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Abstract: This paper presents the results of laboratory and field tests on the hydraulic properties of
georopes produced using the Kemafil technology from sheep wool waste generated in the textile
industry. The laboratory tests included the determination of the basic physical parameters and
filtration properties of georopes, as well as tests of the physical properties and water permeability of
the experimental training ground. As part of the field research, measurements of water infiltration
through 1.0, 2.0 and 5.0 m long georopes embedded in the ground were carried out in nine monthly
cycles. The conditions of water flow through the georopes were monitored on the basis of georope
resistance measurements. Numerical calculations were also performed to determine the conditions
of water flow through the georopes and the process of water infiltration from the georopes into the
ground. The laboratory tests have shown that the water permeability of georopes is high and, based
on the filtration criteria, they can act as a drainage material. The field measurements showed that
the resistance of the georopes changed over time and depended on the amount of water supplied
and the absorbency of the ground. The results of the numerical calculations were consistent with the
results of the field measurements, at the same time indicating that some water infiltrated into the
ground in the vicinity of the georopes, meaning that under the conditions that prevailed during the
experiment, the georopes can act as infiltration drainage systems in the ground.
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1. Introduction

Human life and economic activities are inextricably linked to the production of waste.
The amount of waste, its diversity and its composition change and depend on the wealth
and the technological level of the society in which it was generated. Each type of waste
poses a threat to the natural environment and should therefore be disposed of or recovered.
The management of waste generated as a result of human industrial and agricultural
activities requires a number of activities to identify potential opportunities for their reuse
in accordance with the principles of environmental protection. The Waste Act, which is in
force in Poland [1], indicates the need to take measures to prevent the occurrence of waste
and limit its spread in the environment. Waste management is a set of activities aimed at
maximizing the recovery of secondary raw materials or energy from waste and reducing
the amount of waste stored in the environment. Waste management should be largely
based on the use of waste as a secondary raw material for engineering purposes or as an
additive used to improve the properties of the starting material.

In earth construction, solutions based on the use of all types of reinforcement that
improve the mechanical properties of low-bearing soils are becoming increasingly com-
mon [2-6]. Most often, dispersed reinforcement is used in the form of synthetic fibres of
various lengths. An interesting solution is to use biodegradable fibres, e.g., wool, for such
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reinforcement, thus improving the strength parameters of the soil to a satisfactory extent,
or at least not worsening them. On the other hand, as a result of biodegradation processes,
nitrogen compounds are released from the wool, which supports the development of
vegetation and thus improves the surface stabilization of, e.g., slopes.

A significant problem in the case of earth constructions, especially road constructions,
is the need to secure slopes of embankments and road excavations. The variability of
meteorological conditions may cause the erosion of slopes and, consequently, problems
with the exploitation of earthworks. Geosynthetics are most often used to reduce the surface
erosion of soil and engineering structures, and their scope of application is so large that
their selection does not cause any problems. Geosynthetics placed on a slope surface limit
the penetration of solar radiation, eliminate sudden temperature changes and maintain
relatively constant soil moisture content. As a result, they create a favourable microclimate
for germinating grass seeds and protective plants [7,8].

Another problem related to the operation of earth construction facilities—road or
hydrotechnical—is the proper drainage of embankments or excavations, which can be
implemented in various ways. The use of geosynthetics in earth constructions can be prof-
itable and allows their use as a substitute for mineral materials (geotextiles, geomembranes)
or as reinforcing elements (geogrids). Geosynthetics placed horizontally between the fine-
grained subsoil and the aggregate have a separating function, which prevents mixing, but
they can also create a drainage system. When used for filtration, the geotextile serves as a
filter preventing the unwanted migration of small particles and enabling adequate water
flow. The main problem with geotextiles used for filtration applications is their ability to
transmit and retain soil particles and prevent clogging [9]. Geotextiles that are used for
drainage are subject to soil loads and pressures resulting from external loads, e.g., road
traffic in road construction [10]. The deformation of geosynthetics due to external load may
change the pore size of the geotextile, which is associated with a reduction in its ability
to retain particles or a change in hydraulic conductivity [11-13]. The dynamic load of the
geosynthetic may also cause the forced flow of fine soil particles [10]. Unfortunately, there
is no universal solution in which a geotextile is compatible with all types of soil. Attempts
are being made to develop design solutions in which geotextiles are adapted to certain
types of soil, taking into account simple parameters resulting from particle size and density.
It should be noted that the existing criteria related to water filtration through drainage
materials may be insufficient when assessing the suitability of geosynthetics for filtration
purposes [14,15].

There are a number of reports in the literature on the potential use of synthetic fibres
for soil reinforcement. Synthetic fibres improve the properties of soils by increasing their
tensile and compressive strength [16] as well as shear strength [17]. Studies on the use
of natural fibres as replacements for synthetic fibres in soil composites have also been
published in the literature [18-22]. From a sustainability point of view, natural fibres are
replacing synthetic fibres for economic and ecological reasons. Natural fibres, in addition to
their environmental advantages (high availability, low cost, renewability, biodegradability),
have desirable mechanical properties (high strength-to-weight ratio, low density of 1.2 to
1.6 g cm™3) and are generally able to guarantee the good mechanical properties of a
composite, such as tensile strength, stiffness, flexural strength and flexural modulus [23].
The results of a study on the use of wool from the fleeces of domestic sheep (‘Valle del
Belice’ from Sicily) to reinforce building elements of compacted soil are described, among
others, in the work of Parlato et al. [24]. It should be clearly emphasized that the authors
used natural fibres from agricultural waste from sheep with low-quality wool, which is
not used in the textile industry and has to be landfilled. The addition of natural fibres
to the mix of mineral-based building materials allowed them to improve tensile strength,
toughness, impact resistance and durability and reduce shrinkage during drying. Sheep’s
wool is widely regarded as one of the most efficient insulating natural fibres due to its
hygrometric and acoustic properties [25]. In the building sector, sheep wool meets the
requirements for green building components, as it is an environmentally friendly material
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found in excess, renewable annually and completely recyclable [26,27]. Composite materials
have a wide range of properties and play an important role in environmental protection.
The most common fibres used in composites are those obtained by chemical processes.
However, natural fibres are increasingly being recognized as a potential component of
biodegradable composites due to sustainability principles, environmental concerns and the
fact that they are biodegradable. Biodegradable polymers are becoming an alternative to
plastics, which have a negative impact on the environment [28]. In general, the skilful use
of natural products including, for example, sheep’s wool offers significant sustainability
benefits, such as reduced production costs for new insulation materials and reduced
environmental pollution.

The aim of this study was to assess the hydraulic properties of innovative, ecofriendly,
biodegradable georopes produced from wool waste generated in the textile industry with
Kemafil technology. Kemafil georopes have successfully been used for shallow reinforce-
ment and the anti-erosion of slopes so far, but their hydraulic properties in field (real-world)
conditions have not yet been tested. The research hypothesis was that the georopes, during
their initial period of use, could act as a drainage system that disperses water into the
surrounding soil, allowing the slope scarification process to accelerate.

2. State of the Art

The use of geosynthetics in earth-made structures for the regulation of water seepage
requires various requirements to be fulfilled. In the case of granular materials used in the
construction of filters, the most popular is the Terzaghi criterion [9], which proposes the
criteria of retention (Equation (1)) and hydraulic conductivity (Equation (2)):

ds < 5d5s M
#s > 5di5 @)

where dx is the grain size at x [%] passing, with the superscripts f and s denoting the filter
and soil, respectively.

According to Giroud [29], possible overpressure resulting from too high of a hydraulic
drop in accordance with Darcy’s law and conservation of mass will not occur when:

K > s K 3)

where i is the hydraulic gradient in soil and ks is the coefficient of permeability, with the
superscripts gr and s denoting the granular filter and soil, respectively.

The design of a filter using geosynthetics is completely different. In this case, the
selection of a geotextile includes its properties and the conditions of its operation in the
ground, i.e., its retention properties, clogging and hydraulic conductivity [30]. The retention
criterion is related to the pore diameter of the geotextile presented as Ogs and is expressed
by the equation:

Ogs < & dgs (4)

where Og; is the filtration opening size of the geotextile and « is the retention ratio (repre-
senting the equivalent diameter of soil particles capable of penetrating the geotextile).
The assessment of the clogging rate of geotextiles can be performed using the long-
term flow test [31] or tests recommended by American standards such as the hydraulic
conductivity ratio test [9] or the Gradient Ratio (GR) test [9,14,15,32].
However, the criterion of hydraulic conductivity for geosynthetics states that:

K>y kS )

where 7 is an empirical coefficient, the value of which ranges from 0.1 to even 1000 [9,33],
and ks is the coefficient of permeability, with the superscripts gt and s denoting the geotextile
and soil, respectively.
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In the case of geosynthetics, attention should also be paid to their thickness and
internal stability [34]. The above analysis indicates quite significant discrepancies between
the criteria applicable to assessing the suitability of earth materials to be used as filters and
geosynthetics used for similar purposes.

Therefore, the use of georopes made using Kemafil technology from various materials
requires knowledge of the filtration properties of all components. As a consequence, the
adoption of individual criteria for the applicability of a given material may be insufficient
and water permeability tests should also be carried out for Kemafil georopes made of
specific materials. Research of this type is an important source of information on where
and how Kemafil georopes can be applied.

One type of geosynthetics is geotextiles, which are used in civil engineering for
separation, reinforcement, filtration, drainage, barriers and the protection of the ground. To
protect slope surfaces, long-term protection geosynthetics can be used (3D mats, synthetic
fibre nets, georopes), i.e., made of non-biodegradable, long-lasting materials that allow
the use of their anti-erosion function for a period of at least a dozen or so years [35].
Temporary anti-erosion protection is carried out with biodegradable geosynthetics (mats
and non-woven fabrics made of cotton, wool, jute or coconut fibres), which provide direct
anti-erosion protection for up to 5 years. Materials of this type protect slopes against
surface erosion in the early phase of development of the protected vegetation. Later,
they decompose, providing nutrients for the development of vegetation, which ultimately
takes over the function of anti-erosion protection [15,36,37]. Geosynthetics produced from
biodegradable raw materials can be an alternative to traditional methods of surface slope
protection, such as hydroseeding or turfing [38—40].

Natural fibres can be divided into three groups, depending on their origin—plant
(cellulose), animal (protein) and mineral fibres [41]. Plant fibres are obtained from seeds,
stems, leaves and fruits. Animal fibres are obtained mainly from wool and silk [42,43].
Mineral fibres, mainly asbestos, play a marginal role in environmental engineering. The
mechanical, physical and chemical properties of fibres depend on their type and the
processes to which they are subjected from the moment of collection to the final product.
Obtaining specific types of fibres requires their collection, pushing, cleaning and drying.
Although most natural fibres have high cellulose content, while animal fibres contain high
amounts of protein, their structure and properties may be varied. These differences are
reflected, among others, in the mechanical properties of a given material, as well as in
the rate of the degradation process [43,44]. Regardless of their properties, fibres can be
processed into threads, ropes, mats, textiles and nets. They can also be used as components
of composite materials [45].

When water erodes the slope surfaces of soil embankments, this acts as the beginning
of their destruction, which is already visible during construction in the period between the
completion of the earthworks and the permanent covering of the slope with vegetation.
The proper protection of a slope surface should combine an anti-erosion function with
the possibility of improving soil moisture content conditions—irrigation or drainage. For
this purpose, three-dimensional geocellular systems made of non-biodegradable materials
with long-term durability (polyethylene) are being used more and more frequently. An
interesting solution is the use of Kemafil ropes, based on which 3D geosynthetics are
produced which resemble honeycomb in shape [46].

An innovative technology in the use and production of geosynthetics that allow the use
of natural waste materials is Kemafil geosynthetic georopes. Kemafil georope production
technology was developed in the late 1970s and can achieve thicknesses reaching up to
150 mm. Kemafil ropes may have cores made of various substances, including waste
materials, e.g., wool or shredded textile waste, which are placed in a special biodegradable
coating [40,47]. The casing of Kemafil ropes can be any type of material—jute fabric, jute
mesh, needle-punched non-woven fabric, e.g., wool, or stitched from waste fibres with
grass seeds (if they are used as a biodegradable material). Cotton or sisal rope can be
used as a braid. Broda et al. [36,47] and Grzybowska-Pietras et al. [46,48], as well as
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Nguyen et al. [49], used Kemalfil ropes made of non-woven wool fabric in their research
as an element of the anti-erosion protection and reinforcement of slopes. These ropes
were laid in a meandering form or in the form of a grid, constituting an effective system
protecting the slope surface. Based on the analysis of research conducted on experimental
plots, Grzybowska-Pietras and Juzwa [50] showed that the use of wool non-woven ropes
with a surface weight of 390 g m~2 and a thickness of 6 cm on the surface of slopes allows
the anti-erosion function to be combined with the improvement of water balance within
a slope.

The use of wool and wool waste becomes an important aspect of their proper manage-
ment. Every year, huge amounts of wool waste are deposited in landfills, the use of which,
according to research, can be profitable from a waste management point of view. This type
of waste, apart from earth construction applications [3,40], can also be used in technologies
related to the production of building materials and concrete [51,52]. The use of waste
to produce concrete, due to the low cost of obtaining wool, also becomes an important
element of sustainable management in construction. Alyousef et al. [53] demonstrated
the possibility of using sheep wool fibres for the production of concrete. By assessing
the mechanical and microstructural properties, these authors showed that the addition of
70 mm long sheep fibres in amounts ranging from 0 to 1.5% reduced the slump values of
fresh concrete. The use of sheep wool fibres reduced the compressive strength of concrete
mixtures, but improved the tensile and bending strength of concrete. Interesting results
were obtained by Awal and Mohammadhosseini [51], who used carpet fibres and palm oil
ash as partial replacements for Portland cement in the production of concrete. By adding
from 0 to 1.25% of 20 mm long carpet fibre, they obtained high tensile and bending strength,
thus increasing the plasticity of concrete with higher energy absorption and better crack
distribution. Their research revealed that this type of waste can be potentially applied in
the production of “green” concrete.

The range of wool geotextiles used in earthworks mainly includes cover mats and
nets made of wool ropes [54]. Mats are mainly used to protect grass seeds [55]. They
ensure minimal evaporation and provide excellent thermal protection and an appropriate
microclimate for seed germination. Wool geotextiles buried in the ground are exposed
to the action of microorganisms—Dbacteria and fungi—that use the fibres as a source of
nutrients [56-58]. During degradation, they release nutrients that become available to
plants. The mats are mainly applied where rapid plant growth is required. Wool georopes
are used for soil protection as materials intended for erosion control or land reclamation [38].
The biological degradation of wool is slow [59]. The hydrophobic surface of wool, its
compact structure, the large number of disulfide and hydrogen bonds, and other salt
stabilizers hinder the growth of bacteria and fungi and delay enzymatic hydrolysis. The
husks present on the surface of the fibres create irregularities that make it difficult for
microorganisms to adhere [60]. Wool absorbs large amounts of water in a way that hinders
its use by microorganisms. At the same time, by absorbing water, the fibres make the
microclimate around them less favourable for the development of microorganisms [61].

The influence of environmental factors on wool degradation is crucial for geotextiles
designed for erosion control. Such geotextiles are usually used as short-term slope protec-
tion in the early stages of development of protective vegetation. Geotextiles installed in
the soil provide immediate protection and then, through gradual decomposition, deliver
organic matter and nutrients to the soil, accelerating the growth of vegetation. Geotextiles
should maintain their protective potential for several weeks until the vegetation takes over
the protective function [62].

Assessment and monitoring of phenomena occurring in the ground and in geosynthet-
ics as a result of water flow is increasingly being carried out using electrofusion techniques.
Geophysical methods are successfully used to solve a number of problems related to the
assessment of the condition of the soil and water environment [63], to assess the tech-
nical condition of engineering structures [64,65] or to assess soil porosity and moisture
content [66]. Geophysical research using electrical resistance, electromagnetic or seismic
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methods involves measuring the physical properties of rocks and soils, usually from the
Earth'’s surface, without disturbing the ground structure. In the widely used electrofusion
method [67], it is assumed that the tested materials are characterized by the ability to con-
duct electric current. This ability depends on the moisture content and water saturation of
the pores of the tested medium and the impurities in the water, especially salt compounds.

The use of wool for the production of Kemafil georopes is an ecofriendly solution for
the management and use of wool waste, and activities related to the use of geogrids in the
broader geo-engineering field are in line with the fundamental principles of sustainable
environmental resource management.

3. Materials and Methods

The scope of this work included laboratory and field tests and numerical calculations.
The laboratory tests included the basic characteristics of the Kemafil georopes used in
the experiment, as well as tests of their water permeability in the vertical and horizontal
directions. The georopes were prepared by the Institute of Textile Engineering and Polymer
Materials of the University of Technology and Humanities in Bielsko-Biata (Poland). The
grain size composition of the soil constituting the base of the experimental testing site
was determined using the combined sieve—aerometric method up to a depth of 1.0 m [68].
The filtration coefficient of soil taken directly from the bottom of the excavation prepared
for the installation of the georopes was determined using the variable-gradient method
in an oedometer [69] on samples with a diameter of 7.5 cm and a height of 1.9 cm. The
permeability coefficient tests were carried out on soil with a grain size of less than 5.0 mm.

The laboratory tests of the water permeability of Kemafil georopes were carried out
in a prototype apparatus (Figure 1). The constructed apparatus enabled testing the water
permeability coefficient of georopes with diameters of up to 10 cm. Taking into account
the high compressibility of the ropes under load, the tests took into account the change in
their diameter. Therefore, the georopes were placed in pipes of different diameters, which
allowed us to determine the relationship between water permeability and the bulk density
of the georope. The tests were carried out with a variable hydraulic drop when water
seeped through the georope sample from top to bottom.

Figure 1. General view of the apparatus for determining the coefficient of permeability of Kemafil
georopes (photo: A. Gruchot).
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Figure 2. Diagram of the construction of the georope rows: (a) 1.0 m long; (b) 2.0 m long; (c) 5.0 m long.
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Figure 3. Elements of a drainage system made of Kemafil georopes (photo by M. Cholewa): (a) general
view of the experimental plot; (b) view of the Kemafil georope before installation in the soil; (c) supply
well; (d) final well.

Geophysical surveys are included in the group of non-invasive methods and are
helpful in ground investigations because they do not disturb the structure of the soil.
Data from this type of survey are obtained by means of spatial sampling. Traditional
surveys (drilling and excavation) cause damage to the soil structure and many times
require additional testing. As indicated by the research of Tabbagh et al. [71], the use of
geophysical surveys in correlation with laboratory tests contributes to increasing the level
of soil interpretation. Laboratory geotechnical testing has clearly shown that electrical
resistivity varies with moisture content and grain size composition. As moisture content
and fine content increase, the electrical resistivity values of soils decrease. Similarly, de
Jong et al. [72] note the significant relationship between soil resistivity and changes in soil
moisture. The use of electrical resistivity tomography makes it possible to determine the
spatial dynamics of soil moisture distribution, although the field experiments do not yield
accuracy similar to laboratory experiments.

Changes in the moisture content of the geogrid were determined using the electrical
resistivity method, based on changes in its resistance using measuring probes installed
at 1 m intervals in each drainage section (Figure 2). The probes were installed directly
in the georope, and the section in the ground was insulated. Resistance measurements
were performed every 10 min using a Schneider Electric IMT23202 multimeter (Figure 4)
which measured the resistance in the range of up to 200 k). The multimeter measured the
resistance every 1 s over 10 s, giving the final result as the mean of 10 reads. Resistance
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measurements were performed for two adjacent probes. During this study, the volume
of infiltrating water from the supply well into the georope was also recorded. Before
starting the resistance measurements, the supply well was filled with water up to the upper
edge of the georope, and then the water in the well was refilled to this level every 10 min,
recording the volume of added water. Nine measurement cycles of 120 min each were
carried out monthly from October 2020 to June 2021 (Table 1). During the measurements,
the temperature of air and water in the supply well was also recorded using multimeter
probes, and the soil moisture content was assessed macroscopically [70].

Figure 4. View of the Schneider Electric IMT23202 multimeter used to measure the resistance of the
Kemafil georope (photo by A. Gruchot).

Table 1. Characteristics of weather conditions during research.

Measurement Temperature [°C] Moisture Content Based  Type of Precipitation and Its Intensity
Date Air Water Soil on Macroscopic Analysis Within 24 h Before Measurement
7 October 2020 12 5 3 moist snow /constant
18 November 2020 6 2 4 slightly moist rain/poor
15 December 2020 -1 0 0 moist snow / poor
5 January 2021 —4 0 -2 moist lack
17 February 2021 -2 0 -1 moist snow/ fleeting
13 March 2021 -1 0 0 moist snow / poor
1 April 2021 20 3 4 slightly moist lack
11 May 2021 15 4 5 moist rain/fleeting
8 June 2021 22 3 3 wet rain/intense

Shallow non-invasive geophysics (electrical resistivity tomography) is an increasingly
common method used to identify the soil-water conditions in the subsoil. If these anal-
yses are additionally supported by the study of grain size composition, it is possible to
determine the variability of the geological structure indicating the occurring glacitectonic
disturbances [73]. Measurements of the electrical resistivity of soils together with drilling
were also applied in the shallow geotechnical reconnaissance of an experimental flood
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bank in Czernichéw village (Poland) near the Vistula River [74]. On the basis of geoelectric
surveys, quantitative information was obtained about the alluvial soil layers (sands, gravels
and clays) present in the subsoil. The correlation between the data obtained from the
geoelectric and geotechnical surveys allowed a much better identification of the geological
structure of the subsoil.

As part of the field research, the filtration properties of the soil in the subsurface zone
of the experimental plot were also determined. The soil coefficient of infiltration was tested
at a depth of 0.20 m using the Saturo automatic infiltrometer (Figure 5). In this device,
unlike in typical infiltrometers, water infiltrates into the ground through a single cylinder.
This type of solution causes water infiltration into the soil to occur partly vertically and
partly horizontally. In order to limit the influence of side infiltration on the assessment of
the infiltration coefficient values, two values of water pressure in the cylinder were used.

Figure 5. View of the research station for testing the infiltration coefficient with the Saturo infiltrometer
(photo by M. Cholewa).

Based on laboratory and field tests, calculations of water flow in georopes were made
using the finite element method in the GeoStudio (v. 2020) software. The purpose of the
calculations was to analyze the process of water redistribution in the subsoil near the
georope. A two-dimensional model of the soil medium was adopted for the calculations,
with a calculation mesh size of 1 x 1 cm, georope and subsoil to a depth of 0.35 m below
ground level, and 2 x 2 cm of substrate under the georope (Figure 6) to a depth of 2.0 below
ground level. The water level in the well during the analysis was considered as a boundary
condition. The calculation results were verified by analyzing changes in the degree of
saturation, pore pressure in the georope and the subsoil, and water velocity in the georope.
A 5.0 m long georope was used for modelling. In the numerical calculations, in accordance
with the field research methodology, it was assumed that water was supplied to the
supply well over two hours. The next two hours of numerical modelling were intended to
demonstrate changes in the wetting zone due to the lack of water supply to georopes.

The calculations adopted the composition of the subsoil from field tests. The calcu-
lations conducted for the soil in the near-surface zone and in the vicinity of the georope
adopted the mean value of the coefficient of permeability from field tests with the Saturo
infiltrometer, while for the soil below the georope, the coefficient of permeability was half
an order of magnitude lower. This was due to the fact that below the depth of the georope
installation there was silt soil with gravel and sand, with a slightly higher density. The
retention curve was adopted for silt soils, as proposed in the GeoStudio programme. In
numerical calculations, the selection of georope retention parameters became problematic.
There is no information in the literature regarding the retention properties of sheep fibres,
but there are data regarding substrates containing mineral fibres [75], or soils containing
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Elevation [m]

mineral fibres [76]. The results of the laboratory tests and field observations showed that
Kemafil georopes were characterized by high water absorption, similar to peat soils. There-
fore, for the purposes of numerical calculations, the parameters of the van Genuchten
equation [77] given by Cannavo et al. [78] were adopted as follows: o = 17.96 kPa~! and
n=2.0.

saclCSi

-1.0

0 e —

sagrsiS

| | | | | i l l |

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
Distance [m]

Figure 6. Discretization of the numerical model of the subsoil with a built-in georope.

The research results were analyzed using Microsoft Excel (v. 2019), as well as the Google
Colaboratory platform [79], with the following Python libraries: numpy (v. 1.26.4) [80],
pandas (v. 2.2.2) [81], matplotlib (v. 3.7.1) [82] and seaborn (v. 0.13.2) [83]. The first two
libraries were used to analyze and process the measurement data, while the latter two were
used to visualize the research results.

4. Results

The tests were conducted using Kemafil georopes with a diameter of 100 mm and a
core made of rolled non-woven fabric from wool waste without lagging, only with a string
braid (Figure 7). The georope was characterized by a narrow range of diameter changes,
i.e., from 10.0 to 10.3 cm, and its natural bulk density ranged from 0.0598 to 0.0634 g cm 3
(mean of 0.0612 g cm~3).

(a) (b)

Figure 7. View of the 100 mm diameter Kemafil georope used in the study (photo by A. Gruchot):
(a) cross section of Kemafil georope; (b) top view of the Kemafil georope, visible a string braid.
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The tests of the hydraulic properties of Kemafil georopes after their application in
the ground were carried out at the experimental site located in Kowaniec (Poland). The
geotechnical reconnaissance showed that the subsoil of the experimental site is composed of
silty soils with gravel, the content of which increases with depth. Multi-fraction (Cy = 40.3,
Cc = 1.14) clayey coarse silt with sand (saclCSi) occurred up to a depth of 0.40 m (Figure 8).
Further below, up to a depth of 1.0 m below the ground surface there was multi-fraction
(Cy =160.4) silty soil with gravel and sand (sagrsiS) [84]. However, directly at the depth of
the georope installation, there was multi-fraction (Cy = 55.0) sandy coarse silt with gravel
(grsaCSi). The grain composition in the subsoil under the georope was dominated by the
sand fraction, the content of which was almost 37%; the gravel fraction content reached
almost 22%, while the silty fraction was 35%, and the clay fraction content equaled 6%.
During penetration drilling, the groundwater table was not found.
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Figure 8. Grain size curves of the subsoil at the experimental site.

The bulk density of the soil was 1.92 g cm ™2 up to a depth of 0.25 m with a moisture
content of approximately 20 to 22%, and the porosity of 0.40. However, the bulk density at
a depth of 0.30 m at the feeding well was 1.80 g cm 3 with a moisture content of just over
23%, which corresponded to a dry density of 1.45 g cm~3 and a porosity of 0.46.

4.1. Hydraulic Properties Tests

The determination of the coefficient of permeability of soil collected from the bottom
of the excavation was carried out in an oedometer on four samples of soil. The bulk density
of the samples ranged from 1.77 to 1.82 g cm 3, and the moisture content was close to
25%. The values of the coefficient of permeability ranged from 1.21 x 1078 m s7! to
1.07 x 107" ms~! (Figure 9a), and its mean value from four tests was 3.04 x 108 ms™ 1.

On the other hand, the soil infiltration coefficient at the experimental ground, de-
termined with an infiltrometer, ranged from 7.03 X 10°ms ! t0540 x 107> m s~ !
(Figure 9b). The numerical analysis was conducted using its mean value, which was
1.84 x 107> m s~!. Compared to the values of the substrate soil coefficient of permeability
from oedometer tests, the coefficient of permeability was three orders of magnitude higher.

The results of the laboratory tests of the water permeability of the georope showed
that its coefficient of permeability depended on the bulk density and decreasing porosity
(Figure 10), but the range of values was not large. Similarly, the difference between the
coefficient of permeability in the vertical and horizontal directions was negligible. The
mean value of the coefficient of permeability of the tested georope in the vertical direction
was 4.12 x 1073 m s}, and in the horizontal direction it was 4.99 x 103 m s~ 1. It should
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be noted that these values are higher than the requirements for materials used for filtration
layers and seepage layers in road surface structures [85]. On the other hand, these values
are almost one and a half orders of magnitude smaller than the values of the filtration
coefficient given for wool textile covers in the direction perpendicular to the product [40],
whereas it should be noted that these tests were carried out without sample load. Similar
values are reported by Marczak et al. [45] for wool geotextiles, at the same time showing
that the water permeability of these materials increases as a result of their biodegradation.

1.0x107

OTestl ¢ Test2
oTest3 ATest4d

Coefficient of permeability [m-s71]

1.0% 1078 i i i s i i :
0 12 24 36 48 60 72 84
Time [hours]
(@)
1.5 x 107*

1.5 %1073

Coefficient of permeability [m-s1]

1.5 x 10_5 ..... | I T N | | I T T | I T T T [ I T T T R | I T T T |

Time [min]
(b)

Figure 9. Results of the water permeability tests of the subsoil at the experimental ground: (a) coef-
ficient of permeability from oedometer, sampling depth 0.30 m; (b) coefficient of infiltration from
infiltrometer, ring installation depth 0.20 m.

In the conducted experiments, the use of georopes for drainage was less important,
and therefore the criterion of clogging of the georope material was not introduced. It was
assumed that the georope material would initially function only as seepage drainage, and
later would undergo biodegradation, thus increasing the nitrogen content in the soil and
causing faster growth of the slope-stabilizing vegetation.

By comparing the value of the filtration coefficient obtained from subsoil tests using
the Saturo infiltrometer with the georope filtration coefficient from laboratory tests, it can
be concluded that the hydraulic conductivity criterion (Equation (5)) was met because:

(kft —412%x10%m s_l) > (y=10) (ki =184x10"°m S_l) ©)

The empirical coefficient y was adopted as for less critical applications [9].
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Figure 10. Changes in the georope coefficient of permeability depending on its bulk density.

4.2. Resistance of Georopes

The resistance tests of Kemafil georopes were carried out in nine measurement series
of 120 minutes each in monthly cycles over the period from October 2020 to June 2021.
The recorded meteorological conditions were typical for the period from autumn to spring
for the climatic conditions of Poland. The air temperature during tests ranged from —4 to
20 °C with varying amounts of precipitation (Table 1). The air temperature was measured
at the ground and despite the occurrence of short periods of negative temperatures, no
ground freezing was observed. Figure 11 shows the depth of precipitation and the thickness
of snow cover recorded at the Kowaniec meteorological station [69] in the period from
October 2020 to July 2021. The weather conditions during the research period varied. There
was rainfall in the period preceding the first and last measurement cycles. On the other
hand, in the case of the fifth and seventh measurement cycles, snowfall was recorded at the
meteorological station. Tap water with a temperature ranging from 0 to 5 °C was used for
the tests.
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Figure 11. Meteorological conditions during the research period from the Kowaniec station of the
Institute of Meteorology and Water Management (own study, after [86]).
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Unit volume of water [dm?3]

Cumulative volume of water [dm?3]

By extending the implementation time for all three georope sections, the volume of
supplied water decreased on average from 15 dm? to 5 dm? per each subsequent 10 min of
testing (Figure 12a), indicating the increasing saturation of the georope. This phenomenon
is typical in flow conditions in the unsaturated zone of porous media. The mean volume of
infiltrating water was just over 9 dm?, with a mean standard deviation of 2.3 dm?. It should
be noted that during each 120 min measurement cycle, no water outflow was observed in
the final well, regardless of the length of the georope. This indicates water infiltration from
the georope into the ground profile.

Georope length:
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Figure 12. Changes in the unit (a) and cumulative (b); volume of water during the measurements
(a) and the entire test cycle (b).

The cumulative value of the volume of water flowing from the supply well during a
120 min measurement cycle ranged from 70 to 147 dm? (Figure 12b), averaging 110.5 dm?
with a mean standard deviation of 22.4 dm?3. A significant reduction in the volume of
infiltrated water was found during the measurement cycle in December 2020 and June 2021.
This can be explained by the low air and ground temperature and snowmelt in the first
date and the occurrence of intense precipitation in the latter date (Table 1).
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Date: 7-10-2020

The water infiltration coefficient into the georope was calculated based on measure-
ments of the volume of water flowing from the supply well. This parameter was expressed
as the ratio of the volume of water to the cross-sectional area of the georope and to the
measurement time. Similar values were found for individual sections of the georope.
The range of values of the infiltration coefficient determined in this way ranged from
637 x 107*ms1t03.18 x 103 ms™! (Figure 13) with an average of 2.00 x 103 ms!

and a deviation standard equal to 4.83 x 10~* m s~ 1.
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Figure 13. Changes in the velocity of water outflow from the supply well to the georope during the
field tests.

Assuming that the georope carries water through its full cross-section without losses
resulting from water outflow into the ground, the obtained value of the average infiltration
coefficient allowed us to determine that after approximately 9, 17 and 41 min for the 1.0,
2.0 and 5.0 m long georopes, respectively, the water should flow to the final well. The
calculations also showed that after the time indicated above, the water flow in the final
well should be close to 8, 16 and slightly over 39 dm? for the georope lengths of 1.0, 2.0 and
5.0 m, respectively. As already noted, the water outflow in the final well was not found
during field tests, even though the determined filtration coefficient of the georope was
significantly higher by five orders of magnitude than that of the ground, and water flow
through the georope could be expected. The georope used in this research did not have
a rigid core and was susceptible to deformation. After its installation, this could have
resulted in a significant reduction in its cross-sectional area due to soil loading, and thus
could have caused an additional reduction in the water flow speed along its length.

The results of the resistance measurements showed that its value varied within quite
a wide range, from 26 to 185 k(), and depended on the length of the georope, as well as
the date of the test and its duration (Figures 14-16). In the case of the 1.0 m long georope,
the range of changes in its resistance value ranged from 26 to 150 k(), with the highest
resistance values recorded at the initial time of the study. It can also be indicated that with
each subsequent measurement cycle, the initial resistance was higher and higher, and its
maximum values were obtained in April 2021. As the test time was extended and the
volume of water supplied increased, the range of georope resistance change decreased from
3 to 67 k(). The obtained trend of resistance changes indicates the occurrence of water flow
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in the first section (0.0-1.0 m) of the georope as well as the possibility of water retention by
the georope.
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Figure 14. Changes in the resistance values of a 1.0 m long georope during measurement cycles (cells
show resistance values in kQ}).
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Figure 15. Changes in the resistance values of a 2.0 m long georope during measurement cycles (cells
show resistance values in kQ}).
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In the case of the 2.0 m long georope, the obtained resistance values ranged from 31 to
165 k(). The largest changes in resistance occurred on the 0.0-1.0 m section of the georope
and, for example, for the measurement series carried out in April 2021, they amounted
to 73 kQ). For a georope section of 1.0-2.0 m, the resistance decreased by 7 k(). For this
georope length, much lower resistance values were found in the initial measurement cycles
compared to the last cycles. Changes in resistance during each measurement cycle indicate
that there was water flow in the georope along its entire length, and it was most visible in
the measurement section of 0.0-1.0 m.

In the case of the 5.0 m long georope, the changes in resistance were similar to those
in the cases of the 1.0 and 2.0 m long georopes. The most significant changes in resistance
were found for the first section of the georope (0.0-1.0 m), and in the further sections, the
resistance changes were smaller, while in the 3.0-4.0 m and 4.0-5.0 m sections, no changes
were detected. The recorded resistance changes indicate that there was no water flow
through the georope in the section between 3.0 and 5.0 m. It was noticeable that in the first
cycle of measurements, the georope resistance in the 0.0-1.0 m section was relatively low. In
subsequent measurement cycles, apart from the last one, the resistance values in this section
ranged from 133 to 185 k(}, and for the remaining sections they were significantly lower.

As shown above, the largest changes in resistance were obtained in the section of
0.0-1.0 m for each georope length. However, the differences in resistance between indi-
vidual georope lengths varied largely (Figures 14-16). This is important because the soil
and water conditions of the substrate in which the georopes were installed were the same.
The obtained resistance values fluctuated within quite a wide range, even within a single
measurement cycle. For example, for the first measurement cycle, i.e., after embedding the
georope in the ground, the resistance values during the measurements ranged from 26 to
36 k() for the 1.0 m long georope, from 31 to 38 k() for the 2.0 m long georope and from
19 to 24 k() for the 5.0 m long georope. The largest changes in resistance were obtained for
the measurement cycle carried out in April 2021 and ranged from 83 to 150 k(, from 92 to
165 k() and from 98 to 185 k(2 for the 1.0, 2.0 and 5.0 m long georopes, respectively. The
presented ranges of resistance value changes for individual georope lengths clearly indicate
that the water flow in the georope was the most intense at the 0.0-1.0 m section. The differ-
ences in the obtained resistance values for individual georopes could have been caused
by different degrees of deformation of the georopes resulting from their deformation after
installation in the ground and the resulting change in the cross-section. This could have
also been caused by variable weather conditions, mainly rainfall, during the measurements
or immediately before their implementation.

It was evident that significantly smaller changes in the georope resistance occurred
during the third and ninth measurement series, when the amount of water infiltrating
through the ground was the smallest. On the other hand, the greatest changes in resistance
were recorded in the seventh measurement series, during which the amount of water
infiltration through the cord was high. Noticeable changes in resistance were also recorded
in the fifth measurement series in the 1 and 2 m long georopes, despite the relatively
small infiltration of water though the rope, which could have been limited due to the
snowmelt occurring at that time. The obtained dependencies indicate the relationship
between changes in resistance values and the size and range of infiltration in georopes.

4.3. Numerical Calculations

The results of numerical modelling allowed us to determine the potential extent of
the wetting zone in the georopes during water supply to the recharge well (the first two
hours) and after it was finished (the next two hours). As a consequence, changes in the
degree of saturation in the georopes and in the subsoil were determined (Figure 17). The
calculations also allowed us to determine the distribution of pore pressure (Figure 18); in
this case, suction pressure and water flow speed in the georopes (Figure 19).



Sustainability 2024, 16, 9403 19 of 26

Degree of Saturation

[1<02-025
[1025-03
[10.3-0.35
[1035-04
[104-045
[0 045-05
M 05-0.55
[0 055-06
7 06-0.65
[0 065-0.7
[107-075
[10.75-0.8
[108-0.85
[ 0.85-0.9
W 09-0.95
W =095

Elevation [m]

) 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Distance [m]
(a

S —

Degree of Saturation

[1<02-025
[1025-0.3
[10.3-0.35

Elevation [m]

. 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Distance [m]
(b)

Degree of Saturation

[1=02-025
[10.25-03
[103-0.35
[10.35-04
[104-045
[0 045-0.5
1 05-055
[0 055-06
1 06-065
[065-07
[07-075
[00.75-08
[10.8-085
[085-09
W 09-095
W =095

Elevation [m]

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Distance [m]
()

Degree of Saturation

[1=0.2-025
[10.25-0.3
[10.3-0.35
[1035-04
[104-045
[045-05
[ 05-055
[1055-06
[0 06-065
[0 065-07
[0.7-075
[10.75-08
[108-085
1 085-09
W 09-095
W=2095

Elevation [m]

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Distance [m]

(d)

Figure 17. Changes in the degree of saturation (water wetting front) of Kemafil georopes and soil
substrate: (a) first hour of water supply to the well; (b) second hour of water supply to the well;
(c) third hour of modelling without water supply to the well; (d) fourth hour of modelling without
water supply to the well.
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Figure 18. Distribution of suction pressure in the Kemafil georope and in the ground substrate:
(a) first hour of water supply to the well; (b) second hour of water supply to the well; (c) third hour
of modelling without water supply to the well; (d) fourth hour of modelling without water supply to

the well.
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Figure 19. Results of calculations of the resulting water flow velocity in the georopes at selected
lengths from the feed well outlet (the red line indicates the time until which water was supplied to
the well).

The maximum value of the degree of saturation of both the georope and the subsoil
(above 0.95) occurred when water was supplied to the well, at a distance from 0.0 to
approximately 1.2 m, obtaining the largest horizontal range in the second hour of modelling
(Figure 17a,b). The vertical range of the georope impact at a saturation degree above 0.95 of
subsoil reached the maximum depth of approximately 1.2 m below ground level and
it increased with an increase in the length of time that water was supplied to the well.
Changes in the degree of saturation clearly indicate the water flow in the georope in its
initial section. During two hours of water being supplied to the supply well, the georope
was wetted mainly in its lower part, in the point of contact with the ground. The modelling
results for the next two hours without water supply showed a gradual return to the initial
value of the degree of saturation of the georope and the subsoil (Figure 17c,d). The degree
of saturation in the section from 0.0 to 1.2 m decreased and ranged from 0.80 to 0.95.
The obtained results indicate that under the prevailing soil and water conditions, water
completely infiltrated the ground through the lower part of the georope cross-section.

However, the degree of saturation of the georope and subsoil in the section from
approximately 1.2 to 5.0 m did not change during the calculations compared to the initial
state and varied within the depth from 0.4 to 0.8 m. The obtained results indicate that
in order to obtain water flow over a longer distance, the water supply time should be
extended given the existing soil and water conditions. It can therefore be concluded that
the obtained calculations are qualitatively consistent with the results of field measurements.
On the other hand, the calculations carried out have limitations related to the use of a
two-dimensional measurement system and the inability to calculate horizontal flow in the
vicinity of georopes.

The process of water infiltration through the georope into the subsoil caused a change
in the wetting front and thus the suction pressure (negative pore pressure) of water in
the soil pores. It should be clearly stated that during the four hours of modelling of the
georope operation, the suction pressure within the 0.0 to 1.0 m section was similar and
ranged from 0 to —4 kPa (Figure 18). This indicates, according to the earlier analysis, that
the georope was almost fully saturated. The horizontal range of suction pressure changes
in the subsurface was observed within the 0.0 to 2.0 m section. On the other hand, the
vertical range of suction pressure changes was observed throughout the entire ground
section, i.e., up to a depth of 2.0 m above the ground level. However, the fluctuations in
the suction pressure of the ground subsoil along the analyzed section of the georope were
small, ranging from —10 to —4 kPa.

On the other hand, in the georope section from 2.0 to 5.0 m, there were no changes in
the suction pressure during the four hours of modelling of the georope operation. In the
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ground surface zone, the suction pressure was around —26 kPa, and at a depth of 2.0 m
below the ground surface it was —8.0 kPa.

Figure 19 shows changes in the water flow rate in the georope at selected distances
from the supply well, resulting from calculations in the vertical and horizontal directions.
The red line marks the time when water was supplied to the well. An analysis of the
obtained water flow velocity values indicates that this flow occurred for two full hours at a
distance of 0.25 m from the well. Similarly, but with a 30 min delay, the flow occurred at a
distance of 0.5 m from the well. In this case, both rates were the same and corresponded
to the filtration coefficient of the georope. However, at distances of 1.0 and 1.5 m, for
30 and 90 min, respectively, the flow velocity was close to the filtration coefficient of the
subsoil, indicating no water flow in the georope. After this time, the water flow rate
increased. However, the obtained velocity values in the second hour of modelling were
1.5 and 3 orders of magnitude smaller, respectively, than the filtration coefficient of the
georope. No water flow was found within the distances of 2.0 and 3.0 m. The obtained
water flow rates were close to the filtration coefficient of the subsoil. Also interesting is
the fact that after the water supply to the feed well was completed, the water velocity
decreased rapidly. The conducted analysis indicates that the use of georopes for seepage
drainage will be disputable.

In general, the obtained results of calculations of the water infiltration rate from the
supply well (Figure 19) proved to be lower than those obtained from direct calculations,
which could have been caused by the occurrence of local privileged filtration paths near
the well and the georope related to soil loosening. Unlike field tests, numerical calculations
showed a potential water flow over a length of 1.0 m, which theoretically should have
been registered during the field test. The results of field observations did not indicate the
existence of a clear water flow in the collection wells at this distance, but the flow could
have been small and thus difficult to observe.

5. Conclusions

Laboratory tests of the water permeability of Kemafil georopes using geotextiles made
of wool waste showed that their filtration properties correspond to well-permeable soils.
The georopes were significantly more permeable than the subsoil at the experimental site,
allowing us to conclude that the criterion of hydraulic conductivity—set for geosynthetics
when used as filters—was met.

Field resistance tests did not confirm the high hydraulic conductivity of the georopes,
similar to those obtained in laboratory tests. However, it should be clearly indicated that
electrical resistance tests showed the occurrence of water flow, meaning that the georopes
had water-conducting properties at least in their initial section. This research showed that
the use of georopes for drainage did not meet the assumed hypothesis. Therefore, the
analyzes did not take into account the criteria resulting from the use of this type of material
for drainage purposes.

Field tests showed that the amount of water carried through the georopes was consis-
tent with the results of the georope resistance measurements. This proves the usefulness of
the measurement method used to observe filtration phenomena occurring in georopes. This
study showed that the values and changes in the resistance of georopes varied over time
and depended on the amount of water supplied and the temporary soil absorption related
to the weather conditions occurring in the period before and during the measurements.

Numerical calculations showed qualitative similarity with the results of the field tests.
They also indicated that a significant volume of water from the georopes infiltrated into the
ground in their vicinity. This means that in the field conditions, which are complex in terms
of water permeability, georopes can act as percolators for water in the ground, making it
more available to plants. Taking into account the obtained research results and information
provided in the literature, it should be concluded that the use of georopes made of wool
waste, which is a biodegradable material, is only a temporary solution intended to support
plant vegetation.
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