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PREFACE

This report deals with sediment structures in glacial till and
their influence on the hydraulic conductivity.

For a long time it has been a general opinion among hydro-
geologists that, besides grain-size distribution, the sediment
structure has a significant influence on the hydraulic conduc-
tivity in till. However, the sediment structure 1is built up of
many separate factors and the quantitative importance of these
factors is very 1ittle known. Studies of small structures in till
and their influence on the hydraulic conductivity properties are
a quite new field within the hydrogeological science.

The investigations presented in this report started in 1984 as a
3-year project which ended 1987. The research project has been
carried out at the Department of Geolegy, Chalmers University of
Technology and University of Gothenburg, and is a part of a major
research effort by the Urban Geohydrology Research Group.

The research has been financially supported by the Swedish
Council for Building Research (BFR).

A great number of persons have been involved in discussions and
have given valuable contributions to the project. Besides our
colleagues at the university we wish to express our gratitude to
following persons:

Sten Bergstrom, The Swedish Meteorological and Hydrological In-
stitute.

Hdkan Bohm, Stockholm Municipality

Urjan Eriksson, Swedish Council for Building Research

Jan Hartl1én, Swedish Geotechnical Institute
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BACKGROUND

The paucity of knowledge about the sediment properties of geo-
logical formations is often the weakest Tlink of the data input
for hydrogeological calculations. Rough, generalised pictures of
different geological layers, based on information on thickness,
extension and orientation, are used as geological basic data.
More seldom is there information about inhomogeneities and other
structural characteristics.

From a hydrological point of view, till is one of the most poorly
known sediments. At the same time, it is clear that there is, in
many situations, increasing interest in till - as ground material
as well as construction material. Waste disposal leakage, ground-
water findings in wells, acidification of ground-water, waste-
covering, infiltration, drainage, and substitutes for gravel and
sand are some of the fields where more knowledge about the prop-
erties of tills would be welcomed.

It has been a general opinion among hydrogeologists for a long
time that, besides the texture, the structure has an influence on
the soil moisture conditions, as well as hydraulic conductivity
in soft sediments (cf. Fair & Hatch, 1933; Fraser, 1935;
Knutsson, 1971; New York DOT, 1973; Currie, 1979; Dahl et atl,
1981; Prudic, 1982; Lundin, 1982; Williams et al, 1983; Haldorsen
et al, 1983). The problem of structure and hydraulic conductivity
is also touched upon in engineering geology concerning dams of
well graded sediments (of Bernell, 1976; Kjellberg et al, 1985).
However, the sediment structure is built up of many separate fac-
tors and the quantitative importance of these factors 1is very
Tittle known.



INTRODUCTION

The hydraulic conductivity of a porous media has the dimension
distance divided by time (L/T), that is velocity, and can be seen
as an expression of the ease with which a fluid can pass through
the media. Besides the fluid itself, the flow velocity is depend-
ent on the route it has to go and the inner friction that the
flow causes at the borderline between the fluid and the pore-

walls.

According to Poiseulle's Taw, it can be shown that the hydraulic
conductivity is dependent on the porosity and the inner specific
surface of the porous media. Increasing inner surface means de-
creasing conductivity and equivalent results are obtained with
decreasing porosity values. Kozeny (1927) has derived the fol-
Towing relationship between porosity, specific surface and in-
trinsic permeability (without consideration of the fluid prop-

erties):
3
=g ey e by (1)
(1-n) s

where k = intrinsic permeability

n = porosity

s = specific surface

c = constant

The specific surface was used as a basis for calculation of in-
trinsic permeability and later on by Fair & Hatch (1933),
DeRidder & Wit (1963), and Ernst (Kessler & Qosterbaan, 1974).

Gustafsson (1983), among others, has shown how the specific sur-
face is correlated to the grain-size. According to Beard & Wey]
(1973), the total porosity is independent on the grain-size in
natural sand; it is, however, correlated to sorting, or disper-
sion.
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Besides grain-size, the specific surface value is influenced by
the grain-shape, a factor that Fair & Hatch (1933), among others,
have taken into account. They defined a special form factor, 6,
for the grain shape, which was 6.0 for spherical grains and 7.7
for elongated grains. New York DOT (1973) specified the form fac-
tor to 6.0 for glass pearls and 10.8 for shattered glass.

Although the hydraulic conductivity is primarily dependent on
specific surface and porosity, it is also dependent upon the flow
pattern and the flow route. Furthermore, Gustafsson (1983) has
shown that within certain grain-size intervals there is a direct
correlation between pore-size and grain-size. This means that,
instead of pore-size, the grain-size could be used. This is, for
instance, the case in the well-known Hazen's formula:

_ -4 2
K=1.157 « 10 ° - le (2)

if
dgo/d1g < O

where

-~
it

hydraulic conductivity (m/s)

d10 = the grain-size for 10 weight-% passing quantity
according to grain-size analysis (mm)

60

[
1]

the grain-size for 60 weight-% passing material (mm)

In general form and irrespective of the fluid properties the in-
trinsic permeability, k, can be expressed as:

(3)

If d in this equation is a measure of the representative grain-
diameter, then the constant ¢ is related to all other factors
that influence the degree of flow through the media; these are:



* grain shape (sphericity)

* grain roundness

* grain surface structure

* porosity - pore orientation - spatial pore-size variations
* fabric

* mineralogy

The structural factors Tlisted above are closely interrelated in
such a way that their influence on the hydraulic conductivity
cannot be added. Most of the empirical equations for hydraulic
conductivity calculations do not separate and take into consider-
ation the influence of assymmetry in the factors above. Instead,
the empirical methods are defined and valid for wellsorted and
isotropic porous media.

It is well known that till often has a well-developed structure
as regards foliation, bedding and fabric. Besides this, asymmetry
also commonly occurs in the other structure factors. In an im-
portant work from 1971, Knutsson presented an investigation of
well capacity in dug wells in different types of tills. The
results showed that wells in drumlins had, on average, a higher,
and more equal, capacity than wells in hummocky till. The depend-
ence of hydraulic conductivity on the till genetics has also been
touched upon by Haldorsen et al (1983). In a study on hydraulic
conductivity with calculations from 42 infiltrometer tests 1in
till with genetic variations, it was found that lodgement till in
Norway had a lower hydraulic conductivity than melt-out till
(Haldorsen et al, 1983).

In agricultural science, the influence of soil structure on the
water retention characteristics has been dealt with for a con-
siderable number of years. The relationship between water charac-
teristics and soil structure has been stated by, for instance,
Williams et al (1983).

Accordingly, it is a well-established fact that the hydraulic
conductivity in till is directed by the sediment structure. To
what extent the hydraulic conductivity is dependent on the struc-
ture or the texture is, however, very Tlittle known, and our
knowledge about the magnitude of the influence from the individ-
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ual structure factors is Tlimited. An attempt to make a rough
estimate of the influence of sediment structure factors on the
hydraulic conductivity has earlier been made by Lind & Nyborg
(1986).

As we have seen, the hydraulic conductivity is dependent on the
specific surface and the flow route. There is also a correlation
between the specific surface and the characteristic grain-size,
as well as between the specific surface and grain-shape, surface
structure and roundness. The route of flow of a water-particle is
in turn depéndent on the grain-orientation. The flow route per-
pendicular to the grain orientation is longer than the flow route
parallel to the grain-orientation (Jensen et al, 1985).

The work in our project has aimed at describing the influence of
sediment structure on the hydraulic conductivity in till. The
structure factors studied are related to the specific surface and
to the route of flow. The hydraulic conductivity is also influ-
enced by the varying hydrofilous properties of different min-
erals. This factor is not insignificant with regard to water
accessibility of plants. In practical hydrogeology, however, this
aspect can be excluded and it has not been further discussed in
this project.



INVESTIGATION STAGES

The investigations of till-structures and hydraulic conductivity
can be summarised in the following stages:

* sampling in the field

* bulk and compact-density measurements

* permeameter tests

* chemical analyses on inflowing and outflowing water

* water-retention analyses and pore-distribution calculations
* grain-size analyses

* clay-mineral analyses

* epoxy-resin impregnation

* preparation of thin sections

* structure analyses

Sampling sites

The sampling sites were selected with tﬁe ambition of studying
different types of tills but the need for suitable soil condi-
tions was also considered. Because our main aim was to study hy-
draulic conductivity in the C-horizon, it was necessary to have a
thickness of the till of at least 2 m. Till studies made by
Lundin (1982) have shown that great variations can be found in
porosity and permeability in the uppermost 0-50 cm of the soil
profile, a factor that Haldorsen (1983) has also taken into con-
sideration. We have chosen to study the conditions at consider-
ably greater depths in order to avoid variations caused by influ-
ences within the A and B-horizons.

Furthermore, it was necessary to find a till with an appropriate
consolidation, that is with a certain clay content, to allow
sampling with our method. The till should also be uniform within
a certain area and have a clearly visible structure. Finally, the
choice of sampling sites was also directed by practical consider-
ations such as accessibility (distance from the laboratory, for
instance).
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The locations of the sampling sites are shown in Figure 1. The
main series of analyses was taken at Tahult and the series was
supplemented with samples from two differing tills at Udends and
Lekeryd. The till accumulations at Tahult and Udends are in the
form of drumlins whereas the landscape at Lekeryd consists of

relatively flat till areas.
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Figure 1. Locations of sampling sites at Tahult, Udends and

Lekeryd.



The Tahult sampling site is situated close to the crest of a
drumlin ridge, approximately 2 km long. The highest point of the
Tahult drumlin reaches up to 155 m a.s.]. and the relative height
over the surrounding terrain is about 50 m. The accumulation is
situated above the highest shoreline and has not been wave-
washed.

The till is in general silty with sandy parts. A detailed de-
scription of the till has been given earlier (Lind & Nyborg,
1986). The investigations and the samplings have been made in two
shafts, 5 m long and 3 m deep, on top of the drumlin. The shafts
were excavated approximately parallel and perpendicular to the
drumlin orientation.

Udends

Like the Tahult site, the Udends site is located on a drumlin
accumutlation oriented in the northeast-southwest direction. The
Udends till has in several respects another structure than the
Tahult till, however.

The Udends drumlin is about 2.5 km long and reaches at its
highest parts 215 ma.s.1., which is ~about 115 m above the
highest shoreline in the area. The drumlin is situated high up in
a broken Tandscape, rising about 30 m above the surroundings.

The investigations were made and the samples taken in a 6 m long
and 3.5 m deep shaft situated near the drumlin crest and oriented
approximately perpendicular to the drumlin orientation.

The Udends till is sandy-silty with normal contents of stones and
blocks. The till is very firmly and compactly stratified and
difficult to dig out even for a big excavator. Especially when
the shaft had been standing open for some days, a clear fissure
pattern appeared in the walls. When the samples were excavated,
there was an almost instantaneous tension-unload, resulting in
horizontal cracking of the samples, causing them to collapse com-



9

pletely. Only with rigorous caution and many attempts was it
possible to get 12 intact permeameter samples. Some of these
samples were used to study the influence of tension-unload in
till-samples taken at depths of 2-3 m.

Lekeryd

The Lekeryd sampling site is situated south of Lekeryd, about
500 m north of the Klackarps farm. The whole area around Lekeryd
is characterised by a hilly terrain with till deposits, here and
there broken by small bedrock outcrops. The height of the Tand-
scape is about 250 ma.s.l., which is well above the highest
shoreline. The main ice movement during the deglaciation was from
NNW.

The sample site is situated in an undulating till terrain. The
thickness of the deposits is not known but through information
from the surroundings it can be estimated to be 3-4 m. The
samples were taken at the edge of a ditch, in the C-horizon about
1.2-1.5 m below the ground surface. The till in this area varies
between silty and clayey. At the sample site, the clay content is
about 15-18%. The till is relatively loose and the consolidation
is only moderate, in spite of the high clay content.
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METHODS AND ANALYSES

Sampling method

A1l samples were taken at the C-horizon; at Tahult and Udends
about 2-3 m below ground surface, and at Lekeryd about 1.5 m
below ground surface. The samples were in the form of excavated
Tumps of till of about 20 x 15 cm in size. By careful scraping,
the samples were trimmed to a cylindrical shape with a diameter
of 70 mm and a height of 80 mm and placed in PVC-cylinders with a
diameter of 93 mm and a height of 87 mm. The size of the repre-
sentative element volume, REV, corresponds to the hydraulic prop-
erties, such as sparse fractures, solution channels or coarse
material. A sample size of about 250-300 cm3 was chosen and
anisotropy in any degree in these samples was believed to be
shown in the values of hydraulic conductivity. Theoretically, the
REV is correlated with fluctuations in hydraulic conductivity, as
illustrated in Figure 2. In our case, this means that extra-
polations from our small samples to the field macro-scale are
doubtful. A1l measured values are to be regarded as bound to the
specific sample itself,

Variation due to
nicroscale fluctuations

Heasured o Variation associated
fluctuations ] v with nacroscale trends

L l
f\_ il

A ¥

S$ize of volume

Figure 2. Hypothetical vrelationship between measured fluctu-
ations and the size of the REV.
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The PVC-cylinders with the till-samples were put into shock-
absorbing cooling-boxes for transport to the laboratory. The air
in the cooling-boxes was water-saturated by spraying water on the
walls and inserting wet cloths. No dry-fissures or other damage
has been observed in the transported samples.

The sampling method required a certain consolidation of the till.
The clay content in the till must not be too low. Experience has
shown that the clay content should be at least 3% at a water con-
tent of between 5-10% to get well-combined samples. Our sampling
method offered an opportunity to get undisturbed till samples, as
far as possible.

In the laboratory, the water content and the bulk density of
special samples were measured, as well as the weight of the
trimmed permeameter samples. The bulk volume of the permeameter
samples was calculated from the bulk density and the weight. The
volume values were later checked by the amount of epoxy used in
the preparation of the permeameters.

Permeameter tests

The hydraulic conductivity of soft sediments can be measured with
different types of permeameters. Methods that have been more or
less standardised were described by Akroyd (1957). The sample-
size and the permeameter method in this project emanate from the
constant head permeameter but have been developed and adjusted to
our special requirements.

Nipple permeameters were made for each sample by pouring epoxy-
resin (Araldite M and Hardener HY 956) over the till Tumps in the
PVC-cylinders (Lind & Nyborg, 1986). The natural moisture content
of about 5-10% was retained in the samples, which effectively
prevented the resin from penetrating the samples.

After the hardening process, an opening with a diameter of 70 mm
was made at top and bottom by boring with a slow-turning Tlathe
and the permeameters were preparated as shown in Figure 3.
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Figure 3. Permeameter.

The hydraulic conductivity was measured in a special constant
head permeameter in which a steady upward flow through the sample
was established, Figure 4. To prevent air becoming trapped, the
saturation process was accomplished gradually to ease capillary
rise in the finer part of the pore system. The inflow water was
de-aired by heating and during the tests the inflow water was
warmed up to 25 degrees centigrade, which 1is about 5 degrees
warmer than the till samples.

The pore pressure nipples had an inner-diameter of 3 mm to pre-
vent capillary effects. The permeameter measurements were made at
a low inflow head pressure to prevent disturbance of the sample
fabric due to lack of backpressure. The established gradient was
about 2. The hydraulic conductivity was calculated both from the
pore pressure difference and from the gradient over the sample
height. In practice, the reliability of the calculated hydraulic
conductivity is dependent on the moisture-saturation and the hy-
draulic gradient. Too low gradient during insufficient moisture-
saturation will give an invalid value of hydraulic conductivity.
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Figure 4. Constant head permeameter.

However, provided there is total moisture-saturation during
measureménts, all negative effects of the Tow gradient are neg-
ligible. A1l tests during our measurements have shown an almost
total saturation during the experiments.

The hydraulic conductivity was calculated by means of Darcy's
law. The hydraulic conductivity varies with the temperature and
the K-value was specified for 15.6 degrees centigrade (60 degrees
Fahrenheit) according to the definition given by Wenzel (1942).

Water retention analyses

After the hydraulic conductivity measurements, the top and bottom
parts of the permeameters were removed and the samples were then
placed in a device for water-retention analysis (Holm, 1981).

The pore-size distribution was calculated to define the active
part of the pore-system (the effective pore-volume) during the
saturated water-flow test. Pore-size distribution curves were
obtained by means of standard suction moisture content measure-
ments, from which the effective porosity was calculated.
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Grain-size statistics

After the water retention analyses, grain-size distribution and
sorting were obtained by sieving and pipette-analyses on a quar-
ter of the samples. Grains for roundness and sphericity analysis
were separated. The spatial relationship was also studied since
tills of different origin have different frequencies of beds and
bands of coarse-sorted material. Samples containing clasts larger
than one-fifth of the sample diameter were excluded from the hy-
draulic conductivity calculations. After the grain-size distribu-
tion, the rest of the samples were impregnated with an epoxy-
resin mixture to make the thin-sectioning procedure possible.

Impregnation

Through impregnation of fluid-sensitive, friable, uncemented and
naturally moistured till is difficult using standard techniques.
An impregnation method was therefore developed to make impreg-
nation into naturally moistured till possible without macro, or
micro, texture disruption (Lind & Nyborg, 1986). The method is
divided into two stages. First (Figure 5) the pore water is suc-
cessively replaced with an increasing amount of acetone, starting

ACETONE +(WATER) }

'D‘QG‘G 0°
590040 (
RTDAS ol RUBBER HOOD

suction

ACETONE + WATER

Figure 5. Replacement of pore water with increasing concentra-
tions of acetone in water.
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with a 5% mixture. This successive penetration by acetone takes
about 48 hours. That no water is left in the sample is tested by
shaking the outcoming fluid with ligroin. Remaining water would
then cause an emulsion. After replacement of the pore water, an
epoxy-resin mixture is allowed to penetrate the samples (Figure
6), partly by suction and partly by a slight positive pressure
(0.04 bars) in the upper chamber (Z). The positive pressure is
built up by creating an acetone-vapour (W). The epoxy-resin is
injected into the upper chamber and is allowed to penetrate for
12 hours. Afterwards, the rubber caps are removed and the resin
is allowed to cure. After several experiments with different con-
ventional resins, Epofix was selected for its excellent impreg-
nant properties. Epofix is a two-component, cold-setting epoxy-
resin. When diluted with acetone, its Tlow viscosity permits
effective penetration of the till. The cured epoxy has high
strength and medium hardness, withstanding vroutine thin-sec-
tioning procedures.

ACETONE

L WATER - BATH
EPOXY+ ACETONE ———fim@ .75 e L] 50°C

=YY Suction
004 bars

> EPOXV* ACETONE

Figure 6. Impregnation of samples containing acetone with an
epoxy-resin mixture.
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Thin-sectioning procedure

The thin section, an 0.03 mm thick slice of till, is the standard
type for all structural microscopy and image analysis. The
samples are cut according to Evensson (1970), Figure 7, to an
appropriate size and cast in a mounting medium ready for grinding
and polishing. The purpose of grinding is to remove surface ir-
regularities, remove casting resin that covers the sample, reduce
the thickness, prepare a smooth surface for further work and
remove any zone of major deformation resulting from initial
sample cutting. Important structural information is readily
obtained by an image analytical system only in polished sections.

HORIZONTAL PLATFORM

PREPARATION OF
HORIZONTAL SECTION

PLANE OF
HORIZONTAL CUT

PLANE OF
VERTICAL CUT

T7F
PLUNGE

_ DETERMINATION
OF MEAN BEARING
IN HORIZONTAL
SECTION

- PREPARATION OF VERTICAL
SECTION (PARALLEL TO
MEAN BEARING AS DETER-
MINED IN )

Figure 7. Preparation of thin sections (from Evenson 1970).

DETERMINATION OF PLUNGE
IN VERTICAL SECTION

Polishing is done using diamond abrasives and is continued until
no deep scratches are visible even in the hardest phases. The
sample is fixed horizontally on a plate and mounted on a micro-
scope universal stage for grain orientation preference analysis.
The water-flow direction was coordinated with the universal stage
and with a reference 1ine in the ocular. About 60X magnification
was used. Every particle of medium-sand size was investigated.
When a particle of a suitable shape had been observed (A/B > 3/2,
A=long axis, B=short axis), the strike of the A-axis was
measured. The number of grains that did not fulfill the criteria
was also counted and the percentage of grains that were elongated
was calculated. The same procedure was repeated on the vertical
thin-section when the dip was measured. About 200 elongated
grains were measured in both the horizontal and vertical sec-
tions.
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Grain-orientation preference analysis

The results of the grain-orientation preference analyses are in
the form of two-dimensional values on each sample - one horizon-
tal (the azimuth direction) and one vertical (the dip direction).
The mean direction or preferred orientation was computed in both
the horizontal and vertical plane. This was done using the com-
puter program TILSTAT (Nyborg, in press) in order to determine
the semi-3-dimensional orientation (3D-angle), Figure 8. Because
the elongated grains have two ends that point in opposite direc-
tions, it is in this case not appropriate to use the traditional
eigenvector analysis to calculate the mean direction. A solution
to this problem is to find a function that is periodic in 180
degrees. The cosine-squared distribution then reaches a maximum
at either end of the preferred axis.

|y

Figure 8. A hypothetical block of soil with the mean 3-dimen-
sional orientation of grains, R, versus the direction
of water flow, F, in the permeameter.

Analysis of axial data using this distribution has been discussed
by a number of writers, including Mark (1973). If & is the mean

direction and 0. the direction of the axis of the 1th grain, the
mean direction will be that direction 6 which maximises the func-

tion:
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N2
£ CoS (emej) = max (4)
i=1
where
8 = Mean direction
6, = Direction of each grain
N = Number of grains

Eigenvectors and normalised eigenvalues are then computed. The
eigenvectors refer to the direction of nmximum clustering. The
eigenvalue method gives better information about the distribution
of a set of axes than does the rational vector approach. This
will provide a better basis for a physical interpretation of the
statistical results. The eigenvalue represents the degree of
clustering or orientation strength, S. The higher the value of S,
the stronger the orientation. Eigenvalues must be interpreted
with caution, when data are bimodal or multimodal because this
can result in the eigenvectors falling between modes. The azimuth
mean direction (horizontal thin-section) and the dip mean direc-
tion (vertical thin-section) of all samples are then plotted on a
Schmidt equal-area Tlower hemisphere projection as Tlinear el-
ements. Three-dimensional analysis is important because presen-
tation such as rose diagrams results in the Toss of information
concerning clast dip.

For the calculation of the 3D-angle, B, we used spherical tri-
gonometry. In this case, we used a solution for oblique-angled
triangles (Higgs & Tunell, 1959). Unlike in plane trigonometry,
we were not concerned with the lengths of the sides - the size of
the triangle (or vradius of the sphere) is immaterial in a
Schmidt-net, and the sides are expressed in circular measurement
as the angle which they subtend at the centre of the sphere.
Labelling the centre of the stereogram O (Figure 9), two sides
are given - y(dip) and z(dip) and the included angle X (as with
two dips of known azimuths). To calculate the third side, FH
(space-angle B), the following formula is used:



19

cos FH = cos y * cos z + sin y * sin z * cos X (5)

since y = 0 degrees (the dip of the applied water flow direction
= (0 degrees)

cos FH = sin z * cos y (6)

where FH is the semi-3-dimensional angle B.

Figure 9. Calculating the semi-3-dimensional space-angle to the
direction of water flow in the permeameter.

Image analysis

The saturated water flow through a media is dependent upon the
porosity and the inner specific surface of the media. Thus, it is
of interest to study the grain shape and the grain surface struc-
ture (Lind & Nyborg 1988). The grain shape is defined by the
sphericity, S, as a relationship between the perimeter and the
area

P2

S % Tk | 7

where P = perimeter
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The sphericity is a dimensionless expression for grains projected
in a two-dimensional plain. S for a circle is 1.00, and for a
square 1.27.

The surface structure, roughness, has been discussed by Ehrlich
et al. (1969, 1980). They use a method based on Fourier - analy-
sis to describe the surface structure. The roughness coefficient,
P, is defined as:

P=Vs % ci (8)

where C = The Fourier coefficient

P is thus the square root of one-half the sum of the squared
Fourier coefficients. This is directly proportional to the vari-
ance. It 1is then possible to define another roughness coef-
ficient, F, based on the variance.

2
X

(9)

F = %'Z r

where re = deviation from the mean grain radius

To make the expression dimensionless, we divide by the squared
average radius

where r = average radius

Grains of the size of 1-2 ¢ (0.50-0.25 mm) were separated from
the till samples. The grains are mainly separated along mineral
boundaries, into uncomminuted separate mineral grains (Haldorsen
1980). This makes it easy to separate quartz-grains from grains
of differring composition. The grains were placed under a micro-
scope with a magnification of 40x. A video camera was mounted on
the microscope and gave the input signal.
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The image analysis system consisted of the following (see Figure
10 ):

- A personal computer (IBM PC/AT)

- A printer (IBM Proprinter)

- A frame grabber with image memory (Imaging Technology,
FG-100-AT)

- A digitiser (Summagraphics, MM1201)

- A video monitor (Digital Equipment, VR 241)

- A TV-camera (Panasonic, CCD WVCD110E)

- A microscope (0lympus BH-2-TR30)

The video signal was captured in real time and the digitised
image was presented on a video monitor. The contours of the
grains were manually traced with the aid of a digitiser. Contour
data were analysed in the personal computer and the results were
stored on a hard disc. It was also possible to get a print-out of
the results. The software was developed in cooperation with the
Department of Applied Electronics, Chalmers University of Tech-
nology, Goteborg.

Video EGA
monitor ‘ monitor

Frame grabber o
Image memory [~ IBM PC/AT Digitiser
Video signal
TV-camera .
Microscope Printer

Figure 10. Image analysis system.
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RESULTS

Chemical analysis

The permeameter tests have been carried out with relatively
oxygen-rich water with another chemical composition than the
natural pore water. One purpose of the chemical analysis was in-
itially to study the relationship between the pore-water composi-
tion and the content of swelling clay minerals. However, the
x-ray diffractograms showed that there were no such clay minerals
in the till. Below follows a general interpretation of the change
in pore-water chemicals and the effect on the hydraulic conduc-
tivity.

Chemical analyses have been carried out on water from 22 permea-
meters, see table in Appendix. During five of these analyses,
outgoing water was continuously sampled during the permeameter
tests (0-300 minutes).

The effect of exchangeable cation species on soil permeability is
well documented (U.S. Salinity Laboratory Staff, 1954: Quirk and
Schofield, 1955; Chen, Banin and Borochovith, 1983), in particu-
lar the deleterious effects of Na vs. (Ca+Mg). Soil permeability
generally relates to exchangeable cations in the following order:
Ca = Mg > K > Na. However, differences in the relative values of
permeability have been reported. An example of measurements of
hydraulic conductivity as a function of time during a permeameter
test is presented in Figure 11. These data show a slight reduc-
tion of hydraulic conductivity, suggesting that some short-term
clay migration takes place. This could be caused by cation ex-
change through Tleaching. The major mechanisms involved in the
decreases in permeability due to monovalent exchangeable cations
are swelling, dispersion and clay migration, which affect the
hydraulic conductivity of the soil. In situ clay particle rear-
rangement following aggregate destruction and resulting pore-size
reduction is considered short-range migration, the downward move-
ment of clay, which often leads to the formation of an impeded
layer, being considered long-range migration (Chen, 1975; Chen
and Banin, 1975). It is interesting to compare the effect of Na
(Chen and Banin, 1975) with that of K. According to Chen and
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Banin, 60-75% exchangeable K was required to cause the same re-
duction of hydraulic conductivity as exchangeable Na, suggesting
that the deleterious effect of potassium is less than that of
sodium.
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Figure 11. Example, TA 52, of the hydralic conductivity trend
during a permeameter test.

The sampling series comprised altogether about 250 cm3 of water
from each permeameter, which is about three times the por volume.
The declining cation concentration is explained by the direct
correlation between the contact time of the pore water and the
jon content. In the tests, the pore water that was held in the
samples was successively replaced by input percolating water with
short contact time in the samples.

Summary statistics for the chemical parameters are presented in
Figures 12-14. A trend analysis has also been performed. It fits
a line through the time series data in an exponential power
curve.
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The exponential curve is based on the function Z = exp(a+bt)
which fits an exponential decline curve through the data. The
original observations and the estimated trend line are plotted.

The decrease in the concentrations approaches the chemistry of
the ingoing water. The cation concentration declines at various
rates in the different samples; the steepness of the concentra-
tion curves differs.

It could be assumed that the leaching of ions is dependent on the
water velocity. It would then be possible to see a connection
between the steepness of the concentration curves and the hydrau-
tic conductivity. From our measurements, however, no such rela-
tionship can be established. The leaching seems to be independent
of the hydraulic conductivity.

The total exchange of cations varies considerably between the
samples. Nothing indicates that there is a connection between the
hydraulic conductivity and the total amount of ions. The amount
of aluminium oxide (A1203) and Silica (8102) can be used as an
indication of the weathering in the till. In the present investi-
gations, however, there seems to be no connection between these
oxides and the hydraulic conductivity.

Chemical composition of ingoing water

pH 6.93
Calcium mg Ca' /1 16.40
Magnesium mg Mg++/] 1.80
Iron mg Fe+++/1 < 0.1
Manganese mg Mn+/1 0.05
Aluminium mg A1+++/1 0.05
Sodium mg Na'/1 8.00
Potassium mg K+/1 1.28
At

Silica mg Si /1 1.12
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Bicarbonate mg HCOE/] 18.30
Chloride mg C17/1 9.30
Sulphate mg 80;“/7 37.60

Tension and pressure in glacial till

Within the project there has been discussion on soil pressure in
glacial tills and the risk of disturbance and tension unload
fissures 1in samples taken at a depth of 2-3 m. The tills at
Tahult and Udends have been interpreted as basal deposits, lodge-
ment tills according to Haldorsen et al. (1983), and a littTe
overconsolidation could be expected. This has, to some extent,
been supported by the bulk density measurements, where no sig-
nificant changes were indicated at 0.5-2.0 m depth. At the
sampling and the following analyses of thin sections, there was
no trace of disturbance in the samples.

In our investigations, we could not see any visible disturbances
either in the Tahult and Lekeryd samples or in the samples from
Odenas.

We would 1ike to underline in this connection that the whole
chain of analyses within this project is based on corresponding
samples. Small disruptions that may occur during the sample-
excavation are included in the sediment structure and do not
disturb the results.

Hydraulic conductivity

The hydraulic conductivity, K, was calculated in two ways; as the
hydraulic gradient relative the sample-height, Ktube* and as the
gradient of pore pressure measurements in pore pressure values,

Knipp]e'
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As shown in Figure 15, there is a good correlation between the

Knipp1e and the Ktube
measurements. The variance was generally lower for the Ktube

values and in the further discussion the hydraulic conductivity

values. K was expressed as the mean of 3-8

is expressed by Ktube values.

The hydraulic conductivity varied from about 1-10'8 m/s to
1»10‘5 m/s. The sample values from the same locality at Tahult
were spread over the whole range and it could be established that
the till, at least on a scale of 10 cm, was very anisotropic.
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Figure 15. Hydraulic conductivity calculated as Ktube and

Knipp]e‘



30

Water-retention characteristics

Water-retention curves have been drawn for the individual samples
within the permeameters. The equipment used was described by Holm
(1981) and is comparable to that described by Andersson and Wik-
Tert (1972) model. The samples were applied to a porous plate
with the aid of a quartz-meal so that an unbroken capillary pore-
system was established between the plate and the sample. The per-
meameters were cut off close to the till surface before applica-
tion to the plates. In some permeameters, with irregularities in
the samples, the surface was adjusted with till material from the
same Tlocality. This "pack-till" was excluded from any calcula-
tions, however.

A series of pressures (suctions) were applied to the plate and
the samples were drained to equilibrium before each pressure
session. Tests have shown that at a higher pressure than about
2.5 mwp (pF 2.4) there is a risk of disturbance in the samples
and the water .retention measurements were therefore made only on
coarse to fine pores down to about 15 um. With the aid of Navier-
Stokes' equation (11) for the relationship between the driving
forces and the average velocity, v, 1in a cylindrical tube of
small radius, it is possible to estimate the pore size of a cor-
responding porous isotropic media on the basis of gradient and
velocity. Applied to the present permeameter tests, a distribu-
tion of pore-size values of the corresponding isotropic media was
obtained from about 2 to 500 um. The Towest values were found in
samples with high flow-active porosity and low hydraulic conduc-
tivity. However, since the till also contains coarse pores, part
of the waterflow is Tikely to take its way through these, whereas
the flow within the fine pores 1is decreased to the same extent.
The ground-water flow in pores finer than 15 um is in practice of
no importance. The chosen pF-series should then give a good pic-
ture of the active pore spaces in the permeameter. (The fine-pore
system is, however, of great importance for the capillar water
transport from the saturated zone to the root zone.)
8u d

8u - _ _dp dz
- v (37 * P97 (11)

where
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u = dynamic viscosity
R = radius

v = mean velocity

p = density

g = gravitation

Pore-size distribution curves based on water-retention measure-
ments are formed under the assumption that the force with which
water is retained in a pore depends, among other things, on the
pore diameter. These curves will reflect the true pore-size dis-
tribution only to the extent that the pores form a continuous
system, with numerous broad cylindrical interconnections and few
large pores with restricted access to the main system. For this
reason, Hall et al (1977), among others, have generally adopted
terms such as "air capacity" or "retained water capacity" to
designate drained or undrained pores at a particular suction and
use "pore diameter" only as a secondary descriptive term. It has
been shown that porosity values obtained by image analysis of
thin sections are larger than those obtained by water retention
measurements (Bullock & Thomasson, 1979). The pore distribution
values in this report should therefore be considered more or less
as minimum values.

Pore distribution

The total porosity, n, of the samples has been calculated from
the water content measured in saturated samples. The porosity
values ranged from 17.5% to 47%. Examples of pF-curves can be
seen in Figure 16. More than 80% of the samples had a total po-
rosity value of between 20% and 35%, however. Lundin (1982) pre-
sented a similar distribution of the total porosity within till-
samples taken at depths of 1-1.5 m.
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Figure 16. Examples of pF-curves.

From the pF-curves, it can furthermore be seen that most of the
samples had quite a uniform pore distribution within the measured
interval. Some of the curves deviate at about pF 1-1.5, however,
and form either concave curves with over-representation of coarse
pores, about 100-2000 um, or convex curves with corresponding
under-representation of coarse pores. The pF-curves are clas-
sified as a = straight "curves" (1ines); b = concave curves, and
c = convex curves. In the next chapter, these curves are compared
with the corresponding hydraulic conductivity curves.

Of interest concerning the hydraulic conductivity is the effec-
tive porosity, Nas that is the part of the total soil volume that
is occupied by pores which are wide enough to allow water to flow
at a certain hydraulic gradient. The effective porosity is
usually defined as: "the ratio expressed as a percentage of the
volume of material which, after being saturated, can be drained
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by gravity to its own volume" (Todd, 1959). Drainable water is
usually defined as the amount of water that, after saturation,
can be drained by a pressure (suction) of pF 2.0.

The effective porosity values varied between 2.5 and 18.0 per
cent, but approximately three-quarters of the samples had an e
value between 3 and 10%, Figure 17. Similar values have been cal-
culated by Lundin (1982) and Nordberg & Modig (1974) on till
samples taken at a few meters depth.
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Figure 17. Total versus effective porosity.

There is an obvious positive correlation between the total poros-
ity and the effective porosity. A rough estimate is that the
total porosity is about 3 times the effective, and the relation-
ship Tinear with a gradient of 2:1.
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Because of the high gradients used in the permeameter tests com-
pared with natural conditions one would expect an extension of
the effective porosity interval. ng was therefore also calculated
for the whole drained interval, pF O - pF 2.31. This gave some-
what higher values of g The relationship between g at pF 2.31
and Ny at pF 2.0 is shown in Figure 18. Especially for samples
with Tow ne—va1ues, a certain adjustment is thus of importance in
calculations of flow velocity and flow time.
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Porosity and hydraulic conductivity

Figure 19 shows the relationship between the total porosity and
the hydraulic conductivity. The picture shows that there is a
surprisingly weak correlation. It was assumed, however, that the
highest correlation should be with the effective porosity or with
a characteristic pore interval established in one way or the

other.
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Figure 19. Relationship between the total porosity and the hy-
draulic conductivity.

The first step was to study the relationship between K and Ne
defined at pF 0 to pF 2.31, pF 2.00, and pF 1.54, respectively.
This is a way of studying the influence on the hydraulic conduc-
tivity of smaller and smaller intervals of the coarsest pores.
The results, which are summarised in Figures 20-22, show an in-
creasingly random picture as the pore interval is narrowed. A
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conclusion that could be drawn from this is that the coarse po-
rosity not alone is the factor determining the hydraulic conduc-
tivity of till. This conclusion is supported by findings of
Lundin (1982), where it can be seen, by combining water retention
curves and hydraulic conductivity data, that the K-values of five
different samples were very similar, whereas the effective poros-
ity values varied from 2% to 10%.
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Figure 20. Effective porosity in the interval pF 0 - pF 2.31,
versus the hydraulic conductivity.
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One Timitation of the above method 1is that the samples are
treated equally, without consideration of the indivudual pore
distribution.

The next step was therefore to use the shapes of the water reten-
tion curves classified as a: straight, b: concave, and c: convex;
(see previous chapter). The result is shown in Figure 23. This
result also shows that the hydraulic conductivity is dependent on
the pore distribution. Concave curves, that is over-representa-
tion of coarse pores, lead to higher hydraulic conductivity, but
it is evident that the correlation is quite weak.
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Figure 23. Relationship between the shapes of the pF-curves and
the hydraulic conductivity.
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Texture and hydraulic conductivity

The grain-size distribution was obtained by sieving and pipette-
analysis of a quarter of the till samples, taken from the top and
bottom of the permeameters. The dominating texture fraction was
coarse silt up to, and including, medium sand. The clay fraction
varied between 4% and 7% at Tahult and Udends, and up to 18% at
Lekeryd. The grain-size distribution is illustrated in Figure 24.
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Figure 24. Range in grain-size distribution.

Sorting, s and mean grain-size, Mz’ were calculated according -
to Folk & Ward (1957) as: ‘ ’

984" %6 . %95” %
o) 7 : (12)

i

byt 9t 0
M, - 16 go 84 (13)

where

¢-values = the grain-size for weight-% passing quantity
according to grain-size analysis
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The sorting, o s varied between 2.5 and 4, which signifies poorly
to very poorly sorted sediment according to the relative scale
for c]assfﬁyﬁng sediment sorting suggested by Folk & Ward. In
Figure 25 01'15 pTotted against K for each individual permeameter
sample. The diagram shows that a lower sorting factor - that is
better sorting - corresponds to higher hydraulic conductivity,
but that the correlation factor is rather low. At the same time,
there is a lack of clear correlation between MZ and K, Figure 26.
Similar results with very Tlow correlation between mean grain-
size, sorting and hydraulic conductivity (calculated from infil-
tration tests) have been presented by Haldorsen et al (1983).
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Figure 25. Grain sorting and hydraulic conductivity.
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Our results may be interpreted as showing that the hydraulic con-
ductivity in the till samples is more or less independent of the
grain-size, expressed as mean Mz’ in the narrow interval that was
studied, whereas the sorting, 0y is more important and has a
detectable affect on the hydraulic conductivity. A change in the
sorting value of about 0.5 corresponds roughly to a change in the
hydraulic conductivity of about three decades.

Gustafson (1983) has shown that the porosity and the horizontal
hydraulic conductivity for glaciofluvial sediments can be derived
from the grain-size distribution, approximately expressed as the
dispersion d60/d10‘ From pumping tests, he derives a function
E(u), which can be used to calculate the hydraulic conductivity
for more poorly sorted sediments. The confidence interval shows
that 80% of the K-values calculated from the grain-size distribu-
tion, Kr’ are within the interval of 1K calculated from pumping
tests, Kp
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For some of our samples, with a dispersion dGO/dlo > about 15,
the hydraulic conductivity can be approximately calculated with
Gustafson's formula. The result, compared with the K-values
obtained from the permeameter tests, is shown in Figure 27. The
relatively uniform dispersion is reflected by the similarity in
K-values calculated with Gustafson's formula. The measured per-
meameter values from the same samples, however, show a much
greater variety. This could partly be a result of the fact that
the grain distribution was analysed from only a quarter of the
permeameter sample, but it also reflects the fact that the em-
pirical method is independent of the flow direction whereas the
permeameter measurements are dependent on the sediment structure
and the flow. The reliability of this comparison between the two
K-values is questionable and far-reaching conclusions must not be
drawn but it is obvious that the hydraulic conductivity of the
till is also linked to the till structure.
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The hydraulic conductivity of proctor-packed randomly structured
till samples from the same sites are about 10'8 - 10'9 m/s

(Annika Lennartsson, in prep.).

It is of interest in this connection to study the relationship
between the texture and the porosity. Figures 28 and 29 show the
correlation between the total porosity and the mean grain-size,
Mz’ and sorting, o9 respectively. In the same way , MZ and o) are
compared with the effective porosity (Ne pF 2.0) in Figures 30
and 31,

From this comparison, it is evident that the porosity of the till
is more or less independent of the grain-size, expressed as M ,
but correlated to the grain sorting g, @ finding that has
earlier been shown for sand by Beard & Weyl (1973).

Grain shape

The sphericity, S, Roughness, F, and Area, A, of separated grains
of the size of 1-2 ¢ (0.50 - 0.25 mm) were studied in an image
analysis system (IBM PC/AT).

In order to show that both sphericity and roughness, at least
within certain limits, are independent of the area, studies were
made of these relationships. The results in Figures 32 and 33
indicate that this is the case. It is then possible to compare S
and F without consideration of the grain size (A).
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Figure 32. Grain sphericity correlated to grain area.
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How many grains, n, should be measured? To answer this question,
a study was made on changes of the mean with the number of obser-
vations, Figure 34, It could be seen, and statistically calcu-
lated, that a good mean was established with about 50 observa-
tions. The standard deviation for S at 100 observations is about
0.09. With an acceptable change in the average of 5% of the stan-
dard deviation from one observation, it is necessary to have 50
observations. To ensure a very good stability of the mean, we
have used 100 observations in this study.

1 4 Sample TA 44
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Figure 34. Changes of mean grain sphericity with number of obser-
vations.

The results from the sphericity and roughness studies show that
there can be a difference in these structure factors especially
between samples from the Lekeryd till and samples from Tahult and
Udends, as shown in Figure 35. The difference is significant with
more than 95% probability, (t - tests). The difference in S and F
in permeameter samples from the same locality are too small to
account for any differences in hydraulic conductivity. In samples
from different localities, there is greater variation of S and F.
This could influence the hydraulic conductivity. However, in this
study it has not been possible to link variations in sphericity
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and roughness to corresponding variations in hydraulic conductiv-
ity. Studies of till structures with the help of image analysis
have just begun and the experience is limited. It is also obvious
from our project that this is an important field to develop and
that it is a useful tool for studying the influence of grain
properties on porosity, hydraulic conductivity and water reten-
tion characteristics.
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Figure 35. Example of differences in sphericity between samples
from Tahult and Lekeryd.
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PORE GEOMETRY AND GRAIN ORIENTATION ANALYSIS RESULTS

A more accurate way to calculate a characteristic porosity was
introduced to us by our co]leégue Sven Jonasson. This method,
described by Thoméer (1960) and refined by Swanson (1981), is
based on the observation that the location and shape of a water
retention curve reflect characteristics of the pore structure of
the sample, Figure 36.

Using this method, we can define a pore geometrical factor, SWA-
value, which can be calculated in a way that expresses the active
porosity that contributes most to the fluid flow at saturation
(Jonasson in prep).
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Figure 36. Pore geometrical factor SbZ/Pcz, SWA-value, calculated
from the pF-curve (after Thoméer, 1960).
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In the following chapter, four main tasks are performed and pre-
sented:

* Characterisation of fabric analysis together with pore ge-
ometry factor.

* Individual fabric and pore geometry.

* Structural parameter paired relations.

* Multiple regression modelling.

The studies concern individual and paired characteristics of two
structural variables together with regression ‘and modelling of
relations. The population consists of 35 analyses. The data have
been transferred to data-files on PC-environment and have mainly
been studied by computer interactive work.

Structural parameter paired relations are studied by single re-

gression techniques together with multiple regression modelling
for processing information for the conceptual model.

Distribution diagrams and summary statistics

The distribution diagrams for these two structural parameters
including hydraulic conductivity are presented in Figure 37. The
parameters are presented as the logarithmic value, and as forming
a relatively straight line in a normal probability plot. This
indicates that the values are approximately log-normally distrib-
uted. The shape of the distribution is approximately symmetrical,
indicating Tow skewness. The distribution diagrams are suitable
for analysing with which probability a certain value can be en-
countered when a sample is taken from the population.

Summary statistics have been developed for the structural vari-
ables and are presented in the table below. The distribution dia-
grams and summary statistics together characterise the individual
parameters.
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Variable: log 3D-angle log SWA-value Tog conductivity
Sample size 35 35 35
Mean 1.35 0.96 -6.36
Median 1.38 0.99 -6.22
Variance 0.15 0.72 0.72
Standard dev. 0.39 0.85 0.85
Minimum 0.49 -0.29 -8.04
Maximum 1.94 2.94 -4.92
Skewness -0.27 0.46 -0.33
Kurtosis -0.52 -0.15 -0.50

Structural parameter paired relations

In order to wunderstand some of the intricate relationships
between these different structural parameters, it is necessary to
evaluate the correlations.

A simple regression analysis (Figure 38) has been performed for
the possible correlations between the structural parameters. The
correlations are here presented and ranked by the R-squared
factor as a measure of model goodness of fit. An R-squared factor
of 40% means that 40% of the variability in a value is associated
with variations in the related variable.

Subsequently, this simple regression analysis shows that only
weak, if any, correlations are found between the pair structures.
The following table show the relationships according to R-squared
factor between the variables:

Dependent var. Corr. variable Coefficient

Hydraulic cond. 3D-angle 0.220

Hydraulic cond. SWA-value 0.027
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The table shows what extent and with what level of significance
different relationships can be established for modelling pur-
poses. It must be emphasised that no direct correlation needs to
exist but the produced formulas give the best fit according to
least square procedures.

The simple regression between structural variables exhibited very
weak correlations. Our conclusion from the result is that the
individual variation in structural values is greater than would
be foreseen by simple single models, at Teast from this level of
analysis. '

Swanson (1981) presented a figure with a lot of data showing a
good correlation between the air permeability in sandstone and
carbonates and a pore geometrical factor, but it is evident that
greater deviations are found in the low permeability region. Even
though our data are quite widely spread in the diagram, they are
within the deviation-range of the comprehensive data presented by
Swanson (1981).

Multiple regression modelling

Besides single regression modelling between two variables, a mul-
tiple regression modelling procedure has been performed. The
object was to check the magnitude of the correlation between the
hydraulic conductivity and SWA-value and 3D-angle. By this
analysis, it would be possible to control whether the hydraulic
conductivity could be expressed by porosity and orientation of
alignments. Multiple regression uses least squares to estimate
the regression model. Modelling is performed to determine whether
more complex models can be used with better accuracy than single
simple models.

The analyses have been performed using a full multiple Tlinear
regression procedure. An arbitrary second order polynom is
chosen, without a constant term. The logarithmic hydraulic con-
ductivity was selected as the dependent variable and Tog SWA-
value and log 3D-angle as independent variables. The coefficient
of determination (R-squared) was used as a measure of goodness of
model fit.
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Model fitting results for hydraulic conductivity

Independent variable Coefficient t-value Sig.level
3D-angle -9.780 -7.64 0.0000
SWA-value -0.626 -0.45 0.6530
3D-angle (raised to 2) 3.595 4.16 0.0003
3D-angle * SWA-value 0.104 0.09 0.9264
SWA-value (raised to 2) 0.205 0.55 0.5837

R-squared 0.96

Note that neither the SWA-values nor the product of 3D-angle and
SWA-value show a significant t-value. This does not mean that it
should be dropped since t-statistics measure the marginal con-
tribution of each variable as if it were the last to be entered
in the model. An analysis of variance yields a highly significant
regression, with an overall F ratio equal to 127.5. The coef-
ficient of determination (R-squared) equals 96.0%.

Analysis of variance for the full regression

Source Sum of squares D.F Mean squares F-test
Regression 1148.78 5 229.75 127.47
Deviation 43.25 24 1.80

Total 1192.01 29

R-squared 0.9637

A component effect plot for squared SWA-value and squared
3D-angle is presented in Figure 39. Note that the points are dis-
tributed fairly uniformly about the diagonal line for 3D-angle.
This is a sign that the 3D-angle provides useful information for
predicting the hydraulic conductivity of these samples.

Compared with the simple regression analysis of variable pairs,
the R-squared factor is here very high, which indicates that a
more complex model results in better agreement between actual and
predicted value than a simple regression model. Compared with
single relation modelling, a multiple linear model will provide
better dpportunities for modelling.
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Multiple variable modelling

In a response surface plot, we can produce a surface for the
second-order polynomial function that fits our modelling pur-
poses. Based on our multiple regression analysis, we assume an XY
polynomial.
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The plot in Figure 40 represents the final model for the rela-
tionship between mean orientation of alignments, pore geometry
and saturated hydraulic conductivity. This model explains 96% of
the variability in the hydraulic conductivity of the samples. The
hydraulic conductivity decreases with increasing 3D-angle, and
increase slightly with the SWA-value. Overall, the 3D-angle has a
significant influence on the saturated hydraulic conductivity in
the tested samples.
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CONCLUSIONS

The hydraulic conductivity of soft sediments is related to the
sediment properties in a very complicated way. The importance of
sediment structures such as porosity, grain dispersion, grain
orientation, plasmic fabric and grain shape has often been sug-
gested but the documentation on the influence on the hydraulic
conductivity is sparse. It appears that the approach used in this
study, providing that the hydraulic conductivity is a function of
sediment structure and textural factors, can contribute to our
knowledge about hydraulic conductivity in tills and improve the
input data of hydrological calculations.

The investigated tills have a texture that is well known from
Swedish glacial diamicton sediments. The mean grain size and
sorting are within the range of deviation of common tills.

In spite of the relatively uniform texture, the hydraulic conduc-
tivity varied within wide limits between the samples, from about
1072 m/s up to about 107°
of the till has a great influence on the hydraulic conductivity.

/s. It is obvious that the structure

A number of structural factors have been studied and compared
with the hydraulic conductivity. The results show that the vari-
ations 1in hydraulic conductivity are associated with variations
in fabric, porosity, pore distribution and grain dispersion. Gen-
erally, the correlation between the structural factors and the
hydraulic conductivity is notably weak and this should be con-
sidered a result of the intricate multivariate relationships
between the structural factors and the hydraulic conductivity.

It is very difficult to find correlations between each separate
structural factor and the hydraulic conductivity. A more fruitful
approach is to study the multiple correlations for preferred
alignments, flow-active porosity and hydraulic conductivity. The
co-variations of these factors have a decisive influence on the
hydraulic conductivity. However, these properties must be con-
sidered in conjunction with, in the first place, porosity and
grain dispersion.
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The hydraulic conductivity of the till matrix is influenced by
the micro—structures as well as by the texture. The grain orien-
tation and plasmic fabric structures (Brewer, 1976) are dependent
upon the observed direction whereas porosity, pore distribution,
grain sorting and grain size are independent on the direction.
The orientation structure is also the most important individual
factor for the hydraulic conductivity in the studied tills. The
hydraulic conductivity in the laboratory tests varies by 103 m/s
if the mean direction of alignment varies between parallel and
perpendicular to the flow direction, provided all other factors
are constant.

The determination of hydraulic properties from field investiga-
tions of till genetics has proved to be difficult due to spatial
variations within each group. A classification scheme of hydro-
geological properties of tills should be based on lithostrati-
graphic facies studies and take into consideration the direc-
tional component of the grain orientation and other fabric struc-

tures.
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Geoteknik med grundldggning
Vattenbyggnad
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