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Superabsorbent polymers (SAPs) are widely applied in dryland agriculture. However, their functional property of repeated
absorption and release of soil water exerts periodic effects on the hydraulic parameters and water-retention properties of soil,
and as this property gradually diminishes with time, its effects tend to be unstable. During the 120-day continuous soil cultivation
experiment described in this paper, horizontal soil column infiltration and high-speed centrifugation tests were conducted on
SAP-treated soil to measure unsaturated diffusivity D and soil water characteristic curves. The experimental results suggest that
the SAP increased the water retaining capacity of soil sections where the suction pressure was between 0 and 3,000 cm. The SAP
significantly obstructed water diffusion in the soil in the early days of the experiment, but the effect gradually decreased in the
later period. The average decrease in water diffusivity in the treatment groups fell from 76.6% at 0 days to 1.2% at 120 days. This
research also provided parameters of time-varying functions that describe the unsaturated diffusivity D and unsaturated hydraulic
conductivity K of soils under the effects of SAPs; in future research, these functions can be used to construct water movement

models applicable to SAP-treated soil.

1. Introduction

The application of superabsorbent polymers (SAPs) for the
purpose of enhancing soil water retention represents an
important nonengineering water conservation technique for
dryland farming. This technique is widely used in producing
crops such as apples, grapes, wheat, and maize [1-4], and
it has proven to be effective in saving water and increasing
yields. In many farming areas with limited water supplies,
crop growth relies completely on rainwater. However, the
uneven spatiotemporal distribution of precipitation and the
soil’s poor ability to conserve moisture keep rainwater use
efficiency low in these areas, exerting a direct impact on
crop growth [5-7]. Applying SAPs to the soil is effective
in improving rainwater use efficiency in dryland farming
areas [8, 9], because SAPs can repeatedly absorb and retain
rainwater entering the soil to reduce deep seepage losses
and then gradually release the water to the plants as the soil
dries and the plants’ root pressure increases. This mechanism

ensures a continuous water supply for plants during their
growth periods [10, 11].

After treatment with SAPs, soil demonstrates remark-
able changes in its hydraulic parameters and water holding
properties. Han et al. [12] found that the periodic absorption
and release of water by SAPs exert time-varying effects on
the soil's properties, causing the hydraulic parameters in
SAP-treated soil to vary irregularly with time. Bai et al. [13]
discovered that, during wet-dry soil cycles, the application of
SAPs can reduce soil’s bulk density, with a higher SAP dosage
producing a greater effect. Other studies [14-17] have revealed
that the repeated water absorption and release mechanism
of SAPs not only ensures water supply for plants, but also
alters the pattern of soil water movement by influencing the
soil's mechanical and chemical properties, local microbial
communities, and root growth. This adds to the difficulty and
complexity inherent in modeling water movement in soil to
which SAPs have been applied.
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FIGURE 1: 3D unsaturated diffusivity at different times. (a) Control group; (b) P-S1; (c) P-S2; (d) P-S3. Note: the SAP application time at a point

is equal to its y-axis value multiplied by 100.

Accurate characterization of soil’s hydraulic parameters
and water retention properties is a key step in modeling water
movement [18-20]. However, only a few studies have pro-
vided quantitative descriptions of the dynamic characteristics
of SAP-treated soil's hydraulic parameters [12, 21, 22]. The
dynamic effects of SAPs on soil’s hydraulic parameters and
water retention properties are not yet clear, obstructing in-
depth research into water movement models that are applica-
ble to SAP-treated soils, as well as other related research.

In this context, a 120-day soil cultivation experiment
was carried out, with horizontal soil column infiltration and
high-speed centrifugation tests conducted to investigate the
patterns of dynamic variation in the hydraulic parameters
and water holding properties of SAP-treated soil. Time-
varying functions were obtained to describe the unsaturated
diffusivity and unsaturated hydraulic conductivity of soil,
providing a basis for constructing relevant models, such as
a model of soil water movement under the influence of SAPs.

2. Methods

2.1. Materials. 'This experiment tested a cross-linked soil SAP
with particle sizes between 0.02 and 0.05 mm, manufactured
from polyacrylamide and acrylic acid by Dongying Huaye
New Material Co., Ltd., in Shandong. The soil tested was sand

loam containing 52.4% sand, 36.1% silt, and 11.5% clay, taken
from topsoil in the greenhouses and fields at the International
Seed Industry Park in Yujiawu Town, Tongzhou District,
Beijing. In terms of nutrients, the tested soil contained total
nitrogen of 1.06 + 0.11 g/kg, available nitrogen of 47.20 +
0.14 mg/kg, total phosphorus of 0.74 + 0.01 g/kg, available
phosphorus of 26.45 + 2.33 mg/kg, total potassium of 18.65 +
1.34 g/kg, rapidly available potassium of 106.00 + 5.66 mg/kg,
and organic content of 10.85 + 0.21g/kg. The soil was
cultivated in round polyvinyl chloride pots with a height of
35cm and a diameter of 25 cm.

2.2. Process

2.2.1. Treatment. 'The soil was divided into a control group
and three treatment groups. No SAP was applied to the soil
in the control sample. In the first treatment group, labeled
P-S1, SAP at a polymer concentration of 0.06% was applied
to the soil. In the second treatment group, P-S2, 0.03% SAP
was applied to the soil. In the third treatment group, P-S3, the
soil was treated with 0.01% SAP. Each treatment process was
repeated 12 times.

2.2.2. Methods. First, the SAP was evenly mixed with air-
dried soil. The mixtures were then put into pots and
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FIGURE 2: Soil water characteristic curves at different times. (a) T=0d; (b) T=15d; (c) T=30d;(d) T=50d; (¢) T =90d; (f) T =120d.
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FIGURE 3: Unsaturated hydraulic conductivity of the four groups at 0 days. (a) Control group; (b) P-S1; (c) P-S2; (d) P-S3.

compacted layer by layer, with each layer being 4 to 5cm
thick, to achieve a bulk density of 1.28 g/cm3. At the bottom
of each pot, under the soil mixtures, a 2 cm thick filter bed of
gravel was laid upon the drainage hole. After the soil thickness
in the pots reached 28 cm, a 2 cm thick layer of quartz sand
was applied on the soil surface to reduce evaporation, leaving
a 3 cm hydraulic head above the quartz sand for irrigation.
After these preparations, the field capacity (FC) of the soil
was measured using the cutting ring method, yielding a result
of 0.37 cm’/cm’. Every two to three days, four pots were
randomly chosen from each sample group and weighed to
measure average soil water content. During the experiment,
the soil’s volumetric water content was maintained between
60% and 100% of FC. If the volumetric water content of the
soil in a pot neared 60% of FC, the soil was irrigated until the
value reached 100% of FC.

2.3. Sampling and Testing. Soil in the pots was sampled using
cutting rings at 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 90, and 120
days. Part of each soil sample was packaged in filter paper and
tested in the lab using a high-speed centrifugation method to
analyze the water characteristic curves. After the remainders

of the sampled soils were air-dried, a horizontal soil column
infiltration test was conducted to measure their unsaturated
diffusivity [12]. Soil’s unsaturated hydraulic conductivity can
be calculated from the unsaturated diffusivity measurement
according to the following relationships: 0 = 0, +(6,-0,)/[1+
(ah)"]™ and K(0) = C(6)D(0).

2.4. Data Analysis. The software RETC analyzed the soil
water characteristic data to infer the values of unsaturated
hydraulic conductivity. The parameters of time-varying func-
tions for unsaturated diffusivity and unsaturated hydraulic
conductivity were obtained by R programming and curve
fitting.

3. Results and Analysis

3.1. Effect of SAP on Unsaturated Soil Water Diffusivity.
Figure 1 displays the three-dimensional distribution of unsat-
urated diffusivity for each of the four groups at 0, 5, 10, 15,
20, 25, 30, 40, 50, 60, 90, and 120 days. The unsaturated
diftusivity of the control group changed slightly throughout
the experiment, and the population variance of the control
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FIGURE 4: Unsaturated hydraulic conductivity of the four groups at 15 days. (a) Control group; (b) P-SI; (c) P-S2; (d) P-S3.

groups data at different times was 0.144. By contrast, all
the SAP-treated groups demonstrated significant decreases
in unsaturated diffusivity during the early period of the
experiment, and the rate of the decreases increased with SAP
concentration, such that P-S1 > P-S2 > P-S3. The treatment
groups unsaturated diffusivities gradually increased with
time and were nearly equal to the control group’s at the end of
the experiment. The population variances of the unsaturated
diffusivity data of the treatment groups were between 0.387
and 0.398.

Also, Figure 1 shows that soil water diffusion was signif-
icantly obstructed during the early period. At 0 days, the
average decreases in unsaturated diffusivity were between
70.1% and 76.6%. These values fell to between 30.6% and
46.9% at 5 days and reached 49.5% to 68.1% at 10 days.
After repeated absorption and release of water, the SAP
incurred some structural damage, and SAP water absorbency
decreased with time. As a result, the effect on water diffusion
in the soil gradually weakened. The average decrease in
unsaturated diffusivity dropped to between 9.5% and 25.5% at
60 days and between 9.4% and 26.1% at 90 days. At 120 days,
the unsaturated diffusivities of the treatment groups were

very close to the control group, and the average decreases in
unsaturated diffusivity were 1.2% to 16.0%.

Table 1 presents the curves fitted to the unsaturated dif-
fusivity data and their corresponding degrees of correlation
(coefficient of determination, R?) for the four groups at
different times (T' = 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 90,
and 120 d). A comprehensive regression analysis of the data
yielded time-varying functional equations for calculating the
unsaturated diffusivity of soil under the effect of SAP. The
regression equations show that the time-varying functions
include the time variable ¢, and the goodness of fit of each
regression attains extremely high significance (P < 0.01),
indicating that these functions can accurately describe the
relationship between time and the unsaturated diffusivity of
soil under the effect of SAPs.

3.2. Effect of SAP on Soil Water Characteristic Curves.
Figure 2 shows the soil water characteristic curves of the four
sample groups at 0, 15, 30, 50, 90, and 120 days. The trends of
the curves suggest that the SAP improved the water retention
properties of the treated soil during the early period. A
comparison of the soil water content at different suction
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TaBLE 1: Unsaturated diffusivity of four groups at different times and fitted time-varying functions.

Time (d) CG P-S1 mple o P-S2 P-S3
T—0 y = 0.0394¢'%%* y = 0.0813¢54%7* y = 0.0839¢>9> y = 0.0871¢%°1
R* = 0.89428 R* =0.906 R* = 0.87945 R* =0.842
Tos y = 0.0476¢>7% y = 0.0226¢°%% ¥ = 0.0192¢'0%%3* y = 0.0107¢">**
R* = 0.88238 R* = 0.90912 R*=0.9138 R* =0.92577
T-10 y = 0.0298¢'>% y =0.0841¢%%17* ¥ = 0.0568¢%7>°* y = 0.0521¢%9%%*
R* = 0.85276 R* =0.82682 R* =0.87724 R* = 0.80069
T 15 y = 0.0389¢'067 y = 0.0312°57% y = 0.0586¢”%7 y = 0.0582¢>'7
R* = 0.89588 R* = 0.88509 R* = 0.85454 R* = 0.86273
T <20 y = 0.0341¢"4> y = 0.0525¢"%% y = 0.0335¢%%144 y = 0.0561¢” 7%
R* = 0.88312 R* = 0.84682 R* =0.90142 R* =0.79191
S y= 0.028¢10676% y= 0.0484¢5293%% y= 0.0235¢-3367% y= 0.0489¢%5751%
R* = 0.89384 R*=0.765 R* = 0.90027 R* =0.82355
T = 30 y = 0.0332¢"°%% y = 0.0539¢%313% ¥ = 0.0194¢" 0268 y = 0.045¢>665%
R* = 0.83787 R* = 0.84295 R* = 0.89589 R* = 0.85636
T 40 y= 0.0336¢10385% y= 0.045¢87363% y= 0.0417¢5272%% y= 0.0336¢2-306%%
R* = 0.85256 R* = 0.84868 R* = 0.83049 R* =0.87273
T B 50 y — 0.0232611.3783( y — 0.0217811079:6 y — 0.0129€1L668X y — 0.0204610A845x
R* = 0.89875 R* = 0.90882 R* = 0.94285 R* = 0.86495
T - 60 y= 0.0238¢!1387% y= 0.0175¢!1924* y= 0.023¢10:564x y= 0.0285¢10:528%
R* = 0.8949 R* =0.88716 R* = 0.91468 R* = 0.83412
i y= 0.0323¢10511% y= 0.028¢10:634x y= 0.0253¢!0414x y= 0.0135¢!2467x
R* = 0.84247 R* =0.87298 R* = 0.90481 R* = 0.89243
T B 120 y — 0.0135612.467x y — 0.024981086;( y — 0.025610.582x y — 0.0259611.156x
R* = 0.89243 R* =0.89367 R* = (.84869 R* =0.83914
Overall y — el043885x—0.00093t—3.3756 y — eS.80401x+0.00289t—3.42063 y — e&7892x+04002612t—3.20427 — 68.9388x+0A002882t—3.27933
R®=0.8709"" R*=0.857"" R?=0.8415" R*=0.8185"
** indicated significant correlation at the 0.01 level.
TaBLE 2: Unsaturated hydraulic conductivity at different times and fitted time-varying functions.
Time (d) Sample group
CG P-S1 P-S2 P-S3
T _ O y — IE _ 086309)( y — IE _ 07620496)4 y — 2E _ 07620.482x y — 2E _ 08626.611)(
R* =0.98014 R* = 0.94428 R* = 0.90433 R* = 0.95688
y=7E- 0826:55% Y = 4E — 0824663 y=2E- 0720871x y=1E- 0723 141x
T=15 - - - -
R* = 0.9592 R* = 0.96746 R* = 0.94507 R* =0.93723
y =8E - 08e24229% y=1E - 0721:68% y =2E - 08¢25708% y = 4F - 08e25779%
T =30
R* =0.96186 R* =0.95621 R* =0.93738 R?* = 0.96299
y =4E - 08¢28:525% y=3E- 0826:333% y =2E - 08e27173% y=3E- 08¢26771%
T =50
R* = 0.97868 R* = 0.94403 R* =0.97353 R* = 0.96353
y — 6E _ 08825'988X y — 4E _ 08825‘597)6 y — 3E _ 08626.226x y — 1E _ 08628.494)(
T =90
R* = 0.96934 R* = 0.95079 R* =0.95412 R* =0.9598
- 120 y=2E- 08e27:958% y =4E - 0825532 Y = 3E — 08¢26751% y =2E - 08e22:285%
- R* = 0.96096 R* =0.97013 R* = 0.94311 R* =0.91343
Parameter y= eux+bt+cxz+dt2+f
a 4.02E + 01 5.49E + 01 4.67E + 01 5.17E + 01
b 1.80E — 03 2.74E - 03 8.14E — 03 -2.16E - 03
Overall c —2.08E + 01 —4.98E + 01 -3.71E + 01 —429E + 01
d —5.62E — 05 —8.69E — 06 —3.88E - 05 1.62E - 05
f —1.86E + 01 —2.11E + 01 —2.00E + 01 —2.04E + 01
R? 0.9659** 0.9708"* 0.9702"* 0.9702%*

# indicated significant correlation at the 0.01 level.
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FIGURE 5: Unsaturated hydraulic conductivity of the four groups at 30 days. (a) Control group; (b) P-SI; (c) P-S2; (d) P-S3.

pressure ranges demonstrated that the improvement in soil
water retention mainly occurred in the suction pressure
range of 0 to 3,000 cm, and it was especially marked in the
100 to 800 cm range. At 0 days, the soil in the P-S1, P-S2,
and P-S3 groups showed water content increases of 10.6%
to 26.4%, 14.2% to 17.0%, and 7.7% to 10.6%, respectively,
compared to the control group; the P-S1 group experienced
the increase of 26.4% at a suction pressure of 300 cm. By 15
days, the soil water content in the P-S1, P-S2, and P-S3 groups
increased by 15.4% to 26.5%, 14.8% to 21.6%, and 9.7% to
14.7%, respectively; the largest increase of 26.5% occurred
in the P-SI group at a suction pressure of 500 cm. After
a duration of 30 days, the soil water content in the three
treatment groups increased by 11.8% to 20.7%, 10.2% to 14.4%,
and 5.1% to 9.2%, respectively, with the largest increase of
20.7% occurring in the P-S1 group at a suction pressure of
500 cm. By 50 days, the soil water content increases in each
of the three treatment groups were 8.3% to 23.2%, 12.4% to
18.3%, and 8.8% to 14.1%, respectively; the maximum of 23.2%
occurred in the P-SI group at a suction pressure of 100 cm. By
90 days, these values were 10.3% to 13.0%, 7.3% to 11.6%, and
71% to 10.4%, with the maximum of 13.0% occurring in the

P-S1 group at a suction pressure of 500 cm. At 120 days,
the soil water content in the treatment groups was only
5.6% to 7.7%, 3.4% to 4.0%, and 2.7% to 4.2% higher than
in the control group, and the P-S1 group saw the highest
soil water content increase of 77% at a suction pressure
of 100 cm. Those soil water characteristic curves were used
for predicting specific moisture capacity C(6) to calculate
unsaturated hydraulic conductivities of the soil. Finally, time-
varying functions for the unsaturated hydraulic conductivity
under the effect of SAP were derived from a series of
calculated unsaturated hydraulic conductivities.

3.3. Effect of SAP on Unsaturated Hydraulic Conductivity.
Figures 3-8 show the unsaturated hydraulic conductivities of
the control group and the treatment groups at 0, 15, 30, 50,
90, and 120 days, respectively. Compared to the control group,
we can see the unsaturated hydraulic conductivities of treated
soil sample were greatly decreased after SAP application
during the early period, similar to the effect of SAP on
unsaturated diffusivity. The average decreases in unsaturated
hydraulic conductivity were 85.5% to 94.1% at 0 days, 75.1%
to 82.9% at 30 days, and 65.6% to 76.2% at 50 days. Notably,
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FIGURE 6: Unsaturated hydraulic conductivity of the four groups at 50 days. (a) Control group; (b) P-SI; (c) P-S2; (d) P-S3.

abnormalities were observed in regions with high water
content in all treatment groups at 30, 90, and 120 days. It was
therefore impossible to calculate K values for these regions.
Table 2 displays the curves fitted to unsaturated hydraulic
conductivity data at different times (T" = 0, 15, 30, 50, 90, and
120 d), as well as corresponding degrees of correlation. Time-
varying functional equations describing soil’s unsaturated
hydraulic conductivity were constructed through a compre-
hensive regression analysis. As the regression equations show,
these functions include the time variable ¢, and each regres-
sion’s goodness of fit attained extremely high significance
(P < 0.01), demonstrating that these functions can precisely
reflect the relationships of unsaturated hydraulic conductivity
varying with the test time under the influence of SAP.

4. Discussion

4.1. Water Retention Properties of SAP-Treated Soil. Normally,
the water retention properties of soil are closely correlated
with the pore size, while the water characteristic curve of a
soil sample represents the relationship between its porosity
and water content. When soil is treated with SAP, its water
retention properties are related to both porosity and the SAP’s

water absorbency. An in-depth analysis of the SAP-treated
soil in this study revealed that the SAP had the greatest
effect on water retention in soil sections with suction pressure
between 100 and 800 cm, because these areas exhibited the
greatest increases in water content compared to the control
group and other sections in the treatment groups. This result
was generally consistent with the conclusion drawn by Han
[23], who stated that SAPs have the most dramatic water
conservation effects in soil sections with suction pressure
between 0 and 1000 cm. It is widely accepted that water stored
in the suction pressure range of 0 to 15,000 cm is available
water that can be used by plants, and 50% to 70% of the
avaijlable water content is retained in the suction pressure
range of 0 to 800 cm [24]. Therefore, the water held by SAPs
in this range was considered to be available for growing plants
in this study.

4.2. Hydraulic Parameters of SAP-Treated Soils. The Richards
equation-based modeling of soil water movement relies on
functions that can accurately characterize a soil’s hydraulic
parameters. Normally, the water diffusivity of unsaturated
soil only depends on its water content (6); however, SAP-
treated soil’s unsaturated diffusivity is strongly correlated
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FIGURE 7: Unsaturated hydraulic conductivity of the four groups at 90 days. (a) Control group; (b) P-S1; (c) P-S2; (d) P-S3.

with the duration of the SAP’s presence in the soil (¢), in
addition to soil water content (0). The experimental results
presented in this paper suggest that the SAP had a strong
effect on water diffusion during the early testing period. How-
ever, because the SAP’s water-absorbing membrane structure
was gradually damaged by microbial decomposition and
electrostatic interactions with highly charged ions, fertilizers,
and pesticides dissolved in the soil solution [25, 26], the
effects of enhancing soil water retention and obstructing soil
water movement weakened with time, consistent with the
research finding by Han et al. [12]. This suggests that the
hydraulic parameters of SAP-treated soil are time-varying
and dynamic, a finding that should be fully considered in
constructing water movement models.

The variation in unsaturated hydraulic conductivity K
under the effect of SAP was similar to the variation in unsat-
urated diffusivity D, and the fitted functions were also func-
tions of both water content 6 and duration ¢. In this paper, K
values were estimates obtained from the measurements of D
according to the formula 0 = 0, +(6,-0,)/[1+ (ah)"]™ rather
than real data. The experimental results indicate that when
the difference between the fitted saturated water content (6;)
and fitted wilting point (6,) was smaller than the difference

between the measured water content () and fitted wilting
point (6,), error could occur in calculating the hydraulic
head (h), thus impeding the accurate characterization of K
values in regions with high water content. The lack of K
values in these regions has an adverse impact on the accu-
racy of the fitted time-varying functions; therefore, special
attention should be paid to this phenomenon in modeling.
The aforementioned error can be reduced by improving the
stability and precision of test instruments, such as high-speed
centrifuge and electronic scale.

5. Conclusions

(1) During the early testing period, water diffusion in the
SAP-treated soil samples was significantly impacted
by the presence of SAP. During the period from 0 to 10
days, the average decreases in unsaturated diffusivity
decreased were measured at between 30.6% and
76.6%. As the SAP’s water absorbency declined over
time, the effect of obstructing soil water movement
gradually weakened. During the period between 60
and 120 days, the average decreases in unsaturated
diffusivity fell to 1.2% to 26.1%. In contrast, the
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FIGURE 8: Unsaturated hydraulic conductivity of the four groups at 120 days. (a) Control group; (b) P-SI; (c) P-S2; (d) P-S3.

unsaturated diffusivity of the control group exhibited suction pressure ranging from 100 to 800 cm, and
little variation throughout the experiment; the popu- the water stored in this section was considered to be
lation variance of the control group’s data at different available water.

times was 0.144, compared to 0.387 to 0.398 for the
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parameters of the soil water characteristic curve.
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