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Abstract: Climate change induces droughts that are becoming more intensive and more frequent
than ever before. Most of the available forecast tools predict a further significant increase in the
risk of drought, which indicates the need to prepare solutions to mitigate its effects. Growing water
scarcity is now one of the world’s leading challenges. In agriculture and environmental engineering,
in order to increase soil water retention, soil additives are used. In this study, the influence of a newly
developed water absorbing geocomposite (WAG) on soil water retention and soil matric potential
was analyzed. WAG is a special element made from geotextile which is wrapped around a synthetic
skeleton with a superabsorbent polymer placed inside. To describe WAG’s influence on soil water
retention and soil matric potential, coarse sand, loamy sand, and sandy loam soils were used. WAG
in the form of a mat was used in the study as a treatment. Three kinds of samples were prepared
for every soil type. Control samples and samples with WAG treatment placed at depths of 10 cm
and 20 cm were examined in a test container of 105 X 70 X 50 cm dimensions. The samples had
been watered and drained, and afterwards, the soil surface was heated by lamps of 1100 W total
power constantly for 72 h. Soil matric potential was measured by Irrometer field tensiometers at three
depths. Soil moisture content was recorded at six depths: of 5, 9, 15, 19, 25, and 30 cm under the
top of the soil surface with time-domain reflectometry (TDR) measurement devices. The values of
soil moisture content and soil matric potential were collected in one-minute steps, and analyzed in
24-h-long time steps: 24, 48, and 72 h. The samples with the WAG treatment lost more water than the
control samples. Similarly, lower soil matric potential was noted in the samples with the WAG than in
the control samples. However, after taking into account the water retained in the WAG, it appeared
that the samples with the WAG had more water easily available for plants than the control samples.
It was found that the mechanism of a capillary barrier affected higher water loss from soil layers
above those where the WAG had been placed. The obtained results of water loss depend on the soil
type used in the profile.

Keywords: water; water absorbing geocomposite; water soil retention; soil additives; geosynthetics;
soil matric potential; superabsorbent polymers; water scarcity

1. Introduction

The impact of climate change on the environment, including people’s lives, is noticeable [1-4].
More and more frequent problems with access to water and droughts are influencing agriculture and
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the safety of civil earth constructions [5-8]. This indicates the need to prepare solutions to mitigate
the effects of the changes and to avoid unnecessary risk [9,10]. In the case of civil earth constructions
like embankments, earth dams, or road slopes, it might be more complicated. Grass covers or shrubs,
used for bioengineering slope stabilization, are exposed upon water scarcity [11,12]. Poorly maintained
grass may affect surface erosion and shallow landslides, or even cause the destruction of the whole
construction [13,14]. An insufficient water content in superficial soil layers leads to stability issues
during wind erosion [15]. A conserved grass cover can delay the damage of the construction when
overtopping occurs on a dike. It has been proven that grass and shrub roots act as a kind of natural
surface reinforcement and have a role in construction stabilization [7,16-21]. The main agent for
root development is the access to water [22-24]. Grass and shrubs can increase the safety factor for
slopes up to 20% [16,25,26]. To protect the construction from threatening atmospheric anomalies,
mostly drought-resistant plant species are used, and also technical materials like geosynthetics or
soil amendments [27]. An incorrect application of geosynthetics at the superficial layer of the slope
might increase the drought stress of plants and further induce surface erosion [27,28]. However, that
does not solve the problem of water scarcity. Drought-resistant plant species, especially grass covers,
are less resistant than one would expect. Additionally, not every soil amendment is suitable for use
in environmental engineering, on slopes, and for earth constructions. Applying a superabsorbent
polymer to the soil by a mixing method can be dangerous because it reduces the soil shear strength [29].

In agriculture, one of the basic problems is similar—to ensure water resources necessary for plants’
growth. Nowadays, water is seen as a supply whose cost is an important, still increasing part of the
final product price. The direction of climate changes underlines a problem of water scarcity all over
the world. Analyses point out that it is going to be difficult to feed future human generations without
sustained agriculture [3]. Therefore, the significant development of a wide range of soil amendments
and smart water systems cannot be surprising. Water dose is calculated according to a specific plant’s
needs and the soil water capacity. The technique of deficit irrigation or partial root-zone drying is also
practiced for water use efficiency [30,31]. Soil amendments provide a different approach to the problem.
Their objective is to retain water in the soil to be used by plants under drought stress conditions. Most
soil conditioners are of an organic origin. Clay minerals like zeolite, kaolinite, or attapulgite are used in
order to retain water and to prevent drainage or run off caused by gravity [32-37]. Investigations show
that the application of mineral amendments for crop production allows water usage to be reduced.
However, in the last decade, a few critical studies about their possible harmfulness for soil and the
environment were published [38-40].

Superabsorbent polymers are a special kind of soil water retainer, also called hydrogels. These
synthetic substances are three-dimensional cross-linked polymers. They might be used as fertilizer
carriers and be biodegradable [41-45]. However, their main ability is water absorption [46-49].
One gram of dry mass can absorb up to 1000 g of distilled water [34,50]. This advantage makes
superabsorbent polymers more useful and effective in water retention than mineral soil amendments.
Unfortunately, that advantage might not be as significant as it sounds. Superabsorbent polymers
are often applied in a saturated form to the soil by direct mixing or injecting [51]. This common
mode of application is affected by the soil load. Therefore, the water absorbency of superabsorbent
polymers is limited by their swelling ability. Some researchers that focus only on mixing methods
claim that a superabsorbent polymer can be used for up to 6 months and then its efficiency significantly
reduces [52]. Studies confirm that hydrogels are useful and suitable for growing media, especially
for sandy soils [49,51,53,54]. Nevertheless, in agriculture or dryland restoration, the usage of a
mix of watering methods is proposed: water irrigation—mineral soil amendment—superabsorbent
polymer [55-58]. Regarding the mixing method of superabsorbent polymers, it might have some
disadvantages resulting from swelling behavior. A superabsorbent polymer under swelling expands in
volume and at the same time pushes the air out from soil pores. Most of the plant roots require at least
10% of the soil volume to be aerated [59]. On the other hand, there are studies confirming that mixed
superabsorbents after desaturation affect the soil lowering bulk density and increase its porosity [60].
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Lately, research about the swelling behavior of superabsorbent polymers under different soil loads
has been conducted. The results have shown that the amount of water absorbed by a superabsorbent
polymer depends on soil loads. For instance, water absorption decreased from 338.5 g-g~! (control
sample without load) to barely 19.3 g-g~! under the load of a 30 cm thick soil layer of 1.3 g-cm™2 bulk
density [61].

Plant and soil water relations represent an interesting area which engages scientists all over the
world aiming at a better understanding of the rhizosphere [62]. Water relations can be described in many
ways, and one of them is soil moisture content (soil water content) and soil matric potential. Soil matric
potential appears in unsaturated soil when the water present in the soil is under tension [59,63,64].
That tension in some range might be measured by field tensiometers, which are widely used in
agriculture and wherever the information when plants should be irrigated and for how long to secure
an optimal water plant status is needed. Depending only on information about soil moisture content
might not be sufficient. Beside the soil moisture content, every plant species has got different root
suction abilities. Equilibrium of the water relation in soils is difficult to achieve. Evapotranspiration,
drainage, or transpiration creates a dynamic environment for every plant. The objective of irrigation
systems and soil additives is to slow down those processes in order to minimize possible drought stress
exerted on plants [59]. Water deficit is one of the factors triggering plant stress, especially in connection
with nitrogen availability [65,66]. Drought stress affected plants might display slower growth, reduced
biomass production, and in the worst scenario even a wilting process [67-69].

Considering all of the above, a new type of soil water retainer has been developed, called a water
absorbing geocomposite (WAG). WAG is a special element built from nonwoven geotextile which is
wrapped around a synthetic skeleton. A superabsorbent polymer is placed inside WAG [67]. Most
plants are able to take up 95% of the water retained within the superabsorbent polymer [61]. Thanks to
the synthetic skeleton, the superabsorbent polymer has space for swelling processes, which are essential
for all types of superabsorbent polymers used in soil for agricultural and environmental engineering
purposes [70]. That swelling process repeats itself when the superabsorbent desaturates and saturates
again [71]. WAG in the form of a line and point has proven its ability to be used in agriculture, as well as
in environmental engineering [72-75]. Studies have confirmed that the roots could overgrow the WAG
and draw water from it. WAG contributes to the development of aboveground and underground parts
of plants [76,77]. In addition, it supports plant development in degraded areas and difficult habitat
conditions [73,78]. Regarding possible temperature changes induced by climate change, it might be a
cost-effective water saving system for agriculture and civil engineering soil structures where there
is a need. However, it has not yet been analyzed how the moisture content and soil matric potential
change in the soil where WAG is used. It is important to understand how WAG interacts with different
types of soils. In this article, the results of research on the influence of WAG (in the form of a mat) on
soil moisture content and soil matric potential are presented. Moreover, literature lacks information on
geosynthetics operating under heating conditions. Such knowledge would be valuable for establishing
more detailed conditions of the WAG usage. Upgrading WAG might have an important positive
influence on crop production and earth construction safety in the near future.

2. Materials and Methods

2.1. Used Soil Material

In order to describe the influence of WAG on soil water retention and soil matric potential,
three types of soil were used: coarse sand, loamy sand, and sandy loam. Soils were collected at the
Swojec Agricultural Experimental Station located in Wroctaw, Lower Silesia, Poland (51°06"53"” N,
17°08’27" E) and Research-Development Station of Vegetables and Ornamental Plants in Psary, Lower
Silesia, Poland (51°11729”” N, 17°02’04”" E), both belonging to Wroctaw University of Environmental
and Life Sciences. According to typological soil classification, the proper alluvial soils that are typical
soil of river valleys dominate in the area of the Agro and Hydrometeorological Observatory in Swojec
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and Research-Development of Vegetables and Ornamental Plants in Psary, Lower Silesia (Poland) [79].
In the international classification FAO-WRB (IUSS 2015), the soils are classified in the reference group
of Arenosols (Eutric Fluvic Brunic Arenosols (Aric)) [80]. The soils were prepared to be homogenous,
stones and plant roots were sieved, and large soil aggregates were crashed. In Table 1, the soil
parameters are shown. The presented outcomes were established at a certified laboratory—Centre for
Analyses of the Environmental Quality, as well as at Geotechnical Laboratory, both of which are part
of Wroctaw University of Environmental and Life Sciences. Three samples were taken, for every soil
parameter test, and the results were averaged.

Table 1. Used soil type characteristics.

Soil Type
Parameter Unit Method Coarse Sand  Loamy Sand  Sandy Loam
(COS) (LS) (SL)

Silt % 0.06 15 21
Cllay E%; Classification 0.06 7 16
Sand (%) acc. to USDA 98.67 782 59.48

PN-ISO
pHkc @) 10390:1997(A) 7.5+03 74+03 7.6 +0.3
Salinity (gkg™! DM) PBV;%;;;;;;BIZ'ISO 0.06 0.167 0.197
Total Nitrogen (N) (% DM) PN-ISO 13878:2002 0.03 0.06 0.2
Potassium (K) (gkg™! DM) PBV¥3;;;j21;§2'ISO 0.629 1.85 2.84
Phosphorus (P) (gkg™! DM) PBV;]B;;;;z%ISIZ’ISO 57.1 0.519 0.801
Magnesium (Mg) (g'kg™! DM) PBV\&;;;Z%?;SO 0.343 1.84 2.75
Electric N PN-ISO
Conductivity (EC) (uS-em™) 11265+AC1:1997 30.0 1230 429.0
Soil organic carbon o
(SOC) (%) Thermal method 0.36 2.86 8.66
Bulk density (g-em™) Weight method 1.61 1.67 1.52

Additionally, with the usage of pressure plate apparatus, the soil water retention characteristic was
developed. Five samples of each soil were examined and the results were averaged. Water retention
characteristic curves with a negative pore water pressure are presented in Figure 1. Soil samples (n = 5)

were taken for analysis from the test stand container after the conducted research.
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Figure 1. Water retention characteristic for used soils: COS—Coarse Sand, LS—Loamy Sand,
SL—Sandy Loam.

2.2. Used Soil Profiles and WAG Treatment

Soil profiles were prepared to represent those designed and used in environmental engineering
as a topsoil layer or agriculture with respect to the content of organic matter. Three samples were
prepared for every type of examined soil profile. One sample was a control and two samples were
with a WAG treatment placed at different depths in each sample. Profiles were named according to the
type of soil used (COS—coarse sand, LS—loamy sand, SL—sandy loam, and LS+COS—loamy sand+
coarse sand). In the case of the samples with the WAG treatment, a number of 10 or 20 was added
to the name, relating to the point depth of the WAG placement in the sample, with 10 for a 10 cm
depth and 20 for a 20 cm depth for a placement under the top of the soil surface. For better illustration,
the soil profiles used are shown in Figure 2.
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Figure 2. Soil profile variants and the depth of water absorbing geocomposite (WAG) placement.
Variant description: COS—coarse sand as a control; COS10—coarse sand with WAG at a 10 cm depth;
COS20—coarse sand with WAG at a 20 cm depth; LS+COS—D5 cm thick layer of loamy sand on top
and the rest of coarse sand, with the profile as a control; L§+COS10—5 cm thick layer of loamy sand
on top and the rest of coarse sand, with WAG placed at a 10 cm depth; LS+COS20—5 cm thick layer
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of loamy sand on top and the rest of coarse sand, with WAG placed at a 10 cm depth; LS+COS20—5
cm thick layer of loamy sand on top and the rest of coarse sand, with WAG placed at a 20 cm depth;
LS—25 cm thick layer of loamy sand and the rest of coarse sand, as a control profile; L§10—25 cm thick
layer of loamy sand and the rest of coarse sand, with WAG placed at a 10 cm depth; L§20—25 cm thick
layer of loamy sand and the rest of coarse sand, with WAG placed at a 20 cm depth; SL—25 cm thick
layer of sandy loam and the rest of coarse sand, as a control profile; SL10—25 cm thick layer of sandy
loam and the rest of coarse sand, with WAG placed at a 10 cm depth; SL20—25 cm thick layer of sandy
loam and the rest of coarse sand, with WAG placed at a 20 cm depth.

A water absorbing geocomposite (WAG) in the form of a mat was used in soil profiles as a
treatment. The WAG consisted of a nonwoven, synthetic mat skeleton structure and a superabsorbent
polymer placed inside the structure. A polyester needle-punched nonwoven geotextile made of
100% polyester with wicking abilities and a weight of 150 g'-m~2 was used. Available on the market,
Aquasorb 3005 KL (SNF FLOERGER, France), a cross-linked copolymer of acrylamide and potassium
acrylate, was used as a superabsorbent in the WAG. Table 2 shows additional physical properties of
the Aquasorb 3005 KL reproduced from the manufacturer’s specifications. At the depths of 10 cm and
20 cm under the soil surface inside treated soil profiles, the WAG was placed. Such a location is related
to the optimal depth of the geocomposite application and to the extension of the plant’s root zone.

Table 2. Important characteristics of the superabsorbent polymer used [81].

Parameter Characteristic

Chemical constitution Cross linked copolymer of Acrylamide and Potassium Acrylate
Dry: white powder

Appearance Hydrated: transparent gel
Particle size Powders, micro granules, granules
pH 8.10

Dry matter 85-90%

Apparent density 0.85

Specific weight 1.10 g-cm™3

Maximum water absorption (w/w) 400 in deionized water and 150 in soil
Water retention capacity at pF1 980 mL-L~!

Water retention capacity at pF4.2 95%

Cationic Exchange Capacity (CEC) 4.6 meq-g!
Effectiveness in soil Up to 5 years

Toxicity in soil None under normal conditions of use

2.3. Test Stand and Measuring Equipment

A special test stand was built for the purposes of the experiment. Its construction enabled the
main goal of the study to be achieved: testing the moisture content and soil matric potential change in
the soil with WAG operating under heating conditions. The test stand consisted of a container able to
store soil monolith with dimensions of 105 X 70 x 50 cm. The container was made of a 12 mm thick
waterproof oriented strand board which was secured by waterproofing varnish, a layer of thick foil,
and geotextile. The construction was equipped with a water providing system, as well as a drainage
system. The drainage system was prepared with special care as a fundamental part of the test stand and
consisted of two layers of drainage mat wrapped with highly permeable nonwoven fabric, which lay
on a wooden board inclined at 2%. Such an inclination guarantees that the water is effectively drained
to the drainage valve. Additionally, eight pipes were prepared for water outflow through two valves.
At a distance of 1 m above the soil surface, four heating lamps of 1100 W were placed so as to simulate
the sun heating. The test stand was shown in side views in Figure 3. Beside the test stand, a control
board equipped with time-domain reflectometry (TDR) data collection devices and a water supply
controller was made.
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Figure 3. Test stand scheme in two side views with an illustration of the sensor placement positions.
Description of numbered positions: 1—heating lamps, 2—tensiometer for soil matric potential, 3—soil
moisture content sensor, 4—soil temperature sensor, 5—irrigation system, 6—container, 7—drainage
valve, 8—soil depth profile scale, 9—3 cm thick drainage mat with 2% inclination, 10—watering buffer.

Soil matric potential was measured by field tensiometers manufactured by Irrometer ™ (Riverside,
CA, USA), with a 30 cm long shaft. According to Irrometer ™ Company, the analog tensiometer
accuracy is +3-2-3% (3% at minimum and maximum pressure, 2% in the middle operating range)
of span with a resolution of a 1 kPa reading. Tensiometers were installed horizontally, to receive
the measured value from the level in the soil profile at the three depths of 5, 15, and 25 cm below
the top of the soil surface. Before every measurement session, tensiometers were vented, filled with
dedicated liquid, and checked by a test service pump. The top two tensiometers were secured from
the heat of the heating lamps. Irrometer ™ tensiometers are widely used for soil matric potential
measurement [82-85]. Regarding the soil moisture content, it was measured with the use of TDR
devices manufactured by E-Test™ Company. Field probes are accurate: for soil moisture content
probes, +2%, and for temperature probes, +0.5°. The resolution of the reading for soil moisture content
is 0.1% and for temperature is 0.1 °C. Soil moisture content was recorded at six depths of 5, 9, 15, 19,
25, and 30 cm under the top of the soil surface. At every mentioned level, five probes were installed.
The depths of probe installation resulted from WAG placements. Apart from the soil moisture content,
the temperature was controlled at the depth of 5 cm under the soil surface and in the laboratory room
to ensure that no problem with heating occurred. The temperature in the laboratory room oscillated
between 22 and 24 °C. TDR devices used in this experiment are commonly applied to measure soil
moisture content and soil temperature, and their suitability has been proven in the literature [86-90].
The data were recorded with the use of dedicated software delivered with the devices. Considering
possible changes of parameters measured close to the edges of the container, all the parameters were
measured as close to the centre of the container as possible.

2.4. The Procedure of Data Collection

The soil was placed inside the container layer by layer to avoid changes of the soil bulk density
caused by the sample preparation process. The container was filled with soil to almost full capacity.
A buffer of 3 cm was left to prevent water spill out from the container during the watering processes.
The density of the prepared samples was controlled by the weight of the used soil and the volume of
the container with respect to the soil moisture content. Measuring probes were placed at specific levels
of the soil profile, and efforts were made to put probes in the central part of the container. The positions
and placement of the probes are shown in Figure 3. After filling the container by soil and measuring
probe installation, the container was watered with tap water. The watering system was prepared to fill
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the container with water starting from the bottom of the container to its top. This way of watering
allowed the air to be pushed out of the soil pores. To avoid destruction of the soil structure by a
rapid water flow, the time of watering was one hour. When water appeared on the surface of the soil,
it was maintained for 20 min to ensure that the soil sample was fully saturated and equal hydraulic
conductivity was achieved. Afterwards, the container was drained. This procedure of watering and
drainage was repeated three times for every sample in order to stabilize bulk density change before
starting a measurement session. It is important to note that this mode of sample preparation requires
researchers to take into account the changes in the soil layer thickness. Therefore, it is essential to use
more soil than appears sufficient to get the specific layer thickness in the end. It is possible to install
probes after soil bulk density stabilization with the use of a dedicated soil drill. It would be more
appropriate, but it could be difficult, to install probes in the centre of the test container without leaving
an empty channel space behind probes made by a soil drill. The measurement session started from
sample irrigation and drainage. When water had drained from the soil surface, the heating lamps
were switched on, as well as other measuring devices. The test procedure and sample preparation
were the same for control samples and samples with WAG treatment. The test procedure was repeated
three times for each soil sample.

2.5. Data Analysis

The concept of the method presented in this study was based on the research conducted by
Narjary at al. [51]. For analysis, the values of soil moisture content and soil matric potential were
taken, achieved at 24, 48, and 72 h from the start of the experiment, which was the moment when
water had drained from the soil surface inside the container. However, it was noticed that gravity
water drained out the period of two hours from non-cohesive soils and five hours from cohesive soils.
Therefore, soil moisture contents when the sample was in a saturated state were excluded from analysis.
The collected data were elaborated with software delivered with measuring devices. In the figures,
error bars are shown for a standard error of the mean based on three repetitions of the measurement.

3. Results

Between the control samples and the samples treated with the WAG, considerable differences
were noticed. Soil profile samples with the WAG treatment lost more water than the control samples,
particularly in the superficial soil layer above the geosynthetic used. Similarly, the changes in soil
matric potential were higher in the samples with the WAG than in the control samples. However,
after summarizing water losses in soil profiles and taking into account the water retained in the WAG,
it appeared that the samples with the WAG had more water easily available for plants than the control
samples. The influence of WAG depth placement on the soil moisture content and soil matric potential
was observed.

3.1. Soil Moisture Content Loss

In Figure 4, the results of moisture content loss in soil profiles at various depths in a 24-h time
step are presented.
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Figure 4. Mean moisture content loss in soil profiles at various depths. Examined samples are presented
in a 24-h-long time step described in the legend by the number of hours after a slash. Types of examined
soil profiles are described in the legend by use with soil name abbreviation. More detailed information
about abbreviations is available in Figure 2. In both columns, control samples are presented in shades
of black. Additionally, in column A, the samples with the water absorbing geocomposite (WAG) placed
at a 10 cm depth are presented (shades of blue) and in column B, the samples with the WAG placed at a
20 cm depth (shades of red) are presented. The mean of three repetitions of the measurement and error
bars for standard error of the mean are presented.
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The prepared soil profiles with the use of coarse sand (COS) were made from non-cohesive soil,
which is characterized by a low water holding ability. Therefore, moisture content loss was similar in
the control samples to that in the samples with WAG treatment. Afterwards, soil profiles (LS+COS)
made of a 5 cm thick layer of loamy sand and coarse sand were examined. The control samples after
72 h of heating lost 54.8% more soil moisture content at the depth of 5 cm than the samples with the
WAG treatment placed at a 10 cm depth and 191.6% more than the samples with the WAG treatment
placed at the depth of 20 cm.

However, the soil profiles made of cohesive soils appeared to be more interesting. In these profiles,
the most characteristic changes in soil moisture content were noted at three depths: at a superficial soil
layer, at the layer closest to the WAG and at the bottom of the soil profile. Additionally, because of
higher water holding abilities, the dynamics of water capacity change in the soils was more apparent.
In loamy sand profile titled LS, the amplitude of moisture content loss in the superficial soil layer
during 72-h-long heating was also noticeable. For the control sample, amplitude change was 1.6 p.p.
(percentage point), but for the sample with the WAG placed at a 10 cm depth, it was 7.2 p.p. and for the
sample with the WAG placed at a 20 cm depth, it was 7.8 p.p. Furthermore, the WAG placed ata 10 cm
depth decreased the moisture content by 325.7% in reference to the control samples. For the WAG
placed at 20 cm, it was 229.9%. In the samples made of sandy loam named SL, similar dependencies
were found. After the 72-h-long heating process in the superficial soil layer, the control samples lost
2.7 p.p. of soil moisture content. In comparison to the samples with the WAG placed at 10 cm, it was
20.5 p.p., and for the WAG at 20 cm, it was 15.2 p.p., of soil moisture content loss. These losses were
the highest from all examined soil profiles and present a difference of 660% for the WAG at 10 cm and
461.5% for the WAG placed at 20 cm.

Another interesting fact was that soil moisture content sensors placed close to and above the WAG
recorded higher moisture content loss generated by the WAG placed at the depth of 10 cm, which is
easily noticeable in the figures presenting cohesive soils (SL and LS). Finally, at the bottom of the soil
profiles, differences in soil moisture content between the control samples and the samples with the
WAG treatment were noted. The control samples exhibited higher soil moisture content losses than the
samples with the WAG.

3.2. Soil Matric Potential

The measured values of soil matric potential (negative pressure potential) underline a solid
influence of the presence of WAG, especially in cohesive soil profiles. Basically, the changes of soil
matric potential in the control samples were slight, but in the samples with the WAG, regardless of
the WAG’s placement depth, they were significant. In sandy loam profiles (SL) after 24 h at the depth
of 5 cm, the soil matric potential in the samples with the WAG placed at 10 cm was 25.9% and for
the WAG placed at 20 cm, it was 135.9% higher compared to the control samples. However, after the
next 24 h, the difference in pressure potential increased respectively by about 713% for the WAG at
10 cm and only 346.3% for the WAG at 20 cm. The process of the soil matric potential increase was
steadier for the samples with a deeper-placed WAG. However, after 72 h, the pressure potential value,
in the superficial soil layer, in the samples with the WAG placed at 20 cm, reached —79 kPa and in
the samples with the WAG placed at 10 cm, reached —91 kPa, while in the control samples, it was
maintained at a value of —10 kPa.

Similar results were obtained for the second cohesive profile type examined in the experiment, i.e.,
the loamy sand profile (LS). The samples with the WAG placed at a 20 cm depth induced lower pressure
potential in the superficial soil layer than the samples with the WAG placed at 10 cm. An intriguing
fact was that in the samples treated with the WAG, despite 72-h-long heating, the soil matric potential
was significantly lower under the placed WAG than above it. During the experiment, the amplitude of
soil matric potential change in the control samples of both types of cohesive soil was dramatically low.
Pressure potential oscillated at the value of —10 kPa. The results of soil matric potential measurement
are shown in Figure 5.
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Figure 5. Soil matric potential. Examined samples are presented in a 24-h-long time step described
in the legend by the number of hours after a slash. Types of examined soil profiles are described in
the legend with soil name abbreviation. More detailed information about abbreviations is available
in Figure 2. Inboth columns, control samples are presented in shades of black. Additionally, in column A,
the samples with the water absorbing geocomposite (WAG) placed at a 10 cm depth are presented
(shades of blue) and in column B, the samples with the WAG placed at a 20 cm depth (shades of red)
are presented. The mean of three repetitions of the measurement and error bars for standard error of
the mean are presented.

3.3. Summarized Water Loss in the Soil Profile

The summary of water losses was prepared in order to get a full spectrum of the WAG effect on
water availability in the examined soil profiles. The elaborated data are shown in Figure 6.
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Figure 6. Summarized water losses in soil profiles in reference to the time step. Column A presents the
samples without taking into account the water retained in the water absorbing geocomposite (WAG).
In column B, the water retained in the WAG has been included. Take note that the negative values
in column B mean a surplus in the water budget of the examined soil profile. Examined samples
are presented in a 24-h-long time step described in the legend by the number of hours after a slash.
Types of examined soil profiles are described in the legend with soil name abbreviation. More detailed
information about abbreviations is available in Figure 2. In both columns, control samples are presented
in shades of black, samples with the WAG placed at a 10 cm depth are presented in shades of blue,
and the samples with the WAG placed at a 20 cm depth are shown in shades of red.
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The results illustrated in column A suggest that water losses were greater in soil profiles with the
WAG present. However, after including the water retained in the WAG in analyses, it appears that
soil profiles treated with WAG contain water more easily available for plants. Water is absorbed by
the superabsorbent polymer and stored in the form of gel inside the WAG. The highest water losses
were obtained in cohesive soils. In SL profiles with the WAG, losses were about 57.9% higher for SL10
and 38.4% higher for SL20 than in the control samples after 72 h. However, taking into account the
water retained in the WAG, the profiles with the WAG lost over 46% for SL10 and 69.7% for SL20 less
water compared to the control sample after 72 h, which might also be presented as 7.5 dm? for WAG10
and 11.4 dm?3 for WAG20 of water preserved in the samples. In control soil profiles made of loamy
sand (LS), more water was retained in the soil, but again, considering the water retained inside the
WAG, it appears that the L.S10 profile retained 14 dm? and 1.520 15 dm? of water in the soil profile.
In non-cohesive soil profiles, the differences between treated and control samples were the most visible.
This is especially true in the COS profiles, where, after 72h, the profiles with the WAG saved about
212.4% for COS10 and 236.4% for COS20 more water than the control samples, including the water in
the WAG. Additionally, considering the water captured in the WAG, a better performance in water
retention was proven by the WAG placed at 20 cm in all cases.

4. Discussion

A water absorbing geocomposite was developed to support plant vegetation in environmental
engineering applications, as well in agriculture. Therefore, WAG was designed to retain water and
to limit infiltration into the soil profile. Positive effects of WAG’s usage, in the shape of point and
linear, described earlier in the introduction, contributed to the creation of WAG in the form of a mat.
Gathered data during the conducted research confirm that WAG in a mat shape present in the soil
significantly influences the soil moisture content and soil matric potential. Moreover, the findings from
this study suggest that the type of WAG used induces a capillary barrier in the soil where upward
water movement might not occur.

Surprisingly, a water absorbing geocomposite (in the form of a mat) shallowly placed in the soil
leads to dryness of the superficial soil layer. Indeed, in fine textured soil, e.g., sandy loam, the loss of
volumetric moisture content was higher compared to the control samples. The loss of soil moisture
content in the samples is linked with the increased soil matric potential. In the control samples, it was
stable at the value of —10 kPa, whereas in the case of the treated samples, it significantly rose to —79 kPa
(WAG20) and —93 kPa (WAGI10) after 72 h of heating. Albeit, the changes in soil moisture and soil
matric potential in the soil profile under the WAG, independently of the WAG placement’s depth,
slightly differed from the control samples. Additionally, in the control samples at the lowest measured
depth, high differences in soil moisture content were noted. The control samples lost ca. 7 p.p. more
volumetric moisture content after 72 h of heating. Interestingly, the water absorbing geocomposite in
the form of a mat aimed to support plant-caused soil dryness in the superficial soil layer. A similar
behaviour was established for other examined soil profiles. It was found that the mechanism which
occurred in the conducted experiment was probably caused by a capillary barrier effect [91-94].

This phenomenon of a barrier for water flow appears mostly in unsaturated soils where differences
in soil textures and layering are noted or where geosynthetics are used. According to McCartney
and Zornberg, an unsaturated state when geosynthetics are hydraulically non-conductive happens
when the matric potential measured between geosynthetic and soil (at the interface) is lower than
—1 kPa [95]. Therefore, in the conducted experiment, the WAG should be considered as a capillary
barrier as well. This implies the situation of a capillary barrier when, in the soil layer above drainage
or geotextile, the infiltration water might be stored until the layer becomes fully saturated [96-98].
This would probably happen, but differently from the results obtained by other researchers, in the
experiment described in this article, the samples were examined during a drying process forced by
intensive heating which simulated the sun operation. Hence, the superficial soil layer was dried more
significantly, which had not been noted before by other researchers. The capillary barrier is not in a
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permanent state in the soil, and after saturation, when the soil matric potential at the interface is in
equilibrium, a breakthrough suction occurs, which initiates a water flow through the abovementioned
capillary barrier [99]. Accordingly, knowing that the test container was filled with water, we can
assume that the water permeability of the WAG in a state of full saturation is possible.

Beyond infiltration, we have distinguished upward water movements like capillary water rise
and evaporation, which may occur separately or together. In the control samples of sandy loam:s,
the oscillations between moisture content in the soil profile were slight, except for a drainage layer made
of coarse sand at the bottom of the test container. This points to the fact that upward water movement
occurred. Soil matric potential generated in fine texture soil of the upper part of the container triggered
upward water movement and caused 7 p.p. volumetric soil moisture content loss from the bottom
layer. The water capillary rose to the top of the soil surface, where it evaporated. However, these
kinds of upward water movements might also be disturbed by the capillary barrier [100,101]. In the
samples with WAG, regardless of its placement, a capillary rise did not occur above the applied
geosynthetic. Firstly, this is because of a capillary barrier and high temperature exposition, which drive
the evaporation of water accumulated in the upper soil layer, and secondly, this is because of WAG
water retaining qualities like wicking nonwoven fabric and superabsorbent polymer. Accordingly,
in fine-textured soil profiles where WAG10 was used, soil moisture content probes at the depth of
9 cm recorded about 2 p.p. higher volumetric soil moisture content loss than at the depth of 5 cm.
The obtained results suggested that the only possible upward water movement in the overlying dry
layer is an evaporation process, which was observed by Lehmann, Steenhuis and Shokri [101-103].

The evaporation occurring in the soil in which WAG was applied was also studied by
Lejcus et al. [104]. He proved, in a pot experiment, that total water loss from the soil with WAG
and sandy soil and loamy soil was significantly lower than from the soil alone. The application
of WAG allowed water loss due to evaporation to be limited to about 10%, whereas in the control
samples, water loss due to evaporation was recorded at 59%. However, Lejcus$ et al. did not study the
distribution of moisture in the soil profile, only the weight of the whole pot in total (soil+WAG). It is
worth noting that in Lejcu$’s experiment, the behavior of samples was studied in the climatic chamber.
The conducted research was oriented at estimating evaporation which happened due to an increased
temperature of the environment (35-40 °C during the day and 20-25 °C during the night). The current
study, which verified WAG operating under heating conditions where the soil surface was heated by
lamps, shows a similar tendency in the achieved results, i.e., WAG's ability to retain water in the soil
profile. However, it also shows that in extreme climate conditions, WAG in the form of a mat in the
layer 0-20 cm, may lead to partial drying of that layer, which is emphasized in the conclusions of
this article.

The topic of WAG relations with plants should also be discussed in this work. The main objective
of the WAG invention is to retain water in the top soil layer, which, without the presence of WAG,
could infiltrate into the profile or evaporate. In the experiment described in this article, the main
focus was on investigating the behavior of WAG operating under heating conditions in different soils,
excluding plants, in order to better understand the interactions between WAG and soil. Certainly,
the obtained results of soil moisture distribution would have been influenced by plants, had they
been used; however, such results could be difficult to interpret. Numerous experiments conducted
previously have confirmed the beneficial effect of WAG on the condition of plants subjected to stress
drought. The experiment conducted on Siberian bugloss (Brunnera macrophylla) perennial showed
that the application of WAG enabled up to 60% leaf growth (the number of leaves) and the growth
of the biomass of the above-ground parts of plants increased up to 340% in comparison to plants
treated by fertilizers only [105]. In the case of studies conducted on slopes of earth structures, the use
of WAG allowed for an increase in root volume up to 130% and in maximum root length up to 29%.
The dry mass of above-ground parts increased in comparison to the field without WAG by 50-73% and
above-ground biomass increased by 58-83% [72]. Moreover, an experiment carried out on a slope with
a different exhibition (in a mineral resources mine) showed that WAG also achieved an increase in



Water 2019, 11, 1731 15 of 20

the height of grass of approx. 10 cm, an average root diameter of 35%, a root volume increase of 39%,
and a fresh biomass harvested increase of 36%, compared to the control [74].

Innovative technology such as WAG and water movement in unsaturated soil profiles is still
an interesting area for further investigation. Future studies will focus in particular on the influence
of WAG in the continuum soil-WAG-soil-plant-atmosphere. Soil electric conductivity measurement
would be worth considering in order to assess the salinity level which might occur due to dry-wetting
cycles. Furthermore, if the design of the soil profile requires a geosynthetic to be placed shallowly,
WAG could be used with a different nonwoven characterized by lower wicking abilities. Future
research on the wicking behavior of different nonwovens in comparison to various soil textures might
be considered as well.

5. Conclusions

In terms of climate change and temperature rise, bearing in mind that water scarcity and drought
are one of the main factors of plant stress, a new geosynthetic with a water retention ability was
developed. Therefore, the influence of a water absorbing geocomposite in the form of a mat on the soil
moisture content and matric potential was assessed. Based on the results of this study, the following
can be concluded:

e  The results of the conducted research illustrate a phenomenon of the capillary barrier. It was
proven that the use of a water absorbing geocomposite in the form of a mat, despite high water
retention abilities, might lead to the formation of a capillary barrier in the soil profile. Furthermore,
WAG in the form of a mat might cause soil dryness of the layer above the applied geosynthetic,
especially when it is shallowly placed. However, it was found that, regardless of the induced
dryness, significantly more water was available for plants in the soil profiles with the WAG
treatment when the water retained in the WAG was included in the water budget;

e  Water absorbing geocomposite should not be used in the form of a full mat in fine-textured soils,
especially when, above and under the geosynthetic, there is a cohesive soil layer. However, a mat
geocomposite might be used with spaces in the surface to allow the hydraulic conductivity to be
maintained. The application of a full-mat WAG might lead to a capillary barrier phenomenon in
the soil profile, even where evaporation is limited. However, it is not so crucial in soil profiles
where a sandy textured soil layer is designed under the geosynthetic, as on the road slopes. In fine
textured soils, a minimal application depth should be established at 20 cm.

6. Patents

The presented results were obtained on patent use: “Geocomposite element, particularly for
enhancing plant growth”, EP2560472, PL211198, which was commercialized in 2012.
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