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Fig. 2. View of a sample of medium sand during the test (a) and control panel of piezometric tubes (b) (photo A. Gruchot)

non-cohesive soils, but also low-permeable cohesive
soils. Filtration coefficient was determined thorough
samples with a diameter of 12.3 cm and a height of
24.6 cm with water flow from the bottom up at high
drops and values of hydraulic gradient in a range 1-6.
Samples of medium sand were vibrationally compacted
to obtain density index /; _ 0.95 and 1.00 (respectively
with porosity # = 0.35 and 0.32), and coarse silty sand
mechanically to obtain /= 0.90 and 0.95 (respectively
with a porosity of n = 0.30 and 0.26). The degree of
saturation for medium sand was slightly above 0, and
for coarse silty sand was 0.12 on average.

Infiltration tests, with changes in electrical resis-
tance caused by water flow through the soil, were car-
ried out in a cylinder made of organic glass with an
internal diameter (sample) of 12.3 cm and a height of
70.5 cm (see: Fig. 3). Infiltration tests were carried out
for three soil samples. In the first case it was a sample
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of vibrationally compacted medium sand with a mois-
ture content of 0.5%, the porosity of which was 0.33.
The second sample consisted of coarse silty sand me-
chanically compacted at a moisture content of about
4.8%, with a porosity of 0.28. As for the third sample,
its lower part, 36 cm in height, consisted of medium
sand with a porosity of 0.33 and the upper part — coarse
silty sand — with a porosity of 0.28 at the same height.
The degree of saturation for medium sand was slightly
above 0, and for coarse silty sand was 0.3 on average.
In the lower part of the cylinder there is a filter con-
sisting of a mesh and a geosynthetic with a higher hy-
draulic conductivity than the tested material, so that they
do not affect the process of water infiltration. Another
cylinder with the same diameter and dozing infiltrating
water was attached to the cylinder with the soil sample.
Electrical resistance measuring electrodes were
stainless steel screws mounted in a cylinder wall.
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b) siCSa - MSa

Fig. 3. A view of a sample of medium sand and a sample of coarse silty sand alternately with medium sand during a resis-

tance test (visible measuring probes) (photo A. Gruchot)

Two electrodes on the opposite sides of the cylinder
formed one sensor — their total number was 27. Ver-
tical spacing of the sensors was 2.5 cm. The first sen-
sor was placed 2.5 cm below the upper surface of the
soil. Each sensor electrode was releasably connected
to an insulated conductor through a single-pole plug.
The switch with 32 measuring points was connected
to the Z-Meter.IV recorder (see: Fig. 1). Measured
signal was recorded in a form of real and imaginary
components of electrical impedance and simultane-
ously stored in the device’s memory. Further pro-
cessing of the test results was performed in an Excel
spreadsheet.

During the tests, changes in the mass of soil sam-
ples in an infiltration column were monitored, as well
as the volume of water discharged in order to maintain
a constant water level above the surface of samples
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and the position of the wetting front in the column.
Measurements were being taken until a filtration flow
was found in a sample base or a visible moistness of
a filter in the lower part of a sample. Based on the
research, numerical calculations of infiltration were
made in order to show the relation between changes
in water pressure in the pores and soil resistance (re-
sistivity) due to changes in moisture content (degree
of saturation) of the soil caused by water flow. Cal-
culations were made in the GeoStudio program. The
values of hydraulic parameters of soils are character-
ized by high variability (Zawisza and Klimek, 2016,
Zieher et al., 2017), and therefore both the values of
filtration coefficient and the parameters of the van
Genuchten formula were calibrated to obtain consis-
tency between the wetting front observed during the
tests and the results of numerical calculations.
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TEST RESULTS

Geotechnical parameters of analysed soils

The research was conducted for two types of soil —
a multi-fraction, well-grained coarse silty sand and
a single-fraction, poorly grained medium sand (see:
Fig. 4). The basic geotechnical characteristics of test-
ed soils are presented in Table 1.
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Fig. 4. Particle size distribution curves of tested soils

Table 1. Geotechnical properties of tested soils

Parameter Value
Fraction content [%]:
gravel, Gr. 63-2 mm 15.0 0
sand, Sa 2-0.063 mm 61.0 92.8
silt, Si 0.063-0.002 mm 21.1
0.8
clay, C1 <0.002 mm 2.9
Name acc. to [PN-EN 1SO 1468 | Coarse | Medium
2: 2006] silty sand sand
' (siCsa) (MSa)
Uniformity coefficient [-] 15.1 2.7
Coefficient of curvature [-] 3.0 1.1
Density of solid particles [g - cm™] 2.71% 2.65
Maximum dry density of solid
: . 2.12
particles [g - cm™]
Optimum moisture content [%] 7,8
Minimum and maximum dry 1.49
density of solid particles [g - cm™] 1.81

Explanation: for fraction lower than 0.063 mm.
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Hydraulic properties of tested soils

Filtration coefficient is a parameter that describes a ca-
pability of soil medium to allow water flow through.
It largely depends on soil granulation, its porosity,
mineral composition, moisture content and shape of
particles surface (Cadergen, 1997, Head and Epps,
2011). From the point of view of engineering practice,
it is particularly important to adequately describe the
phenomenon of water flow in the soil and to correct-
ly determine its filtration coefficient. There are three
basic methods of testing filtration coefficient — field,
laboratory and empirical method, but it is widely con-
sidered that values obtained from tests based on actual
physical flow of water through the soil (field and labo-
ratory methods) are the most accurate.

Studies showed a significant impact of compaction
and hydraulic gradient on obtained values of per-
meability coefficient (see: Fig. 5). In general, as the
hydraulic gradient grows — for both values of soils’
compaction — the values of permeability coefficient
increase, on average by 0.5 orders of magnitude (see:
Fig. 5). When comparing both soils, it should be point-
ed out that filtration coefficient of coarse silty sand
was on average 2 orders of magnitude lower than of
medium sand. Filtration coefficient values, obtained
at higher densities for both soils, were lower by 0.3
to 0.5 order of magnitude than for lower densities.
When comparing the recorded values of permeability
to granular composition of tested soils, and in particu-
lar to the content of silty and sand fractions, it can be
stated they are typical for this type of soils (Pazdro and
Kozerski, 1990).

On the basis of registered retention properties
(Fig. 6) of both soils, the values of van Genuchten
function parameters were calculated. For medium
sand these were — ot = 0.05 + 0.08 cm™' and n , = 1.3,
and for coarse silty sand — o = 0.05 + 0034 cm™' and
n,=1,2+1,55. The obtained values of the parameter
o were close to the values given for sandy and silty
soils in the literature (Lu and Griffiths, 2004, Lu and
Godt, 2008). Whereas, the values of the parameter n ,,
typical for silty and clay soils, were low.

Influence of moisture on electrical resistance of soil
Tests using the EIS method require calibration mea-
surements, which are supposed to find the appropriate
frequency of electrical impedance components mea-
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Fig. 5. The dependence of filtration coefficient of tested soils
on hydraulic gradient

surement. In the presented research, calibration was
performed in measurement signal frequency range from
1500 to 4000 Hz. For medium sand a frequency of 3700
Hz was assumed, which matched the highest value of
electrical resistance (see: Fig. 7). However, for coarse
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silty sand, the assumed frequency was 2500 Hz, which
was the highest reactance value (X), as in case of resis-
tance (R) this value was not clearly stated.

Figure 8 presents the results of resistance mea-
surements of tested soils depending on volumetric
moisture content. Received dependences indicate
a significant influence of moisture content on re-
sistance, while the impact being clearly nonlinear,
which is typical in soil resistance studies (e.g. Merritt
et al., 2016; Alamrya et al., 2017; Cardoso and Dias,
2017; Bertermann and Schwarz, 2018) and may indi-
cate a relation between soil resistance and retention
properties (Cardoso and Dias, 2017). It was notice-
able in the conducted research that extreme values
of soil resistivity differ by three orders of magnitude,
which is confirmed by Zicher et al. (2017). It was
also found that in volumetric moisture content range
from 0.1 to 0.2 [-] coarse silty sand was characterized
by lower resistivity values, which was due to higher
amount of fine (silty and clay) fractions in relation to
medium sand.

Results of research on electrical resistance of me-
dium sand and coarse silty sand during water infiltra-
tion in a vertical column are shown in Figure 9-10.
It is indicated that as the process of water infiltration
proceeds, soil resistivity values are reduced, which
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Fig. 6. Retention characteristics of medium sand (a) and coarse silty sand (b)
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means that the wetting front moves towards the sam-
ple base. Especially for medium sand (see: Fig. 9a)
the boundary between saturated zone and dry soil is
noticeable. For comparison, numerical calculations
simulating the conducted tests were performed (see:
Fig. 9b) showing piston nature of infiltration process.
However, it should be pointed out that some dif-
ferences in a position of the wetting front between
conducted tests and numerical calculations. These
changes may result in slight discrepancies between
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test conditions and those adopted for calculation. As
for coarse silty sand (see: Fig. 10a), there were also
significant changes in soil resistivity caused by in-
filtration process, and their character is in large part
similar to the results of numerical calculations (see:
Fig. 10b).

It should be noted that the minimum resistance
values obtained during the research are clearly greater
than those recorded from preliminary tests shown in
Figure 8. This may be caused by different dimensions
of soil samples (cross-section area, height) as well
as spacing and dimensions of measuring electrodes.
Obtained resistance values include very wide range
of values, posing some difficulties in their interpreta-
tion. Therefore, the test results have been developed
in a form of logarithmized values, which is shown in
Fig. 11 for medium sand. They indicate existence of
a zone of rapid changes in soil resistivity, which can
be identified with a wet zone or changes in wetting
front position. However, electrical resistance values
converted this way are not universal. For this reason,
results of electrical resistance values of tested soils
had to be interpreted by the aid of calculating relative
reduction of soil resistance in accordance with the
proposal given by Zieher et al. (2017):
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Fig. 9. Results of measurements of electrical resistance in infiltration column (a) and numerical calculations of changes in
volumetric moisture content (b) of medium sand in effect of water infiltration

RR=—"-1 (4)
ref
given that:
R, —soil resistance in time “i”,
Rmf —reference soil resistance, which was deter-

mined before infiltration tests.

Figures 12a—14a present results of calculations of
relative reduction of electrical resistance (RR) of test-
ed soils as a function of time and sample height, and
Figures 12b—14b show results of changes in the wet-
ting front position.

Relative resistance values of medium sand ranged
from —0.9 to 0.1 (see: Fig. 12a) indicating significant
changes in the wetting front position during the re-
search. This correlation coincided with the results of
an observation of the wetted zone position in infiltra-
tion column (see: Fig. 12b). Water flow occurred in a
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sample of medium sand after about 19 minutes. On the
other hand, relative resistance reduction calculations
show that in the initial stage of the test at the bottom of
the sample there was a local increase in soil resistance
(RR> 0.0). This may indicate a reduction in soil po-
rosity due to weight increase of the higher part of the
soil sample caused by presence of water in soil pores.
Similar correlations are presented by Bertermann and
Schwarz (2018). They demonstrated that with increas-
ing load of a sample with constant moisture content
and a decrease in soil porosity, its electrical conduc-
tivity increases.

As for coarse silty sand, no water outflow was
found at the base of infiltration column, only soil
wetting (see: Fig. 13b). The time for water to flow
through the soil was estimated at about 280-300 min-
utes. Relative soil resistance reduction values were
fit in a much smaller range than in case of medium
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sand tests — and ranged from —0.81 to 0.05, which was
related to relatively high initial volumetric moisture
content of soil (6 = 0.08). Relative soil resistance re-
duction values in a range from —0.7 to —0.5 seem to
be in accordance with the wetting front position (see:
Fig. 13a), which was consistent with results of ob-
servation of movement of wetted zone in infiltration
column (see: Fig. 13Db).

Results of water infiltration tests in stratified sam-
ple (consisting of a layer of coarse silty sand above
and medium sand below) are shown in Figure 14.
In the case of this test, wetting of sample base oc-
curred after about 260 minutes, so it took slightly
longer time than implied by observation of the wet-
ting front. Relative resistance reduction values (RR)
ranged from —0.99 to 1.33, essentially less than 0.3,
and only the near-surface area of the sample being
over 1.0. High values may be connected to damaging
the sample surface caused by adding water. After the
test was finished, at the height of about 0.7 m visi-
ble deformations of the sample surface were found
in the boundary zone. The measuring sensor was
located there about 1 cm above the sample surface.
The second zone with high values of relative resis-
tance reduction parameter (= 0.7) was located about
7—12 c¢cm below the upper surface of the sample. This
zone marked its presence at the end of the test, after
the zone of high values of relative resistance reduc-
tion has emerged near the surface.

Tests of stratified sample indicate a development
of two zones that differ from each other in relative
reduction values of soil resistance, which may result
from geotechnical parameters of both soils. Lower
values of relative resistance reduction (RR) obtained
in the upper part of the sample (coarse silty sand) are
caused by higher initial volumetric moisture content
(6 = 0.08), not by the lower layer (6 = 0.02), i.e.
medium sand. In the medium sand layer the lowest
values of relative resistance reduction were RR =
—0.994, indicating that resistance values during in-
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filtration process decreased by almost 2.5 orders of
magnitude. The results of field tests incl. Alambry et
al. (2017), Zieher et al. (2017), Vanella et al. (2018)
indicate that changes in soil electrical resistivity val-
ues caused by water flow in the soil in relation to an
initial resistivity value usually do not exceed 50%,
which corresponds to relative resistivity reduction
RR = —-0.5. Zieher et al. (2017) while conducting
soil tests on a subjected to watering alpine slope,
registered changes in relative reduction of resistiv-
ity (RR) by a maximum of 0.2, while assuming that
changes in the RR parameter at rate of 0.03 are with-
in an accuracy range of the measurement method.

CONCLUSIONS

The results of tests of electrical resistance of soils sub-
jected to infiltration process in vertical column con-
firmed a significant impact of water in soil medium
on its electrical conductivity. It has been shown that a
change in soil moisture from an air-dry state to full sat-
uration leads to a reduction of soil resistance by almost
three orders of magnitude. Generally, the amount of
resistance reduction has a significant relation to the
initial moisture content of the soil — the higher the soil
moisture content value, the lower the resistance reduc-
tion value.

Test results have proven a relatively good conver-
gence between the observed wetting front position
and measured values of soil resistance, thus confirm-
ing the usefulness of the tested measurement method
for monitoring water circulation in the soil, indicat-
ing at the same time some limitations and difficul-
ties in interpretation of test results. Despite obtain-
ing measurable values, resistance measurements are
essentially of a qualitative nature, and a quantitative
interpretation of physical processes occurring in the
soil requires additional support by means of other
calculation methods or a use of additional measure-
ment methods.
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ZASTOSOWANIE METODY SPEKTROMETRII IMPEDANCYJNEJ DO MONITOROWANIA PRZEPLYWU
WODY W GRUNCIE NIENASYCONYM

ABSTRAKT

Cel pracy
Celem badan bylo okreslenie wrazliwosci metody spektrometrii impedancyjnej (EIS) na zmiany oporno$ci
elektrycznej osrodka gruntowego wywotane infiltracyjnym przeptywem wody.

Materiat i metody

Badania przeprowadzono dla dwoch gruntow mineralnych — niespoistego — piasku drobnego i spoistego —
piasku grubego pylastego. Zakres badaf obejmowal okreslenie podstawowych wlasciwosci geotechnicznych
obydwu gruntow (wspotczynnik filtracji, charakterystyke retencyjng) oraz badania infiltracji wody w pio-
nowej kolumnie gruntowej. Badania te obejmowaty pomiary zmian opornosci elektrycznej osrodka grun-
towego, ktore pordéwnano z obserwaScjami potozenia fronu zwilZenia oraz z obliczeniami numerycznymi
przeptywu wody przez grunt. Badania infiltracji przeprowadzono dla trzech probek gruntu. W pierwszym
przypadku byta to probka piasku s$redniego, druga probke stanowil piasek gruby pylasty, a w przypadku
trzeciej probki, dolng jej czes¢ stanowit piasek $redni, a gorng piasek gruby pylasty.

Wyniki i wnioski

Wyniki przeprowadzonych badan rezystancji elektrycznej gruntow poddanych procesowi infiltracji w pio-
nowej kolumnie potwierdzity istotny wplyw obecno$ci wody w o$rodku gruntowym na jego przewodno$¢
elektryczna. Wykazano, ze zmiana wilgotnosci gruntu od stanu powietrznie-suchego do pelnego nasycenia
powoduje redukcje rezystancji gruntu o prawie trzy rzedy wielkosci. Wyniki badan wykazaty stosunkowo
dobrg zbiezno$¢ pomigdzy obserwowanym potozeniem frontu zwilzenia, a zmierzonymi warto$ciami rezy-
stancji gruntu potwierdzajgc tym samym przydatno$¢ testowanej metody pomiarowej dla potrzeb monitorin-
gu obiegu wody w os$rodku gruntowym.

Stowa kluczowe: infiltracja, grunt, spektrometria impendacyjna
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