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Impact of interlayer on moisture characteristics of reclaimed soil
backfilled with Yellow River sediments
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Abstract: Underground coal mining causes land subsidence, and backfilling with Yellow River sediment is an effective
reclamation technology to restore farmland in China. To date, two-layer soil reconstructed (TSR) for subsided land
reclamation resulted in poor capacity to retain water. To solve this problem, multi-layered soil reconstructed (MSR),
sandwiching soil interlayers between sediment, was developed as a new reclamation strategy with Yellow River sediment. In
order to evaluate the impact of soil interlayer on moisture characteristics, laboratory experiments of infiltration and evaporation
were conducted. Two control treatments (CK1, CK2) and four experimental treatments (T1-T4) were designed. CK1 was
undamaged farmland, CK2 was conventional reconstructed two-layers soil profile (filled sediment with 40 cm soil cover).
T1-T4 were multiple-layers soil profiles sandwiching different structures of soil interlayers between sediment layers. The
results indicated that putting interlayers into sediment reduced water leakage and water evaporation, improved the
water-holding capacity of conventional two-layer soil profiles. The total thickness of soil interlayers of 30 cm (T3 and T4)
was better than 20 cm (T1 and T2) and two soil interlayers (T2) were better than one (T1) on water-holding capacity.
Furthermore, the best reconstructed soil profile was T3, sandwiched two soil interlayer and the first thickness was 20 cm.  This
treatment had the greatest improvement on soil water holding capacity with an increase of 49.14% compared to CK2 at the end
of the evaporation and was closest to CK1 (402.31 mm). This study provided experimental evidence that compares with TSR,
MRS improved the moisture characteristics of backfilling with Yellow River sediment.
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1 Introduction

Coal is the primary energy source in China. However,
large-scale coal mining causes serious ecological and
environmental problems™. Extraction of 10 000 t of coal from
underground creates approximately 0.2-0.33 hm? of subsided
lands?. By 2020, the accumulative total area of destroyed
cultivated land was expected to reach 3.83x10° hm?®!.  Cultivated
land resources are an important basis for the development of
agricultural production and have great practical significance for
food security and social sustainable development™. China is a
country with a large population, and the conflict between a large
population and small cultivated land is very prominent. Therefore,
decreases in both quantity and quality of cultivated land have
drawn close attention recently due to the threat to food security™.
For restoring farmland in such areas, the common practice is filling
subsided areas with available unconsolidated materials!®. To date,
the most common filling materials are coal gangue and fly ash!™,
but these materials have some disadvantages such as potential
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contamination and insufficient quantity®®. Gupta et al. showed
that fly-ash affects the physicochemical characteristics of soil and
inhibits the normal photosynthesis of plants!®. Hu et al. found
that the soil reclaimed by fly ash was, as a whole, polluted
according to common soil assessment standards™®. Liu et al.
showed that with the action of leaching by rain and water, some
hazardous minor elements will be dissolved partially or completely
and separated from coal gangue into water or soil environment™Y,
In contrast, the heavy metal pollution risk in Yellow River
sediment is low™*%!,

The Yellow River is one of the highest sediment content rivers
in the world™. To ensure the safety of the Yellow River, the
government invests a large amount of money annually to dredge
the river, and large areas of land are occupied by the dredged
sediment!™®].  Using Yellow River sediment as filling material for
mining subsidence land could help the dredging of the Yellow
River and solve the problem of subsidence land reclamation with
insufficient filling materials. However, Yellow River sediment is
coarse-textured, which limited its water-holding capacity!®!.
Some experiment has shown that two-layer soil reconstructed (TSR)
for subsided land reclamation resulted in low soil productivity as
thin soil cover™%. Shao et al.™ proved that the reclaimed soils
are characterized by poor soil water holding-capacities by
experimental infiltration experiments.

To improve the water-holding capacity of the reconstructed
soil profiles, it is important to design a reasonable reconstructed
soil profile. There is evidence that multiple layers of soils are
more effective in maximizing plant-available water in soil
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reconstruction™. Romano et al. showed that the order of soil
layering significantly affects the processes of soil infiltration and
soil water redistribution™®.  Zettl et al.?? highlighted the
importance of textural layering in designing reclamation covers in
coarse textured soils to enhanced moisture storage. Huang et al.[*!}
further indicated that the layered soil profile can store more water
than similarly textured, vertically homogeneous soils under
well-drained conditions. Hu et al.?? designed the multi-layered
soil reconstructed (MSR) sandwiching soil interlayers between
sediment, according to the natural structure of subsided land filled
with Yellow River sediment and further evaluated the effect of
various soil-sediment layered sequences on maize growth,
However, the potential effect of soil interlayer on moisture
characteristic of reclaimed soil filled with Yellow River sediment
has not been fully explored.

Infiltration and evaporation are important hydrologic
processes’®sl.  Therefore, investigations of moisture characteristics
on infiltration and evaporation are required to develop effective
approaches®®3%.In view of the above facts and research gaps,
the objective of this study was to characterize the impact of
interlayer on moisture characteristic of reclaimed soil backfilled

140°0'0"E

with Yellow River sediment by infiltration and evaporation
experiments were conducted in soil columns.

2 Materials and methods

2.1 Experimental materials

The study area was located in Liangshan County, Jining City,
Shandong Province, China (Figure 1). Experimental soil was
collected from a subsidence land along the Yellow River
(35%6'39.25"N, 1160'10.33"E) to a depth of 60 cm. The texture
of soil is silt loam (based on the USDA Soil Taxonomy System)
with particle size distributions of 24.48% in 0.0-0.002 mm, 68.66%
in 0.002-0.05 mm, and 6.86% in 0.05-2 mm (analyzed with sieve
and hydrometer methods). The Yellow River sediment was
collected from a diversion gate at the Chengai site (35%52'28.5"N,
115%3'41.36"E). It is loam sandy with particle size distributions
of 2.80% in 0.0-0.002 mm, 15.48% in 0.002-0.05 mm, and 81.72%
in 0.05-2 mm. The experimental soils were air dried and then
sieved through a 2-mm mesh for standby application. The initial
moisture content of the experimental dry soil and Yellow River
sediment were 11.8% and 2.7%, respectively.
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Figure 1 Sample site of soil and Yellow River sediment

2.2 Experimental methods

The experimental soil profiles were 120 cm long, consisted of
two control treatments (CK1, CK2) and five treatments with
different thicknesses and number of interlayers in Yellow river
sediment (T1-T4) (Figure 2). The CK1 was filled with 120 cm of
soil which represents undamaged farmland. CK2 consisted of
sediment covered by 40 cm soil which represents conventional
reclaimed two-layers soil profile.  Base on the previous
greenhouse column study??, four better treatments (T1-T4) were
selected. Treatments T1-T4 consisted of various combinations of
soil interlayer and sediment overlain by 40 cm of subsoil. T1
sandwiched one soil interlayer between sediment, T2, T3, T4
sandwiched two soil interlayers between sediment. T1, T2 put
20cm total thickness of soil interlayers into sediment, T3, T4 put
30cm total thickness of interlayers into sediment. T3 set the
thickness of the first soil interlayer at 20 cm and T4 set that at
10 cm.

Experiments were performed in polymethyl methacrylate
cylinders with an inner diameter of 10 cm and a height of 130 cm

(soil columns were all 120 cm). The cylinder was packed with
soil and Yellow River sediment in 5 cm increments and compacted
to get the designed dry bulk density of 1.35 g/cm® and 1.5 g/cm®,
respectively. The surface of each soil layer was corrugated into
roughness before the next compacting?®l. After the soils were
compacted into soil column and stand for 48 h, the infiltration
experiment was done.

The height of the Mariotte bottle was adjusted to supply water
to the cylinders, and to keep a constant water head of 4 cm.
Changes in water content of the Mariotte bottle were recorded to
calculate cumulative infiltration. Meanwhile, the lower position
of the wetting front was also recorded. The infiltration ended
when the wetting front reached the bottom of the soil column.
After 2 days, the water content of soil profiles was recorded at
positions of 5, 15, 25, 35, 45, 55, 65, 75, 85, 95 and 105 cm.

The soil column was weighed after infiltration and then placed
beneath an infrared lamp (275 W) and maintained at a constant
30 cm, followed by the evaporation experiment. The mean room
temperature was (24.540.5)C. During evaporation, the soil
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column was weighed every day to calculate cumulative evaporation.
Evaporation was completed on the 30th day and moderate amounts
soils were collected to measure the water content of the soil profile
at 5, 15, 25, 35, 45, 55, 65, 75, 85, 95 and 105 cm.
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Figure 2 Diagram of different soil profiles
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3 Results and discussion

3.1 Impact of interlayer on infiltration

The cumulative infiltration of different treatments was shown
in Figure 3. In the early stage, the cumulative infiltration
increased rapidly due to the large water potential gradient. The
cumulative infiltration of CK1 exhibited a linear relationship with
infiltration during the later stages of the experiment; while the
change came earlier in the other treatments. However, at
approximately 330 min, the slope of CK2 no longer changed after
water entering the sediment layer of the Yellow River, which
means that the relationship between the cumulative infiltration and
infiltration time was linear and the infiltration rate became constant.
At approximately 630 min, when water moved into the soil
interlayer, no significant differences (p<0.05) were observed
between the Multi-layered soil profiles of T1-T4, and the
cumulative infiltration was between CK1 and CK2. At
approximately 1350 min, the wetting front moved into the second
soil interlayer, and the infiltration rate decreased again.
Multi-layered soil profiles (T1-T4) that put soil interlayers into
filled sediment enhanced cumulative infiltration of 18.89%,
20.87%, 31.81% and 30.32% of CK2 respectively when the wetting
front arrived at 120 cm of soil columns, which proved that T1-T4
enhanced water storage of CK2 on infiltration. Soil infiltration
characteristics are determined by the soil layer pattern under
vertical rainfall infiltration®. The total thickness of the 30 cm
soil interlayer (T3, T4) had more cumulative infiltration than the
total thickness of the 20 cm soil interlayer (T1, T2). Among them,
the cumulative infiltration of T3 was accounted for 83.83% of CK1
(510.88 cm) as the closest one.
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Figure 3 Cumulative infiltration for different treatments

As illustrated in Figure 4, the initial advancement of the
wetting front was similar for all treatments. The difference
appeared after 300 min and wetting front crossed the “soil-sand”
interface, where migration rate of CK2 continued to increase after
entering the Yellow River sediment layer. It reached the bottom
of the column in 4500 min, which is only 48.73% of the time
required for CK1. In T1-T4, putting interlayers into filled
sediment layer that decreased the downward rate of movement by
18.31%, 28.87%, 49.29% and 42.96%, respectively, compared with
CK2. In addition, Table 1 showed that the speed of the wetting
fronts decreased by an average of 46.0% when the wetting front
entered the soil interlayer for the first time. When the wetting
front entered the soil interlayer for the second time reduced less
obvious than the first time, the T2, T3, and T4 wetting front speeds
decreased by 25.0%, 38.2% and 27.6%, respectively. This
indicates that the rate of the wetting front was influenced by the
thickness and number of soil interlayer. The resistance effect of
MSR with two soil interlayers is better than one, and a first soil
interlayer with a thickness of 20 cm (T3) is better than interlayer
with a thickness of 10 cm (T2).
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Figure 4  Advance of the wetting front for different treatments

Table 1 Wetting front transport rate in different soil profiles

Wetting front transport rate/mm min™

Depth/cm
CK1 CK2 T1 T2 T3 T4

0-10 4.76 4.76 4.45 417 4.35 4.45
10-20 1.49 151 1.35 1.47 1.32 1.33
20-30 0.85 0.91 0.92 0.88 0.81 0.81
30-40 0.62 0.60 0.61 0.62 0.65 0.67
40-50 0.55 0.70 0.72 0.74 0.73 0.72
50-60 0.48 0.74 0.9 0.84 0.85 0.82
60-70 0.39 0.76 0.5 0.46 0.43 0.45
70-80 0.38 0.78 0.37 0.54 0.38 0.52
80-90 0.36 0.76 0.45 0.56 0.51 0.58
90-100 0.36 0.78 0.64 0.42 0.61 0.42

100-110 0.33 0.76 0.77 0.59 0.37 0.35
110-120 0.33 0.76 0.77 0.58 0.45 0.37

The Kostiakov model in MATLAB software was used to
analyze the relationship between the cumulative infiltration and
infiltration time.  The model had parameters k and a as follows:

I(t)=kt* (k>0, O<a<l)
where, | is the cumulative infiltration, mm; t is time, min; k and a
are empirical estimates.

The results are shown in Table 2, for all treatments, R? values
were larger than 0.993 and the RRMSE values were smaller than
0.0613. These results indicated that the Kostiakov model was
well fitted.
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Table 2 Cumulative infiltration and wetting front of remixed
soil by each treatment

Cumulative infiltration fitting

Soil profile

I(t)=kt* R2 RRMSE
CK1 1()=4.110t%618° 0.9996 0.0228
CK2 1(t)=4.792t>° 0.9972 0.0613
T1 1(t)=4.321t%62° 0.9979 0.0596
T2 1()=4.698t%°%° 0.9986 0.0553
T3 1(t)=4.505t%%%! 0.9983 0.0412
T4 1(t)=4.791t%%87 0.9992 0.0231

3.2 Impact of interlayer on evaporation

The evaporation process can be regarded as the process of
liquid water changing into vapor and flowing from the soil pores
into the atmosphere®2.  Evaporation is one of the most important
phases in the water cycle®.  Steady evaporation from soils is not
a widespread occurrence. Even where a high water table exists,
neither its depth nor external conditions can remain constant for
very long®®3. In general, the evaporation process can be divided
into three stages™™. The maximum daily evaporation intensity
was observed in the homogeneous soil profile CK1 (Figure 5). In
the first stage (day O to day 10), all treatments had the highest

10

[ A q

evaporation intensity, and the trend was basically identical due to
the higher water content and greater hydraulic conductivity of soil
at the beginning of evaporation. The surface soil water content
gradually decreased until it overcame gravity, and the subsoil water
constantly moved toward the topsoil. In this stage, the intensity of
soil evaporation is mainly influenced by atmospheric evaporation
power, which leads to topsoil water recharge from deep soil and a
considerable loss of soil water via evaporation. At the second
stage (day 10 to day 23), the hydraulic potential gradient of the
subsoil gradually increased, the surface soil water content gradually
decreased, and the unsaturated hydraulic conductivity decreased
faster as soil water suction increased. During this stage, the
intensity of soil evaporation is mainly influenced by the soil water
conductivity, and the evaporation rates gradually decreased. In
addition, the duration of the second stage was longer than that of
the first stage. At the third stage (day 23 to day 30), the intensity
of soil evaporation was low and tended toward stagnation; water
was no longer vaporized directly into the atmosphere from the soil
surface but diffused from the lower layer of wet soil. The
Multi-layered soil profiles (T1, T2, T3, T4) produced consistent
results for all three stages of the evaporation process, and the
inhibitory effect of the interlayer on evaporation was greatest in the
second stage.
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Figure 5 Evaporation intensity for different treatments

The cumulative evaporation of different treatments was sorted
as CK2>T1>T2>T4>T3>CK1 (Figure 6). The cumulative
evaporation of CK2 is the maximum, 1.18-fold the minimum
evaporation of CK1. At the end of the first stage of evaporation
(day 10), the cumulative evaporation amounts of CK2, T1, T2, T3
have no significant difference (p>0.05). The test treatments of
soil profile overlying soil thickness were all 40 cm. Soil water
overcame gravity and moved through the capillary as a constant
supply of topsoil evaporated under the action of the matrix suction.
Putting the soil interlayer into sediment layers, to some extent,
inhibited the water evaporation. The water in the sediment layers
will gather in the soil interlayers in evaporation controlled by
capillary force. Different structures of interlayer have different
effects on reduced the cumulative evaporation. In T1-T4, that
reduced the cumulative evaporation by 3.11%, 6.34%, 11.67% and
10.93%, respectively, compared with CK2. This indicated that
soil moisture loss was reduced by putting soil interlayers in the
sediment. The matrix suction through multiple soil layers in a soil
profile was discontinuous, and the capillary rise in water was
reduced. The reduction in evaporation improves the storage
capacity and water use efficiency of the soil®. Therefore, the
MSR putting the total thickness soil interlayers of 30 cm was better

than 20 cm into sediment and two soil layers were better than one
on water-holding capacity.
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Figure 6 Cumulative evaporation for different treatments

The fitting results (Table 3) showed that the exponential R?
were all greater than 0.941, and the RRMSE was all less than
0.0786. A polynomial regression of R? was greater than 0.992,
and the RRMSE was less than 0.0274.  For all treatments, the R? of
the polynomial regression were greater than those of the
exponential relationships. Therefore, the polynomial regression
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equation Y=at?+bt+c was used for a well fit, where Y represents the
cumulative evaporation (mm); t is time (d); and a, b and c are all
equation coefficients.

Table 3 Fitting results of cumulative evaporation of various
soil columns with time

Treatments Fitting type Fitting equation R*> RRMSE
k1 exponent relation Y =9.587t%7% 0.941 0.0641
polynomial regression Y =—0.156t>+7.554t+0.509 0.992 0.0144
Ko exponent relation Y =8.480t%%%7 0.971 0.0463
polynomial regression Y =—0.156t*+8.651t-4.178 0.997 0.0235
exponent relation Y =9.289t%762 0.951 0.0589
T polynomial regression Y =—0.157t*+7.861t-0.792 0.993 0.0176
exponent relation Y =8.322t%8%8 0.972 0.0737
T2 polynomial regression Y =—0.149t>+8.27t-3.852  0.998 0.0157
3 exponent relation Y =8.601t%"® 0.951 0.0752
polynomial regression Y =—0.156 t*+7.892t-1.598 0.994 0.0245
- exponent relation Y =8.915t%"% 0.943 0.0786
polynomial regression Y =—0.1628t>+8.105t-1.88  0.992 0.0274

3.3 Impact of interlayer on Water Retention

After the soil infiltration process was completed, a water
potential gradient was still observed in the soil profile. Soil water
continues to move and be redistributed under the action of the

Water content/cm’cm™

Water content/cm’-cm™

water potential gradient until there is no longer a gradient in the
soil profile® Before evaporation, water was evenly distributed in
the profile, and the depth of the CK1 water content was between
30.7 cm*/cm3and 33.8 cm®/cm?®, which showed that homogeneous
soil has a strong suction force (Figure 7a). On day 30, the profile
water content of the CK1 was reduced to between 15.2 cm®/cm®
and 22.8 cm®cm?®, and the topsoil water content was even less.
The evaporation intensity of CK1 was almost the same as in the
early stage of evaporation. Additionally, the water loss from the
topsoil was more during the process of evaporation, in which the
water loss from the homogeneous soil water loss was continuous
and that from the layered soil was discontinuous. The soil in
different layers has different textures, which leads to discontinuities
in the capillary pores. Figures 7b-7f show the water content
change curves of the layered soil columns. Because of the soil
interlayer change of the vertical distribution of water in soil profiles,
the soil water in T1, T2, T3 and T4 were mainly below 40 cm
layers. The soil water content in the sediment layer of the Yellow
River was approximately 7 cm®cm?, and in the soil interlayer it
increased to more than 30 cm®cm?, thus showing the accumulation
of water. Due to the low soil suction of the sediment layer of the
Yellow River, water of the soil interlayer had difficulty reaching
the upper layer; this sediment led to an obstruction of the water
supply, which had an inhibitory effect on water evaporation.
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Figure 7 Soil water distribution for different treatments
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According to the stages of evaporation, day 0, day 10, day 23
and day 30 were selected to compare and analyze the water-holding
capacity of different columns (Figure 8). In three stages, the
water-holding capacities of the different treatments were all ranked
as CK1>T3>T4>T2>T1>CK2. The two-layers soil profiles (CK2)
had the lowest water-holding capacity. Multi-layered soil profiles
(T1-T4) all improved the water-holding capacities than two-layers
soil profiles. At the first stage of evaporation, there were no
significant differences (p>0.05) between T1 and T2. However,
with time going, the gap between T1 and T2 was gradually
increased. At the end of evaporation, water-holding capacities for
T1, T2, T3 and T4 were improved by 36.63%, 41.85%, 64.16% and
56.82%, respectively, compared with CK2. That is to say, the
result indicated that total thickness soil interlayers of 30 cm were
better than 20 cm and two soil layers were better than one on
water-holding capacity. In addition, at the end of the evaporation
T3 presented the highest water-holding capacity, had an increase of
64.16% compared to CK2 and was accounted for 80.67% of CK1
(402.31 mm) as the closest one. This is similar to the conclusion
obtained by Huang et al.®®l. There are two basic controls on
water movement in these types of systems: When coarser soil
overlies finer soil transient, downward water flow may be restricted
by the lower hydraulic conductivity of the underlying finer layer.
When finer soil overlies coarser soil, a capillary barrier may be
existed in which there is insufficient matric suction developed at
the top of the coarser layer to draw water from the finer-textured
layer®. The final result of these two effects is that texturally
variable profiles often store more water than expected on the basis
of estimates of available water holding capacity made from the
average soil texture of the soil profile®®!,
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Figure 8 Histogram of water-holding capacity for different
treatments

4 Conclusions

MSR is a new strategy to reclaim subsidence land with Yellow
river sediment. The soil interlayers were shown to improve
moisture characteristics of the reclaimed soils. The multiple-layers
soil profiles (T1, T2, T3, T4) that putting soil interlayers into
sediment reduced water leakage, moisture evaporation and
enhanced the water holding capacity of soil moisture than
two-layers soil profile (CK2). In addition, different structures of
multiple-layers soil profiles were shown to affect moisture
characteristics of the reclaimed soils. The total thickness soil
interlayers of 30 cm (T3 and T4) was better than 20 cm (T1 and T2)
and two soil interlayers (T2) were better than one (T1) on

water-holding capacity. Furthermore, placing two subsoil
interlayers between sediment layers and the first thickness is 20 cm
(T3) resulted in the greatest reduction of percolation. The wetting
front reached the bottom of the soil column consumed 2120 min,
increased 49.27% compared to CK2. Its greatest improved soil
water holding capacity had an increase of 49.14% compared to
CK2 at the end of the evaporation, accounted for 80.67% of CK1
(402.31 mm) as the closest one.

This study provided evidence that the soil interlayers improved
the quality of the reclaimed soil on soil moisture characteristics.
The MSR as a new strategy is of great improvement than TSR,
helps to improve the ecological environment of subsided land and
restore farmland with high quality.
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