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Abstract: In subsurface irrigation systems in desert areas, the wetting front transport pattern allows
the determination of irrigation flow and timing. In this study, an indoor subsurface irrigation
experiment on aeolian sandy soil is designed, and the vertical and horizontal wetting front movement
distances under different irrigation flows are obtained. The dimensional analysis method was used
to perform a dimensional analysis on the experimental data. An empirical setting front distance
estimation model, which only considers three parameters, saturated hydraulic conductivity Ks,
irrigation flow Q, and total irrigation volume V, was proposed. The model’s accuracy was statistically
evaluated with the observed data and verified by a numerical simulation using HYDRUS-2D/3D.
The mean absolute error (MAE) and root mean square error (RMSE) of the proposed model in the
horizontal and downward directions were 0.80 and 0.95 cm, respectively, with a percentage bias
(PBIAS) of −3.47 ≤ ±10 and a Nash–Sutcliffe efficiency (NSE) of 0.98, which is close to 1. Thus, this
model can contribute to the selection of the appropriate depth and spacing of subsurface laterals.

Keywords: subsurface irrigation; aeolian sandy soil; wetting front; dimensional analysis;
irrigation model

1. Introduction

Sand-fixing vegetation is the preferred approach to prevent wind and sand disasters
and build ecological barriers in sandy areas [1]. Due to the limited water resources in the
desert, sand fixation by plants is also greatly limited. At present, the irrigation system in
plant sand-fixing areas is generally surface irrigation, while the intense evaporation and
low water capacity in desert areas lead to low irrigation efficiency [2]. An efficient irrigation
method is required to reduce surface evaporation in desert areas while satisfying the need
for a precise water supply to plant roots.

Subsurface irrigation, a water-saving irrigation method for deep-rooted plants, and
direct plant root irrigation increase water use efficiency by creating a wetter local root
zone [3–5]. Subsurface irrigation provides significant water savings compared to surface
drip and surface sprinkler irrigation methods [6–10]. Meshkat et al. [11] replaced the soil
under an emitter with coarse sand to form the early Sand Tube Irrigation (STI) method.
They found that soil water evaporation from surface drip irrigation was much greater than
that from sand tube irrigation. The results of field trials conducted by Yanni et al. [12] in a
similar manner showed that the water content of the root distribution area was significantly
higher for sand tube irrigation than surface drip irrigation at the same irrigation level.
Studies have shown that subsurface irrigation has a more obvious advantage of saving
30–70% of water compared to surface irrigation [13–15].

There are many factors affecting the water infiltration pattern of irrigated soils, such
as the physical properties of the soil, initial water content, bulk weight, soil matrix content,
irrigation volume, and flow rate [16–18]. Huang et al. showed that the nature of the soil
is the most important factor affecting the infiltration pattern [19,20]. Li et al. [21] studied
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the distribution pattern of wet fronts under four influencing factors: irrigation quota,
irrigation flow, initial soil moisture content, and capacitance. Among them, irrigation water
quantity and irrigation flow rate have a great influence on the transport of wetting fronts.
Fan et al. [22] concluded from an indoor subsurface irrigation experiment that irrigator
burial depth has a significant effect on the location of the water distribution and the volume
of wetted bodies.

In subsurface irrigation systems, the design of the irrigation scheme directly affects
the geometry of the wetting front and is of considerable importance for efficient water
use [23–25]. The transport distance of wetting fronts in vertical and horizontal directions
is an important parameter to characterize the movement law of wetting fronts [26], and
the establishment of infiltration models to calculate the geometry of wetting fronts is a
common method used to describe the soil moisture transport law, and numerous stud-
ies have been conducted by scholars, as presented in Table 1. The infiltration models
are mainly established by equation derivation, inverse analysis, and data fitting, and the
main types of models according to different methods are mathematical, numerical, and
empirical [22,27–35]. The HYDRUS-2D/3D soil water transport simulation software de-
veloped by Van Genuchten and Simunek is a numerical simulation method based on the
theory of unsaturated soil hydrodynamics used to quantitatively describe the soil wetting
front movement patterns and water transport distribution characteristics under subsurface
irrigation conditions [36], and has been widely used in soil water transport studies for
point- and line-source irrigation methods because of its accurate simulation results [28–31].

Mathematical and numerical models are limited by the starting conditions, boundary
conditions, and basic physical properties of the soil, as well as the high computational
power [37–39]. Empirical models are applicable to the corresponding soil properties and
irrigation methods, due to their simplicity and easy access to parameters, which makes
them more convenient to apply in the field [40]. Cristobal-Munoz and Al-Ogaidi et al.
conducted surface point source irrigation experiments on different soils and fitted empirical
models for a wide range of parameters [32,35]. Most of the literature to date has developed
infiltration models for surface irrigation, and there are fewer studies on infiltration models
for subsurface irrigation [41,42]. Fan et al. developed an empirical model of cumulative
irrigation infiltration through subsurface vertical line source irrigation experiments [22].
Wang et al. fitted an empirical model of wetting peak transport based on the experimental
data from in-line subsurface drip irrigation trials [43]. Most empirical models are based on
specific experimental conditions and are built by means of statistics on the experimental data.

The gauge theory can be briefly described as follows: any equation involving n physi-
cal quantities is equivalent to an equation involving only a lower number of dimensionless
quantities, and this equivalence simplifies physical problems. Establishing the intrinsic con-
nections and quantitative functional relationships between these physical quantities allows
the establishment of scientifically accurate, similar models [44,45]. The use of dimensional
analysis can not only reduce the number of experiments and optimize the experimental
design, but can also reduce the difficulty of data processing and reflect the laws between
physical quantities with fewer physical quantities; therefore, it has attracted considerable
interest from researchers. At present, the dimensional analysis method has been applied
for the calculation of neural dynamics, the establishment of equations for the asymmetric
discontinuous cross-slope bracing system, and the prediction of tunnel-boring machine
performance [46–48]. However, few subsurface irrigation models have been developed to
describe wetting peak geometry using the volume analysis method. Moreover, the soils
studied in most infiltration models at present are mostly loamy, chalky, and sandy soils com-
mon in economic crops [22,32–35], and there are few relevant studies for wind-deposited
sands in desert areas [49,50].
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Table 1. Wetting front movement calculations for various soils under different irrigation methods.

Category Applied Soil Irrigation
Method Equation Basis for

Establishment

Mathematical
Model Silt Surface point

source [27] D(t)/H(t) = 1 + Kst
2(θ f−θi)

Derivation of
Richards’ equation

Numerical
Model

All soil types
[28–31]

-
θ(h) = θr +

θs+θr

(1+|αh|n)
m

K(Se) = KsSl
e

[
1−

(
1− Sl/m

e

)m]2
Inversion of soil

parameters

Empirical
Model

Sandy clay loam Surface point
source [32]

H = Q0.2975Ks
3.1679t0.3490θi

0.0903Pb
7.1565OM−2.8332

D = Q0.2858Ks
1.0710t0.4786θi

0.2771Pb
8.5567OM−0.3984

Test fitting

All soil types Surface point
source [33]

H = 4.01K0.242
s d0.105t0.313 + 0.5D

D = 3.77K0.138
s d0.089t0.48K0.135

s D0.117

Loam, sandy
loam

Point source
[34]

H = 2.3675t−0.00691Vm
0.2623

D = 1.2460t−0.05076Vm
0.3124

All soil types Surface [35]

H = 0.0625 t0.2562Q0.2716 pb
−0.0255θi

0.1112

Ks
0.335S0.6303Si

0.1222C0.6028

D = 6.3555 t0.3903Q0.324 pb
1.8315θi

0.0198

Ks
−0.084S−0.1917Si

0.1105C−0.4265

All soil types Surface [38] d = 1.32D0.35Q0.33Ks
−0.33

Loam, silty and
sandy loam

Subsurface line
source [22]

H = 3.9Ks
0.25(θs − θi)

0.14L0.14D0.08t0.34

D = 8.1Ks
0.52(θs − θi)

0.35L0.08D0.18t0.43 + L/2

Notes: H is the horizontal dimension of the wetting front (cm); D is the vertical, downward dimension of the
wetting front (cm); Q is the irrigation flow (L/h); d is the maximal width of wetting body (cm); Ks is the saturated
hydraulic conductivity (cm/s); t is the irrigation time (h); θi is the initial water content (cm3/cm3); θf is the water
content near the wetting front (cm3/cm3); θs is the saturated water content (cm3/cm3); Pb is the soil bulk weight
(g/cm3); OM is the percentage of organic matter (%); d is the infiltration source diameter; L is the line source length;
S, Si, and C are the percentages of sand, silt, and clay in the soil (%), respectively; Se is the relative saturation of
soil (cm3/cm3); α and n denote fitting parameters, m = 1 − 1/n, n > 1; α denotes the parameter related to the
physical properties of the soil (cm−1); h denotes the substrate potential (cm); l denotes the connectivity parameter,
usually taken as 0.5.

Therefore, in this paper, the multiple physical quantities involved in the test are
simplified into dimensionless equations by using the dimensional analysis method based
on the test data through an indoor aeolian sandy soil subsurface irrigation test. The
experimental data are dimensionlessly processed and the model is established by the
derivation of corresponding equations. The correctness of the proposed model is verified
and compared with the numerical model. A less parametric model for predicting the
transport distance of a wetting front of aeolian sandy soil is proposed and validated.

2. Materials and Methods
2.1. Infiltration Experiment of Aeolian Sand
2.1.1. Experimental Soil Characteristics

Aeolian sandy soil was collected from Ba Chu County (39◦52′32′′ N 78◦39′13′′ E),
which is located at the edge of the Taklamakan Desert in Xinjiang, China. The sampling
site was located on a flat sandy area 1000 m away from the upwind side of the G217
road. The basic physical properties of aeolian sandy soil are presented in Table 2. Among
them, the particle size was obtained through the sieving method, the saturated water
content was obtained through the drying method, and the saturated hydraulic conductivity
was obtained through the variable-head permeability test. These tests are completed in
strict accordance with the provisions of the Standard for geotechnical testing method
(GBT50123-2019).
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Table 2. Basic physical properties of aeolian sandy soil.

Soil
Particle Size (mm) Saturated Water

Content θs (%)
Saturated Hydraulic

Conductivity Ks (cm/s)
Soil Bulk Density

(g/cm3)>0.075 (%) 0.075~0.002 (%) <0.002 (%)

Aeolian
sandy soil 90 2.1 7.9 41.54 2.37 × 10−3 1.565

2.1.2. Experimental Setup

As presented in Figure 1, the test equipment consists of three parts: a Markov bottle,
an irrigator, and a sand-filled, glass, soil box. The Markov bottle used in the test controlled
the flow magnitude, and the irrigation volume was observed and recorded by adjusting the
switch opening to control the irrigation flow. A PVC pipe 30 cm long and 2 cm in diameter
was used as an irrigator in the experiment. Referring to the experimental design in the
literature and the design of the subsurface irrigation system attached to the wind-deposited
sand sampling site, the water supply port was buried 20 cm below the soil surface [41,51].
The water supply port was designed with a closed end and a uniformly open hole (aperture
of 2 mm) in the body of the tube 4 cm upwards and covered with a non-woven fabric,
while the tube was filled with gravel with a grain size of 4~10 mm to prevent the water
supply port from being blocked. The irrigator was connected to the Markov bottle by a
rubber hose. The test soil box was an 8 mm thick PVC transparent soil box with an inner
diameter of 60 cm × 20 cm × 70 cm. The bottom of the soil box was drilled to prevent
the occurrence of water stagnation due to air resistance [32,41]. Using the position of the
bottom of the irrigator as the origin of the wetting front transport coordinates, (0,0) to (0,4)
were the outflow interfaces for subsurface irrigation.
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Figure 1. Drip irrigation experiment steps. (a) Schematic diagram of the drip irrigation process;
(b) grid line division.

2.1.3. Experimental Trials

Three sets of tests were conducted depending on the magnitude of the irrigation flow
Q. The vertical, upward transport distance U; vertical, downward transport distance D;
and horizontal transport distance H of the aeolian sandy soil wetting fronts were recorded
at different times. The total irrigation volume V was set to 3 L, and Q was set to 0.5, 1.0, and
1.5 L/h, which corresponded to 360, 180, and 120 min of irrigation time, respectively, and
each group of experiments was repeated three times. The specific steps were as follows:
(1) divide horizontal and vertical grid lines at 5 cm intervals on the sides of the soil box
(Figure 1b); (2) load the samples in layers of 32.865 kg of aeolian sandy soil with a thickness
of 5 cm per layer and let stand for 24 h after loading; (3) at the end of the resting period,
adjust the Markov bottle to start the irrigation process; (4) and photograph and plot the
position of the wetting front on the observation wall of the cube container at the same time.
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The recording frequency was every 5 min for the 1st hour, every 10 min for the 2nd and 3rd
hours, and every 30 min after the 4th hour.

2.2. Model Establishment Method
2.2.1. Wetting Front Distance Model

After deriving the wetting front transport distance data, an irrigation flow of
Q = 0.5 L/h was selected for this study. The transport distance formula based on the
dimensional analysis was fitted to the unknown parameters [52,53]. On the basis of this
formula, a model for wetting front transport pattern estimation was established. Schwartz-
man [53] set the following quantities in the soil water infiltration problem using the gauge
analysis theorem proposed by Buckingham [52]: (1) the vertical, downward infiltration
distance D; (2) vertical, upward infiltration distance U; (3) horizontal infiltration distance
H; (4) saturated hydraulic conductivity Ks of aeolian sandy soil; (5) irrigation flow Q; and
(6) total irrigation volume V. The derivation of the dimensionless formulas for each of the
point and line source infiltration sources are also provided:

V∗ = V·
(

Ks
Q

) 3
2

U∗ = U·
(

Ks
Q

) 1
2

D∗ = D·
(

Ks
Q

) 1
2

H∗ = H·
(

Ks
Q

) 1
2

(1)


V∗ = V·

(
Ks
Q

)2

U∗ = U·Ks
Q

D∗ = D·Ks
Q

H∗ = H·Ks
Q

(2)

where V∗ is the total amount of point source irrigation; U∗, D∗, and H∗ are the upward,
downward, and horizontal transport distances of the point source, respectively; V∗ is
the total amount of line source irrigation; U∗, D∗, and H∗ are the upward, downward,
and horizontal transport distances of the line source, respectively; V is the unit irrigation
volume of the line source; and Q is the unit irrigation flow of the line source.

Schwartzman [53] stated that the dimensionless quantities U∗, D∗, H∗, U∗, D∗, H∗,
V∗, and V∗ satisfy the following relation:

U∗ = A1V∗n1

D∗ = A2V∗n2

H∗ = A3V∗n3

U∗ = A4V∗n4

D∗ = A5V∗n5

H∗ = A6V∗n6

(3)

where Ai and nj (i,j = 1, . . . ,6) are the equation coefficients and power exponents, respectively.
After deriving the relationship between the dimensionless quantities and their coef-

ficients, the vertical upward, downward, and horizontal transport distances U, D, and H
and U, D, and H, for the point and line source infiltration wetting fronts, respectively, can
be determined: 

U = A1Vn1 ·
(

Ks
Q

) 3
2 n1− 1

2

D = A2Vn2 ·
(

Ks
Q

) 3
2 n2− 1

2

H = A3Vn3 ·
(

Ks
Q

) 3
2 n3− 1

2

(4)
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U = A4Vn4 ·

(
Ks
Q

)2n4−1

D = A5Vn5 ·
(

Ks
Q

)2n5−1

H = A6Vn6 ·
(

Ks
Q

)2n6−1

(5)

The dimensionless processing of the experimental data means that the experimental
data were substituted into Equations (1) and (2) for the calculation. The dimensionless
quantities U∗, D∗, and H∗; U∗, D∗, and H∗; and V∗ and V∗ were obtained. The dimen-
sionless processed data were fitted with Equation (3) to yield the unknown parameters Ai
and nj (i,j = 1, . . . ,6) in Equation (3). Finally, the parameters Ai and nj (i,j = 1, . . . ,6) were
substituted into Equations (4) and (5) to derive the wetting front transport distance model.

2.2.2. Wetting Body Elliptical Model

After determining the parameters of the point source infiltration (Equation (4)) and the
line source infiltration (Equation (5)) models, the elliptical wetting front model proposed
by Moncef [27] et al. was constructed as follows:

x2

a2 +
y2

b2 = 1 (6)

where x is the horizontal coordinate of a wet front point and y is the vertical coordinate of a
wet front point.

H, H and D, D with the better fit were selected as elliptic equation coefficients a and
b, respectively, by statistical analysis, implying that a = H or H and b = D or D. At this
point, the coordinates of a wetted front profile point at any moment can be expressed by
Equation (7): x = ab√

(b cos θ)2+(a sin θ)2 cos α

y = ab√
(b cos θ)2+(a sin θ)2 · sin α

(7)

2.2.3. Model Evaluation

In this study, four statistical analysis metrics (Equations (8)–(11)), including the mean
absolute error (MAE), root mean square error (RMSE), percent bias (PBIAS), and Nash–
Sutcliffe efficiency (NSE), were used to statistically analyze the prediction results of the
wetting front transport distance (Equations (4) and (5)) and ellipsoidal (7) models.

MAE =
∑n

i=1|O1 − S1|
n

(8)

RMSE =

[
1
n

n

∑
i=1

(Oi − Si)
2

] 1
2

(9)

PBIAS =
∑n

i=1(Oi − Si)·100
∑n

i=1 Oi
(10)

NSE = 1− ∑n
i=1(Oi − Si)

2

∑n
i=1
(
Oi −Oi

)2 (11)

where Oi denotes the ith experimental observation, Si denotes the ith model prediction,
Oi denotes the average of experimental observations, and n is the number of individuals.

When the MAE and RMSE values are close to 0, PBIAS ≤ ±10, the NSE value is
close to 1, the predicted values are in good agreement with the observed values, and the
difference between them is small [32]. To rate the model according to the NSE values, the
Ritter and Muñoz–Carpena [54] criteria were used: unsatisfactory (NSE < 0.65), acceptable
(0.65 ≤ NSE < 0.80), good (0.80 ≤ NSE < 0.90), and very good (NSE > 0.90).
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2.2.4. Numerical Model

In this study, HYDRUS-2D/3D was used as a numerical method to verify the model
results. The most widely used was the Van Genuchten model expressing the soil moisture
characteristic and unsaturated hydraulic conductivity curves. Its control equation is:

θ(h) = θr +
θs + θr(

1 + |αh|n
)m (12)

K(Se) = KsSl
e

[
1−

(
1− Sl/m

e

)m]2
(13)

Se =
θ − θr

θs − θr
=

1(
1 + |αh|n

)m (14)

3. Results
3.1. Wetting Front Distribution

Figure 2 presents the wetting front shape for different Q values after V = 3 L of
irrigation. Figure 3 exhibits the variation in the wetting front with time for the three
sets of tests. The specific findings are presented as follows: (1) the aeolian sandy soil
wetting front shape is similar to that of a “bowl”, with the maximum horizontal distance
located 10–15 cm below the outflow interface; (2) the size of the wetting front formed at
Q = 0.5 L/h is 9-20% more horizontal and 6% more vertical than at 1.5 L/h; (3) the wetting
front area formed by at Q = 1.5 L/h is more significant for the same irrigation duration;
and (4) the growth rate of the wetting front transport distance shows an increasing trend,
followed by a decreasing trend.
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Figure 2. Wetted body shape under different flow rates. (a) Q = 0.5 L/h; (b) Q = 1.0 L/h;
(c) Q = 1.5 L/h.

Figure 4 presents the variation in the wetting front transport distance with time. The
following conclusions can be observed: (1) the horizontal and downward wetting front
transport rates for each set of tests increase with Q; (2) the increase in both the horizontal
and vertical wetting front transport distances decreases with the increasing irrigation
time; (3) the wetting front is very short in the vertical, upward direction throughout
the course of irrigation and has a nearly constant length in the later stages of irrigation;
(4) at the beginning of irrigation, the wetting front transport in the horizontal direction was
predominant; with the increase in the irrigation volume, the vertical, downward transport
distance gradually increase in the horizontal direction.
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3.2. Proposed Model
3.2.1. Wetting Front Distance Model

The equation coefficient Ai and power exponent nj (i,j = 1, . . . ,6) values for each
dimensionless transport distance, U∗, D∗, H∗, U∗, D∗, and H∗, and total irrigation volume
V∗ and V∗ are presented in Figures 5 and 6 and Table 3. The equation coefficients Ai and
power exponents nj (i,j = 1, . . . ,6) are imported into Equations (4) and (5) to yield the
complete transport distance, as presented in Equations (15) and (16).

U = 0.5096V0.2273·
(

Ks
Q

)−0.1591

D = 2.4990V0.4922·
(

Ks
Q

)0.2383

H = 1.5700V0.3128·
(

Ks
Q

)−0.0308

(15)


U = 0.1985V0.2273·

(
Ks
Q

)−0.5454

D = 1.3440V0.4922·
(

Ks
Q

)−0.0156

H = 0.6784V0.3128·
(

Ks
Q

)−0.3744

(16)
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Table 3. Point and line source infiltration characteristic model parameters for wetting body
aeolian sand.

Point source infiltration
A1 n1 A2 n2 A3 n3

0.5096 0.2273 2.4990 0.4922 1.5700 0.3128

Line source infiltration
A4 n4 A5 n5 A6 n6

0.1985 0.2273 1.3440 0.4922 0.6784 0.3128

Figures 7 and 8 present the comparison with a 1:1 fit line between the distance model
predictions and experimental observations for Q = 1.0 L/h and Q = 1.5 L/h. The specific
results are given as follows. (1) the distance fitted lines in the vertical, downward direction
fit the line source model better, while they fit the point source model worse; (2) the distance
fitted lines in the horizontal direction fit the point source model better, while they fit the line
source model worse; and (3) the predicted values in the vertical, upward direction differed
significantly from the other two sets of test observations regardless of the infiltration mode.
The abovementioned results show that the line source infiltration prediction model is more
applicable to the vertical, downward direction, and the point source infiltration model
is more applicable to the horizontal direction. However, neither model is applicable to
calculate the wetting front distance in the vertical, upward direction.
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(e) horizontal, Q = 1.0 L/h; (f) horizontal, Q = 1.5 L/h.

Among the abovementioned fitting results, Figure 6e,f and Figure 7c,f present better
results, and the fitted lines are close to 1:1. Therefore, these two models were selected for
statistical analysis, and the results of the analysis are presented in Table 4. The predicted
values of the two models are in good agreement with the observed values and accurately
predict the wetting front transport distance.

Table 4. Statistical characteristics analysis of the predicted and observed values.

Model MAE (cm) RMSE (cm) PBIAS (%) NSE (−)

Downward 0.50 0.61 1.007 0.99
Horizontal 1.16 1.39 −5.89 0.94
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Figure 8. Comparisons between the predicted and observed line source infiltration. (a) Upward,
Q = 1.0 L/h; (b) upward, Q = 1.5 L/h; (c) downward, Q = 1.0 L/h; (d) downward, Q = 1.5 L/h;
(e) horizontal, Q = 1.0 L/h; (f) horizontal, Q = 1.5 L/h.

3.2.2. Wetting Body Elliptical Model

Based on the prediction degree of the abovementioned model, the point source infil-
tration model H, which fits better with the observed data, was selected in the horizontal
direction. Similarly, the line source infiltration model fitting better in the downward di-
rection was selected to construct an aeolian sandy soil wetting front elliptical distribution
model. By substituting the corresponding parameters A3, A5, n3, and n5 of models H and
D into Equation (7), the horizontal and vertical coordinates of a wetted front profile point
at any time can be obtained.
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Figure 9 presents the correlation between the predicted and experimental observations
for ellipsoid models with angles of 30◦ and 60◦ and a comparison with a 1:1 fit line, and
the statistical analysis of the predicted and experimental data is presented in Table 5.
The specific results are as follows: (1) the MAE and RMSE maxima of this model for the
transport distance in the 30◦direction are 0.71 and 0.95 cm, respectively, the deviation
percentage maximum is 1.37 ≤ ±10, and the NSE is close to 1; (2) the MAE and RMSE
maxima of the transport distance in the 60◦direction are 0.88 and 0.96 cm, respectively, the
deviation percentage maximum is −3.47 ≤ ±10, and the NSE is close to 1. The results show
that the proposed model can accurately predict the wetted front ellipsoid distribution.
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(a) Q = 1.0 L/h, 30◦; (b) Q = 1.0 L/h, 60◦; (c) Q = 1.5 L/h, 30◦; (d) Q = 1.5 L/h, 60◦.

Table 5. Statistical characteristics analysis of the predicted and observed values of the models at
different angles.

Model MAE (cm) RMSE (cm) PBIAS (%) NSE (−)

1.0 L/h
30◦ 0.70 0.95 1.28 0.98
60◦ 0.83 0.95 −3.01 0.98

1.5 L/h
30◦ 0.71 0.95 1.37 0.98
60◦ 0.88 0.96 −3.47 0.99
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4. Discussion
4.1. Wetting Front Distribution

Figure 3 shows that with an increasing irrigation time or volume in the test, the wetting
front formed at Q = 0.5 L/h is greater than that at the other two irrigation flows. The total
level of irrigation is the same, and the reduction in irrigation flow produces a greater
wetting front distance, similar to the results obtained by Fan et al. [33]. However, the test
results contradict Zur’s conclusions [38]. Zur established the relationship between the
maximum width d of the wetting soil and its depth z, emitter discharge q, and soil hydraulic
conductivity Ks (Equation (18)). In this relationship, the wetting body’s maximum width
increases with the increase in the flow rate. For this, we substituted the test parameters into
Zur’s model to calculate and draw a comparison. Table 6 shows the comparison results. At
the same maximum depth, the test value shows a significant gap compared to Zur’s model.
The maximum width in the test was only 36–55% of Zur’s model. Such differences were
increased further after setting the interval irrigation, which may be caused by differences in
surface and subsurface drip irrigation activities and soil sample parameters. Therefore, we
proved that the irrigation flow affects the water movement in the aeolian sand. When the
flow is slower, the time to reach the same irrigation volume is longer, resulting in a longer
water potential difference duration between the outflow boundary and wetting front.

d = 1.32D0.35Q0.33Ks
−0.33 (18)

Table 6. Comparison of maximum test width d of the test and Zur at the same depth z.

Flowrate Q = 0.5 L/h Q = 1.0 L/h Q = 1.5 L/h
Wetted Body

Scale
Maximum Width

d
Maximum Depth

D
Maximum Width

d
Maximum Depth

D
Maximum Width

d
Maximum Depth

D

Test 47.5 34.6 46.6 32.9 44.2 32.2
Zur’s model 17.5 34.6 21.6 32.9 24.5 32.2

For all the irrigation flows, the wetting front moved rapidly at the beginning of the
irrigation and gradually slowed down over time. The increase in both the horizontal and
vertical transport distances of the aeolian sandy soil decreased with the increasing irrigation
time, which is consistent with the results of Vishwakarma et al. [34]. The reason for this
is that the volume of the unwetted aeolian sandy soil increases, there are more pores in
the water path, and the wetting front movement rate decreases [27]. It is also because, as
the wetting front volume increases, the water potential difference between the outflow
boundary and wetting front decreases, decreasing the wetting front transport rate as the
drip irrigation time increases.

Figures 3 and 4 show that the wetting front horizontal displacement is greater than the
vertical, downward displacement at the beginning of the irrigation process. This is because
in the initial moments of irrigation, the movement of water in the aeolian sandy soil is
dominated by capillary forces. However, as time passes, the movement of water becomes
gravity-driven and begins to dominate, leading to an increase in its vertical advancement
and a decrease in its horizontal advancement. The horizontal movement of the wetting
front is greater than 10 cm at 60 min following the start of the infiltration process. The soil
water movement across the width of the soil box is blocked. This may result in the observed
wetting front shape being larger than the actual wetting front shape. According to other
studies [22,32], in order to visualize the shape and movement of the wetting front in the
soil, the limitation caused by the obstruction of the water’s movement in three dimensions
by the side walls of the soil box is also unavoidable. The vertical, upward displacement of
the wetting front is approximated in all irrigation flows. This is due to the same aeolian
sandy soil matrix potential and vertical, upward transport of water in the capillary force
under the dual action of gravity; thus, the transport distance is approximated.

The emitter’s buried depth (20 cm) and outflow interface’s length (4 cm) setting in
the test of the water absorption (>70%) by the sand-fixing plants’ roots was generally



Water 2023, 15, 1336 14 of 18

distributed between 20 and 150 cm [51], while referring to the engineering application.
Compared with Fan et al. [22], who used a 30 cm long line source irrigation, the irrigator
used in this study had a significant difference, and the size of the outflow interface was
smaller than the area of the wetting front. As a result, the water movement simultaneously
presented some characteristics of point and a line sources. The horizontal movement was
similar to the point source infiltration due to the short outflow interface. Moreover, due to
the bottom of the irrigation pipe being sealed in the vertical direction, the outflow was more
similar to linear source infiltration. Therefore, the compound infiltration behavior of the
horizontal and vertical line sources was evident. In order to clarify the boundary location
between the line and point sources, the underground irrigation sleeves with different
infiltration boundary heights should be added later to obtain the boundary value between
the line and point sources to increase the model’s applicability.

4.2. Comparison with a Numerical Model

The proposed model in this study obtained a more accurate degree of prediction by
considering only three factors: saturated hydraulic conductivity Ks, subsurface irrigation
flow Q, and total subsurface irrigation V. To discuss the differences between the present
model and the numerical method, HYDRUS-2D/3D numerical simulation software was
selected for the validation analysis conducted in this study. The hydraulic characteristic
parameters of the test aeolian sandy soil samples presented in Table 7 were calculated
using the transfer function method (Rosetta model) in HYDRUS-2D/3D based on the
particle gradation of the soil. The transport of the wetting front of the wind-deposited sand
under subsurface irrigation conditions was simulated by the software, and the numerical
simulation results were compared with the predicted values of the constructed model and
experimental measured values.

Table 7. Soil-water characteristic parameters of aeolian sandy soil.

Soil
Saturated Water

Content θs
(cm3/cm3)

Residual Water
Content θr
(cm3/cm3)

Parameter α Parameter n Saturated Hydraulic
Conductivity (cm/s)

Aeolian sandy soil 0.415 0.025 0.292 2.428 3.02 × 10−3

Figure 10 shows the comparison between the numerical simulation values and pre-
dicted vertical, downward, and horizontal transport values of the model proposed in
this study with the experimental values (when Q is 1 L/h and 1.5 L/h). (1) In the verti-
cal, downward direction, the HYDRUS-2D/3D values are very close to both the empir-
ical model and observed values, and the HYDRUS-2D/3D results when the irrigation
flow Q = 1.5 L/h are slightly better than those of the empirical model. (2) In the horizontal
direction, the proposed model results are closer to the experimental data than the simulated
values of HYDRUS-2D/3D, which significantly differ from the experimental values.

Table 8 shows the statistical analysis of the two models. The proposed model has
lower MAE and RMSE values in both directions and a greater NSE value in the horizontal
direction than HYDRUS-2D/3D. The abovementioned results show that the predicted
values of the proposed model are in good agreement with those of HYDRUS-2D/3D, and
the proposed model has a more accurate prediction degree and smaller relative error in
the horizontal direction. The difference between the HYDRUS-2D/3D and test results can
be considered. The test soil was filled in layers from the bottom to the top during the
filling process, thus ensuring vertical soil compactness but causing local loose or uneven
phenomena in the horizontal direction. This discrepancy with the ideal soil set in HYDRUS-
2D/3D, which is homogeneous in all directions, led to a poor numerical prediction accuracy
in the horizontal direction.
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Table 8. Statistical characteristics analysis of the simulated and observed values of the two models.

Model Irrigation Flow (L/h) Wetting Front Direction MAE (cm) RMSE (cm) NSE (−)

Hydrus 3D 1.0 Horizontal 2.53 2.69 0.84
Downward 1.05 1.16 0.98

1.5 Horizontal 3.06 3.10 0.68
Downward 0.54 0.62 0.99

Proposed model 1.0 Horizontal 1.00 1.20 0.95
Downward 0.75 0.83 0.98

1.5 Horizontal 1.16 1.39 0.94
Downward 0.50 0.61 0.99

In comparison to the numerical model established by the HYDRUS-2D/3D model,
the advantage of the proposed model was that it did not require numerous calculations or
high-precision experimental equipment, and only a small number of simple parameters,
such as saturation hydraulic conductivity Ks, irrigation flow Q, and volume V, were needed
to calculate the wetting front range more accurately.

5. Conclusions

In this study, an empirical model for indoor irrigation tests on aeolian sandy soil was
proposed on the basis of the gauge analysis method. The proposed model was evaluated
and compared using numerical models and experimental data. The model used three
parameters: saturated hydraulic conductivity Ks, irrigation flow Q, and total irrigation



Water 2023, 15, 1336 16 of 18

volume V. It ould estimate the wetting front transport pattern of aeolian sandy soil under
subsurface irrigation conditions. The model proposed in this study can guide the design of
irrigation systems for desert roads in planted sand control areas.

(1) The aeolian sandy soil wetting front shape resembles a “bowl”. At the same irrigation
volume, the wetting front shape is more significant when the flow rate is low, while at
the same irrigation time, the wetting front shape is more prominent when the flow rate
is significant. As the time increases, the wetting front transport distance increment
first increases and then decreases, and the transport direction is mainly horizontal and
then vertical.

(2) The point source infiltration model (Equation (12)) is more suitable for calculating the
wetting front transport distance in the horizontal direction. The line source infiltration
model (Equation (13)) is more suitable for calculating the wetting front transport
distances in the vertical direction. The model proposed in this study (Equation (14))
can accurately calculate the wetting front transport pattern of aeolian sandy soil with
subsurface drip irrigation.

(3) The prediction degree of the model is consistent with that of HYDRUS-2D/3D and
shows a better fit than HYDRUS-2D/3D in the horizontal direction. In practical
applications, the model parameters are easy to obtain and use.
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