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Abstract. Water absorbing polymer (WAP) is gaining a lot of attention because
of its potential applications in agriculture, green infrastructure, and ecological
restoration of arid lands. Because of its higher water absorbency (more than 100
times its weight), the application of WAP can increase water retention charac-
teristic (WRC) of soil. Accurate measurement of volumetric water content
(VWC) of the polymer amended soil is essential to measure the WRC of soil
and appraise those observations. The utilization of electromagnetic (EM) sensor
(such as ECH20 5TM) for the determination of VWC, is common practice in
different geo-environmental projects. The accuracy of this sensor for the meas-
urement of VWC in WAP amended soil needs to be ascertained before deploy-
ing it in the field. The objective of this present study is to evaluate the perfor-
mance of the EM sensor for the measurement of VWC in WAP amended soil.
For this purpose, an experimental methodology has been proposed under con-
trolled laboratory conditions using a cohesionless soil with four different con-
centrations (0, 0.1%, 0.2%, and 0.4% on w/w basis) of WAP. The accuracy of
the EM sensor is found to be very good in the case of bare soil. However, with
the increasing concentration of WAP, the error in the VWC measurement also
increases. Two different approaches, including polynomial calibration and line-
ar calibration, were proposed to calibrate the EM sensor for accurate measure-
ment of VWC in WAP amended soils. The results indicate the significance of
material-specific calibration of the EM sensor for improving the measurement
accuracy.

Keywords: Water absorbing polymer (WAP), ECH.O 5TM sensor, dielectric
permittivity, calibration, soil amendment.

1 Introduction
Water absorbing polymer (WAP) are crosslinked three-dimensional (3D) network

with various hydrophilic groups (such as carboxyl, hydroxyl, amide) attached to its
polymeric structure [1-3]. Due to the presence of hydrophilic groups, WAP can ab-
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sorbs water/solute molecules more than 100 times of their own weight [4,5]. The ap-
plication of WAP could be very effective for different geo-environmental problems
such as bioengineered slope stability, urban green infrastructure, landfill covers where
the development of plant root is an essential parameter for the stability of these pro-
jects. In addition, WAP was proven to be an efficient soil amendment material for
dryland farming and mitigating the negative impact of water stress conditions [6]. In
most of these applications, a real-time field monitoring of the soil-water retention
curve (SWRC) of the amended soil is very important to appraise the efficacy of WAP
as an amendment material. Continuous and accurate measurement of soil volumetric
water content (VWC) is necessary to establish the SWRC in field conditions. It is
quite explicit form the literature [7,8] that the non-destructive VWC (6) measurement
is always preferable than the conventional water content measurement, which is de-
structive and time-intensive, and hence may not be suitable for field conditions.

There are several sensors available in the market for real-time field monitoring of
VWC in applications such as agriculture, water resource management, hydrology,
waste management, and slope stability [9,10]. Most of the available sensors work on
the concept of electromagnetic wave propagation to measure different soil properties
such as dielectric constant, electrical conductivity, impedance or electrical resistivity,
and indirectly correlate these properties with VWC of soil using some calibration
equation [11]. Therefore, the accuracy of these electromagnetic (EM) sensors largely
depends on the accuracy of these factory calibration equations. It was observed from
the literature that the accuracy of the EM sensor could be affected by soil texture,
salinity, temperature, clay content, soil mineralogy, bulk density, installation proce-
dure, and measurement range [12-14]. Several past studies have highlighted the sig-
nificance of soil-specific calibration for accurate measurement of VWC using EM
sensors [15-17]. However, there are not many studies that reported the accuracy of the
EM sensors for WAP amended soils. Moreover, there are no guidelines available in
the literature related to the corrective procedure for accurate VWC measurement in
field conditions for WAP amended soil.

The present study aims to evaluate the performance of an EM sensor (ECH,0
5TM) for real-time field monitoring of VWC in WAP amended soil. The amended
soils are often exposed to the real climatic conditions and undergo cyclic changes in
VWC, influencing its hydraulic characteristics. Hence, it is necessary to verify and
improve the accuracy of the EM sensor before employing it in the field. For this pur-
pose, a simple experimental methodology was proposed for performance evaluation
of EM sensor in a cohesionless sandy soil with three different WAP concentrations
(0.1%, 0.2%, 0.4% on w/w basis). Based on the experimental results, a correction
factor was proposed for the accurate measurement of VWC using the EM sensor
based on a material-specific calibration procedure.
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2 Materials and methodology

2.1  Materials

A locally available cohesionless soil (BS) was collected from Brahmaputra river bank
located at Kamrup district, India. It is reported in the literature that the performance of
WAP is better suited for cohesionless soil as compared to fine-textured soil [18].
Hence, the performance of the EM sensor was also evaluated in cohesionless sandy
soil. The collected soil was characterized for its basic geotechnical properties, includ-
ing specific gravity, particle size distribution, plasticity following the guidelines pro-
vided in ASTM codes [19-21] and presented in Table 1. Based on these properties,
the selected soil was classified as per the Unified Soil Classification System (USCS)
[22] and the United States Department of Agriculture (USDA) standard [23] and in-
cluded in Table 1.

Table 1. Basic geotechnical properties of the used soil

Properties Brahmaputra sand (BS)
Specific gravity 2.62

Particle size distribution

Coarse sand (2-4.75 mm) 14

Medium sand (2-0.425 mm) 40

Fine sand (0.425-0.075 mm) 38

Silt (0.075-0.002 mm)
Clay (<0.002 mm)

Coefficient of uniformity (Cu) 5.8
Coefficient of curvature (Cc) 1.4
Plasticity Non-plastic
USCS classification SP
USDA classification Sand

A commercially available WAP (Stockosorb), supplied by SargaGreen, Kerela, In-
dia, was used in the present study. The chemical composition of the WAP includes
partially neutralized crosslinked potassium polyacrylate (anionic nature). The basic
characterization in terms of its water absorbing capacity, equilibrium swelling time,
and composition of the used WAP was presented in Table 2. The functional groups of
the used WAP were identified using Fourier transform infrared (FT-IR) spectroscopy
operated in the range between 4000 cm™ to 450 cm™* and reported in Table 2.
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Table 2. Basic characterization of the used WAP

Parameters Characteristics

Composition Crosslinked potassium polyacrylate
Functional groups (FTIR analysis)  Hydroxyl, carboxyl

Particle size 0.8 mm-1 mm

pH 7.5-8.0

Water absorbing capacity (g/g) 282 (in distilled water)

Equilibrium swelling time (min) 120

Eco-compatibility Non-toxic to human and plant

2.2 Experimental methodology

An EM sensor, namely ECH,O 5TM (METER Group, Inc., USA), was used in the
present study for continuous measurement of VWC for WAP amended soil. The sen-
sor measures the dielectric permittivity (ea) of the surrounding soil, which changes
with the amount of water present in the soil [24]. The ¢, value for water is 80, while
for dry soil and air, it is around 4 and 1, respectively. This broad range of permittivity
helps in measuring the VWC of soil from saturated state to dry state condition. The
sensor is equipped with an oscillator working at a frequency of 70 MHz, which gener-
ates an electromagnetic field. The electromagnetic field charges the soil around the
probe. This stored charge is proportional to permittivity and VWC and is measured by
the copper traces of the prongs. The 5TM microprocessor outputs a value of ¢, from
the sensor, which was converted to the VWC by manufacturer calibration equation.

Prior to the VWC measurement, the collected soil sample was mixed with dry
WAP at four different concentrations (0, 0.1%, 0.2%, 0.4% on w/w basis). The WAP
amended soils were mixed with deionized water to prepare five different water con-
tent samples from a dry state to a relatively wet state. The soil samples were kept in a
polyethylene bag for 24 h to ensure uniform distribution of water. Thereafter, the soil
samples were packed at a specific bulk density in a PVC mold of 20 cm diameter, and
the EM sensor was inserted horizontally at the center for VWC measurement (Fig. 1).
The sensor was connected to Em50 datalogger, and the unprocessed raw data along
with the measured VWC (6n) was recorded. After the VWC measurement, the EM
sensor was removed, and soil surrounding the sensor tip was taken for gravimetric
water content (GWC) measurement. The accurate VWC (6a) was then computed from
the GWC (w) and the dry density (yq) of the compacted soil using Eqg. (1). All the
measurements were repeated three times to ensure the repeatability of the data and the
average value was reported.

6, =14 (1)
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where y, is the density of water.
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Fig. 1. Details of the EM sensor and experimental methodology used in the present study

3 Result and Discussion

The recorded &, value and VWC (6n) at five different water contents of WAP amend-
ed soil were presented in Fig. 2 to establish the factory calibration curve of the EM
sensor. The experimentally obtained variation in e, and 0, was fitted to a third-degree
polynomial with nonlinear regression analysis. The factory calibration curve of the
EM sensor [with a regression coefficient value (R?) close to unity] was presented in

Eq. (2).
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Fig. 2. Details of the manufacturer calibration curve of the EM sensor
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Figure 3 depicts the EM measured VWC, and the accurate VWC (computed from
Eg. 1) of the WAP amended soil at four different WAP concentration. It can be ob-
served that the EM measured VWC and actual VWC are almost same for bare soil.
However, with the increasing concentration of WAP, the EM sensor underestimated
the VWC (i.e., data points are above the 1:1 line). The figure further indicated that the
difference in VWC measurement is higher in the wet state as compared to the dry
state. This could be attributed to the higher water absorbing capacity of WAP that
may not be reflected during the permittivity measurement. Moreover, the swelling and
water absorption behavior of WAP is very different than soil. In bare soil, the water
retained in the soil matrix by capillary mechanism and surface adsorption phenome-
non [25]. However, WAP particles absorb water due to the osmotic pressure differ-
ence between the polymer network and external solution [26]. These observations
suggest a material-specific calibration of the EM sensor for different concentrations of
WAP to minimize the error during VWC measurement. The calibration was per-
formed in two ways, including (i) fitting a polynomial equation similar to the factory
calibration curve to correlate accurate VWC and EM sensor measured permittivity
value, and (ii) fitting a linear equation to the accurate VWC and EM sensor measured
VWC.
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Fig. 3. Comparison of EM measured VWC with accurate VWC
In the first approach, a third-order polynomial equation (as presented in Eq. 3) was

fitted to the accurate VWC and measured e, and presented in Fig. 4. The obtained
calibration parameters (A, B, C, and D) along with the regression coefficient (R?) were
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reported in Table 3. These parameters can be directly used for field measurement of
VWC in different concentrations of WAP using the EM sensor.

0,=Ae3 + B2+ Ce, +D 3)

In the second approach, a simpler process was followed by fitting a linear equation
(Eq. 4) to correlate the measured 6 value and 6, value (Fig. 5). It can be observed
that all the fitted lines are passing through the origin, and hence, the value of y is
equal to 0. The parameter x can be termed as a correction factor that needs to be mul-
tiplied to the EM measured VWC to obtained the accurate VWC.
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Fig. 4. Comparison of EM measured VWC with actual VWC

Table 3. Obtained calibration parameters for the bare soil and WAP amended soil

WAP concentrations A B C D R?
Bare soil -2x10% 3.5x10* 0.021 -0.039 1
Soil+ 0.1% WAP -2x10° 3x10* 0.024 -0.048 1
Soil+ 0.2% WAP -3x10° 55x10* 0.027 -0.051 1
Soil+ 0.4% WAP -3x10° 55x10* 0.032 -0.055 1
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The obtained correction factor (x) for different WAP concentrations were presented
in Fig. 6, which showed a linear variation between the parameters. Therefore, a
straight line was fitted to the data point (R? =0.99) to obtain the correction factor cor-
responding to any WAP concentrations. The obtained relationship between x and
WAP concentration was presented in Eq. (5), which can be directly used to determine
the accurate VWC from the EM measured VWC.

x = 1.35 X WAP concentration (%) + 1 (5)

The corrected VWC using the aforementioned two approaches were compared with
the accurate VWC in Fig. 7 to verify the efficacy of the approaches. It can be ob-
served that all the corrected VWC (using polynomial and linear calibration) and accu-
rate VWC were lie on the 1:1 line, indicating both the approaches can be applied for
field monitoring of VWC using the EM sensor.
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Fig. 5. Comparison of EM measured VWC with actual VWC
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4 Conclusions

The present study evaluates the performance of an electromagnetic (EM) sensor
(ECH,0 5TM) for continuous field monitoring of volumetric water content (VWC) of
water absorbing polymer (WAP) amended soil. The effectiveness of the manufacturer
calibration equation for the EM sensor was investigated in a locally available cohe-
sionless soil with four different WAP concentrations (0, 0.1%, 0.2%, and 0.4% on
wi/w basis). The experimental results indicated the EM sensor measured VWC match-
es the accurate VWC for bare soil, whereas the EM sensor underestimates the VWC
in WAP amended soil (i.e., manufacturer calibration equation may not valid for WAP
amended soil). The error in measured VWC was higher on the wet side as compared
to the dry side. The higher water absorbing capacity of WAP could be a possible rea-
son for this error during the EM sensor measurement. Two different approaches, in-
cluding polynomial calibration and linear calibration, were demonstrated in the pre-
sent study to calibrate the sensor for accurate measurement of VWC. Both the materi-
al-specific calibration procedures were very effective and can be used for continuous
field monitoring of VWC in WAP amended soil. However, the linear calibration ap-
proach was found to be more simple and robust, as compared to the polynomial cali-
bration approach. A similar methodology can be repeated for a wide range of soil
texture to obtain soil-specific calibration equations for WAP amended soils.
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