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Abstract

The texture of the soil profile determines the movement and distribution of soil water and
also affects plant growth and development. Most studies have focused on the movement of water in
homogeneous or layered soil profiles such as coarse sand or gravel as a capillary barrier. Few studies
have used loess as an interlayer of sand to study the water distribution characteristics of soil profiles.
Here, a layered sand-loess-sand soil profile was constructed in indoor soil columns to explore the effects
of different thicknesses of loess interlayer (0, 10 and 20 cm) on water transport. The advancing height
of the sand wetting front followed a power function with time in different loess interlayer thickness
treatments and the loess interlayer promoted the advancing height of the wetting front. Loess interlayer
treatment significantly increased the soil volumetric water content in the corresponding treatment layer
(40-60 cm). The thicker the loess interlayer the higher the soil volumetric water content. After two
months of soil drainage the volumetric water content in the treatment layer (40-60 cm) corresponding
to the loess interlayer treatment did not decline but the control declined by 1.36%. These results may
provide a scientific basis and theoretical support for the artificial reconstruction of soil profiles in arid
and semi-arid coal mining areas to optimize sand moisture content.
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Introduction

Coal accounts for about 70% of primary energy
production and consumption in China and has long
been a dominant energy source [l, 2]. Increasing coal
mining activity has degraded the surface ecology and
environment and damaged the groundwater system,
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thereby aggravating the fragility of the surface ecology
and the shortage of groundwater resources [3-5]. The
efficiency of ecological reconstruction has been greatly
restricted by a lack of water resources. Investigation of
methods to maximize the use of shallow groundwater
by plants has therefore become an urgent task [6-8].
Soil texture strongly determines the water-holding
capacity of soils and also affects other hydraulic
properties such as permeability and hydraulic
conductivity [9]. Soil hydraulic properties play an
important role in regulating the balance of water and
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nutrients in agricultural ecosystems [10]. In addition,
soil moisture has a major impact on fundamental
ecological properties such as biomass [11, 12] and
carbon sequestration [13]. Optimizing soil texture
affects the distribution of soil water and nutrients and
thus affects the growth and development of plants. Soil
reconstruction is usually conducted with homogeneous
or layered soil and the texture of the reconstructed soil
directly determines its hydraulic properties. Even with
stable groundwater table depth and other environmental
conditions the hydraulic relationship between shallow
soil and groundwater may change substantially due
to differences in soil hydraulic properties [14]. Most
early studies were based on the assumption that the
soil was homogeneous because of the complexity of
water dynamics in heterogeneous porous media, but
a truly homogeneous soil is difficult to find in practical
studies [15]. Sand is usually employed in arid and semi-
arid areas and a reconstructed soil profile consisting
of homogeneous sand is not conducive to ecological
restoration. Layered soils with different particle sizes
are therefore widely used in soil profile reconstruction
in open-pit mining areas [16-18]. A good understanding
of the soil texture and stratification characteristics of
the soil profile is very important in terms of soil water
evaporation and water distribution.

At present the establishment of a soil interlayer is
a common method of achieving a good water distribution
in the soil profile [19]. Most studies have examined the
movement characteristics of water in homogeneous or
some special layered soil profiles. For example, Yan et
al. [20] established a gravel layer under a loess layer
and found that the interlayer significantly affected the
infiltration of surface water. In other studies, a coarse
sand layer has been used as an interlayer to study its
influence on water and salt transport [21, 22]. However,
numerous theoretical and experimental studies have
been conducted on layered soil profiles but few have
used loess as an interlayer of sand to study the water
distribution characteristics of the soil profile formed
and whether this has effectively increased the soil water
content. A reconstructed layered soil profile comprising
sand-loess-sand is different from other layered soil
profiles and it is therefore necessary to carefully study
the influence of its characteristics on water distribution.
This is especially important in the artificial construction
of a layered soil profile to enhance the ecological status
of sand in the land reclamation of arid and semi-arid
mining areas. In addition, due to the large scale and
high cost of soil profile reconstruction, indoor soil

Table 1. Physicochemical properties of soil and loess.

column tests can be used to minimize uncontrollability,
save costs, and provide reliable results and a theoretical
basis for engineering practice [23].

Here, loess has been studied as an interlayer
of sand using indoor soil column tests. The main
purposes were (1) to reveal the effect of loess interlayer
thickness on sand water transport, (2) to determine
whether the reconstructed soil profile can increase soil
water content, and (3) to examine the water retention
characteristics of loess interlayers of different thickness
under drainage conditions.

Materials and Methods
Test Materials

The sand used in the test was taken from fresh river
sand and treated by air-drying and sieving (2 mm).
The sand with grain size greater than 0.5 mm accounts
for 56.83% of the total content, which belonged to
coarse sand. The test loess was collected from Jingyang
county, Shaanxi province, northwest China. The loess
was crushed in a sample grinder, dried, sieved (2 mm)
and thoroughly mixed. The physical and chemical
properties of the soil are shown in Table 1. The grain
size distribution of sand and loess is shown in Fig. 1.

Test Device and Steps

The test device was a column composed mainly of
plexiglass with a moisture monitoring system and water
supply facilities as shown in Fig. 2. The column was
125 cm high and 20 cm in diameter. The bottom was
closed and the top was open. Monitoring holes with
a diameter of 1 cm were drilled in a vertical line 0, 30,
40, 50, 60, 70, 80, 90 and 100 cm from the bottom of
the column. The top of the underground aquifer was
recorded as the O point of the height of the soil column
for convenience in subsequent analysis and to 80 cm
on the surface of the soil column, water sensors were
embedded through the monitoring holes every 10 cm
and connected to an external data collector. Table 2
shows details of the moisture monitoring system.
A stable and continuous water supply to the soil column
was maintained using a Mariotte bottle (height 30 cm,
diameter 10 cm) to maintain the stability of the aquifer
at the bottom of the soil column.

A layer of quartz sand 20 cm thick (quartz sand
with diameters of 1-2, 2-4, 4-8 and 8-16 cm from top

Grain size content/%

Soil texture pH Electrical conductivity (us-cm™)
2-0.1 mm 0.1-0.01 mm <0.01 mm
Sand 85.4 12.8 1.8 8.9 50.51
Loess 14.6 77.2 8.2 8.6 110.2
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Fig. 1. Grain size distribution curves of sand and loess.

to bottom) was placed in the bottom of the column
before the soil was transferred to simulate the aquifer.
A geotextile with the same cross-sectional area as the
soil column was placed on the top of the quartz sand
layer to prevent the upper soil grains from entering
the aquifer. The test soil was introduced onto the
quartz sand layer according to the design bulk density

Dimension unit:cm

Water content sensor

Data collector

—
Data analysis | |/ \J/

system |

Water supply & drainage

Fig. 2. Schematic diagram of test device.

(sand, 1.6 grem?, loess 1.3 grem?®) and compacted in
layers of 5 cm to avoid layering of the soil. A layer of
25 cm remained empty at the top of the soil column
for follow-up test simulation. The position of the
Mariotte bottle remained unchanged throughout this
process and changes in water level during the test were
recorded.
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Table 2. Details of the moisture monitoring system.

Test instrument

Features

Data collector

Decagon EM50 data logger (Meter Group, Brisbane, Australia) with five channels and a minimum
measurement frequency that can meet the reading requirement of data per minute.

Water content sensor

Decagon 5TE soil moisture sensor with simultaneous measurement of volumetric moisture content,
temperature and conductivity with errors of £1-2%, +1°C and + 10%, respectively.

Fig. 3. Test treatment design of soil columns. A: CK, no loess layer; B: LS, containing loess at 40-50 cm and sand at 50-60 cm; C: LL,

containing loess at 40-60 cm.

Test design

Three treatments were set up in the soil 40-60 cm
above the top of the column aquifer as follows; first,
a control with a 20-cm sand layer but no loess layer
(designated CK); second, a 10-cm loess layer and a
10-cm sand layer (LS); and third, a 20-cm loess layer
(LL). The test treatment design is shown in Fig. 3.

Test Operation

Capillary water rise test. Water was added to
replenish the Mariotte bottles to the top water level of
the quartz sand layers. The capillary water rose rapidly
at first and when the wetting front reached below the
treatment layer the position of the wetting front was
recorded every five minutes and the measurement
frequency of the sensor was set to collect data every
minute. When the wetting front reached the treatment
layer and above the position of the wetting front
was recorded every two hours and the frequency of
measurement by the sensor was set to every hour.
The drop in water level in the Mariotte bottle and
the quantity of water consumed were recorded
simultaneously. The test was conducted at a controlled
temperature of 20-24°C and evaporation from the soil
column and Mariotte bottle was prevented. The test
started on 14/11/2020 and ended on 14/1/2021.

Soil water retention test. After the capillary water
rose and stabilized the Mariotte bottle was removed and
the water supply stopped so that the soil water could
drain naturally from the bottom outlet hole. The top
cover of the soil column was opened to simulate the soil
drainage process under natural evaporation conditions.

The measurement frequency of the sensor was set to
collect data every hour. The test started on 14/1/2021
and ended on 14/3/2021.
Results and Analysis
Advancing Height of Wetting Front
Fig. 4 shows the change in wetting front with time

in the different treatments. The relationship between

80
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N
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Fig. 4. Variation in wetting front with time under the different
treatments.
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Table 3. Fitting equation between advancing height of wetting
front and time under the different treatments.

Treatment Fitting relationship” RrR?
CK H=347217¢1% 0.9844
LS H=33.0228187 0.9904
LL H=31.3455/17 0.9881

YH, advancing height of wetting front, cm; ¢, time required, d.

the advancing height of the wetting front and time was
a power function (H = ar®) and the fitting equation is
shown in Table 3. Below 40 cm the wetting front in the
loess layer treatment was the same as in the control and
the advancing height curve of the wetting front coincided
well within 3 d. In the control and the LS treatment the
time taken for the wet front to reach the bottom surface
(40 cm) of the treatment layer was ~2d and that in the
LL treatment was 3.25 d as shown in Table 2.

In the different loess layer thickness treatment
the time taken by the wetting front to go through the
treatment layer (40-60 cm) was significantly lower
than CK (Table 2) and the time followed the sequence:
CK>LS>LL. The times in treatments LS and LL
were significantly (4.09 and 4.88d) lower than CK.
The migration rate of the wet front through the treatment
layer (40-60 cm) followed the sequence LL>LS>CK.
In treatments LL and LS the times required for the
wetting front to reach 70 cm were 56.5 and 57d with no
significant difference, but CK reached only 66.3 cm in
contrast to treatments LS and LL. Thus, the advancing
height of the different thickness loess layer treatments
(LS and LL) was greater than that of CK, and the times
required to reach 70 cm were also significantly shorter
than that of CK.

Migration Rate of Wetting Front

Fig. 5 shows the relationship between capillary water
migration rate and time in different stages. Changes in
capillary water migration rate in the three treatments
with time were similar, with a more rapid migration rate
at the initial stages of the test and a gradual decrease
to zero with increasing time. The initial migration
rate of capillary water in the soil columns was faster,
especially on the first day, and the average migration
rate across the three treatments was 34.6 cm-d'.
The migration rate decreased rapidly with increasing
time. At 1-4 d the migration rate of capillary water was
2.77-2.90 cm-d’', accounting for only 8.00-8.37% on
the first day, and the rate decreased rapidly. After 10 d
of the test the migration rate of capillary water was
<1.0 cm-d™. In addition, comparing the three treatments,
at the start of the test the migration rate in CK was
slightly faster than in the two experimental treatments,
but after 4 d the migration rates of LL and LS were
higher than that CK. After 50 d the migration rate in
LL was significantly higher than that in LS.
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Fig. 5. Relationship between capillary water migration rate and
time.

The migration rates of different loess thickness
treatments (LS and LL) were slightly lower than that of
CK initially stage, but the migration rates at later stages
were higher than CK, especially that in LL.

Soil Profile Water Distribution

Fig. 6 shows the changes in volumetric water content
of column soil profiles in the different treatments.
The volumetric water content decreased gradually with
increasing column height but the volumetric water
contents of LS and LL in the treatment layer (40-60 cm)
increased significantly, 11.2 and 18.5% higher than CK,
and the volume water content followed the sequence
LL>LS>CK. In the sand layer <40 cm there was no
significant difference between treatments. The water
content in the topsoil layer (60-80 cm) was low and
close to the initial water content. LS and LL treatments
could significantly increased the soil volumetric water
content in the treatment layer (40-60 cm).

The water retention effect of the loess layers was
studied by aquifer drainage after the depletion of
the underground aquifers and the soil profile water
contents in different treatments after one and two
months of drainage were obtained. As shown in Fig. 7,
the volumetric water content of soil columns at
different heights increased from the start to the end of
the water supply. Then after two months of drainage
the volumetric water content of the soil at different
heights gradually decreased. Comparing the soil water
contents when the water supply stopped and after two
months the drainage, the average water content of LS
and LL in the treatment layer (40-60 cm) decreased by
0.21% and 0.31%, respectively, and CK decreased by
1.36%.

In conclusion, the soil volumetric water contents
of LS and LL in the treatment layer (40-60 cm)
increased significantly. After drainage for two months
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Fig. 6. Volumetric water content of soil profiles under the different treatments. A, the distribution of soil volume water content; B, the
volumetric water content of different treatments in the treatment layer (40-60 cm). i.e., the mean value of volumetric water content at 40,

50 and 60 cm of the soil column.

the volumetric water content in the loess layer
treatments (LS and LL) did not decrease, indicating
that the loess interlayers provided water storage and
produced a water retention effect.

Discussion

There is little rainfall and substantial evaporation
in arid and semi-arid mining areas in western China
[24, 25]. The groundwater system has been damaged
by continuing increases in coal mining activity.

Plants are often subjected to drought stress, resulting
in yield reductions and death over a large area [26].
In arid environments the groundwater is an important
source of water for plant growth and survival [7, 27,
28]. Groundwater can rise to the root zone of plants
through capillary forces to enable plant survival [29].
Here, loess has been used as an interlayer of sand to
determine whether it can increase the water content in
the soil profile.

A loess layer did increase the advancing height
of the wetting front and the time required to rise
to a certain height was also reduced (Fig. 4 and Table 2).
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Fig. 7. Volumetric water content of the soil profile at different times. A, CK treatment; B, LS treatment; and C, LL treatment.
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Table 4. Time taken to advance height of wetting front under the different treatments.

Treatment Time to advance height to 40 cm (d) | Time to advance height to 60 cm (d) | Time to advance height to 70 cm (d)
CK 2.04 28.00 /D
LS 2.13 24.00 57.00
LL 3.25 24.33 56.50

Y/, has not risen to 70 cm.

This is similar to the previous research results,
but the way of adding fine-grained materials is different.
Found that with the increase of fly ash content,
the maximum rising height of wetting front also
increased linearly [30]. The migration of the wetting
front is related to the soil matrix potential, gravity
potential and temperature potential [31, 32]. In
unsaturated soils under natural conditions, soil water
transport is mainly affected by the matrix and gravity
potentials [31]. Under the same experimental conditions
the gravity and temperature potentials of each treatment
were similar, and the advancing height of the wetting
front depended largely on the size of soil matrix
potential. Loess has a high silt content and its matrix
potential is greater than that of sand [33]. Therefore, LS
and LL treatment increased the advancing height of the
wetting front.

At the beginning of the test the migration rate of
the wetting front was fast and gradually decreased to
zero as time proceeded [34]. At the initial stages of the
test the migration rate followed the treatment sequence:
CK>LS>LL due to failure of the wetting front to rise
to the treatment layer at the initial stages of the test.
The overlying layer in the control was sand only, that
in the LS treatment was both loess and sand, and that
of treatment LL was loess only. Due to the low density
of loess the weight of overlying soil was small and
there was little compaction of the underlying sand.
The degree of soil compaction will strongly affect the
balance between soil and water [35]. The greater the
degree of soil compaction, the greater the migration
rate of the wetting front [32]. Capillary porosity affects
the rise of soil capillary water [36]. The loess layer has
developed pores and good connectivity, forming a path
conducive to the rise of capillary water. Therefore, in
the later stage of the test, the migration rate of 1l and
LS treatment is basically greater than that of CK group,
and may also be related to the soil water potential on
the contact surface (sand-loess interface or loess-sand
interface). When there is a composite structure (sand-
soil-sand or soil-sand-soil) in the soil profile there will
be a clear and sudden change in the water energy at the
sand interface which will change the soil water potential
and change the water migration rate and water holding
capacity of the upper soil [37].

By monitoring the water distribution law of
the soil profile after continuous water supply and
drainage it was found that LS and LL treatments
significantly increased the soil volumetric water content

in the treatment layer (40-60 cm). The thicker the loess
interlayer, the greater the volume water content, and
the volumetric water content did not decrease after
drainage (Fig. 6 and Fig. 7). Studies indicate that the
loess layer 10-30 cm under the vegetation rooting zone
of the soil can significantly increase the soil water
content of the rooting zone [38], and this is consistent
with our results here. Because soil texture determines
soil water retention and hydraulic characteristics to
a certain extent such as soil water retention curve and
permeability, different soil textures have important
impacts on water distribution in the soil profile [14].
In general, the finer the soil texture the greater its
porosity and water retention capacity [39]. Therefore,
the soil volumetric water content of LS and LL
treatments at 40-60 cm was significantly higher than
that of the control, and the thicker the loess interlayer
the greater the volumetric water content. In addition,
after two months of drainage the volumetric water
content in the loess layer treatment (LS and LL) did not
decrease, while that in the control decreased by 1.36%.
In the presence of a loess interlayer the hydraulic
characteristics of the soil profile are discontinuous,
leading to a large difference between the soil profile
and homogeneous sand [14]. Through measurement
and numerical simulation it is found that a layered soil
profile can store more water than homogeneous soil
under drainage conditions [40] because the structure of
the layered soil profile can hinder the vertical movement
of water [41]. This shows that when loess is used as
an interlayer of sand the treated layer can increase
soil water content and has higher water retention
characteristics.

However, when the soil profile is constructed
artificially the laws governing the movement of water
and solutes become more complex because of the
discontinuity of the soil profile. Therefore, future
studies should examine the changes at the interface of
soils of different textures, introduce energy catastrophe
theory, scientifically analyze the laws governing the
movement of water and solutes, and account for possible
salt accumulation and redistribution.

Conclusions
The indoor soil column test is a simple and

effective method to study soil water distribution. Here,
loess layers of different thickness changed the water
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distribution of the soil profile during the advance
of a wetting front and the process of drainage. The main
findings are as follows:

(I) In the different treatments, the advancing
height of the sand wetting front was a power function
with time and the loess interlayer treatment promoted
the advancing height of the wetting front. A loess
interlayer can significantly increase the soil volumetric
water content in the corresponding treatment layer
(40-60 cm). The thicker the loess interlayer the greater
the soil volume water content of the corresponding
treatment layer.

(2) After two months of soil drainage the volumetric
water content in the corresponding treatment layer
(40-60 cm) of a loess interlayer treatment did not
decrease significantly, but that of the control decreased
by 1.36%.

The results provide a scientific basis and theoretical
support for the artificial construction of layered soil
profiles to improve the ecological status of sand during
the land reclamation of arid and semi-arid mining areas.
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