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Abstract
Drought-induced evaporation can reduce soil water content and significantly alter soil hydro-mechanical behavior.
Understanding the temporal and spatial distribution characteristics of soil water content during evaporation is of great signifi-
cance for evaluating the encountered geotechnical and geo-environmental problems in arid or semi-arid regions. In this study, an
electrical resistivity/resistance method (ERM) with a high spatial resolution of centimeter-level was developed for a small-scale
laboratory test and applied to quantitatively characterize the evaporation-induced water content variations along a depth gradient.
A total of 8 groups of initially saturated sandy soil columns (84 mm in diameter and 290 mm in height) were prepared, and eight
pairs of mini electrodes (3.5 mm in diameter) were installed in each soil sample with a vertical distance of 30 mm. The soil
columns were subjected to continuous drying. The changes in soil electrical resistance at different depths were monitored by the
electrode couples. The gravimetric water contents at different depths were also measured at the end of drying. It is found that soil
water content decreases exponentially with increasing electrical resistance. Based on the obtained data, a calibration relationship
between soil gravimetric water content and corrected electrical resistance was well established with consideration of temperature
effect. This relationship was validated successfully by the experimental results, indicating the feasibility of the developed ERM to
characterize the soil water content dynamics during the drying process. Besides, the drying process with the movement of the
evaporation front was discussed. The results of this study demonstrate the good performance of ERM in the estimation of
temporal and spatial variations of soil water content and its potential application in arid or semi-arid regions with frequent
droughts.
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Introduction

Evaporation is of great importance in water and energy trans-
fer between soil and atmosphere interaction. The drying pro-
cess may lead to soil cracking, salinization, degradation, and
other problems in arid and semi-arid areas (Shimojima et al.
1996; Tang et al. 2011b, 2018; Xue and Akae 2012; Zeng
et al. 2015; Wang et al. 2016, 2018; An et al. 2017;
Tollenaar et al. 2018; Li et al. 2019; Zeng et al. 2019).
Therefore, the investigation of evaporation is significant to
evaluate the safety of geotechnical constructions during
drought periods (Saito et al. 2006; Cheng et al. 2020; Tang
et al. 2019). In addition to numerical models (Penman 1948;
Wilson et al. 1994; Singh and Xu 1997; Aluwihare and
Watanabe 2003; An et al. 2018a), various experimental ap-
proaches have also been developed to investigate the
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evaporation process, such as evaporation pan (Kondo et al.
1990; Wilson et al. 1997), soil column testing system
(Wilson et al. 1994), lysimeter (Qiu et al. 1998; Newson and
Fahey 2003; Teng and Yasufuku 2015), wind tunnel
(Shahraeeni et al. 2012), and environmental chamber
(Mohamed et al. 2000; Song et al. 2014; Teng et al. 2014).
Essentially, the evaporation process can be estimated by the
temporal and spatial variations of soil water content (Wilson
et al. 1994; Song et al. 2014; An et al. 2018b).

Generally, the main approaches to measure soil moisture
variations in laboratory and filed evaporation tests (Cahill and
Parlange 1998; Aluwihare and Watanabe 2003; Tarboton
2003; Lal and Shukla 2004; Cui et al. 2010, 2013; Toll et al.
2013; Smethurst et al. 2012; Song et al. 2014) include four
types: thermogravimetric, dielectric, suction-based, and geo-
physical methods. As a direct method, thermogravimetric
measurement is to record the variations of soil sample weight
to estimate the soil water content (Bittelli 2011). Dielectric
approach, such as ThetaProbe and TDR, provides the water
content results by exploiting the effect of liquid water dielec-
tric permittivity on the bulk soil dielectric properties (Bittelli
2011). Suction-based sensor, such as tensiometer, is designed
to estimate soil moisture by directly measuring the tension
between soil particles and water molecules. As a common
type of geophysical method, electrical resistivity/resistance
method (ERM) measures soil resistivity/resistance by record-
ing the changes in voltage between two electrodes caused by
the transferred current (Archie 1942; Binley et al. 1996;
Binley and Kemna 2005; Chambers et al. 2008; Tso et al.
2017). The main advantages and drawbacks of each method
are detailed in Table 1. The distribution and variation of water
content in soil samples cannot be continuously monitored by
the thermogravimetric method during the test even though it is
simple, economical, and accurate. More importantly, it is a

highly destructive method. Time domain reflectometers
(TDR), ThetaProbe, and tensiometers have been employed
commonly in previous studies to monitor the variations of soil
water content at specific positions (Cahill and Parlange 1998;
Aluwihare and Watanabe 2003; Tarboton 2003; Lal and
Shukla 2004; Cui et al. 2010; Toll et al. 2013; Smethurst
et al. 2012; Song et al. 2014). However, the installation of
these sensors may alter soil microstructure and the flow path
of pore liquid by disturbing soil in small-scale tests (Rothe
et al. 1997). Especially, the sensors’ size poses a real challenge
for researchers attempting to measure soil water content vari-
ations in the near-surface zone (Song et al. 2014; Teng et al.
2014). Therefore, the application of the abovementioned
point-basedmethods of soil water content measurement exerts
some limitations in small-scale laboratory evaporation test.

Compared with the point-based methods, ERM indeed has
several advantages, such as non-intrusive measurement, the
high spatial resolution of centimeter-level, and the opportunity
to probe greater depths and to characterize the structure of the
whole soil profile (Brunet et al. 2010; Samouëlian et al. 2005).
As a result, it was commonly used in various aspects, includ-
ing soil moisture investigation (Rhoades et al. 1976; McCarter
1984; Kalinski et al. 1993), water salinity or contaminant de-
tection (Benson et al. 1997; Rhoades et al. 1977, 1990;
Martínez-Pagán et al. 2010), buried artifacts or structures lo-
cation in archeological surveys (Negri et al. 2008; Tonkov and
Loke 2006), and subsurface desiccation cracks inspection
(Jones et al. 2014; Gunn et al. 2015; Tang et al. 2018; An
et al. 2020). Concerning the application of ERM in the esti-
mation of soil moisture, Zhou et al. (2001) and Zhou (2007)
obtained a satisfactory estimation about the 3D distribution of
soil water content in a site investigation based on Archie’s
relationship. Besides, Alamry et al. (2017) addressed the fea-
sibility of ERM to monitor spatial and temporal soil moisture

Table 1 A summary of four different methods to measure soil water content

Methods Advantages Drawbacks

Thermogravimetric
method

Simple, economical, and accurate Time-consuming and destructive;
Impractical for large and massive samples, and field soil moisture

distribution (Bittelli 2011)

Dielectric method
(ThetaProbe, TDR)

Accurate and easy;
Applicable for field and large-scale laboratory model test

Not suitable for soil sample in small size or near soil surface
region;

Highly sensitive to soil salt content (Wyseure et al. 1997; Bittelli
2011)

Suction-based method
(tensiometer)

Economical, easy, and non-destructive Not suitable for fine-textured soils or cold temperature (below
zero);

Poor adaptation in dry conditions with high soil suction
(< 1.5 MPa) (Cui et al. 2005, 2013; Toll et al. 2013)

Geophysical method
(ERM)

Non-intrusive;
Applicable for various scales from the macroscopic to

field test;
Applicable for temporal monitoring of soil moisture

distribution (Samouëlian et al. 2005)

Calibration is required within different soil units under controlled
conditions (Samouëlian et al. 2005)
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in a semi-arid area for non-accessible soils and weathered
substrates. Many other similar types of research have been
carried out to map soil moisture distribution based on ERM
in field surveys considering rainfall (Brunet et al. 2010; Beff
et al. 2013; Gunn et al. 2015; Faměra et al. 2018). Various
empi r i ca l r e l a t i onsh ips were deve loped in the
abovementioned studies for the determination of soil moisture
from the geoelectrical measurement. In general, soil water
content presents an inverse relationship with the variation of
electrical resistivity (Samouëlian et al. 2005). The
abovementioned studies mainly present the satisfactory per-
formance of ERM in various field surveys. However, to the
authors’ best knowledge, comprehensive investigation ad-
dressing the application of ERM in small-scale laboratory
evaporation tests to estimate the soil moisture dynamics is still
absent.

The objective of this paper is to develop ERM with a high
spatial resolution and study the application of ERM to char-
acterize the soil water content dynamics from a quantitative
point of view in small-scale laboratory evaporation tests. Four
different evaporation tests were carried out with recording the
temporal and spatial variations of soil electrical resistance.
The effect of soil temperature on the measured soil electrical
resistance was evaluated. The relationship between soil gravi-
metric water content and corrected electrical resistance con-
sidering the effect of soil temperature was developed for the
studied sandy soil and then validated by the experimental
results. The drying process with the movement of the evapo-
ration front was also discussed in depth.

Materials and methodology

Materials and specimen preparation

The soil used in this investigation is commercial silica sand in
a particle size range of 0.2~0.55 mm. The specific gravity of
commercial silica sand is 2.65.

The size of the prepared soil sample is 84 mm and 290 mm
in diameter and height, respectively, as shown in Fig. 1a. A
plexiglass column with a thickness of 5 mm was designed to
contain the soil sample. In order to ensure soil homogeneity,
the funnel method (Miura and Toki 1982; Vaid and Negussey
1998; Hakhamaneshi et al. 2016) was performed to prepare
the sandy soil samples with an average dry density of 1.48 g/
cm3 and porosity of 0.44.

Eight groups of initially saturated soil samples (T1 and T2
for test 1, T2 for test 2, S1, S2, S3, S4, and S5 for test 3, and S6
for test 4) were prepared to study the variations of soil water
content and electrical resistance during drying. An injection
tube with a diameter of 8 mmwas connected to the soil sample
for the purpose of continuous water supply (Fig. 1a). The
saturation process of soil samples, T1 and T2, was conducted

by supplying deaired water constantly from a water container
through the injection tube (Fig. 1b). It took around 5 h to
saturate the soil sample. During the saturation process, the
water level in the container was elevated gradually and kept
higher than the top surface of the soil columns. Specifically,
the water level was kept around 5 min after being elevated
every 5 mm to ensure the effective drainage of air bubbles in
soil. The elevation of water level stopped until it was 5 mm
higher than the soil top surface. The soil sample was assessed
as fully saturated after observing the water exfiltration on the
soil surface, and this stage was kept for around 1 h. The other
six groups of soil samples (S1, S2, S3, S4, S5, and S6) follow-
ed the same saturation procedure.

Experimental setup

Due to the high association between soil physical properties
and electrical resistance/resistivity distribution in soil samples,
ERM can be applied as an appealing approach to assess the
spatial and temporal variations of soil water content (Archie
1942; Goyal et al. 1996; Alamry et al. 2017). Soil electrical
resistivity can be monitored using a variety of electrode con-
figurations including one-, two-, and four-electrode methods
(Samson et al. 2018). Generally, the Wenner array in four-
electrode method is most commonly used in the field
(Dahlin 2001; Wang et al. 2012). The value of soil electrical
resistivity is usually estimated based on the injected current,
the measured electrical potential, and the value of the geomet-
rical coefficient which mainly depends on the arrangement of
electrodes and test equipment (Scollar et al. 1990; Kearey
et al. 2002; Tang et al. 2018). It can be used to measure the
distribution of soil resistivity at various distances and depths
by rearranging the electrode setup (Reichling et al. 2015).
However, the application of this method in small-scale tests
is limited due to the arrangement of the four electrodes.

In terms of electrical resistivity measurement of small-scale
laboratory soil samples, the effect of geometric boundaries on
the experimental result is difficult to be estimated (Zhou
2007). Hence, for simplicity, soil resistance was measured in
this study to avoid the assessment of the geometrical coeffi-
cient in the estimation of soil electrical resistivity. Besides, the
arrangement of four electrodes in the soil is over complicated
due to the small size of the studied soil sample and the spe-
cialized cylindrical container. Therefore, a two-electrode
method was applied in this study (Reichling et al. 2015;
Samson et al. 2018).

In order to get a relatively high spatial resolution of the
measured resistance, eight couples of electrode holes were
reserved at eight depths in a vertical distance of 30 mm, on
two parallel lines (L1 and L2) of the plexiglass column (Fig.
1). Afterwards, eight couples of mini electrodes were installed
at these positions with different depths: #1–1′ (30 mm), #2–2′
(60 mm), #3–3′ (90 mm), #4–4′ (120 mm), #5–5′ (150 mm),
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#6–6′ (180 mm), #7–7′ (210 mm), and #8–8′ (240 mm). The
adopted electrodes were fabricated using stainless steel bolts
with a length of 33 mm and a diameter of 3.5 mm, so that they
were installed manually with convenience. The effect of elec-
trode size on the measured results was minimized by using the
electrodes with reasonably small diameters. The bottom of the
soil column was fixed by an impermeable plexiglass sheet of
110 × 110 mm.

Figure 2a presents the developed ERM setup. It includes an
ambient temperature and relative humidity monitoring system
(ATRM), an electrical resistance acquisition system (ERA),
and the prepared soil sample. The variations of ambient tem-
perature and relative humidity during the test were recorded
by the TES-1370 type of ATRM. It was mounted 30 cm above
soil samples to reduce the possible influence of drying on the
measured relative humidity values. ERA consists of
TH2819A precision LCRmeter (LCR), a programmable logic
controller (PLC), logic control part, and electrodes on the soil
sample. LCRwas used to measure the soil electrical resistance
between every two electrodes based on the bridge method
(Aoki and Yokoi 1997; Maeda 1974). In this test, two linked
PLC were employed to control the electrode combination.
Eight electrodes at the left side and eight electrodes at the right
side of the soil column were connected to PLC as shown in
Fig. 2a. The measuring lines M and N of two PLC were
connected to ports A and B of LCR, respectively. The logical
control lines of both LCR and PLCwere then connected to the
recording computer system. Eight groups of resistance data
(#1–1′, #2–2′, #3–3′, #4–4′, #5–5′, #6–6′, #7–7′, and #8–8′)

were obtained by running LCR. All the sensors used in this
measuring system were calibrated before starting the test.
Because the sample was small enough to stabilize the heat
transfer rapidly, the soil temperature was assumed to be the
same as the measured ambient temperature.

Testing procedure

Test 1—saturated versus unsaturated soil samples

Test 1 was performed to study the variations of electrical re-
sistance of soil samples T1 and T2 during their stabilization
processes. After the initial saturation process, these two soil
samples were exposed to air to dry freely. During the drying
process, the water container was kept connected to soil sample
T2 after its initial saturation process, but it was removed in the
case of soil sample T1. The variations of soil electrical resis-
tance at different depths were recorded every 30 min by ERA.

The drying test was conducted for around 260 h in an
underground laboratory, which is favorable to provide a rela-
tively stable atmospheric condition. The measured ambient
temperature is around 20 ± 0.5 °C and the average relative
humidity is 97.81% under the control of the air conditioner
during the studied period.

Test 2—temperature effect

Hayley et al. (2007) have pointed out the importance to con-
sider the effect of soil temperature on soil electrical resistivity.

Fig. 1 The details of (a) column module for evaporation test and (b) soil sample saturation process

4414 N. An et al.



Soil sample T2 was further applied to evaluate the effect of
soil temperature on the variations of the measured electrical
resistance in this study. Test 2 was implemented with a three-
phase (phase I heating - phase II cooling - phase III heating)
process of ambient temperature control (Fig. 2b). The initial
ambient temperature was 20.0 °C. In the first phase, the air
conditioner’s temperature was elevated to 26.5 °C, then the
average ambient temperature grew up gradually to 26.5 °C.
After 10 h, cooling change was operated in phase II by setting
the air conditioner at 15 °C. As a result, the ambient temper-
ature decreased to 15 °C gradually. Phase III started at t = 40 h
by resetting the air conditioner’s temperature at 26.5 °C,
which was maintained for 15 h to allow the ambient temper-
ature to reach the same value. During the studied period, the
ambient temperature was recorded every half an hour by the
monitoring system, and the data of measured soil electrical
resistances was also collected every 30 min.

Test 3—calibration of the relationship between soil electrical
resistance and water content

The objective of test 3 is to calibrate the relationship between
soil electrical resistance and gravimetric water content through
the measurements of five parallel soil samples (S1, S2, S3, S4,
and S5). After the initial saturation, their connections with the
water container were removed. The five soil samples were
sealed and kept for 3~4 days in order to obtain the initial stabi-
lization. Afterwards, they were subjected to drying for 44.5 h
(S1), 122 h (S2), 429 h (S3), 577.5 h (S4), and 811.5 h (S5),

respectively, in the same environmental condition. The mea-
sured results of soil electrical resistances at different depths of
each sample were collected every 30 min.

At the end of each sample test, soil layers at different depths
were taken out following the steps (Fig. 2c): the topsoil layer
of 15 mm was removed firstly; soil layer located at both
15 mm above and 15 mm below the positions of electrode
couple #1–1′ was taken out; soil layers around electrode cou-
ples #2–2′, #3–3′, #4–4′, #5–5′, #6–6′, #7–7′, and #8–8′ were
also removed following the same procedure as electrode cou-
ple #1–1′. They were used for the gravimetric water content
measurements at eight different depths of each soil sample
through the oven drying method. In other words, the values
of soil gravimetric water content and electrical resistances at
40 points at the end of Test 3 were collected. Based on these
data, a calibration relationship between soil gravimetric water
content and electrical resistance can be developed.

Figure 3 presents that the measured average ambient tem-
perature is around 18.09 °C and the average relative humidity
is around 92.22% during the studied period of test 3.

Test 4—validation of the calibration relationship

Soil sample S6 was applied in test 4 to verify the calibration
relationship developed based on the results of test 3, and to study
the evolution of the average water content as well as the evapo-
ration rate. After its initial saturation, the connection with water
container was removed, and soil sample S6 was subjected to
continuous drying in the laboratory. It was performed

(a) (b)

0 10 20 30 40 50 60 70
14

16

18

20

22

24

26

28

30

Phase I

Phase II

Phase III

(
er

utare
p

met
t

n ei
b

m
A

C
)

Time (h)

(c)

ERA

Soil column
ATRM

PLC

LCR
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the process of removing soil layer at different depths for gravimetric water content measurement in test 3
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synchronously with the other five soil samples in test 3 in the
same environmental condition. The soil electrical resistances at
different depths of soil sample S6 were also recorded every
30 min. At the end of test 4, soil layers at different depths of soil
sample S6 were taken out for water content measurement follow-
ing the same procedure as soil sample S1. Moreover, the mass of
soil sample S6was recorded at different times, whichwas applied
to investigate the evolutions of the soil average water content and
the actual evaporation rate. The soil average water content was
calculated based on the difference between soil total mass and its
dry mass. The water loss estimated by the change of soil sample
mass was recorded to calculate the evaporation rate. In addition,
the main information of four different tests is detailed in Table 2
for highlighting their ambient conditions and research objectives.

Results

Test 1—saturated versus unsaturated soil samples

The variations of measured electrical resistances of soil sam-
ples T1 and T2 during their stabilization processes are

presented in Fig. 4a and b, respectively. Obvious differences
can be observed between the results of soil samples T1 and
T2. In the case of soil sample T1 (Fig. 4a), soil electrical
resistances recorded by electrode couples #1–1′ and #2–2′
are relatively stable during the first 38 and 58 h, respectively.
Afterwards, the measured result of electrode couple #1–1′
goes up quickly and keeps a high increasing rate until the
end of test 1 with small fluctuations around t = 175 h. Soil
electrical resistance of electrode couple #2–2′ increases con-
tinuously after the stable stage. However, the measured result
of electrode couple #3–3′ starts to increase from t = 152 h until
the end of test 1. The significant increases in the soil electrical
resistances of these three depths are mainly attributed to the
decreases in soil water content of the near-surface area. The
delaying response of soil electrical resistance along a depth
gradient is mainly related to the drying-induced variations of
water content. Measurements of electrode couples #4–4′, #5–
5′, #6–6′, #7–7′, and #8–8′ are relatively constant values dur-
ing the whole studied period. It indicates that the water con-
tents in the deeper zone (depth > 120 mm) are not influenced
by the surface evaporation, and the soil is close to a saturated
state during the drying process. The stable value of measured
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Fig. 3 The variations of ambient
temperature (average value of
18.09 °C) and relative humidity
(average value of 92.22%) in tests
3 and 4

Table 2 A summary of the experimental conditions and objectives of four evaporation tests

Test
no.

Soil samples Ambient
temperature
(°C)

Average relative
humidity (%)

Test aim

1 T1 and T2 20 ± 0.5 97.81 To study the variations of electrical resistance of soil samples T1 and T2 during their stabilization
processes

2 T2 26.5 (phase I)
15.0 (phase II)
26.5 (phase III)

Not measured To evaluate the effect of ambient temperature on the variations of soil electrical resistance

3 S1, S2, S3,
S4, and S5

18.09 (average
value)

92.22 To calibrate the relationship between soil electrical resistance and gravimetric water content

4 S6 18.09 (average
value)

92.22 To verify the calibration relationship developed based on the results of test 3, and to study the
evolution of the average water content as well as the actual evaporation rate
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soil electrical resistance decreases from 2195.88 (electrode
couple #4–4′ at a depth of 120 mm) to 1506.56 Ω (electrode
couple #8–8′ at a depth of 240 mm) as the depth increases.
Theoretically, the variations of soil electrical resistance may
also be affected by the contact condition between soil particles
and electrodes during the drying process. The compaction
condition of soil particles in the deeper zone contributes to
higher soil density. More compact soil has a lager soil electri-
cal conductivity as well as lower soil electrical resistance
when soil is in a saturated state. Hence, it explains that soil
electrical resistance presents a decreasing tendency versus
depth in the deeper zone (depth > 120 mm).

In the case of soil sample T2 (Fig. 4b), the measured
soil electrical resistances at different depths generally
show stable values during the whole studied period. It
is attributed to the fact that soil sample T2 keeps satu-
rated by the continuous water supply. The relationship
between the values of soil electrical resistances and the
corresponding depths of soil sample T2 is similar to
that of the deeper zone in soil sample T1. Soil electrical
resistance reduces from 2568.12 Ω at a depth of 30 mm
(electrode couple #1–1′) to 1793.02 Ω at a depth of
240 mm (electrode couple #8–8′) due to the effect of
soil compaction condition.
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Test 2—temperature effect

As shown in Fig. 5a, the measured soil electrical resistances at
the different depths follow the same variation tendency: they
decrease in the first 10 h (phase I) then go up until t = 40 h
(phase II) and show a decreasing trend until the end of the test
(phase III). The variation pattern of the measured electrical
resistances presents a high correlation with the ambient tem-
perature variations (Fig. 2b): soil electrical resistance reduces
as the ambient temperature goes up, and vice versa. Figure 5b
presents the hysteresis loop variations of soil electrical resis-
tance at different depths along with the three-phase variation
of ambient temperature, confirming the decreasing variation

tendency of soil electrical resistance as the ambient tempera-
ture increases. Moreover, it is observed that soil electrical
resistance in the 3rd phase is slightly higher than that at the
same temperature in the 1st phase, which may be attributed to
the thermal-induced slight change of soil microstructure in the
1st and 3rd phases caused by the cyclic temperature change.
However, further investigation is still required to clarify this
point.

Soil temperature is assumed to be the same as the measured
ambient temperature, as explained in the “Experimental set-
up” section. As the main component of sandy soil, quartz has
very low electrical conductivity. Consequently, the electrical
resistance of the studied soil sample is mainly influenced by
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versus (a) time and (b) ambient
temperature

4418 N. An et al.



the amount and continuity of pore water and water electrical
conductivity. The amount and continuity of pore water in soil
sample T2 are constant due to its saturated state during test 2.
Thereby, the variations of soil electrical resistance of sample
T2 is significantly affected by the water electrical conductiv-
ity. As soil temperature goes up, pore water viscosity de-
creases gradually, leading to an increase of ions’ mobility in
soil and water electrical conductivity (Archie 1942; Pitzer
1982; Zha et al. 2007). It explains the decreases in soil elec-
trical resistance as soil temperature increases. In order to con-
sider the temperature effect, Keller and Frischknecht (1966)
proposed to correct the measured soil electrical resistivity to
its values at a standard temperature of 25 °C:

ρ25 ¼ ρT 1þ α T−25ð Þð Þ ð1Þ
where ρT and ρ25 represent the soil electrical resistivities at
measured temperature T and standard temperature of 25 °C,
respectively; α is an empirical coefficient, equals to
0.025 °C−1 (Keller and Frischknecht 1966; Brunet et al.
2010; Ackerson et al. 2014). It means that a variation of
1 °C in the temperature leads to a deviation of 2.5% in the
value of soil electrical resistivity. Similarly, in this study, the
influence of soil temperature on the measured value of soil
electrical resistance can be considered by the following:

R25 ¼ RT 1þ α T−25ð Þð Þ ð2Þ
where RT and R25 represent the soil electrical resistances at
temperatures T and 25 °C, respectively. Based on the variations
of measured soil electrical resistance in the 1st phase with the
temperature varying from 19.9 to 26.5 °C, the empirical coef-
ficient α was experimentally checked in this test. The fitted
values of α for the results at eight depths are detailed in
Table 3, providing its average value as 0.022 °C−1. In the fol-
lowing work, the measured electrical resistances have always
been corrected to its value at a standard temperature of 25 °C.

Test 3—calibration of the relationship between soil
electrical resistance and water content

Based on the water content profiles of the five soil samples
(measured by the oven drying method) in test 3, it can be
observed that soil water content in the near-surface zone de-
creases quickly due to the surface drying, whilst the bottom
soil keeps a saturated state during the whole studied period
(Fig. 6a). Specifically, in the soil water content profile of

sample S5, the values of water content at the three points near
the soil surface are very close. It is therefore inferred that soil
at these points is close to the dry state at t = 811.5 h.

It is noticed that the ambient temperature is not con-
stant during the studied period of test 3 (Fig. 3).
Therefore, the measured soil electrical resistance needs
to be corrected based on Eq. (2) with consideration of
the soil temperature effect. Among the five parallel soil
samples, soil sample S5 is taken as the representative to
show the variations of corrected electrical resistance at
the depths of eight couples of electrodes #1–1′, #2–2′,
#3–3′, #4–4′, #5–5′, #6–6′, #7–7′, and #8–8′ (Fig. 6b).
Soil electrical resistances at the depth of electrode cou-
ples #1–1′ and #2–2′ both increase gradually during the
whole studied period. However, the values at the depth
of electrode couple #2–2′ become larger than that of
electrode couple #1–1′ after around 200 h. It may be
due to the presence of soil heterogeneity in the near-
surface area and the influence of the contact condition
between the soil and the installed electrodes during the
drying process. After different periods, the measured
results of electrode couples #3–3′, #4–4′, and #5–5′ start
to increase at different rates and keep the increasing
trend until the end of test 3. It is observed that soil
electrical resistance at the deeper position keep the ini-
tial values for a longer period, and then increases at a
lower rate. However, the results of electrode couples
#6–6′, #7–7′, and #8–8′ keep relatively constant values
during the whole studied period.

The relationship between the variations of soil water
content and corrected electrical resistances has been de-
veloped in power (Archie 1942; Frohlich and Parke
1989), linear (Goyal et al. 1996; Gupta and Hans 1972),
polynomial (Rhoades et al. 1976), and exponential (Zhu
et al. 2007) empirical models. Calamita et al. (2012) stat-
ed that the three types of non-linear models (power, poly-
nomial, and exponential) are the most common methods
applied in literature and presented the good agreement
between the moisture–resistance relationships derived by
different methods. It is agreed that the differences be-
tween them are not significant, especially in the applica-
tion with a limited range of variation of the variables (Zhu
et al. 2007; Calamita et al. 2012). Indeed, the soil
moisture–resistance relationship is influenced by many
factors in terms of water and soil characteristics, such as
porosity, texture, salinity, and temperature.

Table 3 The fitted values of
empirical coefficient α and the
corresponding adjustedR-squared
(Adj R) for the measured soil
electrical resistance-temperature
relationship at the depths of eight
electrode couples

Electrode
couples

#1–1′ #2–2′ #3–3′ #4–4′ #5–5′ #6–6′ #7–7′ #8–8′

α 0.02205 0.02207 0.025 0.02203 0.02198 0.02202 0.02191 0.02173

Adj R 0.97625 0.97002 0.94059 0.95393 0.95129 0.947 0.93941 0.92977
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In this study, the variation of the measured soil water con-
tents versus corrected electrical resistances presents an expo-
nential tendency, as shown in Fig. 6c. Hence, the exponential
model is adopted to fit the soil moisture–resistance relation-
ship considering the temperature effect. It is expressed by the
following:

w ¼ 0:91þ 31:04e−6:07�10−5R25 ð3Þ
where w is the soil gravimetric water content. Soil water
content decreases gradually as electrical resistance in-
creases. Based on the corrected electrical resistances, the
predicted soil water contents at the studied points are cal-
culated, presenting a standard deviation of the prediction
errors (RMSE) as 1.55 compared with the measured
values (Fig. 6c).

Test 4—validation of the calibration relationship

Test 4 was performed in the same atmospheric condition as the
five soil samples in test 3 (Fig. 3). As shown in Fig. 7a, the
measured results of both electrode couples #1–1′ and #2–2′
present a continuous increase tendency during the whole stud-
ied period. However, the measured results of electrode cou-
ples #3–3′, #4–4′, #5–5′, and #6–6′ start to go up after different
periods. The increasing rate of soil electrical resistance de-
creases as the measured point goes deeper. In terms of the
bottom couples of electrodes #7–7′ and #8–8′, soil electrical
resistances keep relatively stable values during the whole dry-
ing process.

Figure 7b presents that the actual evaporation rate fluctuates
from the beginning and reaches the highest value of 1.9 mm/
day at t = 160 h. Afterwards, the actual evaporation rate shows a
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4, (a) the variations of the
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general decreasing tendency with a slight rebound at t = 256 h.
From 338 to 550 h, the actual evaporation rate presents slight
fluctuations, varying in the range of 0.85~1 mm/day. It is
followed by larger fluctuations until the end of the studied pe-
riod. Generally, with a stable atmospheric condition, water
evaporation from soil surface occurs normally in three stages:
constant rate stage, falling rate stage, and residual stage (Wilson
et al. 1994; Aluwihare and Watanabe 2003; An et al. 2018b).
However, the three stages are not identified in the evaporation
evolution, due to the predominant effect of varying ambient
temperature and relative humidity in test 4. The soil average

water content shows a steady decreasing trend as the evapora-
tion continues (Fig. 7b).

Based on the experimental results of soil sample S6 during
the drying process, the calibration relationship between soil
water content and corrected electrical resistance considering
soil temperature effect is validated by the following two steps:

In the first step, at the end of test 4 (t = 902.5 h), due to the
absence of measured result by electrode couple #1–1′, the
corrected soil electrical resistance at depths of 60 mm (elec-
trode couple #2–2′), 90 mm (electrode couple #3–3′), 120 mm
(electrode couple #4–4′), 150 mm (electrode couple #5–5′),

(a)

(b)

300

250

200

150

100

50

0

5 10 15 20 25 30 35

Water content (%)

)
m

m(
ht

pe
D

Measured

Estimated

RMSE = 1.23

0 100 200 300 400 500 600 700
20

21

22

23

24

25

26

27

28

29

30

Measured

Estimated

RMSE = 0.34

)
%(

t
net

n
oc

reta
w

e
gare

v
A

Time (h)

Fig. 8 For soil sample S6 in test
4, (a) the comparison between the
estimated and measured soil
water content at different depths
(t = 902.5 h), and (b) the
comparison between the
estimated and measured average
soil water content at different
moments

4422 N. An et al.



180 mm (electrode couple #6–6′), 210 mm (electrode couple
#7–7′), and 240 mm (electrode couple #8–8′) is used to esti-
mate the soil water contents. The comparison between the
estimated andmeasured soil water content versus depth is then
performed as shown in Fig. 8a. A good agreement is obtained
between the measured and estimated water content (RMSE =
1.23), validating the correctness of the developed soil
resistance-moisture relationship.

With the available information of measured average soil
water content of soil sample S6 (Fig. 7b), the second step of
verification work is conducted through comparing the mea-
sured results with the estimated average water content at dif-
ferent moments. In this study, the measured results at t =
88.25 h, t = 146.25 h, t = 216.17 h, t = 256.7 h, t = 307.8 h,
t = 412 h, t = 548.0 h, and t = 618.3 h are employed as repre-
sentatives to show the variation of the average water content
during the whole studied period. The corrected soil electrical
resistances at these moments are used to calculate the water
content distribution in the soil sample, allowing the further
estimation of the average water content. Figure 8b presents
that the calculated results of average water content at these
moments fit very well with the measured results (RMSE =
0.34), further validating the calibration relationship.
Therefore, it indicates that the temporal and spatial variations
of soil water content at different depths of the studied soil
sample during the drying process can be estimated conve-
niently and precisely by the developed ERM.

Discussions

Based on the validated relationship between soil electrical
resistance and water content (Eq. (3)), water content

distributions of soil sample S6 at t = 0 h, 100 h, 200 h,
300 h, 400 h, 600 h, 700 h, 800 h, and 902.5 h are estimated
as shown in Figs. 9. It is identified that soil water content at the
surface zone decreases more quickly than that in the deeper
zone as drying continues. The surface soil transfers gradually
from saturated to unsaturated state because of the continuous
drying. In contrast, the bottom soil keeps saturated due to the
high resistance of the upward water movement. In addition, it
is of great importance to identify the position of evaporation
front during the drying process, which determines the thick-
ness of the dry layer and influences the soil engineering prop-
erties (Shokri et al. 2008; Aluwihare and Watanabe 2003;
Tang et al. 2011a). Depending on the contour of soil water
content as shown in Fig. 10, it is feasible to identify the move-
ment of the evaporation front during the drying process.
Evaporation front is limited above depth of around 90 mm at
t = 100 h, 110 mm at t = 200 h, 140 mm at t = 300 h, and
150mm at t = 400 h, respectively. After 600 h, the evaporation
front moves towards a deeper zone slowly. It infers that the
evaporation front moves at a slower rate as it goes deeper,
which may be related to the high vapor resistance in the dry
layer. Further investigation is still required to clarify this point.

In the laboratory studies in terms of soil dynamics under
the effect of evaporation in the literature (Wilson et al. 1994;
Yanful and Choo 1997; Song et al. 2014), the traditional point-
based methods (weight measurements, TDR, ThetaProbe,
etc.) need to be set up within specific/proper distances in soil
samples to ensure the correct measurement of soil water con-
tent. As a result, the soil moisture in the near-surface zone is
difficult to be measured even though it was speculated that the
evaporation from bare soil occurs mainly within a depth of
55 mm (Song et al. 2014). On the other hand, the evaporation
front was visually determined by observing the color change
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Fig. 9 The estimated soil water
content profiles of soil sample
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measured water content of soil
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in the top layer of soil comparedwith the underlying soil layer,
for a fair estimation of the depth of the dry layer (van de
Griend andOwe 1994; Yamanaka et al. 1997). Compared with
the abovementioned studies, the results herein demonstrate the
superiority of ERM in small-scale laboratory tests, especially
in the quantitative analysis of temporal and spatial soil mois-
ture variations, the soil moisture distribution in the near-
surface zone, and the evaporation process with the identifica-
tion of evaporation front. Theoretically, the spatial resolution
of measurement based on the developed ERM can be further
improved by reducing the electrode size and distance appro-
priately. Electrical resistivity measurements along a vertical
plane in a 2D/3D laboratory model test based on four-
electrode methods are also feasible. These works will be con-
ducted in the next stage.

Furthermore, this study also presents the potential applica-
tion of ERM in the field investigation of the drying process in
arid or semi-arid regions where drought happens frequently
and the similar dynamic of soil water content driven by

evapotranspiration, irrigation, etc. Considering soil electrical
characteristics is conditioned by many factors (mineral com-
position, grain size distribution, density, degree of saturation,
etc.), detailed calibration work before any application of ERM
is indispensable. More research on quantitative comparisons
between different approaches of soil water content measure-
ment and the study in cases of different soil types will be
supportive of the wide applications of ERM.

Conclusions

Four different tests were conducted to investigate the applica-
tion of the developed ERM in the estimation of soil water
content dynamics driven by evaporation. The effect of tem-
perature on the measured electrical resistance was evaluated
by experimentally checking the empirical coefficient for the
studied soil. The relationship between the corrected soil elec-
trical resistance considering temperature effect and water

t=0 h t=100 h t=200 h t=300 h

t=400 h t=700 ht=600 h t=902.5 h

Fig. 10 The estimated soil water
content distribution during the
evaporation process of soil
sample S6
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content was established for the studied soil sample. It indicates
that soil electrical resistance increases exponentially as the
water content decreases. The calibration relationship was val-
idated successfully by the experimental results, suggesting
that the spatial and temporal variations of soil water content
during drying can be well characterized by ERM. The varia-
tions of soil electrical resistance present the evidence of the
delaying effect along a depth gradient, which corresponds to
the water transfer during the drying process.

The movement of the evaporation front and the formation
of the dry layer during the drying process were further
discussed. Compared with the traditional point-based
methods, the results of this study demonstrate the superiority
of ERM to quantitatively estimate the soil water content dy-
namics, the soil moisture distribution in the near-surface zone,
and the evaporation process with the identification of evapo-
ration front in small-scale laboratory tests. Moreover, it high-
lights the potential of ERM to track soil water dynamics dur-
ing frequent droughts happened in arid and semi-arid areas
and further application in field investigation of soil water con-
tent variations driven by evapotranspiration, irrigation, precip-
itation, etc.
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