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Abstract: Microplastics are abundant in agricultural soils and have significant impacts on rainfall
infiltration and soil water-retaining capacity. To explore the effect of microplastics on agricultural
soil permeability by simulating the rainfall irrigation process, a one-dimensional vertical soil column
rainfall infiltration test device was used to study the unsaturated infiltration characteristics of loess soil
imbued with microplastics under rainfall conditions. The following conclusions could be obtained:
the microplastic content (g), the microplastic particle size (p), and the soil density () have effects on
rainfall infiltration; the soil water-retaining capacity would be weakened owing to the existence of
microplastics; and intermittent rainfall is preferred in agricultural irrigation. Finally, the permeability
coefficient (k) and average flow rate (V) of the unsaturated soil are deduced together, and the
relationship between the permeability coefficient (k) and the matrix suction (i) of the unsaturated
loess soil containing microplastics is calculated by an example, proving good consistency between the
experimental results and theoretical calculations. Microplastics represent negative effects on rainfall
infiltration and soil water retention, so it is recommended to dispose of them.

Keywords: rainfall infiltration; water-retaining; loess soils; microplastics; volumetric moisture con-
tent; permeability coefficient

1. Introduction

As a new type of pollutant found globally, microplastics are distributed from ocean
to land, even at the North and South Poles [1]. Studies have shown that microplastics
can change soil properties and impact plant growth [2]. Several studies have suggested
that more microplastics exist on land than in the ocean [3,4] and that microplastics are
imported from land to the ocean [5-7]. The sources of microplastics in agricultural soil
are diverse and include the employment of plastic film and mulch, crop planting and
fertilizing, irrigation water, the utilization of sludge, and atmospheric deposition [8-10].
The agricultural soil moisture cycle generally refers to the migration and transformation of
rainwater, irrigation water, and steam water in unsaturated soil regions above groundwater.
Microplastics are characterized by their small size, strong hydrophobicity, and relatively
stable properties. Their enrichment in soil participates in the water cycle of agricultural
soil and affects the water-retaining and unsaturated infiltration of agricultural soil, which
directly affects the usage of water resources and plant growth, especially in areas affected
by soil erosion [11-13]. As the soil type with the largest distribution area on the Loess
Plateau, loess soil areas are experiencing the most serious soil erosion in China, and the
change in their water-retaining ability and water permeability is of great importance for
crop yields. Water resources are very significant in these areas, and it is of great necessity
to make full use of rain.

Currently, research on microplastics has focused on microplastic traceability [14-17],
microplastic distribution [18-20], microplastic transportation mechanisms [21-25], mi-
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croplastic enrichment principles [14,17,26,27], and microplastic management methods [28-32].
There are few studies on the effects of microplastics on soil water-retaining ability and
water permeability, and most have focused on measuring the coefficient of permeability by
the hydrostatic head method, which reflects the change in soil water permeability in the
presence or absence of microplastics [11]. However, the coefficient of permeability obtained
by the hydrostatic head method represents the permeability coefficient of saturated soil;
agricultural soil is normally in an unsaturated state, and the hydrostatic head method
cannot reflect the changing water permeability and water-retaining ability of agricultural
soil during the infiltration process [33,34]. Meanwhile, rainfall infiltration of soil is an
unsaturated process, and the factors affecting rainfall infiltration embrace two aspects. One
is rainfall conditions, such as rainfall type, intensity, and duration. The other is soil proper-
ties, such as soil type, infiltration characteristics, and initial moisture content [35,36]. With
regard to the abundance of microplastics, studies on rainfall infiltration and the unsaturated
permeability coefficient curves of soils containing microplastics are still lacking.

This study takes loess soils as the research object to explore the water-retaining and
unsaturated infiltration characteristics of soil imbued with microplastics under rainfall
conditions. To simulate the rainfall irrigation process, experiments based on the wetting
front advancing method employ a one-dimensional vertical soil column rainfall infiltration
test device to study the influence of the microplastic content (), microplastic particle size
(p), soil bulk density (), and intermittent rainfall ratio (7) on loess soil rainfall infiltration by
analyzing the infiltration rate (A), cumulative infiltration amount (Q), wetting peak depth
(H), and average conductivity (C). The change law of volumetric moisture content (f) at
monitoring points could reflect soil water-retaining ability. Combined with the effective
fitting of the power function of the wet peak bulk density advancing curve, the permeability
coefficient (k) and average flow rate (V) of the unsaturated soil are deduced together and
the relationship between the permeability coefficient (k) and the matrix suction (i) of the
unsaturated loess soil with microplastics is calculated by an example.

2. Materials and Test Methods
2.1. Materials

Loess soils are weakly developed soils and easily damaged. Loess soils are typical
soils of the Loess Plateau. Particle size distribution analyses carried out on the studied
sample reveal the following composition: 75.15% sand (particle size range 0.02~2 mm),
19.32% silt (particle size range 0.002~0.02 mm), and 5.53% clay (particle size range less
than 0.002 mm) according to the international classification system of soil texture. The
grain-size distribution curve is in Al of the Appendix A. The maximum dry density and
the minimum dry density of selected loess soil in the Shanbei area were 1.8 g/cm3 and
1.5 g/cm3 as measured by experiments. White spherical polystyrene plastics with good
sorting and stability were used as microplastics for testing. The density of the spherical
polystyrene plastics was 1.06 g/cm3, with a particle size deviation of less than 10%.

The one-dimensional vertical rainfall infiltration device consists of 4 parts, as shown
in Figure la: a soil column, rainfall system (a peristaltic pump and a rainmaker), rainfall
control system (a marsh flask), and data-acquisition equipment (EC-5 soil moisture sensors
and a MIK-R9600 paperless recorder). A 140 mm inner diameter, 150 mm external diameter,
295 mm high plexiglass column was used as a container for the soil samples. A drainage
port was set at the lower end of the one-dimensional vertical soil column to facilitate
drainage. A peristaltic pump was used to regulate the amount of water entering the
rainmaker to control rainfall intensity. A rainmaker was employed to create even rainfall.
Four EC-5 soil moisture sensors were inserted into the soil column to monitor the volumetric
water content 6 or conductivity of the soil over time. The soil moisture sensors were
numbered #4, #3, #2, and #1 from the top to the bottom of the soil column. The generation
of surface runoff occurred in the later period of rainfall. The tensiometers were employed
to measure the soil matric suction (¢). All data were recorded by the MIK-R9600 paperless
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recorder automatically. The apparatus structure diagram of the rainfall infiltration test
device is shown in Figure 1b.
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Figure 1. Experimental apparatus: (a) photograph; (b) schematic.

2.2. Test Scheme and Experiment Procedure

The study designed 13 sets of experiments with different microplastic content (g),
microplastic particle size (p), soil bulk density (), and intermittent rainfall ratio (i) and the
test scheme is shown below (Table 1). The rainfall intensity was set to 20 mm/h, which
referred to the real rainfall situation in the local area, the same as the rain interval ratio (7).
The i values were set to 1:2, 1:1, and 2:1, with 30 min for rain and 60 min for rest, 30 min for
rain and 30 min for rest, and 60 min for rain and 30 min for rest, respectively.

Table 1. Test scheme.

No Rain Interval Ratio  Soil Bulk Density = Microplastic Content II\’/;lrctli‘(c)ll:e lassitzlz
i 7 (g/lem®) q (%) p (um)
1 \ 1.57 0.00 5
2 \ 1.57 0.05 5
3 \ 1.57 0.10 5
4 \ 1.57 0.25 5
5 \ 1.57 0.50 5
6 \ 1.57 0.25 3
7 \ 1.57 0.25 8
8 \ 1.61 0.25 5
9 \ 1.65 0.25 5
10 \ 1.73 0.25 5
11 1:2 1.57 0.25 5
12 1:1 1.57 0.25 5
13 2:1 1.57 0.25 5

The study assessed the influence of the 4 parameters above by analyzing the infiltration
rate (1), cumulative infiltration amount (Q), wetting peak height (H), and the change law
of volumetric moisture content () at monitoring points. The procedure includes 4 parts:

(1) Prepare the device and fill the column with loess.

(2)  Ensure the rain interval ratio and adjust the rainfall system and the rainfall control system.
(3) Strat the experiment until soil enters the saturated infiltration stage.

(4) Collect data and undertake analysis.

2.3. Device Preparation

The density flotation method was used to wash the soil sample many times before the
experiments to remove microplastics that had already been present in the soil sample began,
and then the sample was dried. Invasive substances, such as litter and plant rhizomes in
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the soil sample, were removed to avoid affecting. The washed soil particles were stored in
a cool and dry place for later use. The structure and porosity of loess were not disturbed
during experiments. Spherical microplastics of different particle sizes were prepared in
advance for standby application.

The samples were divided into 6 parts after weighing the soil mass required for each
test. The soil column was filled and compacted in layers. Each layer of soil sample was
shaved to ensure uniform sample loading and consistent compaction over the entire height
to ensure soil homogeneity. Before loading the sample, a filter was attached to the water
outlet at the bottom of the soil column to prevent the soil sample from flowing out of the
water outlet and damaging the soil sample. Each time a soil sample layer was loaded,
a soil moisture sensor and tensiometer were inserted in a timely fashion, especially the
tensiometer. If the tensiometer was left in the air for too long, vaporization occurred.
All apparatuses were inserted slowly to prevent apparatus damage and soil disturbance
during the process. The second layer was filled only when the data on the MIK-R9600
data paperless recorder were normal. In a similar fashion, the sample loading process was
implemented until the soil reached the specified height.

During the test, the wetting peak height (H) was measured by a 50 cm steel ruler,
which was measured every 5 min in the early stage, every 10 min in the middle stage, and
every 20 min or 30 min in the later stage. In the later stage, when the accumulated water
height reached the height required by the experiments, a Marsh flask was used to control
the accumulated water height. The accumulated water height remained at 3 cm, which was
used to simulate a state where the accumulated water height remained unchanged after the
generation of surface runoff in the later period of rainfall. During the test, EC-5 moisture
sensors and the MIK-R9600 paperless recorder collected data at a frequency of 1 data
point per minute. The test environment temperature was relatively stable and remained at
26~27 °C.

3. Results and Discussions
3.1. Effect of Microplastic Contents q on Moisture Transportation

A parameter infiltration rate (A) (unit: mm/min) is defined, which indicates the
amount of water infiltrated per unit area of the soil surface per unit time. The cumulative
infiltration amount (Q) (unit: mm) is the cumulative infiltration amount per unit area of
the soil column from the beginning of rainfall to a certain time. The average conductivity
(C) of soil is the variation in the wetting peak depth (Ah) in a certain period of time (Af).
An analysis of the test results from No. 1 to No. 5 are shown below.

The time-history curve of infiltration rate A (Figure 2a) reflects the slope change in the
cumulative infiltration amount (Q) time-history curve (Figure 2b), and the time-history
curve of average conductivity (C) (Figure 2d) reflects the slope change in the wetting peak
depth (H) time-history curve (Figure 2c) under conditions of different microplastic contents
(9)- The minimum infiltration rate (Ain) with a g value of 0.05% is larger than that of the
blank experimental control group, while Ay with a g of 0.10%, 0.25%, and 0.50% is smaller
than that of the blank experimental control group. Compared with the blank experiment
control group, when g is 0.05%, the Q value is the largest, the time required for rainwater
infiltration into the soil column bottom is the shortest, and the A value continues to decline
and fluctuates greatly. When g values are 0.10%, 0.25%, and 0.50%, the Q values gradually
decrease with increasing q and all are smaller than the Q value of the blank experimental
control group. With the increase in the content, the time required for rainwater infiltration
into the bottom of the soil column gradually increased, and it was longer than that of the
blank control group. Analyzing the minimum infiltration rate (Ann) (Figure 2a) and the
time for rainwater infiltration into the bottom of the soil column (Figure 2b,c) compared
with the blank experimental control group, it could be speculated that microplastics with g
values of 0.05% promote rainwater infiltration, while microplastics with g values of 0.10%,
0.25%, and 0.50% hinder rainwater infiltration, and the content change does not affect the
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minimum infiltration ability. With increasing g values, the effect of blocking rainwater
infiltration is stronger.
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Figure 2. Time-history curve under different microplastic g: (a) infiltration rate A; (b) cumulative
infiltration amount Q; (c) wetting peak depth H; (d) average conductivity C.

The soil sample with g of 0.05% did not represent stable infiltration, and the rainfall
infiltration process showed no pressure infiltration or pressure infiltration. The rainfall
infiltration shows three stages: no pressure infiltration, pressure infiltration, and satu-
rated infiltration with regard to the q values of 0%, 0.1%, 0.25%, and 0.5%. According to
Figure 2a,b and Table 1, in the no-pressure infiltration stage, the initial infiltration rates (Aiy)
are constant and equal to the rainfall intensity. The water begins to accumulate on the soil
column surface, and the surface soil enters a transient saturation state. The soil moisture
content is low, and the matrix suction is large. The time-history curves represent slanted
straight lines, and the average conductivity (C) is large, which means that rainwater is
quickly absorbed and continuously transmitted to the interior of the soil. The no-pressure
infiltration stage ends at T with the existence of the accumulation point as a symbol. In
the pressure infiltration stage, the A value gradually decays to a stable value with rainfall
duration; that is, the infiltration rate (Agt) is stable, and the water height on the soil column
surface changes stepwise to a stable state. The soil mass on the surface transfers to a fully
saturated state. The curves in Figure 2b show an upward convex shape. The increase in
magnitude in wetting peak depth (H) also decreases gradually at the same time, and the
C values begin to decrease rapidly with rainfall duration. The pressure stage ends at T
with the existence of the saturated point as a symbol. In the saturated infiltration stage,
the time-history curve of cumulative infiltration is a straight line, and its slope A tends to
be constant, which is the saturated infiltration rate (As;) and is equal to the permeability
coefficient of stable soil infiltration (Ast = Asa = Amin)- The soil column undergoes saturated
infiltration, and the C value tends to be stable. According to Table 2, microplastics with a g
of 0.05% promote rainfall infiltration, and the water accumulation time is much longer than
that of the other test samples. For other microplastic content samples, the more g values
there were, the earlier the water accumulation point and saturation point appeared.
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Table 2. Time of water accumulation points and saturation points.

Microplastic Accumulation Points Saturation Points Time Difference
Content q/% T1/min Ty/min (T, — T1)/min
0.00 150 305 155
0.05 192 —_— —_—
0.10 140 290 150
0.25 136 280 144
0.50 91 220 129

The existence of polystyrene microplastics in soils could fill the soil particle skeletons
to bond and block water, and polystyrene microplastics themselves have strong hydropho-
bicity. Current research [37-40] shows that soil particles are often regarded as completely
hydrophilic solids. The contact angle of soil increases and soil particles represent hydropho-
bic properties owing to the addition of hydrophobic materials. Meanwhile, microplastics
would fill pores of soil particles and decrease the soil permeability coefficient, representing
blocking effects. The two effects are contradictory and would play a dominant role in dif-
ferent situations with the change in soil compactness. When p is constant and g is relatively
small, the strong hydrophobicity of microplastics plays a dominant role. Microplastics pro-
mote water infiltration. With g increasing, microplastics compact soil particles, representing
blocking effects overall. The blocking effects enhance as g increases.

To explore the soil water-retaining capacity, the volume moisture content measured as
6 by EC-5 moisture sensors with different g values are analyzed below.

As shown in Figure 3, there is little difference in the time required for water to reach
sensors #3 and #4. The time taken for water to reach sensors #1 and #2 is the shortest when
q is 0.05%, while the time for water to transfer to sensors #1 and #2 gradually increases with
increasing g values compared with other microplastic contents (g). The 0,4, values with
different q values are all less than that of the blank experiment control group. With g values
increasing, the peak soil moisture content (0;4y) slightly decreases. Microplastics weaken
the water-retaining capacity of loess soil due to the hydrophobic properties of microplastics.
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Figure 3. Time-history curve of volumetric moisture content 6 at monitoring points with different
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3.2. Effect of Microplastic Particle Size p on Moisture Transportation

In this study, the microplastic content (g) is 0.25% and the soil bulk density () is
1.57 g/ cmB. By analyzing the test results from No. 4, No. 6, and No. 7, the results are
shown below.

Similar to the analysis above, microplastics with a p of 3 um were able to promote
rainfall infiltration compared with the blank experimental control group. By supplementing
rainwater infiltration tests (A2 of the Appendix A) with a p of 3 um and a g of 0.00%, 0.05%,
0.10%, 0.25%, and 0.50%, no water may accumulate on the soil column surface for g values
of 0.05%, 0.10%, and 0.25%, and the water accumulates on the surface for a g of 0.50%,
indicating that with the decrease in p values, the g that promotes water infiltration increases,
and the hydrophobic effect is obviously enhanced. Microplastics hinder water infiltration
with p values of 5 pum and 8 um. The microplastic amount with a p of 8 um is less than
that with a p of 5 um, and the soil with a p of 8 um is looser. The saturated infiltration
rate is larger with a p of 8 pm. Therefore, microplastics with a p of 8 um promote rainfall
infiltration compared with microplastics with a p of 5 um.

The soil sample with a p of 3 um represents the no-pressure infiltration stage, while
the rainfall infiltration shows no-pressure infiltration, pressure infiltration, and saturated
infiltration with p values of 5 um and 8 pm. According to Figure 4, the time-history
curves of the cumulative infiltration amount (Q) with p values of 5 ym and 8 pum have
intersections in the pressure infiltration stage. This means that the smaller the particle
size of microplastics, the more conducive they are to rainwater infiltration in the pressure
infiltration stage, while the larger the particle size of microplastics, the more favorable the
rainwater infiltration in the saturated infiltration stage. As shown in Figure 4, significant
differences appear in the saturated infiltration stage for curves with p values of 5 um and
8 um, indicating that the saturated infiltration stage of rainfall infiltration was severely
affected by microplastic particle sizes.
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Figure 4. Time-history curve of under different microplastic particle sizes p: (a) infiltration rate A;
(b) cumulative infiltration amount Q; (c) wetting peak height H; (d) average conductivity C.

Current research [39] shows that there exist three types of soil particles: large, medium,
and small. The soil permeability coefficient is greatly affected by large pores compared
with medium and small pores. When g is constant and p is small, microplastics fill few large
pores of soil particles and present hydrophobic properties to promote water infiltration.
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Otherwise, with p increasing, more and more large pores are filled by microplastics, re-
ducing the soil permeability coefficient. The existence of microplastics represents blocking
effects. The blocking effects enhance as p increases. By controlling the mass of microplastics
as constant, if p decreases, the amount of microplastics that compact soil particles should
increase and blocking effects should increase. This explains the microplastic content range
that promotes infiltration increases as p decreases.

To explore the soil water-retaining capacity, the volume moisture content measured 0
by EC-5 moisture sensors with different p values are analyzed below.

As shown in Figure 5, the 6, values with different p values are all less than that
of the blank experiment control group. There are few differences in 60, with different
p values. This indicates that the existence of microplastics reduces soil water-retaining
capacity. The effects on soil water-retaining capacity change slightly as p increases.
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Figure 5. Time-history curve of volumetric moisture content 6 at monitoring points with different
microplastic contents p: (a) p =3 pm; (b) p =5 um; (c) p = 8 pm.

3.3. Effect of Soil Bulk Density «y on Moisture Transportation

In this study, the microplastic content (q) is 0.25% and the microplastic particle size (p)
is 5 um. By analyzing the test results from No. 4, No. 8, No. 9, and No. 10, the results are
shown below.

As shown in Figure 6, with increasing 7, the stable infiltration rate (Ast) gradually
decreases. This phenomenon is because the soil particles become more compact, the soil
particle pores are smaller, and the soil infiltration rate (A) is lower if the y values increase.
With the increase in v, the cumulative infiltration amount (Q) gradually decreases. The
rainfall infiltration shows three stages: no-pressure infiltration, pressure infiltration, and
saturated infiltration. Meanwhile, with the increase in v, the duration of the no-pressure
stage gradually decreases, and the duration of the pressure stage also gradually shortens.
The rainfall infiltration quickly transitions to the saturated infiltration stage. With the
increase in 7, the time for rainwater to reach the soil column bottom gradually increases,
and the saturated infiltration rate (Asa) gradually decreases. This is because as <y increases,
the soil is denser, the porosity is smaller, and the amount of water passing through is less.
It should also be noted that there is a good linear relationship between As, and v (A3 of the
Appendix A).

To explore the soil water-retaining capacity, the volume moisture content measured as
6 by EC-5 moisture sensors with different - values are analyzed below.

As shown in Figure 7, at the beginning, the rising time of 6 at #1 and #2 is roughly the
same, but with the increase in soil depth and «, the rising time of 6 is slightly delayed, and
the time difference between the increase in 6 at #3 and #4 also gradually increases. The 6,;x
values with different -y values are all less than that of the blank experiment control group.
The soil peak moisture content (6,,,4x) with a relatively large bulk density () would decrease
slightly. The existence of microplastics would weaken the soil water-retaining capacity.
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Figure 6. Time-history curve under different soil bulk density -y: (a) infiltration rate A; (b) cumulative
infiltration amount Q; (c) wetting peak height H; (d) average conductivity C.
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Figure 7. Time-history curve of volumetric moisture content 6 at monitoring points with different
soil bulk density v: (a) v = 1.57 g/cm3; (b) y=1.61 g/cm3; (c) y=1.65 g/cm3; (d)y=173 g/cm3.

The time-history curve of wetting peak height (H) with different soil bulk densities
() could be fitted by a power function, which shows significant scale symmetry:

H =

at?

)
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Taking Equation (1) by the derivative of both sides with respect to time, the formula of
wetting peak advancing velocity can be obtained:

‘;ij _ b1 @)

To explore the physical meanings of parameters a and b, we take the derivative of
Equation (2) with respect to time and take the logarithm of both sides of this equation:

log<cf£1> = log(ab) + (b —1)logt 3)

where dH/dt is the advancing speed of the wetting peak; log(ab) is related to the initial
advancing speed of the wetting peak; and b — 1 is the slope of Equation (3) and is related to
the acceleration of the wetting peak advance. Combined with Equation (1), the time-history
curves of the wetting peak advancing depth H and the wetting peak advancing speed dH/dt
are shown in Figure 8.

(a) (B)
'E 0 u}
é f\.S?gf’cm’ 1
= 50 ; s=1.61g/cm’ E
B [& #=1.63g/em’
2100 [ 7=1.73g/cm’ =]
< & —— 1=30.480," R*=0,961 Eol
50 - % —— 1=32.344x" R=0.980 E F 1. 57gom’
‘8 L& —— 3=28.154"7 R’=0.987 E E =L.61giem’
= e 95 444,033 R2_q ¢ ~ F 165 3
g 200 1=25.444x R=0.996 E [ ‘,F“! ‘m‘
& 01 =1.T3glem’ .
i e log{dH/diy=1.042-0.6391ogi R*=0.951
= 250 |- E log(clH/cl)=1.040-0.661logt R*=0.947)
2. [ log(d/dn—=0.977-0.663logr #*=0.952|
?30(] - g F | log(dtd)=0.932-0.664logr K’=0.949
-E 1 | 1 1 1 1 1 0.001 1 1
§ 0 200 400 600 800 1000 1200 1400 1600 10 100 1000
T [min] T [min]

Figure 8. Fitting curve: (a) time-history curve of the wetting peak advancing depth H; (b) time-history
curve of the wetting peak advancing speed dH /dt.

It could be speculated that there is a linear relationship between the wetting peak ad-
vancing speed and time, which could be used to calculate the unsaturated soil permeability
coefficient proposed with microplastics in Section 4.2.

3.4. Effect of Rain Interval Ratio i on Moisture Transportation

This study investigates the soil infiltration rate (A) when the microplastic content () is
0.25%, the soil bulk density () is 1.57 g/cm® and the microplastic particle size (p) is 5 um.
By analyzing the test results from No. 11 to No. 13, the results are shown below.

The rainfall infiltration rate (A) is barely unchanged for more than 600 min of rainfall
duration, and the rainfall infiltration is stable under the circumstances of three different rain
interval ratios (i). Therefore, the time-history curves only represent rainfall duration within
600 min. As shown in Figure 9, the rainfall infiltration process overall does not show no-
pressure infiltration, pressure infiltration, or saturated infiltration. With time, the rainwater
infiltration rate (A) gradually decreases to approximately 0.013 mm/min regardless of the
difference in i values. However, at the same time, the time-history curves of A from high to
low rain interval ratios (i) are 1:2, 1:1, and 2:1 in turn. It could be speculated that the rain
interval ratio (i) has little influence on the saturated infiltration stage of the soil. It is easier
for rainwater to infiltrate into the soil inside, and there is no significant loss of rainwater
through surface runoff when i is equal to 1:2.

In the pressure infiltration stage, a water film begins to appear on the soil surface until
ponding occurs and A begins to decrease. Nonetheless, during the break time of rain, the
water film and stagnant water disappear, and 6 decreases. There appears to be a small
rebound in A. With changes in the rainfall cycle, the rate of decrease in A and increase in
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rebound gradually decrease, while the magnitude of decrease and increase in rebound
gradually decrease. It is shown that the time of A changes in the time-history curve of A is
consistent with the alternating time between rainfall continuation and rainfall pause, and
there is no hysteresis phenomenon, indicating that the infiltration rate responds rapidly to
the transition of rainfall types. Below are the comparison figures of the time-history curves
of infiltration rate (A) of loess soil containing microplastics during rainwater infiltration
under continuous rainfall conditions and intermittent rainfall conditions.
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Figure 9. (a) Time-history curve of infiltration rate A with different rain interval ratio i; comparative
analysis of time-history curves of infiltration rate A with different rain interval ratio I: (b) i = 1:2;
()i=1:1;(d)i=2:1.

As shown in Figure 9, when rainfall conditions change from continuous rainfall to
intermittent rainfall, the decline rate of A in the early stage of rainfall changes from fast to
slow, and A under intermittent rainfall conditions is higher than that under continuous
rainfall conditions at the same time. This shows that the rainwater infiltration speed is
faster when rainfall changes to intermittent rainfall, and the Q value is larger in the middle
and early stages. Owing to intermittent rainfall, rainwater needs to be redistributed, and
the rainfall duration is long. There are few differences in A when entering the saturated
infiltration stage for continuous and intermittent rain, indicating that rain conditions have
little effect on the saturated infiltration stage and that the rain interval ratio has a strong
impact on the pressure infiltration stage owing to the rebound phenomenon above. For
the soil column tests with rainfall durations longer than the rainfall intermittent time, the
time-history curves are almost coincident, indicating that with the increase in rainfall
duration, A gradually became insensitive to the transition of rainfall type. Intermittent
rainfall conditions are conducive to soil rainwater infiltration and do not generate excessive
runoff on the surface. In agricultural irrigation, under the circumstances of the same
irrigation water volume, the intermittent irrigation method is preferred, which is conducive
to maximizing the use of water, and the infiltration time is long. Rainwater is beneficial to
the absorption and utilization of plant rhizomes in the process of water redistribution in
multiple rainfall cycles.
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4. Coefficient of Permeability
4.1. Formula Derivation

The coefficient of permeability () is an index that comprehensively reflects soil per-
meability and is the basis for seepage analysis and rainfall infiltration analysis, which has
guiding significance for the seepage analysis of a project and for farmland irrigation. Below
is the formula derivation process.

Assuming that the entire space of a soil flow area is filled with water flow, to make the
flow in the soil flow model reflect the actual flow of the soil, the flow velocity of the water
(Vw, unit: L/T) flow on any tiny area AA should be equal to the actual flow through the
area AQ divided by AA, that is:

Vo = AQ/AA @

Due to the volumetric water content of unsaturated soils at various cross-sectional
locations and differences in the shape, width and direction of pores, the flow velocity here
is also an average flow velocity that varies with location and time.

Assuming that the volumetric water content contour line and the matrix suction
contour curve advance smoothly in a relatively short period of time, this requires that the
volumetric water content distribution function 68(#, t) of different sections change the same
with time, which can be converted into the following expression:

O(h,t+ At) = 0(h — Ah,t) 5)

where Ah is the wetting peak infiltration depth during At.

As shown in Figure 10, within a short distance of the soil column between A and B,
the development schematic diagram of the wetting peak when the rainfall duration is t;
and t,, respectively. The distance traveled by the wetting peak is Ak, so during the rainfall
duration At =t, — t; (shorter time, generally less than five minutes), the water flow through
section A of the soil column is:

QA =A0A-p+Qp (6)

where Qp is the water flow through section A, Qp is the water flow through section D, and
AQa—p is the amount of water stored in vertical section AD of the soil column during time
At. When the wetting peak does not reach the cross section, Qs and Qp are equal to 0. As
the test stops until the water infiltrates to the bottom of the soil column, Qp is 0. It can be
seen from the previous analysis that § can be integrated to obtain the total water content in
a vertical section of the soil column, so the above formula can be written as:

h h
Ox = AQA D = / 0(h,t2) — 0(h,t1)) Adh = /h " 0(h, t2) Adh — /h P o(n, t)Adh (7)
A A
where 0 (h, t;) and 6 (h, t1) are the distribution functions of the soil volumetric moisture
content 0 at times #, and f1, respectively; A is the cross-sectional area of the vertical soil
column; and %4 and hp are the distances between section A and section D from the soil
column surface. Assuming that the vertical soil column is within a small time period At = t,
— 11, the height difference of the wetting peak in the vertical direction is Ah. The equations
below can be obtained from the previous assumptions:

Qa=AQa_ p= fh (h, tr)Adh — f 6(h,t1)Adh = (h Ah, t)Adh — f 0(h,t1)Adh

(8)
= hh: L 0(h, 1) Adh — f 0(h, t)Adh

Based on the assumption that the distribution function of soil volumetric moisture
content 0 is a smooth function, the equations can be simplified as:

h
/ "0 t)AdR ~ [6(ha, t2) +6(ha, t1)]ADR o
Jhpa—Ah 5
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0(h,t1)Adh ~
DiAh( 1) 5

h
/ D [G(hD, i’z) +6(hD/ tl)]AAh ~ 60Ah (10)
h
where 0 is the initial volumetric moisture content of the vertical soil columns.
Inserting Equations (9) and (10) into Equations (4) and (8), the water flow QA and
average flow rate of water flowing through section A V5 are:

Q= [0(ha,ta) +6(ha, tlz) —200)A(hp — ha) 1)

VA _ {0.5 [Q(hA,tz)-‘rfz(f?l,tl)—290]A}Ah

_ {0.5[0(hat2)+0(ha t1)—260]A} (hp—ha) (12)
tr—t1

— {0.5[9(hA,t2)+9(hA,t] ) 7290]A} (h27h] )
tr—ty

where (hy — hy1)/(t; — t1) is the wetting peak advancing speed. In a short time ¢, let
t = (t, +t1)/2 be the wetting peak advancing speed formula derived earlier, and by substi-
tuting the previously obtained wetting peak advancing speed formula into it, Equation (13)
can be obtained:

_ {0.5[(ha, t2) +60(ha, t1) — 260]A} (hy — h1)

\%
4 I — 1

b—-1
= {OS[G(hA/ tz) + G(hA, tl) — 290]A}ab(t2 —; 2| ) (13)

At (t + t1)/2 time, the hydraulic gradient between sections A and B is approximately
equal to the tangent of the angle « in Figure 10 and can be obtained by the following formula:

i @lat) —lhats) o glhat) —g(ha ) (14)
Yw(hp —ha) Yow(ha — h1)
Assuming that the permeability coefficient of unsaturated soil remains unchanged in
a small time period At = t; — t; according to Darcy’s law, the following can be obtained:

Qa = kiAAt (15)

k — ‘QA _ 0.5{[Q(hA,tz)—l—Q(hA,tl)—ZGO]AAI/I}’YWA]’!
1AM [p(hat)—@(hatz) —ywlh]ADL

_ O.S[Q(hA,t2)+9(hA,t1)7290]Ah’)/w llb ( tr+t >b71
[p(hat1)—@(hat2)—vwlh] 2

(16)
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Figure 10. Moisture content profile and matrix suction profile at any two times during rainwater
infiltration.

4.2. Calculation Example

In this paper, the section of the #2 moisture sensor of the test soil column with a
microplastic content g of 0.25%, a microplastic particle size p of 5 pm, a uniform rainfall
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intensity of 20 mm/h, and a soil bulk density 7 of 1.57 g/cm? is selected to solve the problem
of the permeability coefficient of unsaturated remodeled loess soils with microplastics.

From the study above, the wetting peak infiltration rate of loess soil with microplastics
varies greatly in the early stage of rainfall and tends to be stable with increasing rainfall
duration. The power exponent is used for fitting, and the fitting effect is better. Below is
the fitting function with the same meaning as Equation (4):

v = abt’~! =11.01+ %63 R? = 0.987 (17)

The volumetric moisture content functions 6(h, t) and ¢(h, t) of the section where
the #2 moisture sensor of the loess soil column is located are measured by the moisture
sensor and the tensiometer, respectively. Taking 6(h, ), ¢(h, t), v = 11.01¢7963%9 9, = 0.07,
Yw =10 KN/m?3, and At = t; — #; = 5 min into Equation (16), the permeability coefficient of
unsaturated remolded loess soil with microplastics under different matrix suction values
can be obtained, as shown in Figure 11.
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Figure 11. Permeability curve.

As shown in Figure 11, when the soil tends to be saturated, the matrix suction force 1 is
small, and the permeability coefficient (k) is approximately equal to 0.0338 mm /min, which
is in close proximity with the saturated permeability coefficient (1) of 0.037 mm/min in
Section 3.1. Therefore, the experimental results in this paper are consistent and reasonable
with the theoretical calculation. Meanwhile, the distribution of the logarithm (Igk) and
the matrix suction (Igg) shows a linear distribution law, which can be fitted by a linear
equation. The fitting curve under the double logarithmic coordinate is shown in Figure 11.
The fitting equation is:

Igk = 5.77 — 7.531gp(R* = 0.987) (18)

Therefore, according to the calculation method of the unsaturated soil permeability
coefficient proposed with microplastics in this paper, combined with laboratory infiltration
tests and soil-water characteristic curve tests, the permeability coefficient of unsaturated
soil bodies can be obtained, which can be used for engineering seepage analysis and
guidance for farmland soil irrigation.

5. Conclusions

Based on the wetting front advancing method, this paper employs a one-dimensional
vertical soil column rainfall infiltration test device. By analyzing the experimental phenom-
ena and data, the following conclusions are drawn:

(1) When the values of q and p are relatively small, microplastics reflect hydrophobic
properties. With the increase in g, p, and vy, microplastics represent blocking effects owing to
a significant increase in soil compactness. The rainfall infiltration process normally shows
no-pressure infiltration, pressure infiltration, and saturated infiltration. When microplastics
have the main effect of hydrophobic, saturated infiltration, even pressure infiltration would
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not appear. When microplastics have the main effect of blocking, saturated infiltration
begins sooner.

(2) The soil water-retaining capacity would be weakened due to the existence of
microplastics.

(8) Compared with continuous rainfall, intermittent rainfall is preferred in agricultural
irrigation, which would not cause a large amount of surface runoff loss and is conducive to
the maximum utilization of water.

(4) Based on the assumption that the volumetric moisture content contour and the ma-
trix suction contour curve advance smoothly in a relatively short period of time, combined
with the effective fitting of the power function of the wet peak bulk density advancing
curve, the permeability coefficient (k) and average flow rate (V) of unsaturated soils are
jointly derived. The relationship between the permeability coefficient (k) and matrix suction
(1) of unsaturated loess soil containing microplastics was calculated by an example.
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Appendix A

Al: Grain-size distribution curve.
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Figure A1. Grain-size distribution curve.

A2: The rainwater infiltration tests with a p of 3 um and a g of 0.00%, 0.05%, 0.10%,
0.25%, and 0.50% are supplemented and the results are shown below.
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Figure A2. Time-history curve of under different microplastic 4: (a) infiltration rate A; (b) cumulative
infiltration amount Q; (c) wetting peak depth H; (d) average conductivity C.

A3: Fitting curve of Ag, and 7.
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