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Glacial till forms a major proportion of the surface depos-
its in Northern Europe, and in Denmark more than 40% of
the land surface is covered by clayey till. At the same time
the majority of densely populated areas are situated on this
fertile sediment type. In urban areas, one of the major tools
in adaptation to climate change are sustainable drainage
systems (SuDS). Their function is to manage the increasing
amounts of stormwater on site, often by direct infiltration
into the sediment. Accordingly, a realistic estimate of near-
surface hydraulic properties is required when dimensioning
SuDS for infiltration.

Clayey tills are generally believed to have a low-bulk hy-
draulic conductivity and thus a low infiltration capacity.
However, clayey tills can be very heterogeneous and espe-
cially their bulk hydraulic properties can vary significantly
depending on the distribution of permeable structures such
as macropores (e.g. earthworm holes and fractures) and sand
lenses within the till matrix (Klint & Gravesen 1999; Nils-
son et al. 2001; Kessler ez al. 2012). The saturated hydraulic
conductivity (K, of clayey tills varies from ¢. 1.0 x 1071
to ¢. 1.0 x 107 m/s and thus covers a significant span (Fred-
ericia 1990; McKay e al. 1993). Assessment of this value is

a major challenge when considering the variability of this
sediment type. It is therefore important to determine how
representative standard infiltration tests are, specifically in
tills, when used to formulate infiltration strategies.

Goals and scope

In this study we compare three different methods for meas-
uring K, close to the surface: the double ring infiltrometer,
the Guelph permeameter and infiltration tests in a small ex-
cavation. Each of these methods represents different scales
and depths using different flow mechanisms. The goal of the
study is to:

1. evaluate the suitability of these methods to return real-
istic Ky, values in tills, taking into account the geologi-
cal heterogeneity of a clayey till from infiltration scale
(0.5 m x 0.5 m) to field scale (100 m x 100 m), and

2. suggest relevant scales and strategies for infiltration tests
in future experiments.

7

Hgaije Tastrup

@ Shallow (2.5 and 4 m)
monitoring borehole

© Deeper borehole

@ Double ring infiltrometer
measurement

o Guelph permeameter
measurement

O Infiltration hole

Auger test

e Postglacial clay

Clayey till
Sandy clayey till
Sandy till

Postglacial sand
Fill

ocoooom

12°16.6'E
|

Fig. 1. A: Map of Denmark showing the location of the test site. B: Map of the test site showing the distribution of various sediment types and the locations

of the infiltration tests.
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Field experiments

The infiltration tests were conducted on former agricultural
land next to the Technological Institute in Hoje Taastrup,
Denmark (Fig. 1). The area represents a site with a typical
Danish clayey till. The geological setting is dominated by two
basal till beds overlying glaciofluvial deposits and flow tills
deposited in a supraglacial environment. The glacial deposits
overlie highly fractured limestone bedrock ¢. 14-16 m below
the ground surface. The primary groundwater table is located
in the limestone bedrock at depths greater than 16 m and a
secondary groundwater table is found in the upper till unit.
The latter is located around 3 m below the surface during
summer and around 1.0 to 0.5 m below the surface during

An area of ¢. 100 m x 100 m was mapped in great detail
using a hand auger (Jakobsen ez /. 2011) with sampling in
a 10 x 10 m grid. Shallow boreholes were cored to depths of
2.5 —4 m and used for monitoring the annual fluctuation of
the secondary groundwater table. Two deeper boreholes were
cored to a depth of ¢. 16 m. Two large holes were excavated
to 5 and 8 m below the ground surface and used for detailed
mapping of fractures and collection of large, intact samples
for hydraulic tests in the laboratory.

The Guelph permeameter method measures the steady-
state rate of water flow required to maintain a constant
depth of water in a 40 cm deep and 8 cm wide cylindrical
borehole. Water flows out of the outlet tube through a perfo-
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Fig. 2. Overview and principle of the different techniques used in this study. The blue arrows represent water flow. K: hydraulic conductivity.
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permeameter method is based on the assumption of three-
dimensional steady-state infiltration from a cylindrical test
hole into the sediment.

Two concentric metal cylinders with diameters of 30.5
and 60.5 cm were used for the double ring infilcrometer
method. After removal of the sward, the cylinders were care-
fully pressed 5-10 cm into the sediment. Water was poured
into the inner cylinder, and also into the outer cylinder to
prevent lateral movement of water beneath the inner cylin-
der, thus maintaining one-dimensional flow conditions. The
amount of cumulative infiltration with time under falling-
head conditions was recorded and K, values determined.

The infilcration holes were excavated to a depth of 60 cm
with an inner area of 100 X 200 cm. Smearing caused by the
excavation process was carefully removed with a knife. The
holes were filled with water and when a steady state was at-
tained, the infiltration rate from the hole into the sediment
was measured directly.

A rotal of 41 infiltration tests were conducted across the
site: 19 Guelph permeameter measurements, 18 double ring
infiltrometer measurements and four infiltration tests in the
excavated holes. More information on the methods is pro-
vided in Fig. 2.

Results and discussion

The application of conventional infiltration technologies
indicates that the saturated hydraulic conductivity (Kg.) of
tills is a spatially highly variable property. In two Guelph pet-
meameter measurements no infiltration at all was observed,
which might be due to smearing during preparation of the
borehole or compaction by heavy machines as the field site
is former agricultural land. Compaction might also be the
reason for one no-flow measurement in the double ring in-
filtrometer.

The results are presented in Table 1 and Fig. 3. The Guelph
permeameter and the double ring infiltrometer average val-
ues are lower than those from the infiltration holes. This is
probably due to not fully saturated conditions around the
holes as the area is rather large compared to the area used
for the Guelph permeameter and double ring infiltrometer
measurements, where saturated conditions are attained rea-
sonably quickly. The fact that the holes involve a much larger
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Fig. 3. Box and whisker diagram illustration of the range of saturated
hydraulic conductivity values obtained using the Guelph permeameter,
double ring infiltrometer and infiltration hole techniques. The scale is
logarithmic. Whiskers are plotted at the maximum and minimum values,
however, the minimum value for the double ring infiltrometer test is be-

low the scale and not shown.

area than the Guelph permeameter and the double ring in-
filerometer means that they involve more than one sediment
type and accounts best for macro-pores, confirming that
geological heterogeneity on clayey till plains influences the
hydraulic conductivity even at infiltration plot scales.

A realistic estimate of hydraulic conductivity is crucial
when planning how to manage stormwater infiltration. The
present field-based study shows that hydraulic conductivity
values are strongly influenced by the physical scale of the field
measurements. This is mainly due to the local distribution
of macro-pores and how well the geological heterogeneity is
represented. The importance of scale-dependent variability
of Ky, has also been demonstrated in previous studies (e.g.
Jenssen 1990; Ronayne ez al. 2012), but is still widely neglect-
ed when hydraulic conductivity values are used for stormwa-
ter management practices.

Due to the large variation of grain-size distribution in
tills, it is not recommended to apply methods that define Ky,
based on grain-size distribution. Neither is it recommended

Table 1. Summary statistics of saturated hydraulic conductivity values

Method Number Mininum Maximum Arithmetic mean
Guelph permeameter 19 9.12x 107° 618 x 107 144 x 10
Double ring infiltrometer 18 743 x 107" 9.7 %10 826 x 107
Infiltration holes 4 14x10° 1.46 x 10 7.25 x 107
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to use Ky, values obtained with a double ring infiltrometer
or a Guelph permeameter alone as they can vary by several or-
ders of magnitude already on a infiltration plot scale. In our
study we found a variable of more than two orders of magni-
tude. Data from infiltration holes give more realistic values.
However, they are highly invasive and it may be difficult to
excavate adequate holes in densely populated areas.

Instead of using highly invasive infiltration holes, we rec-
ommend to carry out combined hydrogeological investiga-
tions where double ring infilerometer and Guelph permeam-
eter measurements are supported by geological information
from maps of near-surface deposits and borehole descrip-
tions. In that less-destructive way, small-scale geological
heterogeneity can be revealed and the most suitable areas for
stormwater infiltration can be selected to enhance work ef-
ficiency of infiltration devices.
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