these methods were successfully used in
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situ in the Grimsel test site (GTS), which is the hard rock
laboratory of the National Cooperative for the Disposal of
Radioactive Waste (Nagra).

Materials and Methods

Field Site

The in situ test experiment of the thermocouple psychrom-
etry described below was carried out in a drift at GTS (venti-
lation-drift (VE), tunnel meter 450) which is a tunnel system
400 m below ground in the Alpine formation of the Aare
granite in central Switzerland [Keusen et al., 1987]. The core
materials and the monolith used in the laboratory experiments
were obtained from the drift sidewall. The granodiorite at this
site has a low intensity of cleavage and is unfractured at the
investigated scale. The test site lies between two fractured
zones approximately 6 m apart. The total accessible porosity is
of the order of 1% by volume.

Rock Monoliths

The laboratory experiments were conducted using granodi-
orite rock monoliths. The monolith for the thermocouple tests
was a cylinder of 24 cm diameter and 40 cm height. In addition,
we used two rectangular blocks cut from cylindrical blocks with
dimensions of approximately 30 cm length, 15 cm width, and 4
cm height.

Water Desaturation Characteristic

The water desaturation characteristic was determined with
the pressure membrane technique [Campbell, 1986]. Three
cores of 10.1 cm diameter and 63 cm length and four cores of
2.76 cm diameter and 24 cm length were drilled out at the site
mentioned above. The larger cores were cut in slices of 2 cm
thickness with a diamond saw, the smaller ones in slices of 1 cm
thickness. The surface was flat polished. The diameter and
height of the samples were measured with a vernier caliper to
a hundredth of a millimeter at three locations and then aver-
aged. The samples were dried at 105°C for at least 2 days. The
dry weight was determined after cooling in a jar filled with
silica gel. Afterward the samples were evacuated for 6 hours,
then immersed in water (vacuum maintained during flooding),
and then saturated for 2 days under a pressure of 0.6 MPa.
According to Dullien [1992] and Skagius and Neretnieks [1986]
this imbibition method yields the most thorough saturation.
The water desaturation characteristic is determined in a pres-
sure membrane apparatus at 15 different pressures covering a
range of water potentials from —0.1 kPa to —10 MPa. Four
types of membranes were used with different air entry values.
In the low suction range (0 > ¢ > —8 kPa) the large samples
were drained on a porous stainless steel membrane, in the
intermediate suction range (—16 > ¢ > —69 kPa) on a
ceramic plate, and in the high suction range (—200 > ¢ >
—1500 kPa) on a synthetic fine porous cellophane membrane
(trade name, Precision Zephyr Hs Visrex casing, from Viscora,
Paris). An apparatus similar to the one described by Colermnan
and Marsh [1961] for the very high range (=5 > ¢ > —10
MPa) was constructed. The membrane plate was covered with
a membrane filter (trade name, membrane filter RC51, pore
size 0.005 pm, Schleicher and Schiill AG, Feldbach, Switzer-
land). Only the small samples were used for the measurements
in the very high range. Equilibration time was 24 hours for the
suction range 0 > ¢ > ~69 kPa, 48 hours for the suction
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Figure 1. Construction of the thermocouple psychrometer
including sensor head and access tube.

range —0.2 > ¢ > 1.5 MPa, and 5 days for the suction range
-2 > ¢ > —10 MPa.

The evaporation loss in ambient air due to handling was
initially 15% min~! of the total water content for saturated
samples and slowed down with increasing dryness. To mini-
mize the water losses caused by evaporation during the equil-
ibration period in the pressure membrane apparatus, the sam-
ples were covered with a plastic sheet. Wet towels were placed
on the plastic to keep the air saturated with water. The weigh-
ing time was kept minimal and constant. The measuring error
due to weighing is less than 1% of the average water content.
Because of the rapid drying in free air, we wetted the samples
after each weighing step for a few minutes. This was accom-
plished by putting the samples into 5-mm-deep deaired water.

Thermocouple Psychrometers (TP)

Measuring principle. A thermocouple psychrometer mea-
sures the relative humidity within an air-filled cavity which is in
equilibrium with the surrounding water phase [Rawlins and
Campbell, 1986). The Kelvin equation defines the relationship
between the water potential in the liquid phase, ¢, and the
vapor pressure in neighboring gas phase, p,

¢ = [(p,RT)/M,] In (p/po) (1)

where p,, and M, are the density and the molecular weight of
water, R the universal gas constant, and 7 the absolute tem-
perature. If p equals the saturated vapor pressure p,, then ¢ is
by definition zero, which is the water potential of a free surface
of pure water at that particular temperature. It is important to
note that the upper (wet) limit of the TP measuring range is of
the order of ¢y =~ —0.1 MPa; hence there is no reliable overlap
with that of tensiometers.

Construction. We used commercially available TPs (Wes-
cor TP 55). The metallic screen cap was removed, and the
V-shaped thermocouple wires were bent back into a plane by
means of a robust horse hair and the wires were carefully
rinsed in purified alcohol. In their original state these wires are
occasionally somewhat twisted and coated with impurities,
each of which increases the variation of the output signal
significantly, especially at high relative humidities, that is, at
the wet end of the measuring range. The sensor is mounted
onto the tip of the sensor head (Figure 1) which, in turn, is
connected with a moderately flexible pressure tubing (OD, 12
mm). The critical step is the complete separation of the mea-
suring cavity from the atmosphere of the access borehole.

Installation. The boreholes for the thermocouple psy-
chrometers were drilled into the first 1.6 m from the rock
surface reaching the following depths: 5, 10, 20, 40, 80, and 160
cm. The holes were drilled in these steps: (1) A hollow core
drilling bit of OD 12 mm and ID 8 mm is drilled into the
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granodiorite with proper mechanical guidance to the installa-
tion depth, advancing in steps of 20 cm. After every step at
least part of the 8-mm core attached at the bottom of the
borehole was left. (2) Nylon tubing of the same ID and OD as
the drilling bit was slipped over the remaining core. The fric-
tion resulting from twisting the tube is sufficient to break the
core loose and to pull it out of the borehole. The first two steps
were repeated until the final depth of the sensor was reached.
(3) The remaining piece of the core was drilled out with a
conical drill bit which prepared the shoulders for the sensor
seat (Figure 1). The borehole was sealed with a resin (Sika
Primer 1), a prepolymer which reacts with the surrounding
moisture by forming waterproof polyurethane. With a special
drilling bit the cavity hole (ID, 5.2 mm) was sunk to a depth of
7 mm behind the conical seat shoulders. The cavity was tight-
ened with an O-ring against the access borehole. The volume
of the cavity after installation of the sensor was approximately
0.1 cm®, This very small cavity assured a rapid equilibration
with the rock matric potential [Millar, 1974] and reduced sig-
nificantly the problems described by Montazer [1987]. After
installation the minimal opening between access tube and rock
at the surface was sealed with a silicone sealant. The measure-
ments of the TPs reached a stable value within 2 days. It is
essential to keep the temperature differences in the cavity
within +0.01 K and to shield the wiring and voltmeter carefully
against external electromagnetic fields. More elaborate con-
struction details and handling techniques are described by Baer
et al. [1992].

The mantle of the monolith for the laboratory study was
sealed with the above mentioned resin. At two installation
depths, 5 and 19 cm above the bottom end of the monolith, we
installed two TPs on the opposite sides. The installation tech-
nique was the same as for the in situ experiment. The tips of
the TPs were 5 cm from the mantle surface.

TP calibration. The individual TP sensors are calibrated in
a chamber containing a sodium chloride solution. The relative
humidity in the gas phase of this calibration chamber is ad-
justed by controlling the osmotic potential of the solution. The
calibration potential is calculated after Lang [1967]. We used
solutions of 0.0, 0.02, 0.04, 0.08, 0.16, 0.32, and 0.64 M sodium
chloride, which covers a water potential range from 0 to —2.76
MPa. The chamber consisted of a porous Teflon block with
drilled holes where the assembled sensors could be inserted
similar to the final hole in the rock. The form and size of the
chamber are important for rapid equilibration, as has been
shown by Millar [1971]. For every concentration step a separate
chamber was used, soaked with the respective solation. This
construction also prevented the pollution of the thermocouple
threads with sodium chloride solution.

Time Domain Reflectometry (TDR)

Principle. The water content 8 in granodiorite ranges from
values near zero up to the porosity of 0.01. To measure water
contents in granodiorite we used three-rod probes similar to
the ones described by Zegelin et al. [1989] and a calibration
procedure as described by Roth et al. [1990]. The dielectric
constant &,,..,.m iS 1 in the vacuum, that for air is approxi-
mately e, = 1.003, and that for water is &,, = 78.54 at 25°C,
and for the water free granodiorite matrix e, varies between 4
and 7. The volumetric fraction and spatial arrangement of the
three phases define the composite (average) dielectrical con-
stant g_.:
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e.=[8e5 + (1 — Bo)el’ + (8, — 0)eg]"™ (2)

where 6 is the accessible porosity. The parameter « describes
the geometry of the phase distributions and is 0.5 for fairly
isotropic media. The basis for a calibration between the mea-
sured property £, and the variable 6 to be estimated is (2).
Note that « and g, are within limits adjustable parameters.

Construction of the probes. The probes have three rods,
following the arguments of Zegelin et al. [1989]. For depth
probe calibration, three 10-mm boreholes were drilled into a
granodiorite block of 29.0 by 15.0 by 4.0 cm. The boreholes
were 3.0 cm apart. The inside of the boreholes was coated with
a thin film of an electrically conducting silicon grease (trade
name, Elekolit, 3M Company) using a rotating vial brush. The
first 20 cm of three 30-cm-long copper rods with an OD of 10
mm was sanded to achieve a slightly conical shape. The sur-
faces of the rod were cross-ribbed with 0.5- to 1.0-mm-deep
grooves and coated with a film of the silicon grease just men-
tioned. The three rods were twisted and finally hammered into
the boreholes. The rods were then connected with a special
head bridging the rods to a coaxial cable.

The surface probe consists of three 10-mm-wide, 2-mm-
thick, and 30-cm-long copper stripes glued 4.5 cm apart to the
fine sanded surface of a granodiorite block using the contact
glue Brigatex. The block was 27.4 by 15.1 by 4.0 cm. The three
surface conductors were connected with a head similar to the
one for the depth probes.

TDR calibration experiment. The two air-dried blocks
mentioned were first saturated under vacuum with deaired
water by capillary rise, then flooded, and finally pressurized
with 0.2 MPa for 24 hours. The resulting water content was
assumed to approximate total saturation, and a TDR measure-
ment was taken with a Tektronix 1502 B connected with a
Macintosh PC to monitor the digitized trace. Different water
contents were established by evaporation, first by exposing the
blocks to the free atmosphere and at later steps by evaporating
them under vacuum in an exsiccator. After each evaporation
step the blocks were first exposed to free air for another 24
hours and then tightly wrapped with a polyethylene sheet to
allow the moisture to redistribute in the block for 2 to 3 days.
After this equilibration the water content in the block was
measured by TDR.

Signal interpretation. The travel time of an electromag-
netic pulse must be determined from the sudden rise or de-
crease of the TDR trace, which is the energy reflected from the
head and the end of the rod as plotted in the time domain. The
signal is digitally recorded, consisting of 251 points on the
abscissa and 128 points on the ordinate. This signal is
smoothed using a Fourier transform low-pass filter [Press et al.,
1986] with a smoothing window of 10 pixels corresponding to
280 ps which equals about 4% of the entire signal (Figure 2).

The width of this window corresponds to the range of the
eliminated frequencies. It was kept constant for all signals. If
the window is too large, the signal is unacceptably distorted; if
it is too small, the signal noise is not suppressed. The maximum
difference between the original and the smoothed signal is less
than 1.5%. The smoothed signal is then numerically differen-
tiated. The maximum of the first derivative corresponds to the
inflection point of the rise of the step signal. The final maxi-
mum is determined by fitting a third-order polynomial between
the maximum and its neighbor pixels. The difference between
the two resulting maxima gives the signal length /, (Figure 2).
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Figure 2. Typical signal of a depth probe. The solid line
represents the original signal, and the dashed line the first
derivative of the smoothed signal, which allows the evaluation
of the signal. The offset ¢, caused by the head of the probe is
0.52ns;t" =t + ¢,

The signal length /;, measured in pixels, is related to the travel
time ¢ by

20 I d,
‘T25Tu,0

(3

where v, and d,; are instrument constants, ¢, is the velocity of
light in a vacuum, and¢,, is the offset of the signal caused by the
head of the TDR probe. The composite dielectric number ¢, is
finally

g = (t/t,)*

4

where ¢, is the travel time of the signal when the probe is in air.
Using (4) and assuming an electromagnetically isotropic me-
dium (a« = 0.5), no additional calibration is needed to deter-
mine the volumetric water content 6 from ¢, if the porosity 6,
and the dielectric constants & of the different phases are
known:

ed — (1 — 0p)ey — Boeg

€, — €

(%)

Because it was not clear whether this mixing law (5) is valid for
such low-porosity rock materials, the independent calibration
between volumetric water content 6 and composite dielectric
number &, on a granodiorite block was made.

Results and Discussion
Water Desaturation Characteristics 0(ys)

At water saturation achieved under vacuum the water con-
tent 6, may be considered as the accessible porosity. The
average water content 6, of the 12 samples was 0.01006 with a
coefficient of variation CV(6,) of 3.1%. The solid density p, of
all samples was 2.73 Mg m~ > with a CV(p,) of 0.6%. Neither
the 6, nor the p, depended on the sampling distance measured
from the drift surface. The moisture retention curve shown in
Figure 3 exhibits two distinct relatively steep (with respect to
d6/dy) regions with a different slope, that is, with a larger
specific moisture capacity C(60) = d6/d indicating a bimodal
pore size distribution.

A desaturation as observed in the pressure range from —0.1
to —0.5 kPa would approximately correspond to a drainage of
the pores with equivalent diameters of 3.0-0.6 mm. Since no
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cracks were visible on the sample surfaces, the observed water
content changes may be attributed not only to drainage of this
largest pore class but also partly to water content changes at
the microscopically rough sample surfaces where the meniscii
are receding owing to the change in ¢ from —0.1 to —0.5 kPa.
If a water film of 10 wm thickness is removed because of this
first drainage step, it would correspond toa A6 ~ 0.001. It is
therefore likely that the systematically observed bimodality is
an artifact. The 6 () curves of the individual samples i are not
always parallel but do cross over, which means that the vol-
umes A 6,; occupied by the various pore classes j differ consid-
erably from sample to sample. A pore class in this sense is
defined by the limiting equivalent pore diameters of two neigh-
boring pressure levels. In a few cases the water content in-
creased during a desaturation step, which suggests that we
operated at the experimental detection limit. It is interesting to
note that the CV(6) of the water contents is of the order of
2-3% with one value at 7% (¢ = —0.5 kPa), which compares
fairly well with the 6 variation of soil samples. In the suction
range —1.0 > ¢ > —200 kPa, virtually no drainage is ob-
served, indicating that pore diameters d in the range of 0.3 mm
> d > 1.5 pm are absent, whereas in the range —0.5 > ¢ >
—5 MPa (0.6 pum > d > 0.06 pum) the granodiorite samples
again lost a substantial portion of their water. According to
Meyer et al. [1989] this granodiorite shows three types of pore
classes: (1) intragranular or intergranular microcracks without
any neoformations (recrystallizations in the cracks), (2) old
greenschist microcracks marked with tiny neoformed crystals
(mainly epidote), and (3) grain boundary pore spaces which
could contribute to the observed macroporosity.
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Figure 3. Desaturation curve of the granodiorite rock sam-
ples. The samples up to —1.5 MPa are from the site VE-450,
and the high-pressure samples from a nearby site of the same
mineralogical and textural composition. The shaded area in-
cludes the 95% confidence interval (2 times the standard de-
viation of the samples at each pressure step).
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Figure 4. Calibration of the thermocouple psychrometers showing the long-term stability. The water po-
tential is created using variably concentrated sodium chloride solutions. The lines are second-order polyno-
mial regressions. Solid line is calibration before installation, long-dashed line after 170 days exposed in rock,
and short-dashed line before installation for a second experiment, stored 90 days in air.

Water Potential Measurements

TP calibration experiment. The measurements made
within the calibration chambers showed that the relationship
between the TP output signal (microvolts) and the correspond-
ing water potential is slightly nonlinear (Figure 4), but it can be
well represented with a second-order polynomial.

To determine the long-term stability of the TPs, we con-
ducted three calibrations, immediately before installation into
rock, after 170 days in resaturating rock, and again after 90
days of storage in air. The resulting coefficients of determina-
tion are always r> > 0.993. The calibration curves taken
before installation and after the first and before the second
installation of the sensors were fairly stable. Two sensors were
stable over the time used within £0.1 MPa; the other two
sensors showed larger variations up to +0.3 MPa. Considering
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Figure 5. Distribution of the water potential and tempera-
ture in the VE-drift of the Grimsel test site. Four consecutive
measurements were taken during a period of constant air hu-
midity and temperature and averaged. The standard deviation
of the water potential measurements is 0.03 MPa.

the fragility of these sensors and the susceptibility of such
measurements to electromagnetic and temperature distur-
bances, this reading stability was surprising to us.

In situ and laboratory measurement. In Figure 5 we show
the water potentials and temperatures observed in the unsat-
urated region surrounding the well-ventilated drift at the
Grimsel test site, which was kept at a mean relative humidity
below 60% for more than 4 months. At a relative humidity of
60%, measured during the experiment, we expect a corre-
sponding water potential of ¢ ~ —66 MPa within the outer-
most granodiorite boundary layer. The minimal water poten-
tial measured at 5 cm depth was —2.2 MPa. This shows that the
water potential gradient over the first centimeters is very steep.
The field site is not at equilibrium. It is likely that moisture
transfer at such negative water potentials takes place primarily
in the form of vapor diffusion. The temperature in this under-
ground area is stable, with a typical gradient of 2 K m™!
between 5 and 10 cm, which goes down to about 0.1 K m™*
between 80 and 160 cm. The maximal error introduced by the
temperature gradient in the sensor is ~0.1 MPa.

The time response due to capillary rise and evaporative
drainage is demonstrated by means of the measurements taken
in a cylindrical granodiorite monolith (Figure 6). This column
was air-dried during 70 days at relative air humidity of about
50%. Several days after instrumentation, one end was put 1 cm
deep in deionized water for 50 hours. Then it was wrapped
completely in polyethylene foil for an observation period of 21
days, and at the end of the experiment it was again put in
water. The top 20 cm of the monolith was at water potentials
of less than —3 MPa. The TPs at 19 cm above the water table
are within reach of the rising water front. The curves of the two
TPs at the same height differ by less than 0.1 MPa.

The TP measurements obtained on site and those from the
laboratory experiments show (1) a good reproducibility of the
calibration signal with the method used, (2) a consistent signal
and rapid change of potentials in a laboratory experiment
conducted in a granodiorite rock column, and (3) a good sen-
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Figure 6. Temporal changes of the water potential in the
unsaturated granodiorite monolith (laboratory column). Cir-
cles refer to 5 cm height above bottom, squares to 19 cm
height. The shaded areas indicate days when the column was
put in 1-cm-deep water. From day 2.1 to day 22.7 the column
was sealed for moisture redistribution.

sitivity within the range of water potentials occurring near the
surfaces of ventilated tunnels.

Water content measurements. The relationship between
the water content and the composite dielectric constant &, is
shown in Figures 7 and 8 for the depth and the surface probe
calibration experiments carried out on the two granodiorite
blocks.

The 6(e,) relationship of the depth probe is nonlinear. In
the desaturated range (6 < 0.008) the slope of the observed
£.(0) corresponds to that expected based on a geometry factor
of @ = 0.5. At high saturation degrees the slope appears to be
steeper, which possibly implies a closer alignment of the elec-
tromagnetic field with that of the liquid phase. Another crucial
value in this calibration model besides a is the dielectric con-
stant of the solid matrix e,, which may vary owing to variations

6 1 | 1 1 1 1
Rock Probe o
€ = 5.448 + 47.650 1=0.9622

5.9
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Composite Dielectric Number ¢, [-]

5.4 T T T T T
0 0.002 0.004 0.006 0.008 0.01

Volumetric Water Content 6 [-]

0.012

Figure 7. Composite dielectric constant e, measured with
TDR installed in a granodiorite block with defined water con-
tents. The straight line shows the regression line. The dashed
line is calculated using a geometry factor @ = 0.5 and a
dielectric constant &, = 5.55 using (5).
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Figure 8. Composite dielectric constant £, measured with
TDR on the surface of a granodiorite block with defined water
content. The solid line shows the regression line. It corre-
sponds to a geometry factor « = 0.88 and a dielectric constant
of the rock &, = 5.15. The dashed lines were calculated using
geometry factors @ = 0.5 and @« = 1.0 and a dielectric
constant £, = 5.15 using (5).

in density and crystallographic composition. This is also sup-
ported by the calibrations, because the two blocks used are not
from the same location. The slope of £.(6) observed in the
surface probe calibration experiment is linear and smaller than
that of the depth probe. The a corresponding to the observed
slope is of the order of 0.88. Hence the obviously asymmetric
phase distribution on the two faces of the copper stripes—free
air and rock-water-air may account for this difference.

Conclusions

The calibration tests presented in this paper show that the
water potential in unsaturated granodiorite, a crystalline rock,
can be measured very sensitively and reproducibly, provided
the water potential is more negative than —0.1 MPa and the
signal from the thermocouple psychrometer is shielded from
electromagnetic noise. The relative uncertainty in measure-
ments improves with more negative values of ¢, since the
absolute uncertainty remains nearly constant (= 0.1 MPa).
Stable temperature conditions and well-shielded wiring and
equipment are essential for making such measurements. It was
not possible to measure in the tensiometer range. With TDR it
is possible to measure water content changes in crystalline
rock. Volumetric water content changes of approximately
0.001-0.002 can be detected, but the detectability is clearly at
its limit. On the basis of the calibration with granodiorite
blocks we decided to use this technique for an in situ experi-
ment which will be reported in a future paper. The moisture
characteristic of granodiorite can possibly be used in the same
sense and very likely with the same problems as in the case of
unsaturated soils. The apparent bimodality of the pore size
distribution is an experimental artifact caused by the large
ratio between the outer surface area of the sample and the area
of the pores.
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