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ABSTRACT

Aims: Hydraulic conductivity plays an important role in the evaluation of various soil functions,
which in turn may become decisive in urban development plans. Different approaches to measure
hydraulic conductivity often inhere in methodological artefacts. To address the subjected soil
volume as well as different measurement approaches, in situ measurements using a constant-head
permeameter were compared to lab-determined hydraulic conductivities of soil cores at adjacent
soil profiles.

Methodology: At a forest, an arable, and a grassland site in a catchment in Northern Bavaria
retention characteristics as well as hydraulic conductivities were quantified for 100 cm3- and 250
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cmi-soil cores and constant-head permeameter measurements conducted. Using the van-
Genuchten RETC-program, unsaturated hydraulic conductivities of the soil core samples were
calculated.

Results: No volume-related differences between hydraulic conductivities of the 100 cm?*- and the
250 cm3-soil cores became evident. Hydraulic conductivities of the soil cores markedly exceeded
the values of the borehole permeameter approach. Contrasting the former with the hydraulic
conductivities measured with the borehole permeameter, soil pore threshold diameters were
derived that might be excluded from the infiltration process. While lab-determined hydraulic
conductivities of soil cores were based on almost the whole soil pore spectrum, in-situ
measurements mostly reflected matrix flow. This effect was most pronounced at the forest and
least pronounced at the arable-land site, pointing to the respective soil pore spectra.

Conclusion: Borehole permeameter measurements should be chosen to illustrate percolation
under standard conditions, while the soil-core approach is favourable under wet boundary
conditions, when macropores are active, e.g. in the scope of flow and contaminant transport

studies.

Keywords: Threshold flow-conducting pore diameter; flow domain; borehole permeameter; soil core

sample.
1. INTRODUCTION

The hydraulic conductivity of soils is a very
important parameter used for environmental
issues, such as determination of soil functions
[1], contaminant transport towards groundwater
[2], water balance studies [3], and flood forecast
calculations [4]. The standard determination of
hydraulic conductivity is based on soil core
samples, which after saturation are percolated
using the constant- or the falling-head method
[6]. To address the spatial heterogeneity of soil
physical parameters the German Geological
Surveys require at least ten parallel samples to
obtain representative values for one single soil
horizon [6]. Thus, the determination of the
hydraulic conductivity is highly time-and labour-
intensive. To circumvent this effort hydraulic
conductivities are usually derived from
pedotransfer tables based on soil texture and dry
bulk density data [7]. However, in these
pedotransfer tables hydraulic conductivity values
of certain texture-density combinations are based
on singular measurements (Hans-Peter Schrey,
Geological Survey of Northrhine-Westphalia,
personal communication), i.e. the foundation of
tabulated values is restricted. An alternative to
measure hydraulic  conductivity of soils
straightforwardly are in situ infiltration
experiments [8]. Infiltrometers comprise the disk-
[9], the hood-infiltrometer [10], and the borehole
permeameter [8,11]. Field measurements using a
Guelph-permeameter were found to provide
higher values of hydraulic conductivity than
adjacent soil core samples subjected to falling-
head procedures [8]. They are also used to
determine the contribution of macropores to

hydraulic conductivity [12]. The disk- and the
hood-infiltrometer apply preferably for the
uppermost topsoil or require laborious soil pit
preparation [9]. In contrast, the borehole
permeameter is measuring the hydraulic
conductivity of the surrounding soil from a small
borehole [11], which can be easily extended
downward and thus allows measurements also in
deeper soil regions. However, if this
straightforward approach can be rendered valid
with respect to the conductivity data of soil cores
accumulated so far remains unclear.

2. MATERIALS AND METHODS
2.1 Investigation Sites

Sampling sites were located in the catchment of
the Kdsseine, a small river in the southern Fichtel
Mountains, Northern Bavaria. Here, knowledge
of soil hydraulic parameters is of special concern,
for the area was impaired by wastes of former
non-ferrous metal industries [13]. In the K&sseine
catchment investigation sites under different land
use were selected as characterized in Table 1.

2.2 Borehole
Ments

Permeameter Measure-

At each investigation site measurements of the
hydraulic conductivity were carried out using a
portable borehole permeameter [11]. The
methodology is based on the determination of
water flow out of a borehole with a diameter of
about six centimetres. To minimize smearing of
the soil pores during hole preparation, walls and
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the bottom of the bored auger hole were
cautiously brushed up. From a water supply that
constitutes of a water reservoir and a flow
measuring reservoir connected to a row of linked
bubble-towers a constant water table was
established in the borehole.

The discharged water volume over time as noted
at the water supply system is translated into the
hydraulic conductivity, Kseq, Of the respective soil
depth interval. After termination of
measurements at one soil depth, the borehole
was extended to the next lower soil depth, and
the measurements were started again. Due to a
water level of about 18 cm in the borehole, we
used the middle of the water column as
reference depth (Table 2). When the water
column in the borehole affected several soil

horizons, this was considered in the further
evaluations. At each investigation site two
adjacent  boreholes were subjected to
permeameter measurements to verify the
observed hydraulic conductivity, Kieg-
gl
ﬁe/d:smh (H/r) \l(r/H)Z+]+r/H.Q.1440 ™)

2-n-H’
where:

Kfew = Hydraulic conductivity obtained using
permeameter [cm/day]

Q = Discharge from water supply system
[cm3/minute]

1440 = Conversion factor from [cm/minute] to
[cm/day]

Alternative equations, such as proposed by [15]
as well as [16], were tested and provided values
of Kselq cOmparable to Eq. 1.

2.3 Soil Core Sampling

Soil pits were dug about two meters apart from
permeameter measurements. This is to ensure a
close spatial relation on the one hand, but also to
avoid adverse effects upon measurements on
the other. Soils were characterized (Table 1) and
samples taken horizonwise using 250 cm?-steel
rings. To account for the high spatial variability
ten steel rings each were extracted per soil
horizon according to the prescription of the
Working Committee of the Federal Geological
Survey [6]. Where horizons were sufficiently
thick, ten additional 100 cm?3-steel rings were
taken to obtain information about volume-related
effects on hydraulic conductivity, Kg,. Sampled
soil horizons are compiled in Table 3.

2.4 Soil Core Analysis

After saturation from below, water flow was
determined based on different water levels on

H f\éVanar Ie\;et! in tr)]orlehole [em] both sides of the soil core sample using a
r = Radius of borehole [cm] lab-permeameter (Soil water Permeameter
Table 1. Properties of investigation sites
Forest Arable land Grassland
Specific land use Common spruce Rape Meadow
Altitude a.s.l.(m) 709 515 498
Soil type Podzolic cambisol Regosol Gleysol
Texture Loamy sand Sandy loam to silty sand  Loam to loamy sand
Latitude / Longitude 49°59'17" / 11°59'39" 50°0'57" / 12°7'25" 50°1'6" / 12°8'59"

Table 2. Reference depths of permeameter measurements; n = number of replicates

Forest Arable land Grassland
Borehole A Borehole B Borehole A Borehole B Borehole A Borehole B
(cm) (cm) (cm) (cm) (cm) (cm)
19 (n=12) 16 (n=8) 12 (n=9) 17 (n=8) 16 (n=4) 17 (n=8)
44 (n=10) 37 (n=6) 29 (n=6) 31 (n=5) 35 (n=9) 32 (n=8)
51 (n=7) 54 (n=5) 48 (n=9) 48 (n=10) 49 (n=8)
68 (n=10) 60 (n=8)
89 (n=5)

Note, that at all three investigated sites no impermeable layer, which lay within twice the distance of the
established water level, was encountered below the bottom of the auger hole. For these conditions, the Glover
solution (Eq. 1) [14] can be applied for the calculation of the hydraulic conductivity, Kreid
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Table 3. Soil horizon designations of sampled sites and depths of soil core samples referred to

centre of steel ring; n = number of replicates

Forest Arable land Grassland
Horizon 250 cm®* 100 cm® Horizon 250cm®* 100 cm® Horizon 250cm® 100 cm?®
Ahe-Aeh- 4 cm - Ap 17 cm 17 cm Ah 13 cm 13 cm
Bhs (n=10) (n=10) (n=10) (n=10) (n=10)
Bv1 19 cm - 38 cm - Go 33 cm 33 cm
(n=10) (n=10) (n=10) (n=10)
Bv2 33 cm - iICv 58 cm 58 cm Gor 43 cm -
(n=10) (n=10) (n=10) (n=8)
IBvCv 51 cm - 73 cm - Gr 58 cm 58 cm
(n=10) (n=10) (n=10) (n=8)
09.02.01.05, Eijkelkamp Inc.). After 2] = Actual water content [cm?®/cm?]
determination of K, the saturated soil samples 6, = Saturated water content [cm%cm?]
(pF = 0) were subsequently dewatered at 6 = Residual water content [cm3¥/cm?]
pressure steps of 60 hPa (pF = 18), 300 hPa (pF m = Empirical parameter [-], m = 1-1/n
= 25) and 15,000 hPa (pF = 42) to quantify the n = Empirica| parameter [ _]
respective fractions of wide-coarse pores (>50 a = Empirical parameter [1/m]

Mm pore diameter, &), narrow-coarse pores (50
to >10 ym &), medium pores (10 to >0.2 ym &),
and fine pores (0.2 ym ). The water content at
15,000 hPa was determined at filled-up sub-
samples. Additionally, stone content and dry bulk
density were determined for each soil core
sample.

2.5 Unsaturated Conductivity, of
Soil Core Samples

K(h),

The program RETC [17], version 6.02, was used
to estimate the relation between soil matric
potential, h, and the unsaturated hydraulic
conductivity, K(h), according to the van
Genuchten—Mualem code (Eq. 2 and 3) [18] for
the soil core samples:

—1/m
1 0-6
o)== 8 I
@ [@—aj

! Um "
K(h)=1<,ab-(g_‘2) 1{1—(3“2} ] 864 (3)

where:

1/n

h(6) = Matric potential as function of water
content [cm]

K(h) = Unsaturated conductivity as function of
matric potential [cm/day]

= Hydraulic conductivity determined for

soil core samples [m/s]

Klab

= Connectivity parameter [ - ]

o —

64 =Conversion factor from [m/s] to
[cm/day]
Besides texture information, RETC requires

values of the hydraulic conductivity determined in
the lab, Ka,, permanent wilting point and total
pore volume. The permanent wilting point (pF =
4.2) represented the residual water content, 6,
and the total pore volume the saturated water
content, 05, respectively [19]. For the soils
studied here, the criterion 65 ~ 85% of the total
pore volume [20] did not apply, for water
contents at pF = 1.8 often already exceeded 85%
of the total pore volume (pF = 0). The K(h)-
values of soil core samples as calculated using
RETC were compared to borehole permeameter
measurements Kjseq, conducted at comparable
soil depths. According to [21,22] it was assumed
that Kiap> Kiels,- Therefore, Kieq Was regarded as
unsaturated hydraulic conductivity, K(h), and
related to the soil matric potential of the
respective soil core sample (RETC 6.02) [17].
Implementing individually measured values of
saturated conductivity (Kap), residual water
content (6;), and the saturated water content (6s)
as well as texture-specific tabulated values for n,
I, and a [23] in the RETC-program, the relation
between unsaturated hydraulic conductivity, K(h),
and matric potential, (h), was calculated for the
soil core samples. This matric potential was
regarded as potential capillary rise of water. The
equivalent threshold soil pore diameter
corresponding to the capillary rise was calculated
using the capillary rise-equation (Eq. 4) [24]:
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h= [Mj @)

p-gr
where:
r = Pore radius [um]
h = Matric potential, resp. capillary rise [um]
y =Surface tension (= 0,0728 at 20° C)

[N/m]
a = Contact angle (= 0) [degree]
= Density of water (= 1) [g/cm?]
= Acceleration due to gravity (=
[m/s?]

«Q ©

9,81)

Thus, the threshold maximum diameter of flow-
conducting soil pores of K;q was estimated.

3 RESULTS AND DISCUSSION
3.1 Soil Core Samples

Comparing the hydraulic conductivities, Ky, of
100 cm?®- and 250 cm?® steel ring samples, no
directed tendency could be observed. While the
250 cm?® steel ring samples at the arable land
site, i.e. the Ap- and the ilCv-horizon, showed
higher hydraulic conductivities than the 100 cm?
steel ring samples, the opposite was true for

most of the grassland site samples, i.e. the Go-
and Gr-horizon. Here, the hydraulic
conductivities of the 100 cm® steel ring samples
exceeded those of the 250 cm?® steel ring
samples (Fig. 1). The non-parametric Kruskal-
Wallis test provided no significant differences of
the K,-values of each 100 cm?3- and 250 cm3-
sample pair.

A volume-relation of the hydraulic conductivity,
Kiab, Was checked against stone content and dry
bulk density for those horizons, which were
sampled using 100 cm3- as well as 250 cm? steel
rings (Table 3), i.e. 100 soil core samples
altogether. However, no volume related grouping
of hydraulic conductivities became evident
(Fig. 2).

The average stone content of ca. 10 mass. %
was obviously not high enough to establish an
increased flow connectivity due to stone-to-stone
contacts. A stone content >55 mass. % was
found as a threshold for this effect [25]. Neither,
a systematically lower stone content in the 100
cm3-soil core samples was observed as likely
occurs due to subjective focus upon fine-earth
pockets in the horizon plane while sampling with
the steel rings of small volume (Fig. 2). However,
the upper two horizons (Ah, Go) of the grassland

100004

=]
[l
[=]

1

100

hydraulic conductivity (cmiday)

=]
1

T T T T T T T T T T
Ah 100 Ah250 Go 100 Go250 Gr100 Gr250 Ap 100 Ap 250 ilCv 100 ilCv 250
cm® cm® cm®

cm® cm?® cm® cm®

cm® cm?® cm®

Fig. 1. Box plots of hydraulic conductivities of soil core samples of respective horizons;
100 cm?® (hatched) vs. 250 cm? (white). The abscissa defines the soil horizon and soil core
volume (cf. Table 3)
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Fig. 2. Hydraulic conductivity of 100 cm3- and 250 cm3-soil core samples a) vs. stone content
(top) and b) vs. dry bulk density (bottom)

soil showed a markedly lower dry bulk density
irrespective of the sampled volume (Fig. 2).
Here, the shallow Go-horizon of the grassland
site was lighter and the Ap-horizon of the arable
land site was heavier than proposed in other
compilations [26]. Expectedly, lowest values of
hydraulic conductivity, K, were found at soil
core samples of comparatively high bulk density
(Fig. 2). The pore space of these soil horizons
was dominated by fine and medium pores at the
cost of wide pores (not shown here). In contrast
to other findings [26] soil pore fractions were not
related to the organic carbon content of the soil.
Due to missing differences in hydraulic
conductivity between the 100 cm3- and the 250
cm3-soil core samples only the latter are treated

further on for they were sampled at all three
study sites in all soil depths and comprise a soil
volume closer to that affected by the borehole
permeameter.

3.2 Hydraulic Conductivity of Borehole
Permeameter, Kjqq, VS. Soil Core
Samples, K.

In contrast to the device-specific maximum Kigq
of 210 cm/d [11] we measured Kjeq Up to 476
cm/d without recognizable fluctuations of the
established water level in the borehole. Individual
hydraulic conductivities determined in-situ, Kjeq,
varied by a maximum factor of 3 (Fig. 3).
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Forest

X X KX X
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Fig. 3. Hydraulic conductivity of 250 cm3-soil core samples (cross signature) and borehole
permeameter (black dots) for the investigation site forest (top), arable land (middle) and
grassland (bottom); black line connects the median values of borehole permeameter, gray line

connects median values of soil core samples
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Compared to the suction-free hood- (179
cm/day) and disk-infiltrometer trials (19 cm/day)
as reported for another sandy loam soil [10], the
shallow hydraulic conductivities, Kjeq, Of the
sandy loam at our arable land site of about 35
cm/day (Fig. 3) tend more to the disk-infiltrometer
results. Hood-infiltrometer approaches included
also macropore flow [10] as did a tension-
infiltrometer at a silty loam with maximum
hydraulic conductivities of 1,900 cm/day [9]. In
contrast, the borehole permeameter used here
might represent primarily matrix flow. Lower
hydraulic  conductivities of the borehole
permeameter, Kseq, as compared to those of the
soil core samples, Ka, may be assigned to
various probable influencing factors: Effects of
hysteresis [27] or entrapped air [28] were
unlikely, because measurements were
conducted at the start of May 2012, i.e. at the
end of the groundwater recharge period. Thus,
the moisture status in the soil can be assumed to
be comparably high and evenly distributed. In our
study, Kseiq Was based on at least 10 consecutive
measurements with a one minute-interval
between permeameter readings. Over this 10
minute-period a constant water level was
maintained in the borehole according to [11].
This procedure should minimize incomplete
saturation under field-conditions as reported by
[12]. Slaking of soil during permeameter
operation [29], which results in decreasing Keq
in the course of consecutive measurements, was
not observed. However, in our study incomplete
removal of sealed soil pores [10] due to smearing
during borehole preparation could probably have
impeded the free flow of water into the soil. In
contrast, soil core samples are thoroughly
prepared, deaerated and saturated from below,
so that a higher proportion of pores are water
conductive during the lab measurement of
hydraulic conductivity, Kia,. A maximum hydraulic
conductivity, K, of up to 29,000 cm/day was
measured in 35 cm depth for soil cores at the
arable site. This corresponds to other macropore
flow rates, e.g. 43,200 cm/day in a heavy clay
soil with cracks [30]. At other sites, even higher
values of up to 26,205,120 cm/day [31] and
4,320,000 cm/day for a 6 mm-& macropore [32]
have been observed.

While borehole permeameter measurements
were replicated in the same borehole, the soil
core measurements represent different sampling
spots, and thus are affected by the small-scale
heterogeneity of soil [6]. This is reflected by the
greater range of hydraulic conductivities of the
soil core samples, K, as compared to the

borehole permeameter values, Kseq, particularly
at the arable land site (Fig. 3). Singular
macropores in the form of wormholes [33], which
were recorded in 40 and 70 cm soil depth (not
shown here) could account for this finding.
Effects of additional macropores resulting from
disturbance of the soil core samples [21,22]
cannot be totally excluded. In fact, the median
volume of the wide soil pores of the analysed
steel-ring samples (n = 118) amounted to 14
vol.%, which is classified as “high” according to
the German soil survey manual [26]. Moreover,
the inspection of each steel-ring prior to the
determination of the saturated hydraulic
conductivity revealed small discontinuities and
worm holes in 79% of the soil core samples. The
degree of continuity of macropores, e.g. using
computer-tomography [34], was not assessed in
this field study.

3.3 RETC-calculations

RETC-parameters are rather values of a non-
linear parameter optimization than measured
values of  soil-physical meaning [35].
Nevertheless, providing a rough proportion of
water conducing soil pores it could give useful
hints, where different soil pore fractions are of
special concern. Hence, the median Kjeq of 476
cm/day  obtained using the  borehole
permeameter at the forest site in 19 cm soil
depth (Table 2) was compared to the median
K(h)-value of the soil core samples taken in 19
cm soil depth, which provided a corresponding
matric potential of -22 hPa. Taking this matric
potential as capillary rise (Eqg. 4) a threshold pore
diameter of 135 pm resulted. Kseq in this sail
depth obviously includes fast draining pores of
the macropore spectrum of &> 75 ym [36]. In
contrast, Kjeq in the other soil depths of the
forest and the grassland sites comprises
medium-sized pores of < 75 ym (Table 4), i.e.
is restricted to the matrix flow domain.

While K, comprehends the entire pore space,
macropores are excluded from Kgeqy. In the
measurement of Kseg an estimated soil volume of
1,620 to 6,840 cm? is involved [11]. This could be
rendered for a higher probability of a participation
of macropores in the flow process [8]. In our
comparison between K, and Kseq, however, the
probability of occurrence of continuous
macropores is much higher for K, due to the
smaller soil core volume of 250 cm?®. In the case
of Kieg-determination these effective macropores
could have been blocked by smearing of the
borehole walls. Alternatively, if the macropores
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Table 4. Exemplary threshold diameters of hydraulically active soil pores based on borehole
permeameter measurements as related to the RETC-K(h) value of adjacent soil core samples

Investigation Median Kjeq Horizon of Matric potential of median  Threshold
site in soil depth related soil Ksield using the RETC-K(h) pore
core sample relation of corresponding diameter
in soil depth  soil core sample
Forest 476 cm/dayin19cm Bv1in19cm  -22 hPa 135 um
49 cm/day in 37 cm Bv2in33cm  -90 hPa 33 um
Grassland 2 cm/day in 16 cm Ahin 13 cm -159 hPa 19 um
2 cm/day in 32 cm Goin 33 cm -519 hPa 6 um
16 cm/dayin60cm  Grin 58 cm -69 hPa 43 ym

within the wetting-bulb are not continuous they
may act as an “internal drainage” [37], i.e. water
accumulated in a macropore enters the
surrounding soil matrix. Thus, the overall 2.
observed Kjeq-value might represent matric flow
conditions.

Instead of calculating the K(h)-values using the
RETC-program, the direct measurement of the
unsaturated conductivity of the soil core samples
using the evaporation method [38] may have
resulted in more accurate threshold pore 3,
diameters. However, the combination of K, and
Kreis, related by a specifically parameterized
RETC proved to be a supportive tool, when a
rough estimate of water conducting soil pore
fractions is of special concern, e.g. in when 4.
modelling matrix- plus macropore flow [39] in
contaminant transport studies.

4. CONCLUSION 5.

Rapid borehole permeameter measurements
integrate a comparably great soil volume and can
provide a consistent vertical distribution of
hydraulic ~ conductivities. ~ While  hydraulic
conductivity values of soil core samples comprise
the total pore spectrum and are highly affected
by continuous macropores, borehole
permeameter measurements rather represent
matrix flow. By combining both measurement
approaches further information of water
conducting pore fractions can be obtained, which
could be utilized as information in dual-porosity
models.
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