Water uptake, migration and swellir
characteristics of unsaturated and
saturated, highly compacted bentor
*STUDSVIK
Roland Pusch

Bibliottkff
1980-12-1 U

Luleå 1980-09-20, Division Soil Mechanics, University
of Luleå

WATER UPTAKE, MIGRATION AND SWELLING CHARACTERISTICS
OF UNSATURATED AND SATURATED, HIGHLY COMPACTED BENTONITE
Roland Pusch
Luleå 1980-09-2C
Divsision Soil Mechanics, University of Luleå

Denna rapport utgör redovisning av ett arbete
som utförts på uppdrag av KBS-projektet.
Slutsatser och värderingar i rapporten är
författarens och behöver inte nödvändigtvis
sammanfalla med uppdragsgivarens.

En förteckning över hittills utkomna rapporter
i denna serie, som påbörjades 1980, återfinns i
slutet av rapporten. Uppgift om KBS tidigare
tekniska rapporter från 1977-1978 (TR 121) och
1979 (TR 79-28) kan erhållas från SKBF/KBS.

WATER UPTAKE, MIGRATION AND SWELLING CHARACTERISTICS
OF UNSATURATED AND SATURATED, HIGHLY COMPACTED BENTONITE
KBS n>0J. 15:06
BN ?'J-_AND PUSCH

U _ E Å 1980-09-20
Dw. SOIL MECHANICS, UNIVERSITY OF LULEÅ

CONTENTS

Page

INTRODUCTION
DESCRIPTION OF CLAY MATERIALS AND WATER
Granulometry and mineralogy
Water
Microstructure
Physical state of the pore water

1
1
2
2
4

WATER UPTAKE IN UNSATURATED, GRANULATED BENTONITE
Physical processes
Tests with the swelling pressure Pedometer
Cylinder test

7
7
9
13

Physical/mathematical modelling; conclusions
WATER UPTAKE IN SATURATED, SWELLING BENTONITE
General
Laboratory swelling tests
Experience from rock excavation
Ignaberga

57
57
59
59
62
66
74
78

MAIN CONCLUSIONS

83

REFERENCES

84

INTRODUCTION
Water uptake, migration, and swelling will occur in the clay
buffer masses which have been suggested as barriers in the
Swedish KBS 1 and 2 concepts. The rate and magnitude of each
of these processes will affect the chemical, physical, and
mechanical properties which determine the isolating power cf
the integrated barrier system. This report presents the
results of a number of laboratory tests and field observations,
as well as theoretical considerations, which jointly form the
basis of a physical and mathematical model that can be used
as a starting point for predicting water uptake and swelling
in highly compacted bentonite components of an actual deposition plant.

DESCRIPTION OF CLAY MATERIALS AND WATER
Granulometry and mineralogy
Two commercially available bentonites were used for the
production of samples and blocks of highly compacted clay;
the American Colloid Co. type MX-80 (Na Wyoming bentonite)
being the main KBS reference material, and the Erbslöh Ca
bentonite, representing a natural calcium-saturated clay
material. The MX-80 material was used for the production of
bentonite/sand mixtures as well.
Both bentonites are characterized by a minus 2 rm content of
approximately 85%, and a montmorillonite content of about
80-90% of this fraction. Silt is the dominant remaining fraction which mainly contains quartz and feldspars as well as
some micas, sulphides and oxides.

From a chemical point of view it is important to notice
that ths two bentonites are not purely sodium- or calciumsaturated clay materials. Thus, an "atomic adsorption"
(spectrometric) analysis show that the Erbslöh Ca bentonite
contains 20-60 mg Ca, 15-30 mg Mg, and 20-40 mg Na per liter
of pore water, while the Wyoming bentonite has a content of
about 30 mg Ca, 15 mg Mg, and 70 mg Na per liter of pore
water. This relatively small difference points to fairly
similar physical properties as well, which is also verified
by swelling pressure studies (PUSCH, 1980) .
Water
The reference water in most of the tests was "Allard's"
solution (cf. KBS Report 98) which is a synthetic ground
water of high salinity (91 mg of cations and 215 mg of
anions per liter ground water). It is considered to be
representative for the ground water at 500 m depth in Swedish
crystalline rock. In certain tests, distilled water and
NaCl (0.6 M) , and C a C ^ (0.3 M) solutions were used for the
water uptake in bentonite samples.
Microstructure
The microstructure of granulated bentonite powders, compacted
at their natural water contents, can be illustrated by Fig. 1.
It shows a dominant anisotropy of the aggregates, which are
characterized by a very small interparticle and interlamellar
spacing in the original "air-dry" condition. At moderate
pressures, the overall particle orientation is largely random,
while at very high pressures the aggregates are forced together
which yields considerable contact areas and aggregate deformation, as well as a tendency of the particles to be oriented
perpendicularly to the applied pressure.

In the course of water saturation the aggregates expand and,
if given sufficient time, most of the larger interparticle
voids will be filled by a clay gel formed by the expanding
aggregates.

Fig. 1.

Schematic microstructure of compacted "air-dry"
MX-80 and Erbslöh bentonites.

Eventually, a condition of considerable isotropy and homogeneity with respect to particle orientation and interparticle
distance will be reached at moderate and high densities. The
average particle spacing, without referring specifically to
inter- or intraparticle (interlamellar) distances, is schematically illustrated by Fig. 2.
It is of great importance in this context to realize that the
interlamellar distance is governed by the geometry and strength
of the water lattice with respect to certain disturbing effects
of its ion content. This requires that the physical state of
pore water be considered.
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Fig. 2.

Schematic distributions of the interparticle
spacing. A) original spectrum for "air-dry"
bentonite. B) narrow peak for homogeneous,
swollen sample with high density.

Physical state of the pore water
A large amount of energy is released on adsorption of the
first 1-3 water molecule layers to dry clay particle surfaces.
This is partly due to the hydration of exhangeable cations but
also to the mineral surface hydration.
Substantial eyidence has in fact accumulated pointing to
strong fixation of the first molecule layers. Thus, the
Derjaguin/Landau/Verwy/Overbeek
(DLVO) theory according to
which a maximum net repulsion force between Na montmorillonite
lamellae is expected when they are spaced 15-25 A apart, is
not valid. Nor is any other double-layer theory for low water

contents as concluded by PUSCH (1980) and LOW (1980). The
latter showed that double-layer repulsion makes a relatively small contribution to the swelling pressure, its
primary cause being surface-water interaction. In fact,
maximum net repulsion and non-reversibility are not
approached until an average intralamellar distance of less
than about 10 A is reached. This distance, which corresponds
to an approximate bulk void ratio of 0.6-0.8, a water content
of about 20-30%, and a bulk density (saturated state) of about
2-2.1 t/m , is the suggested decay length of a presumably
"steric" stabilizing water structure on mica surfaces
(DERJAGUIN & CHURAEV, 1974 and ISRAELACHVILI & ADAMS 1978) .
Recent studies of relaxation of water adsorbed on silicaglass surfaces (ALMAGOR & BELFORT, 1978), and experimental
determination of the amount of unfrozen water in frozen illitic
clay (PUSCH, 1979), support the view that one or a few water
molecule layers are firmly adsorbed on most silica mineral
surfaces.
Studies of the relaxation of water in illite as well as montmorillonite, have disclosed short spin-spin coherence times
which suggests a high proton mobility and thus some degree of
structural order (PUSCH, 1970). The results of the study of
silica-glass surfaces (ALMAGOR & BELFORT, 1978) show that
this order occurs in vicinical water.
A picture of the structure of liquid, "free" water may be
derived from the structure of the ideal ice lattice, the
difference being a higher bulk density of the liquid due to
lone interstitial molecules and an increased amount of complete Frenkel defects (interstitial molecule + lattice
vacancy). It is generally assumed that only ions possessing a
mean radius larger than the radius of the interstitial space,
are able to distort the water lattice. Thus, for instance,
the simple ions equal to or larger than the potassium ion
(which is slightly larger than the interstitial space) displace the equilibrium positions of the neighbouring water

molecules. This produces the very characteristic change in
viscosity of solutions. The disturbing influence of Ca ions
is of different origin: it may be explained by the energy
properties of bivalent and polyvalent ions. As shown by
FORSLIND (1953) the fit between a montmorillonite lattice
(preferably the EDELMANN/FAVAJEE model, cf. Fig. 3) with
hexagonal patterns of hydroxyl groups and a water lattice,
should create ordered water molecule layers over considerable
distances. FORSLIND's theory logically explains the process
of particle aggregation by the disturbing influence of electrolytes on the water lattice. Cations of the electrolyte are
attracted by the negatively charged clay and diffuse into the
intercrystalline space where they may disturb the water lattice
and partially compensate the repulsion between adjacent crystals, facilitating their approach.
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Fig. 3.

Two possible models of the montmorillonite crystal
lattice. Left picture according to HOFMAN, ENDEL &
WILM, right picture according to EDELMAN & FAVAJEE,

WATER UPTAKE IN UNSATURÅTED, GRANULATED BENTONTTE
Physical processes
Blocks of highly compacted bentonite with a water content
of approximately 10% and a bulk density of the order of
2-2.1 t/m and, thus, about 50% degree of water saturation
are known to be physically stable when stored at room
temperature in an atmosphere of 40-60% relative humidity.
If the surface of a confined block is wetted, water is
absorbed and transported inwards due to the suction potential which is very high at low water contents, i.e. at small
interlamellar distances. In principle, the rate of water
migration from the block surface should therefore be governed
by the potential gradient produced by the different average
interlamellar distances at the "water front" and at outer,
water-saturated parts of the block. This can be interpreted as
a diffusion process where the concentration gradient is equivalent to a water content gradient. The migration rate is
governed by simple diffusion only if there are no boundary
or other restrictions with reference to the availability of
water.
The eventual water saturation leads to a state where the water
content is uniform throughout the block. Since there is a
large potential for further swelling, which is prevented
by the confining boundaries, a swelling pressure will be
exerted on the latter. This pressure is of the same order of
magnitude as the suction which can actually be measured if the
block is unloaded and thus free to absorb water and swell.
The water uptake and migration in the sample which then takes
place from the exterior to the interior, has the same nature
as the migration leading to saturation.

1)With the exception of the sign

Fig. 4 illustrates, very schematically, the successive
hydration and occupation of water molecule sites in the
expansion process. Keeping in mind the "steric" character
of surface-near interstitial water, the migration and formation of water layers might well be termed "water crystallization" .
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Fig. 4.

Schematic representation of the hydration and interlayer expansion processes of montmorillonite. Black
geometrical pattern = crystal lattice. (After BARSHAD)
Black o = exchangeable cation. White o = water molecules. 1, Anhydrous and contracted stage; 2, the
initially hydrated stage; 3, the initially expanded
stage; 4 and 5, advanced stages of hydration after
the initial expansion; 6, beginning of the second
stage of expansion.

Tests with the swelling pressure pedometer
More than 90 experiments were performed in which the development of the swelling pressure produced by water uptake has
been determined (Fig. 5 ) . A special device was designed for
these tests (Fig. 6 ) , the main principle being that its own
deformations, and thus also the volume change of the sample,
were negligible throughout the s*-~lling and measuring operations. The investigation involved the compaction of "air-dry"
bentonite to various densities, and a subsequent water uptake
under confined conditions with simultaneous, intermittent
determination of the swelling pressure. The test program
also comprised the determination of permeability and swelling
pressure. These studies are reported separately.
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Development of swelling pressure of a 40 mm thick
MX-80 sample with the initial bulk density 2.1 t/m 3
and 10% water content.
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The rate of water uptake, or rather the tine required to
obtain complete water saturation, -'.-as interpreted
swelling pressure

(p ) measurements, p

"ror. o:._

was usually four.;: •

have two maxima; one was reached soon after the onset of t"
water uptake while the second was appr-achec after: i I :,::
period of time. The latter, which represented the state of
water saturation, was obtained after ? rp.i7rat.i0n time that
was clearly related to the sample height (Fig. 5) .
Separate tests at increased temperatures (up tc 9 0 w c) o'.:rithe water uptake gave lower swelling pressures after lowerthe temperature back to normal, than when the entire tests
were run at normal, i.e. room temperature.

These observations indicate that the first, peak is relate::
to the energy of the elastic network of ar;c:r-gates which i-~.
built in by the completion, and to rrr.-. extent to the presto
produced when the aggregates starr: \o t,-:;-.e up water whiio •.•
are still strong structural units (cf. PUSCH, 1980). The
successive water uptake produces an increased interpart :.c 1 e
distance which leads to a lower sv;el] inc pressure and shearstrength in the interaggregate contact rea ions. The aggregates are then easily displaced and c e formod which resultin a relaxation after the first peak. Further water uptake
is associated with a redistribution of particles by which
the clay is transformed from an aggregated to a more homo-aeneous, dispersed state. A successively increased number <,.'
active interparticle bridges, acting as springs, is then
formed which increases the swelling pressure and eventually
yields a second maximum.

The successive redistribution of particles during and after
the water uptake leading to complete water saturation, is a
time-consuming process at room temperature. The major part
of this redistribution, which leads to an increased degree

11

Fig. 6.

The LuH swelling pressure oedometer.
a) Loose piston for loading the sample
b) Strain gauge glued to the ring
c) Filter stone
d) Sample
e) Lower water entrance
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of homogeneity, takes place within a few days or weeks.
Complete equilibrium, however, may well require several
weeks or months.
The transient water uptake and migration which follows from
the simultaneous microstructural reorganization, makes a
theoretical analysis of the processes very difficult. For
the present purpose we will, instead, make use of the
recorded rates of the swelling pressure increase, which
suggest that the migration of water leading to a successive
water uptake and eventually to water saturation, can be
considered as a diffusion process governed by a "concentration" gradient. The "concentration" equals to the water
content, which has a fairly low value (approximately 10%
at a bulk density of 2-2.1 t/m ) at the start of the water
uptake, and which finally reaches a certain maximum value
(approximately 20%) under completely confined conditions.
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Time required to reach maximum swelling pressure
as a function of the distance of flow from the
sample/water contact.
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The isotropic character of the highly compacted bentonite
suggests a simple form of the diffusion equation:
9w _ _ _9_ . :L_:I

Reasonable agreement between theory and these small test
results were obtained for D~10
m / s . Thus, for 1 cm sample
height and uni-directional water migration, or 2 cm sample
height and bi-directional migration in the swelling oedometer, an average water content of 19% (corresponding to
95% water saturation) is expected after 4-6 days. Experience
confirms that this is the necessary time required to yield
the maximum swelling pressure, i.e. the pressure developed
at complete water saturation or at a very high degree of
saturation. In this respect the two investigated bentonite
brands showed similar properties.
Cylinder test
The water uptake and migration has been observed in a test
on a fairly large scale where a confined cylindrical body
of highly compacted bentonite (MX-80) — equipped with a
c e n t r l heater — was exposed to water at the lower end.

A cylinder of stainless steel with a wall thickness of 25 mm,
an inner diameter of 300 mm and a length of 1300 mm, was
used to simulate a deposition hole equipped with blocks of
highly compacted bentonite and a central, heat-producing
copper "canister" (Fig. 8 ) . The latter had a diameter of
80 mm and a length of 750 mm.
The blocks were prepared by dividing a large, isostatically
compacted cylindrical block into 150 mm high discs and
ring-shaped pieces sized so that a slot of approximately
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Fig. 8. Schematic section through the cylinder.

10 mm width was formed between the steel wall and the bentonite, and between the bentonite and the heater, respectively.
The average bulk density of the blocks was 2.17 t/m , the
water content ~10%, and the degree of water saturation
approximately 65%. Holes were bored in certain blocks for
inserting thermocouples and moisture sensors so that the
distributions of temperature and moisture could be determined in the course of the test. The signals from the
gauges were read in digital form by using a simple, manually
operated "switchboard", through which the individual gauges
could be connected with recorders. This turned out to be a
labor- and time-consuming, but very safe technique. Two
pressure transducers were installed in the cylinder wall at
different levels to give the swelling pressure exerted on
the walls.
Water inlets were arranged through porous filter stones of
stainless steel at the base of the cylinder, and through a
single filter in the cylinder wall at the top of the heater.
Air-dry silt powder in an approximately 20 mm thick layer
was applied on top of the cylinder base to provide uniform
access of water to the overlying bentonite. The slots between the cylinder and heater walls, and the bentonite were
filled with bentonite powder.
The amount and rate of the water uptake, for which the
"Allard" solution was used, was accurately measured by using
calibrated glass vessels as containers, from which the solution was allowed to flow to the cylinder inlets.
The positions of the thermocouples, moisture sensors,
swelling pressure transducers, and water inlets are illustrated by Figs. 9 and 10.
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Keater_and_temp_erature_cons iterations
The cylinder test was largely considered to be a pilot test
for the Stripa field investigation, which required the introduction of a heater. The main problem was to choose a suitable
power Q of the heater so as to yield a desired heater surface
temperature (approximately 60-70°C), and a temperature gradient
which should not be too different from the expected gradient
in a full scale deposition plant (approximately 1.4 C/cm).
Assuming the heat conductivity X of the "air-dry" bentonite
to be 0.75 W/m°C, this yielded Q = 20 W and a heat insulation
of about 70 mm, the outer temperature of which being about
28°C. The heater was designed to cover a wider span (20-50 W ) ,
however, and higher effects were also used for part of the
test.

The test was started in early August 1979 by turning on the
20W heater. The first stage was the establishment of temperature equilibrium before any external water was introduced.
If the expected heater surface temperature would not be reached
due, for instance, to an underestimated A-value, the power
was planned to be increased to a required level. The next
stage was to allow water to enter the filter at the cylinder
base, the pressure head being about 1 m only, since this
head is without significance for the rate of uptake in highly
compacted bentonite. Temperature recording as well as moisture
sensor, and swelling pressure readings were scheduled for a
period of about half a year. The plan was also to open the
upper water inlet at a suitable moment in order to enhance
the water uptake and to get information of the distribution
pattern from a point-shaped water source in a bentonite mass
affected by temperature gradients.

1) X = 0,042 W
ct = 9,1 W/m

m
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It was understood from the very start of the test planning,
that an accurate picture of the moisture distribution could
only be obtained through sampling and laboratory determination (weighing/drying operations) of the water content. This
is because no reliable and sufficiently accurate, indirect
measuring technique is yet available. The moisture sensors
were therefore used only as rough indicators of the stage at
which the water content began to increase in the vicinity
of sensors. Yet, some idea about the average water content
from the recordings was expected.

When the 20W heater was started, the temperature increased
and approached constant values after approximately 3 weeks
throughout the bentonite mass. However, the heater surface
temperature was unexpectedly low, about 43°C, and the heater
power was therefore increased to 50W after an additional
week. Temperature equilibrium was again obtained after about
3 weeks, the heater surface being about 7 5°C at maximum at the
end of this period. After an additional week, i.e. in early
October 1979, the water inlet at the base of the cylinder was
opened. The temperature development in the various parts of
the mass is illustrated by Figs. 11-18. In short, the temperatures were fairly stable and, thus, not much affected by
the water uptake. The ambient temperature, which was determined by the local climate and university heating regulations,
seems to have had the greatest influence. The accuracy of the
recorded temperature values using steel-sheeted copper/
constantan T thermocouples, is estimated at ±0.S C.
An average picture of the temperature distribution about
6 months after the test start is given by Fig. 19. The diagram
represents the recorded temperature curve for the thermocouple
"C" -for the period ending on Feb 7, while the isotherms shown
in the left half of the cylinder section represents the temperature situation on Feb 27.
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The rate of water uptake in the bentonite (and the silt
layer) is illustrated by Fig. 20. The high rate, which is
probably largely determined by the rapid migration and saturation of the silt layer, was successively retarded and
approached, for the lower inlet at the end of the test, a
value of the order of 0.004 ml/min. The upper inlet was
opened in late November, i.e. about 9 weeks after the opening
of the large, lower inlet.
The moisture sensors were prototypes only, and will be replaced
by differently designed gauges in forthcoming experiments.
Each sensor consisted of a central copper column (about 3 mm
diameter and 5 mm height) and an outer copper ring with an
inner diameter of approximately 5 mm, a height of 5 mm and a
thickness of about 1 mm, the space between these electrodes
consisting of teflon. The exposed surfaces of the electrodes
were gold-coated. AC technique with a frequency of 5 kHz
was applied for the recording.
The moisture sensors initially yielded currents of the order
of 10-50 viA, these values being slightly lowered when the
heater was turned on. This lowering was essentially due to
the fact that the sensors are somewhat sensitive to temperature changes, and not to substantial drying effects. About
6 weeks after the opening of the lower water inlet, the sensors at the lowest level began to react and at the end of the
test, i.e. in early May 1980, the sensors immediately below
the heater yielded strong signals. At higher levels no signals
were detected at all, despite the water uptake from the upper
inlet.
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The recorded currents from the sensors are shown in Figs. 21
and 22. No safe interpretation of the corresponding water
contents could be made in the course of the test, but a very
rough estimation gave the approximate moisture intervals
shown in the right part of the cylinder section in Fig. 19.
Thus, at the end of February 1980, i.e. about 21 weeks after
the start of the water uptake, the water migration "front"
was concluded to be in the vicinity of the lower end of the
heater.
Some of the sensors were out of order from the start of test
and a few did not operate after some time. This mishap was
explained at the opening of the cylinder when the test was
over. It revealed that short-circuiting of cables passing
between the lid and the cylinder was the main cause.
In May 1980, the heater was turned off and the cylinder opened
for a detailed determination of the moisture distribution.
This involved comprehensive, systematic sampling at defined
levels and positions, the sampling pattern being a function
of the distance to the water inlets and the heater. Fig. 23
gives the sampling levels, while Figs. 24- 38 give the water
content distribution at each level.
The interpretation of the water content distributions is
based on the following criteria:
0 The original water content of the "air-dry" bentonite
blocks is known to vary, the extreme boundaries being
9% and 11%. This means that individual water content
values in the interval 9-11° do not indicate drying
effects or water uptake. Average values lower than
approximately 9.5% or higher than 10.5% for the various
levels indicate such trends, however. (Continued on p. 50)
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Fig. 24. Water content distribution, level A. Figures
represent water content in percent (ratio of
mass of water and mass of solid substance, in
percent.
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B

Fig. 25. Water content distribution, level B.
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Fig. 26. Water content distribution, level C.
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Fig. 27. Water content distribution, level D
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Fig. 28. Water content distribution, level W - (upper
water inlet)
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M

Fig. 29. Water content distribution, level M.
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Fig . 30. Water content distribution, level E.
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"Mitt"

Fig. 31. Water content distribution, mid-height
cylinder ("Mitt").
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Fig. 32. Water content distribution, level F
(mid-height heater).
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Fig. 33. Water content distribution, level G.
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H

Fig. 34. Water content distribution, level H.
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Fig. 35. Water content distribution, level I.
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Fig. 36. Water content distribution, level J.
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K

Fig. 37. Water content distribution, level K,
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Fig. 38. Water content distribution in the silt layer
at the base.
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%

The water content determinations were made on 10-50 g
samples which were heated at 105°C for at least 24 hours,
This means that the accuracy of the individual determinations can be estimated at ±0.5% water content.

The following conclusions were drawn:
Level_A

The water content was within the interval
8.3-9.9%. The original water content was
largely unaffected but there was a slight
drying trend.

Level_B

The water content was within the interval
9.5-10.7%. The original water content thus
being preserved.

Level_C

The water content was within the interval 10.211.3%. The sector above the upper water inlet
had a somewhat higher water content than the
rest of the level. Apart from this very slight
local increase the original water content was
preserved.

Level D

The water content was within the interval
2
9.3-16.2%. Except for a 40 cm sector above
the upper water inlet the original water content
was preserved.

Level W

The water content was within the interval
2
9.4-15.3%. Except for a 40 cm sector extanding
from the water inlet, the original water content
was preserved. The water content was slightly
lower here than in the corresponding sector at
Level D. This indicates that the water uptake
from the point-shaped inlet was rather skew.
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Tne

original content was preserved, even close
to the heater.

water content was within the interval
7.6-10.4%. Slight drying has occurred within
approximately 5 cm distance from the heater
surface. The average water content reduction
amounted to 1-2% (percent units).
"

Level_F
(Approxi-

A

f e w samples were taken only. The average water
content is slightly higher than that of Level E.

The water content was within the interval
8.2-10.9%. Slight drying has occurred close to
the heater surface, the average water content

the heater)

reduction being approximately 1-1.5% (percent units)
water content was within the interval
8.2-10%. Slight drying similar to what was
observed at Level F.
Tne

water content was within the interval
8.6-11.5%. Slight local drying at the heater
surface but tendency of an average water content
increase. The average water content difference
between samples at the heater surface and at the
cylinder wall was about 1.5 C.

Level_I
(8 cm above
lower end
of heater)

The water content was within the interval
13.5-15.9%, indicating an increased degree of
water saturation from originally about 65% to
approximately 7 5%. The average water content
difference between samples at the, heater surface
and at the cylinder wall was less than 1%.
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Level_J
(Lower end
of heater)

The water content was within the interval
17.4-18.8%, indicating an increased degree of
water saturation from originally about 65% to
approximately 80-90%. The average water content
difference between samples at the heater surface
and at the cylinder wall was practically none.

The water content was within the interval
26.6-29.7%, indicating that the sampling was
(Interface
between ben- p e r f o r m e a a t t n e water-saturated bentonite/
tonite and
^
silt layer) /silt interface.
Level_K

Level_L
(Silt layer) The water content of the water-saturated silt
was within the interval 34.8-35.5%.

Figs. 39-42 illustrate the installation and sampling operations.

Fig. 39.

Application of bentonite blocks. Notice holes
for gauges and bunches of cables leading to the
top of the cylinder.

Fig. 40.

Insertion of moisture sensor. Notice the crossing
groove for a bunch of cables.
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Fig. 41. When the holes with gauges have been filled with
bentonite powder a plane joint is formed between
this block and the overlying one.

Fig. 42.

The sampling required "tough" techniques due to
the stiffness of the partly as well as fully
saturated bentonite.

Two important conclusions were drawn from the observed water
migration in the cylinder test:
1.

Temperature gradients do not seem to affect, substantially,
the radial distribution of the water at each level, except
for the immediate vicinity of the heater where a slight
drying took place. At the lower end of the heater the
water content was in fact practically constant over the
entire cross section despite the gradient which was
approximately 1 C/cm in radial direction. On the other hand,
it is obvious that where water entered through the upper
point-shaped inlet, the distribution is not symmetrical.
The larger part of the water has tended to move upwards
and this may be due to the vertical temperature gradient.
The joint between two blocks at the inlet may also have
contributed to the skewness.

2.

The successive spread of the water content from the
lower intake suggests a diffusion-type migration.

As concerns the latter point there are two ways of estimating
the diffusion coefficient D of Eq. (1), which should be
applicable also in the cylinder test case. Firstly, we can
use the observed rate of water uptake shown in Fig. 20 for
the determination of D. The result of such considerations
gave the two theoretical curves in Fig. 43, which confine the
actual, experimental relationship. If the influence of the
lower, fairly porous silt is taken into account, we find
that the curve for D = 10-9 m 2/s is in reasonable agreement
with the actual curve. Secondly, we can compare the observed
water content distribution with the theoretically deduced
one for various D-values, and we then find a reasonably
—9 2
good agreement for D = 10
m /s as shown by Table 1.
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Fig. 43.

Observed and calculated curves for the water
uptake from the lower inlet.

Table 1.

Water content of the highly compacted Na bentonite
in the cylinder test, 8 months after the start of
the water uptake.

Water content
interval,

10-12
12-14
14-16
16-18

Distance from the base surface, cm
Theory

Experiment

24-41
17-24
12-17
8-12
<8

23-30
19-23
16-19
12-16
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The lower transducer, i.e. the gauge situated at the lower
end of the heater, began to react soon after the opening
of the lower water inlet and it indicated a pressure which
increased in direct proportion to the time elapsed (Fig. 44),
Since no actual increase of the water content occurred where
the gauge was situated it must be assumed that the pressure
is due to secondary effects. One reason may be that the
swelling of the bottom part of the bentonite pile displaced
overlying material and thus transferred stresses to the
transducer. An increased vapor pressure due to evaporation
of absorbed water may have contributed as well.
Physical/mathematical modelling; conclusions
The basic physical process of water migration from a watersaturated to an unsaturated bentonite zone can be interpreted
as "crystallization" mechanism. The driving force is a difference in adsorption potential, this gradient being highest at
the water "front" while the permeability is low there because
of the unsaturated pores. At some distance behind the front,
the gradient is lower but the permeability higher. It may
therefore be that the water flow capacity is fairly similar
for all the cross sections which, in turn, means that there
are no restrictions with reference to the availability of
water. This points to the applicability of a simple diffusion
equation for the description of the migration leading to
complete saturation. The oedometer as well as the cylinder
tests support this reasoning as shown in the previous text.
Superimposed temperature gradients may complicate the picture,
however, but the fact that the same diffusion coefficient,
D = 10
m /s, was found to satisfy the oedometer as well as
the cylinder tests, indicates that moderate gradients (1-2 C/m)
and absolute temperatures (20-70°C) do not substantially affect
Permeability is used here in a general sense. It actually
refers to the fact that it is the water fraction of a cross
section that determines the transporting capacity.
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the rate of water uptake. It therefore seems reasonable to
apply, as a first approximation at least, the simple
-9 2
diffusion equation [Eq. (1)] with D = 10
m /s also in the
water uptake predictions for the Stripa test, as well as for
other practical applications.

WATER UPTAKE IN SATURATED, SWELLING BENTONITE
General
If a confined homogeneous, water-saturated bentonite block
is exposed to water and free to swell, it will do so. The
swelling is produced by a water uptake which is governed
by the same basic mechanisms as described previously for
the transformation of unsaturated to saturated clay.
There are a number of practical applications for which the
swelling ability is of great importance such as:
#

The dense bentonite barrier in the KBS 2 concept is
required to swell and fill up the space between the
canister and the surrounding rock so that homogeneous
conditions and a perfect contact with the confinement
is developed (Fig. 45).
Bore holes in rock can be sealed by filling them with
highly compacted blocks of bentonite in perforated
metal pipes in the holes. The bentonite tak^s up water,
swells through the holes, and eventually forms a homogeneous mass which fills the hole completely and in
which the pipes will be embedded (Fig. 46,) •
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Shafts and tunnels can be sealed by applying zones of
highly compacted blocks of bentonite. These "packers"
are separated by ordinary less dense backfill (Fig. 47)

I

II

Fig. 45.

Schematic section through tunnel and deposition
hole with canister (C), highly compacted bentonite
(II), and sand/bentonite backfill (I) .
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Fig. 46. Extruded perforated pipe with bentonite that has
taken up water and swelled through the holes
forming a continuous clay gel. The front part of
the gel has been removed to show the perforation

Fig. 47.

B
T

Zone (B) of
blocks of
highly compacted bentonite sealing
off a shaft.
A, grouted
rock. C, ordinary backfill
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Laboratory swelling tests
The ability of Na bentonite to swell and become homogeneous
has been investigated in tests where precompacted samples
were allowed to take up water and swell to fill a certain
space.
A test was made on a precompacted MX-80 sample with a void
ratio of approximately 0.9, an initial water content of
about 10%, and a theoretical bulk density of about 1.9 t/m
after saturation. The diameter was 43 mm and the total height
of the three-piece column 65 mm, while the inner diameter
and height of the steel container were 49 mm and 70 mm,
respectively (Fig. 48). "Allard" water was taken up from
one end of the container through paper filter. 3 weeks after
the test start, the container was opened and the water distribution determined. As shown in the figure the water content
of the upper part had increased to 32-36%, which corresponds
to about 50% saturation (Sr=0.5), while the lower parts were
somewhat less saturated. The swelling, which required an
axial force of approximately 2 kN to extrude the sample, was
clearly associated with a strong ability of the clay to become
homogeneous as manifested for instance by the fact that the
joints between the original blocks disappeared completely
(Fig. 49). Although additional time is certainly required to
yield a completely homogeneous state, it will finally be
obtained.
The same conclusion was drawn from a test series performed
by means of swelling pressure oedometers. The compaction of
the bentonite powder was made by applying the same pressure
in 5 tests (about 50 MPa) which yielded 20 mm high samples
with a water content of about 10%, and a bulk density of
2-2.1 t/m . The samples were then allowed to swell during
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symmetrically situated elements after 3 weeks.
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Fig. 49.

The steel container with one half of the extruded
clay core 3 weeks after the test start. Notice that
the three clay blocks are "welded" together. The pin
shows the position of one of the original joints. The
fracture was produced when the core was divided by
sawing.

the water uptake to a pre-determined volume and bulk density.
At that stage, the piston was locked and the swelling pressure
determined at regular intervals. When the pressure had become
practically constant, the samples were extruded and the water
content determined. The results are given in Fig. 50, which
also shows the vertical extension of the space which the individual samples had to fill up through swelling. Water entered
the space from below as well as from above, and the time to
reach the condition of constant swelling pressure, including
the preceeding swelling, was found to be approximately 3 weeks
for tests No. 65 and 68, and about 7 weeks for test No. 75. The high degree of homogeneity after the relatively short
periods for self-adjusting processes, is remarkable.
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Water content distributions ii five swelling
tests. Test numbers are shown on top of each
column.
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Experience from rock excavation
Nature provides the best evidence of the swelling rate and
potential of smectite-rich zones in rock. Much relevant
information can be obtained from rock excavation experience.
Clay zones are quite common in crystalline bedrock and they
usually originate from chemical weathering in complex geometrical patterns. It is reasonable to believe that the
processes resulting in the formation of swelling clay minerals
have been caused by hydrothermal solutions and gases flowing
through permeable passages»like zones rich in fissures and
joints/in the later phases of orogenic activity [MORFELDT
1965, PUSCH 1974, LUNDGREN 1978]. This suggests that all
"roots" (Fig. 51) are potential carriers of swelling clay.

Fig. 51.

"Root" of joint- or fissure-rich zone of tectonic
origin.

Fig. 52. Tunnel failure in joint-rich, clay weathered rock
(The Bolmen-tunn • ) . Photo: C.-O. Morfeldt.
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The practical consequences of swelling clay in rock is that
it takes up water and becomes soft, sometimes even liquid
(cf. Fig. 52). Even if the clay is present in the form of
networks which represent a very small fraction of the total
rock volume the softening ran lead to rapid disintegration
of large volumes. Very often there is no clear indication
of clay weathering when the rock is excavated; it gives
practically the same impression as unweathered rock, and
the softening does not start until some time after the excavation. The original, stiff condition is caused by the
confining action of the surrounding rock and of the overburden produced by rock or soil layers. The softening starts
when the confining support is removed so that swelling can
take place. This process may be rapid if the blasting operations have opened joints and created water flow to the clay
zones.
A simple case can be taken as an example. The element in
Fig. 53 is assumed to represent a clay zone which has been
truncated by tunnel excavation and which is currently fed
with ground water which flows over the exposed free surface

y
B

Fig. 53.

Clay zone which takes up water at the front, swells
and falls out. A) direction of swelling. B) direction
of water transport which produces the swelling.
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of the zone. The water is absorbed by the clay which swells,
softens, and flows off along the rock surface. The mechanisms
are the same as described earlier in the text, meaning that
the rate of the water uptake is primarily determined by the
magnitude of the pore pressure ("suction"). This pressure is
strongly dependent on the bulk density; it is very much lower
in the outer parts of the zone than at larger distances from
the front. An equally important factor is the permeability,
which is also a function of the bulk density, but in the
opposite sense, meaning that it is higher closer to the front
(Fig. 54).

Fig. 54.

Schematical picture of the swelling process,
k is the coefficient of permeability, while
p is the bulk density and u the negative pore
pressure.
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Earlier investigations (PUSCH, 1979) indicate that the wall
friction, which is mobilized in the course of the swelling
motion ("The Poiseuille mechanism"), is probably negligible
for d>5 mm.
The relationship between the bulk density and the negative
pore pressure and permeability, respectively, is illustrated by Table 2 for highly compacted Na bentonite (MX-80),
The pore pressure is taken as the equivalent of the swelling
pressure with the opposite sign (cf. PUSCH, 1979, 1980) as
determined in a large series of laboratory tests, while the
permeability values are based on test results for the higher
densities and conservative estimates for the lower ones
8 t/m 3 ).

Table 2.

Approximate values of the pore pressure, and of
the permeability, for Na bentonite at various
bulk densities.

p
t/m3

-u
MPa

k
m/s

1.7
1.8
1.9
2.0
2.1

~0.3

lo" 1 2

1-3
3-7

5.10-13
1.5-10"-13

7-10
15-40

8-10"14
2.10"14

The rate of swelling and successive change of density can be
determined by considering the involved coupled processes
through a simple, stepwise calculation (Fig. 55). The characteristic parameter is y,which defines the position of the
boundary between unaffected and swelled clay material.
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Li

J_
k-y -

Fig. 55. Model for stepwise calculation of the swelling
process in a clay zone with the original density
p , negative pore pressure u Q , and permeability kQ,
L represents clay that swells and is lost.

The theoretical, approximate rate of displacement of the
"swelling front", expressed by the parameter y is shown in
Fig. 56. It indicates that the swelling and softening advances
some 20-30 cm into the zone in one year after an assumed
instant excavation, while such an affect at 1 m depth would
require several decades to develop. Further extrapolation
indicates that softening to a depth of a few meters requires
several thousand years. This would explain why zones of swelling clay in the bedrock, which were uncovered by the last
glaciation and free to swell after the ice retreat, have only
softened to a moderate depth (Fig. 57).
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The displacement of the swelling front in terms
of y versus time (t). The full curve represents the
theoretically deduced process for MX-80, while the
broken curve shows the observed relationship for a
smectite-rich natural clay-weathered zone (östra
Sjukhuset, Gothenburg).

Two practical cases have been investigated to determine the
approximate rate of softening: The östra Sjukhuset, Gothenburg,
and the Ignaberga limestone quarry, north-eastern Skåne. In
both cases, the clay zones were well defined with reference
to their dimensions. They had fairly low clay contents but,
in principle, they can be interpreted as consisting of
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Fig. 57.

Representative rock profile in a clay-weathered
area. Diagram shows penetration rate of Atlas Copco
BBX 44 drilling machine with 2" drill bit. E values
give the pressometer modulus at various depths.

continuous films or network of swelling clay embedding
non-swelling inclusions, such as quartz and feldspar grains
and aggregates, rock fragments etc (cf. Fig. 58).
If the clay forming the network is homogeneous and continuous,
and if the clay films or laminae are not too thin, the rate of
softening after exposure according to the case shown in Fig. 53
should be of the same order of magnitude as if the zone were
all clay. Since this applies to both the investigated cases,
they are supposed to yield relevant information as to the
rate of water uptake in swelling clay.
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Fig. 58.

Schematic section through a tunnel which intersects
a clay-weathered zone consisting of a continuous
clay network (1) and non-weathered blocks (2,3,
and 4 ) .

The softening of a 5 cm wide clay weathered zone in gneiss
has been observed for almost 15 years. The zone, which is
vertically oriented and exposed in a steep rock slope, was
uncovered by blasting operations for foundations in I9f>5/
The slope was soon covered by various concrete structures and
was not inspected until 1968 when a strong tendency of local
softening was observed (Fig. 57). This called for comprehensive
excavation and cement grouting of wider zones and regular inspection of narrow ones were made thereafter. The fact that
ground water has been flowing over large parts of the slope
during practically the entire period of observation yields
relevant conditions.

Fig. 57.

Deep softening of a large clay-weathered zone at
östra Sjukhuset. The white flags were applied at
a certain stage of the softening for photographic
recording of the flow process.
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The grain size d i s t r i b u t i o n of the weathered zone i s shown
in Table 3.

Table 3.

Grain s i z e d i s t r i b u t i o n
Percentage finer than

Sample
character

0.002 ran 0.006 ran 0.02 ran 0.06 nm 0.2 ran 2 ran 6 ran 20 ran

Natural

Particles
coarser
than 2 mm
removed!)

10

13

11

13

23

65

18

22

37

100

80

100

1)
Material used for swelling pressure determination, X-ray
diffraction analysis, and Atterberg limit determinations.
The swelling pressure at 20 C was determined by compacting
air-dry material in the swelling oedometer at 13 and 26 MPa,
respectively,.and measuring the swelling pressure after complete water saturation with "Allard" solution. The lower compaction pressure yielded a bulk density of 1.99 t/m and a
water content of 22% after water saturation, while the
corresponding
2.12 t/m and
respectively.
tite minerals
(Fig. 58) .

values for the higher compaction pressure were
19%. The swelling pressures were 0.3 and 1.5 MPa,
The X-ray diffraction analysis showed that smecformed the large majority of the clay fraction

The observed softening of the clay zone in situ is illustrated
by Fig. 54. The values have been plotted assuming that the
water uptake and swelling started in late 1966/early 1967. A
tube sample was taken in August 1980 and it showed that the

<J~16.8Å

d~14.8A

-VTETH. GLYC.

29*

8

6

Fig. 58. X-ray diffractogram of the clay-weathered material
from östra Sjukhuset showing a very obvious peak
shift after ethylene glycole treatment. C U K K radiation,
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water content at the swelling front (corresponding to p in
Fig. 55) was 19% while it increased to 25-30% close to the
surface. Initially, the access to water was a limiting factor
of the softening which explains the displacement of the curves.
After 1 to 2 years the swelling front advances at a similar
rate in both cases and the applied model for the water uptake
and swelling therefore seems to yield reasonable results.
Ignaberga
The Ignaberga bedrock consists of Cretaceous limestone with
various intercalations. In the northern part of a large quarry,
the rock slope contains a 5 cm practically horizontal layer of
clay which partly consists of swelling minerals (Fig. 5 9 ) .
The layer was noticed by the Author in summer 1979 and a simple
measuring device was installed so that reference positions were
available for sampling and measurement of the movement of the
free surface. Measurements were made in 1979 and 1980 when
samples were also taken to investigate water content variations
Ground water regularly flows over the rock slope from overlying Quaternary deposits but short intermittent dry periods
are probably fairly frequent. This means that the conditions
specified in Fig. 53 are not perfectly valid but the case is
still of interest.
The grain size distribution of the clay layer is given in
Table 4.
Table 4. Grain size distribution (material finer than 2 nun)
Sample
0.002 mn
A
B
C

15
16
17

Percentage finer than
0.006 nm 0.02 nm 0.06 nm
28
26
27

41
38
38

0.2 nm

2 nm

53

64
67

51

66

100
100
100

52

Fig. 59.

View of the clay

layer

in t! >:• Iqiiahr.rqa quarry

80

The swelling pressure at 20 C was determined by compacting
air-dry material in the swelling oedometer at 50 MPa and
measuring the swelling pressure after coraplece water saturation with "Allard" solution. The bulk density after saturation
3
was 2.13 t/m and the water content 19%. The swelling pressure
was found to be 0.8 MPa, i.e. approximately 50% of the pressure
of the östra Sjukhuset sample with the same density. This
difference was most probably due to c. corresponding difference
in the amount of swelling minerals, as could be imagined from
the X-ray diffraction analysis (Fig. 60). The diffractogram
showed that the minus 10 urn material from Ignaberga contained
significant amounts of kaolinite, quartz, feldspar and calcite
in addition to the smectite.

d~1OÅ

Fig. 60.

d~12.6Å

X-ray diffractogram of the Igwaberga clay layer.
CuKK

radiation.

The rate of softening is illustrated by the fact that the
swelling front had moved about 10-15 mm inwards. Although
the observation period was very short, the rate of softening
thus seems to be of the same order of magnitude as in the
östra Sjukhuset case. Fig. 61 illustrates the moisture distribution in July 1979, the water content of the natural clay
being approximately 20%, and the elements indicating the
successive increase in water content towards the free surface.
The formation of a very soft, outer tongue of clay which falls
off, causes unstable conditions of the adjacent parts of the
very soft limestone as well. Pieces of rock from above and
below the clay layer are lost which means that the profile
shown in Fig. 61 is probably preserved for longer periods.
Again, this is a deviation from the presuppositions of Fig. 53.

1
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Fig. 61.

The moisture dirtribution in the Ignaberga clay
layer.
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MAIN CONCLUSIONS
The laboratory determinations of the rate of water uptake
leading to complete water saturation from the originally
unsaturated state suggests a mathematical model based on a
simple diffusion equation. Moderate temperature gradients do
not have a significant influence, at least where they operate
opposite to the water content gradients.
The rate of uptake is largely determined by the access of
water as was concluded from the investigation of the swelling
of saturated clay. This is a very important factor in predicting the moistening and swelling of the bentonite in an
actual deposition plant, where rock sealing and the choice
of a host rock with very few joints may lead to considerable
delay in the uptake of water. Theoretically, at least, thousands
of years may pass before saturation is obtained.
The parameters which govern the rate of swelling of saturated
clay are the "suction" potential (the negative pore pressure)
and the permeability, if the access of water is not a limiting
factor. The method for estimating the swelling rate yields
values which are in reasonable agreement with field observations, which supports the validity of the physical model and
involved parameters. The present models can therefore be taken
as a basis for further development and refinement.
A very important conclusion can be drawn from
in Gothenburg and Ignaberga with reference to
property of the bentonite in the KBS concepts
taneously if it gets an opportunity to occupy
The observed swelling potential of these very
rich clays indeed offer excellent evidence of

the field tests
the required
to swell sponlarger space.
old, smectitethis ability.
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