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Abstract: Yellow River sediment is the potential resource for saline–sodic soil reclamation. Experi-
ments of one-dimensional soil columns were conducted to investigate the upward and downward 
soil water transportation characteristics for saline–sodic soil mixed with different sediment addition 
(0, 10, 20 kg/m2 in the top 20 cm layer). The saturated hydraulic conductivity, ratio of macroporosity, 
cumulative capillary adsorption and infiltration rate all increased with the increase in sediment ad-
dition. No significant differences were detected for both the initial capillary rise rate and the initial 
infiltration rate for the upward and downward water transportation treatments, respectively. The 
average adsorption and infiltration rates showed an increasing trend with the increased sediment 
addition. The initial and average infiltration rates were higher than the initial capillary rise rate and 
average adsorption rates. The Philip model seems the optimal choice for the dynamic simulation of 
both upward and downward soil water transportation. The results may provide useful information 
for soil salinization amelioration. 
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1. Introduction 
The Yellow River Delta is one of the three major estuary deltas in China, which plays 

an important role in the ecological environment construction and conservation [1–3]. The 
saline–sodic land in this region is about 2.36 × 105 hm2, which accounts for more than 30% 
of the total delta region’s area [4]. In the delta region, the soils have high salinity (with an 
electrical conductivity more than 20 dS/m for saturated extract), with an average sodium 
adsorption ratio (SAR) of more than 30 (mmol/L)0.5 and an exchangeable sodium percent-
age (ESP) of more than 20%; moreover, a low ratio of precipitation (580 mm annual on 
average) to evaporation (1880 mm annual on average) as well as the shallow groundwater 
table (0.5–1.5 m deep) exacerbates salinization [5]. Indeed, soil permeability is seriously 
blocked due to the poor soil particle distribution [6]. It is necessary to take proper 
measures to improve and reduce the current saline–sodic soil for this region. 

In order to prevent salt accumulation and increase desalinization, various materials 
are used for soil water and salt transportation management in saline–sodic soils [7–9]. Li 
et al. [10] found that in the semi-arid loess region of Northwest China, the use of a gravel-
sand effectively reduced soil evaporation and runoff and highly improved soil infiltration 
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and temperature. Sun et al. [11] found that the soil salinization slowed down as the capil-
lary rise was cut off after a gravel sand layer was embedded in the soil in North China. In 
the Huang Huai Hai plain of China, Zhang et al. [12] found that punching sediment could 
increase the water infiltration rate of the saline–sodic soil. There are about 1.08 × 109 tons 
of sediments per year transported from the Loess Plateau to the downstream delta by the 
Yellow River, and only 10–15% of the sediments are transported to the field by irrigation. 
Most sediments (mainly silt particles) are deposited on both sides of the riverbed, where 
ecological problems such as soil desertification and sandstorms often occur [13,14]. Be-
cause the sand particle content is relatively high and the available water is low for the 
sediment, how to deal with the accumulated sediments remains a serious problem [15–
17]. Previous studies have shown that sediment addition can change both the soil particle 
composition ratio and soil texture, thus changing the water and salt transport pattern of 
saline–sodic soil [18,19]. On the other hand, sediment addition can enhance the soil aggre-
gate structure and increase the soil water retention and storage capacity [20,21]. Therefore, 
sediment addition to the soil can not only increase the infiltration capacity of soil but can 
also increase the water content of soil below the sediment addition layer, which can effec-
tively inhibit the evaporation of soil water and the accumulation of salt in the surface layer 
[22]. However, the improvement mechanism of sediment on saline–sodic soil and the dy-
namic characteristics of soil water and salt movement after sediment addition are not clear. 

Modeling is widely accepted for its convenience and labor-saving. The accurate per-
formance of the soil water transportation is of critical importance in hydrological model-
ing. Numerous water transportation models have been established in the past 100 years, 
such as the Green–Ampt, Kostiakov, Horton and Philip models [23–27], and they are 
tested and evaluated under various conditions [26,27]. However, most of the previous stud-
ies mainly paid attention to the influence of soil texture, vegetation cover and rainfall inten-
sity and seldom considered the impacts of layered soil which were influenced by human 
activity or natural disturbance [27–29]. Finding the proper water transportation models for 
layered soil is critical for soil water management and saline–sodic soil amendment. 

We hypothesized that after mixing saline–sodic soil with sediment, the soil pore dis-
tribution changes (because there are significant differences in the proportion of soil parti-
cles between the two materials) and affects the soil water and salt movement process. 
Based on the above analysis, the purpose of this study is to evaluate the effects of sediment 
addition on soil infiltration, the capillary rise process and the soil water and salt transport 
mechanism of saline–sodic soil. Moreover, the performance of three water transportation 
models (Kostiakov, Horton and Philip) will be evaluated with the addition of sediment. 
The results can provide a theoretical basis for the improvement of saline–sodic soil by 
sediment in the Yellow River Delta. 

2. Materials and Methods 
2.1. Experimental Design 

The experiment was conducted in the Water Conservancy and Civil Engineering 
Center of Shandong Agricultural University from 2018-12 to 2019-03. The air temperature 
was 12–18 °C and the relative humidity was 17–50% during the experimental period. The 
soil samples were taken from Bin-Zhou City, Shandong Province (37°17′–38°03′ N, 
117°42′–118°04′ E; 4 m above sea level), and the sediments were taken from the settling 
basin of Xiao Kai He irrigation district (serves as an ideal site for large-scale application 
of Yellow River sediment). According to our previous investigation, the saline–sodic soil 
has high clay content and low sand content with a soil salt content of 4.01 g/kg, and the 
soil texture is sandy clay, while the Yellow River sediment has low clay content and high 
sand content, and the soil texture of the sediment is loamy fine sand (Table 1). According 
to the conclusions of Mao et al. and Wang et al. [18,30], three sediment additions (0 
kg/m2,10 kg/m2 and 20 kg/m2) were mixed with saline–sodic soil in the upper 0–20 cm 
layer with a bulk density of 1.35 g/cm3 to simulate the capillary water rise (upward) and 
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soil water infiltration (downward) process. The experiment included 6 treatments, and 
each treatment was repeated 3 times. For the capillary water level rise (upward water) 
treatments, the sediment additions of 0 kg/m2,10 kg/m2 and 20 kg/m2 were named U0, U10 
and U20, respectively. Correspondingly, the soil water infiltration (downward water) 
treatments were D0, D10 and D20, respectively. Therefore, both U10 and D10 and U20 and 
D20 have the same soil physical properties (Table 1).  

Table 1. Soil physical properties for different treatments. 

Treatments Soil Texture 
Percentage of Particle Content (%) 

pH ECe 
(dS/m) 

Organic 
Matter 
(g/kg) 

Total N 
(g/kg) 

ESP 
(%) Clay 

0–2 μm 
Silt 

2–50 μm 
Sand 

50–2000 μm 
Sediment Loamy Fine Sand 0.39 22.91 76.69 7.6 1.78 12.42 1.42 28.7 

U0/D0 Sandy Clay 35.13 19.25 45.62 8.2 6.52 3.28 0.47 10.2 
U10/D10 Sandy Clay 35.49 18.34 46.17 8.2 6.47 3.35 0.51 10.1 
U20/D20 Sandy Clay 36.07 16.64 47.29 8.1 6.50 3.61 0.56 9.7 

Note: Soil particles were measured with pipette sampling method; ECe is the electrical conductiv-
ity for saturate soil; ESP is the exchangeable sodium percentage. 

Plexiglass tubes with uniform perforation at the bottom (aperture 1.5 mm) were pre-
pared for the experiment, and the tubes were 14 cm in inner diameter and 60 cm in height 
with a thickness of 0.5 cm. A gravel-sand (2–3 mm in diameter) layer was placed at the 
bottom of the column, and filter paper was placed between the saline–sodic soil and the 
gravel-sand filter layer to prevent mixing. The gravel-sand was cleaned with diluted hy-
drochloric acid and distilled water before the experiment. The saline–sodic soil was filled 
in layers (5 cm at a time) to a height of 50 cm, and there was a 5 cm space reserved at the 
top of the plexiglass column (Figure 1). The soils and sediments were air-dried, crushed 
and passed through a 2 mm sieve before being statically compacted. The water head 
height is maintained at 5 cm for one-dimensional pounding infiltration, controlled by 
Mariotte bottle. The gravel-sand was immersed in the beaker to simulate the capillary rise 
of groundwater under natural conditions. The outlet of the Mariotte flask was consistent 
with the gravel-sand surface. 

 
Figure 1. Experimental equipment. 

2.2. Simulation Models 
The Kostiakov (Equation (1)), Philip (Equation (2)) and Horton (Equation (3)) models 

corresponding with time were selected to adjust the observed values [23–26]: 
1−= αα kxy  (1) 
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5.0

2

1 −+= kxay  (2) 

xceby β−+=  (3) 

where y is the infiltration rate (mm/h) and x is the infiltration time (min); α, β, a, b, c and k 
are statistical parameters of the models and estimated by nonlinear regression using the 
least squares method. 

2.3. Data Collection and Analysis 
Saturated hydraulic conductivity for sediment additions of 0, 10 and 20 kg/m2 soil 

samples were measured with Ksat hydraulic conductivity equipment (Germany) based 
on the falling head method. Soil samples were prepared to the special ring knife (80 mm 
in inner diameter and 50 mm in height). The samples were saturated with water before 
measuring, Ksat can be calculated with the Darcy' Law as water passes through the ring 
knife from the bottom to the top layer at a certain time. Soil porosity is important for water 
movement, and we regarded pore diameters of 0.2–1 μm, 1–30 μm and >30 μm as mi-
croporosity, mesoporosity and macroporosity, respectively, according Nimmo, Rabot et al. 
[31,32]. Equivalent pore diameter and its porosity ratio calculation can be referred to 
Equations (4) and (5):  

h
d

σ4=  (4) 

%100×=
s

p
ν
ν ω  (5) 

where d represents diameter of permeable pore, μm; σ means surface tension of water, 75 
× 10−5 N/cm; h means soil water potential, cm; p means soil porosity ratio, %; υw means soil 
water volume discharged above the corresponding soil water potential, cm3; υs means vol-
ume of soil sample, cm3. 

For pore diameters of 0.2–1 μm, 1–30 μm and >30 μm, we simply set their equivalent 
pore diameters as 0.6 μm, 15.5 μm and 1015 μm, respectively. The soil water characteristic 
curve can be measured by the pressure-membrane method, and a 10 mm in height and 50 
mm in diameter soil sample should be prepared before measuring. For both of the satu-
rated hydraulic conductivity and water characteristic curve soil samples, three replica-
tions (with a dry density of 1.35 g/cm3) are needed to minimize the measurement error. 

The depth of wetting front, amount of infiltration and recording time were recorded 
at 30 min intervals at the beginning, at increasing intervals as the experiment progressed 
and at approximately 24 h intervals at the end of the experiment. We ended the experi-
ments as the wetting front moves to the top layer for the capillary rise process and to the 
bottom layer (above the gravel sand layer) for the infiltration process. A balance with an 
accuracy of ±0.01 g was used to measure the cumulative capillary adsorption amount dur-
ing the capillary rise process. In order to understand the characteristics of capillary water 
rise in different periods, the capillary water rise height was arbitrarily divided into initial, 
steady, transition and sandy periods of capillary water rise, which indicated the 0–10 cm, 
10–20 cm, 20–30 cm and 30–50 cm stages, respectively, from bottom to top. After the ex-
periment ended, the soil moisture and electrical conductivity of the saturated extract (ECe) 
were measured by oven-drying method and conductivity method from 3 repeated soil 
samples with depths of 0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45 and 45–
50 cm. The soil samples prepared for soil moisture and electrical conductivity were col-
lected using a soil corer. 

The coefficients of determination R2 were used to evaluate the regression goodness, 
and the calculation of R2 can be referred to Formulas (6)–(8): 
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where SSres means residual sum of squares, SStot means total sum of squares, y
−

means 
average value of yi and fi means error for yi. The coefficient of determination R2 is between 
0 to 1, and the higher the value, the better the performance. 

The statistical analyses were carried out by using SPSS (Ver. 16.0, SPSS Inc., Chicago, 
IL, USA). An analysis of variance (ANOVA) with least significant difference (LSD) (p < 
0.05) was used to determine the differences between means. The distributions of soil water 
content, and ECe were analyzed by using Excel 2007. 

3. Results and Discussion 
3.1. Variation of Saturated Soil Hydraulic Conductivity and Porosity Ratio 

As shown in Table 2, the saturated soil hydraulic conductivity of 10 kg/m2 (U10/D10) 
and 20 kg/m2 (U20/D20) sediment addition treatments increased significantly (p < 0.05), 
and were 3.28 and 12.06 times higher than that of 0 kg/m2 (U0/D0). For 10 kg/m2 (U10/D10) 
and 20 kg/m2 (U20/D20) treatments, the ratio of macroporosity increased by 19.85% and 
63.45%, respectively, while the ratio of microporosity decreased by 24.91% and 60.32%, re-
spectively. Therefore, it can be seen that sediment addition mainly increased the macroporos-
ity ratio and decreased the microporosity ratio, and the increase in the macroporosity ratio 
could increase the saturated soil hydraulic conductivity to some extent [11,23]. 

Table 2. Variation in saturated soil hydraulic conductivity and porosity ratio for different sediment 
addition. 

Sediment Addition 
(kg/m2) Treatments 

Saturated Soil Hydrau-
lic Conductivity  

(×103 cm/min) 

Ratio of Soil Porosity (%) 

Macroporosity Mesoporosity Microporosity 

0 U0/D0 0.36 c 9.52 c 13.75 a 8.67 a 
10 U10/D10 1.18 b 11.41 b 12.18 ab 6.51 b 
20 U20/D20 4.34 a 15.56 a 11.37 b 3.44 c 

Note: Values followed by the same letter within a column are not significantly different at p < 0.05, 
as determined by the LSD test. U0/D0, U10/D10 and U20/D20 indicate the treatments of the sedi-
ment addition with 0 kg/m2,10 kg/m2 and 20 kg/m2, respectively. 

3.2. Characteristics of Upward Water Transportation 
3.2.1. Variation of Capillary Water Rise Height 

It showed that the height of capillary water rise increased with time in the 0–50 cm 
layer, and there was no significant difference among U0, U10 and U20 at the same time 
(Figure 2). In the 0–10 cm soil layer, the capillary water rise height over time followed the 
power relationship with the determination coefficients higher than 0.99 for U0, U10 and 
U20 (Figure 2b). In the 10–20 cm and 20–30 cm soil layers, the capillary rise height of U0, 
U10 and U20 showed a linear relationship with time, and the capillary water rise height 
of U0 was higher than that of U10 and U20 at the same time. For the 30–50 cm soil layer, 
the capillary water rise height varied with time and showed a linear relationship. The 
actual capillary water rise height is higher than the simulated height (Figure 2e), which 
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can be attributed to the comprehensive impact of the soil particle composition structure 
and soil water gravity on the soil layer with the added sediment [33]. 

   
(a) (b) (c) 

  

 

(d) (e)  

Figure 2. Variation of capillary rise height with time (a), initial (b), steady (c), transition (d) and 
sandy (e) period. U0, U10 and U20 indicate the upward water treatments of the sediment addition 
with 0 kg/m2,10 kg/m2 and 20 kg/m2, respectively. 

3.2.2. Variation of Capillary Rise Rate 
The capillary rise rate decreased rapidly in the 0–400 min period, and the capillary 

rise rate fluctuated within 0.1–0.5 × 10−3 cm/min for U0, U10 and U20 (Figure 3) during the 
sandy period. The capillary rise rates were 74.17 × 10−3 cm/min, 49.17 × 10−3 cm/min and 
61.67 × 10−3 cm/min at the beginning and were 1.8947 × 10−3 cm/min, 1.5762 × 10−3 cm/min 
and 1.7504 × 10−3 cm/min on average during the whole experimental period for U0, U10 
and U20, respectively (Figure 3). The capillary rise rates for the beginning and the average 
of the three treatments were not significantly different (p < 0.05, Figure 3). In the 0–10 cm 
layer, the capillary rise rate treated by U0, U10 and U20 showed a power relationship with 
time, and the determination coefficients were more than 0.9. The capillary rise rate of U0 
and U20 were 24.61% and 11.24% higher than those of U10 in 0–10 cm layers, and were 
18.72% and 18.87% higher than those of the U10 in 10–20 cm layers, while the capillary 
rise rate of U10 and U20 were higher than those of U0 in both the 20–30 cm and the 30–50 
cm layers (Table 3). According to the relationship between the capillary rise height and 
soil porosity [34], it can be seen that the sediment addition to saline–sodic soil will affect 
the capillary rise rate to a certain extent. 
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(a) (b) (c) 

 

(d) (e)  

Figure 3. Variation of capillary rise rate with time (a), initial (b), steady (c), transition (d, and 
sandy (e) period. U0, U10 and U20 indicate the upward water treatments of the sediment addition 
with 0 kg/m2,10 kg/m2, and 20 kg/m2, respectively. 

Table 3. Capillary water adsorption variation for different treatments. 

Treatments 

Cumulative Capillary  
Adsorption Amount (kg) 

Capillary Rise Rate 
(×10−3 cm/min) 

Capillary Adsorption Rate  
(×10−3 kg/min) 

Initial 
0–10 
cm 

Steady 
10–20 

cm 

Transition 
20–30 cm 

Sandy 
30–50 

cm 

Initial 
0–10 
cm 

Steady 
10–20 

cm 

Transition 
20–30 cm 

Sandy 
30–50 

cm 

Initial 
0–10 
cm 

Steady 
10–20 

cm 

Transition 
20–30 cm 

Sandy 
30–50 

cm 
U0 0.342 c 0.707 c 0.231 c 0.761 c 6.11 a 0.780 a 0.397 a 0.294 c 0.13 c 0.036 b 0.017 b 0.018 a 
U10 0.373 a 0.770 a 0.27 b 0.894 b 4.90 c 0.657 b 0.412 a 0.335 a 0.19 a 0.042 ab 0.020 a 0.022 a 
U20 0.355 b 0.754 b 0.285 a 0.956 a 5.49 b 0.781 a 0.412 a 0.318 b 0.17 b 0.047 a 0.019 ab 0.022 a 

Note: U0, U10 and U20 indicate the upward water treatments of the sediment addition with 0 kg/m2, 
10 kg/m2 and 20 kg/m2, respectively. Values followed by the same letter within a column are not 
significantly different at p < 0.05, as determined by the LSD test. 

3.2.3. Variation of Soil Water Adsorption 
Similar to the variation of the capillary rise height with time, the cumulative capillary 

soil water adsorption with time also presents power relationship for U0, U10 and U20 
(Figure 4a). Compared with U0, the cumulative capillary soil water adsorption of U10 and 
U20 increased by 9.06% and 3.80% for the initial period, increased by 8.91% and 6.65% for 
the steady period, increased by 16.88% and 23.88% for the transition period and increased 
by 17.48% and 25.62% for the sandy period (Table 3). The results showed that the mixed 
sediment layer not only increased the adsorption capacity of the mixed layer to soil water 
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but also had a positive impact on its adjacent layers, and similar results can also be seen 
in Song et al.’s investigation [35]. 

  
(a) (b) 

Figure 4. Variation of cumulative capillary water adsorption (a) and capillary adsorption rate (b) 
with time. U0, U10 and U20 indicate the upward water treatments of the sediment addition with 0 
kg/m2,10 kg/m2 and 20 kg/m2, respectively. 

During the capillary rise period, the soil adsorption rate showed a power formula 
with time for the upward water treatments (U0, U10, U20). The capillary soil water ad-
sorption rate of each treatment decreases sharply and then tends to be stable (Figure 4b). 
The capillary soil water adsorption rates of U0, U10 and U20 were 0.200 × 10−3 kg/min, 
0.533 × 10−3 kg/min and 0.233 × 10−3 kg/min at the beginning. The capillary soil water ad-
sorption rate varies between 0 and 0.05 ×10−3 kg/min with a small fluctuation amplitude 
during the final period. The average capillary soil water adsorption rate showed a gradual 
decrease for U0, U10 and U20 in the initial, steady, transition and sandy periods, and the 
average capillary soil water adsorption rate of U10 and U20 was higher than that of U0 dur-
ing the whole experimental period (Table 3), which is similar to previous studies [12,13]. 

3.2.4. Relationship between Capillary Rise Height and Cumulative Soil Water Adsorp-
tion Amount 

The fitting results showed that there was a linear correlation (R2 > 0.99) between the 
capillary rise height and soil water adsorption (Figure 5). The slope of the fitting equations 
of U10 and U20 were slightly higher than that of U0, which indicated that saline–sodic 
soil mixed with sediment could increase soil water adsorption and improve the soil water 
holding capacity under the same conditions of capillary rise. Similar conclusions can also 
be seen from Ma et al. [3] and Philip [27]. 

 
Figure 5. Relationship between the capillary rise height and the cumulative adsorption water 
amount. U0, U10 and U20 indicate the upward water treatments of the sediment addition with 0 
kg/m2, 10 kg/m2 and 20 kg/m2, respectively. 
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3.3. Characteristics of Downward Soil Water Transportation 
3.3.1. Wetting Front Migration 

In the 0–50 cm soil layer, the wetting front migration is positively correlated with 
time. The determination coefficients (R2) of D0, D10 and D20 are greater than 0.97, and the 
slopes of D10 and D20 are greater than that of D0, which indicates that the infiltration rate 
of D10 and D20 is high (Figure 6a). This can be attributed to the ratio of the macroporosity 
increase with the addition of sediment. However, in the 0–20 cm soil layer, the infiltration 
wetting front showed an exponential relationship with time, and the determination coef-
ficients were all above 0.99 for D0, D10 and D20 (Figure 6b). Furthermore, a positive cor-
relation was shown in the 20–50 cm layer with the determination coefficients of 0.993, 
0.9878 and 0.9935 for D0, D10 and D20, respectively (Figure 6c). The simulation of piece-
wise functions is better than full-time simulation, which is similar to Mathur et al. [21] and 
Gan et al. [36]. The difference of the fitting curve among the D0, D10 and D20 treatments 
at different soil layers can mainly be attributed to the air resistance as poor ventilation 
inside the soil [30]. 

   
(a) (b) (c) 

Figure 6. Variation of soil wetting font migration with time (a), 0–20 cm soil layer (b), 20–50 cm soil 
layer (c). D0, D10 and D20 indicate the downward water treatments of the sediment addition with 
0 kg/m2,10 kg/m2 and 20 kg/m2, respectively. 

Under the condition of constant head infiltration, it takes 12,000 min, 7675 min and 
4985 min to migrate from the surface to 20 cm depth for D0, D10 and D20, respectively 
(Figure 6b). The time required for D0 was approximately 1.56 and 2.41 times higher than 
that of D10 and D20, respectively. Moreover, it takes 27,331 min, 12,960 min and 12,770 
min for the wetting front to move from the 20 cm to 50 cm depth for D0, D10 and D20, 
respectively (Figure 6c). These results indicate that sediment addition to the saline–sodic 
soil not only improved the wetting front migration rate in the mixed layers but also im-
proved the migration rate of the wetting front in unmixed soil layer, which is similar to 
Song et al. [35] and Mathur et al. [21]. 

3.3.2. Soil Water Infiltration Rate 
In the 0–20 cm layer, the infiltration rates of D0, D10 and D20 were rapidly reduced 

from 176.67 × 10−3 cm/min, 163.3 × 10−3 cm/min and 175.0 × 10−3 cm/min at the beginning to 
0.963 × 10−3 cm/min, 1.111 × 10−3 cm/min and 1.974 × 10−3 cm/min at the end, which were 
reduced by 183.46, 147.01 and 88.65 times, respectively (Figure 7a). The average infiltra-
tion rates of the 0–20 cm layer for D0, D10 and D20 were 7.834 × 10−3 cm/min, 8.733 × 10−3 
cm/min and 13.254 × 10−3 cm/min, respectively. The infiltration rate of the three treatments 
initially increased and then decreased with time in the 20–50 cm layer (Figure 7b), and 
D10 and D20 both reached a maximum infiltration rate at 13,887 min (corresponding to 
infiltration depths of 37.5 cm and 42.5 cm, respectively), while D0 reached a maximum 
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infiltration rate at 20,000 min (corresponding to an infiltration depth of 25.6 cm). During 
the water infiltration progress, the average infiltration rate of D0 was significantly lower 
than those of D10 and D20 in the 20–50 cm layer (which were 1.10 × 10−3 cm/min, 2.16 × 
10−3 cm/min and 2.19 × 10−3 cm/min for D0, D10 and D20, respectively). In the 0–50 cm 
layer, the average infiltration rates for D0, D10 and D20 were 4.936 × 10−3 cm/min, 6.560 × 
10−3 cm/min and 8.315 × 10−3 cm/min, respectively. 

  
(a) (b) 

Figure 7. Variation of soil infiltration rate with time (a) and detail variation of relative low infiltra-
tion rate from 5700 min to the final period (b). D0, D10 and D20 indicate the downward water treat-
ments of the sediment addition with 0 kg/m2,10 kg/m2 and 20 kg/m2, respectively. 

Considering the effect of capillary water gravity, the soil infiltration rates of D0, D10 
and D20 showed significant differences (p < 0.05). The infiltration rate of D0, D10 and D20 
increased first and then decreased, and the infiltration rates of D10 and D20 were signifi-
cantly higher than D0 (Figure 7b). This can be explained by the theory of soil liquid and 
air exchange during the infiltration process: soil air gradually migrates to the bottom and 
is replaced by water [37]. Moreover, this phenomenon may also be related to the water 
conductivity and air conduction performance of the bottom filter layer (thickness, filter 
gradation) [38,39]. 

3.4. Comparison of Downward and Upward Soil Water Movement 
3.4.1. Duration Time 

For the process of water capillary rise and infiltration, the initial capillary water ab-
sorption/infiltration rate of soil is much higher than that in the steady state, which is due 
to the low soil water content and high soil water absorption in the initial state [40,41]. The 
water conveyance time to pass through the 50 cm height soil column for U0, U10 and U20 
is 2.5, 4.9 and 5.7 times higher than that of D0, D10 and D20, respectively, which can be 
attributed to the water gravity resistance in the process of capillary water rise. Moreover, 
we can also see that the effect of sediment addition on water infiltration is more obvious 
than that of capillary rise, and the greater the sediment addition, the shorter the infiltra-
tion time. This is because with the sediment addition, both the soil-saturated hydraulic 
conductivity and macroporosity are increased (Table 2).  

3.4.2. Soil Water and Salt Distribution 
The distribution of soil water and salt after the capillary rise/infiltration process are 

shown in Figure 8. It can be seen that the soil moisture of D0, D10 and D20 decreases from 
the surface to the bottom layer (Figure 8a), while the soil ECe increases with the increase 
in soil depth (Figure 8b). The distribution results of soil moisture and ECe in U0, U10 and 
U20 were opposite with those of D0, D10 and D20 (Figure 8). The soil water moisture 
distribution of capillary rise and infiltration was symmetrically distributed at x = 32% 
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m/m, and the soil ECe was symmetrically distributed with y = 25 cm. However, the distri-
butions of both the soil moisture and ECe for water capillary rise and infiltration process 
are not strictly symmetrical. In the 0–50 cm soil layer, the average soil moisture of down-
ward treatments (D0, D10, D20) is 17.81% higher, and the average ECe is 31.47% lower 
than that of the upward treatments (U0, U10, U20), mainly because the duration time for 
the upward water treatments (U0, U10, U20) is relatively long and the cumulative evapo-
ration amount is relatively high compared with the downward treatments (D0, D10, D20).  

  
(a) (b) 

  
(c) (d) 

Figure 8. Distribution of soil moisture (a, c) and saturated extract electrical conductivity (ECe) (b, d) 
for downward/upward water treatments. D0, D10 and D20 indicate the sediment addition treat-
ments with 0 kg/m2,10 kg/m2 and 20 kg/m2, respectively, for downward water; U0, U10 and U20 
indicate the sediment addition treatments with 0 kg/m2,10 kg/m2 and 20 kg/m2, respectively, for 
upward water. 

3.5. Modeling of Soil Water Infiltration and Capillary Water Rise 
The wetting font migration rate for soil water infiltration and capillary water rise 

were simulated with the Kostiakov, Philip, and Horton models, and the results are shown 
in Table 4. We can see that the Philip model performs the best among the three models in 
fitting both the upward and downward water process of saline–sodic soil, with the R2 all 
above 0.74, while the average R2 of the Horton model was the lowest among the three 
models, indicating that the Philip model can simulate both upward and downward water 
migration processes. Moreover, we can also see that the Kostiakov model performs better 
in the upward treatments (U0, U10 and U20) than the downward treatments (D0, D10 and 
D20), which is mainly because of the air resistance and the complicated pore distribution 
structure [37,39]. 
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Table 4. Simulation results of soil water infiltration and capillary water rise model. 

Treat-
ments Kostiakov R2 Philip R2 Horton R2 

U0 y = 97.259×x−0.535 0.8302 y = 194.77×x−0.5 − 1.6794 0.7477 y = 17.23×EXP(−0.001×x) + 0.2491 0.3184 
U10 y = 75.103×x−0.509 0.8478 y = 146.95×x−0.5 − 1.0253 0.8713 y = 16.106× EXP (−0.001×x) + 0.2586 0.3837 
U20 y = 88.435×x−0.522 0.8551 y = 171.57×x−0.5 − 1.3432 0.8013 y = 14.444× EXP (−0.001×x) + 0.2755 0.4576 

D0 y = 87.723×x−0.479 0.706 y = 360.38×x−0.5 − 4.7121 0.8017 y = 116.96× EXP (−0.0015×x) + 
0.6528 

0.6868 

D10 y = 164.21×x−0.598 0.609 y = 344.85×x−0.5 − 4.7347 0.8242 y = 109.77× EXP (−0.0015×x) + 
1.3804 0.701 

D20 y = 176.56×x−0.519 0.6738 y = 392.07×x−0.5 − 5.2418 0.8849 
y = 125.33× EXP (−0.0015×x) + 

1.9791 0.7658 

Note: U0, U10 and U20 indicate the treatments of the sediment addition with 0 kg/m2,10 kg/m2 and 
20 kg/m2, respectively, for upward water; D0, D10 and D20 indicate the downward water treatments 
of the sediment addition with 0 kg/m2,10 kg/m2 and 20 kg/m2, respectively, for downward water. 

4. Conclusions 
The results showed that with the increase in sediment addition, both the macroporos-

ity ratio and saturated soil hydraulic conductivity of the mixed soil increased. The addi-
tion of sediment significantly increased the soil water wetting front migration rate and 
promoted the soil water adsorption amount. A liner relationship was established between 
the capillary rise height and soil cumulative water absorption amount. The Philip model 
is more suitable for both modelling the capillary water rise and soil water infiltration pro-
cess. Considering the water and salt distribution after the infiltration/capillary rise pro-
cess, the 20 kg/m2 sediment addition seems to be more helpful to promote salt leaching or 
prevent salt accumulation. As the dynamics of soil water and salt movement are influ-
enced by various factors, further study needs to be conducted. 
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