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Water infiltration into soil is important in geotechnical engineering. The classical Green-Ampt (GA) 
infiltration model is widely used in soil infiltration due to its physical significance, but it ignores the 
actual unsaturated layer in the infiltration process and has some deficiencies. Thus, the present study 
established a modified GA infiltration model (MLGA model) using Darcy’s infiltration law and continuity 
equation to fully consider the variation characteristics of the soil water profile in the infiltration 
process. The Philip model and the GA model have the same physical basis. By combining the internal 
relationship between the infiltration rate and cumulative infiltration of the two models, the expression 
of matrix suction of the MLGA model was obtained. The existing measured data was used to verify 
the correctness and applicability of the MLGA model. Finally, the sensitivity analysis of the critical 
parameters of the model was performed. The results showed that the MLGA model is reliable and 
can be used for water infiltration analysis in loess sites. When the MLGA model is used to calculate 
the infiltration depth, the maximum relative error between the calculated value and the measured 
data is less than 10%, and the average relative error is 5.54%, which indicates that the model has a 
high calculation accuracy. The average error of the MLGA model is 24.47% of the Kostiakov model 
and 80.42% of the existing modified GA model (LGAM model). Sensitivity analysis of the saturated 
permeability coefficient, initial water content, saturated water content, and matrix suction was 
performed using the single-factor disturbance method. The influence of each parameter on infiltration 
depth was summarized, and the sensitivity of each parameter was quantitatively evaluated, which 
revealed that saturated water content is a highly sensitive parameter. When using the MLGA model to 
calculate infiltration depth, the accuracy of saturated water content should be ensured first. Finally, 
the difference between the MLGA model and the LGAM model in describing the whole process of water 
infiltration is discussed, and the influence mechanism of critical parameters on the water infiltration 
process is deeply analyzed. The established MLGA model provides theoretical support for further study 
of the loess water infiltration mechanism.
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Loess, as a Quaternary sediment, is widely distributed in semi-arid and arid areas, accounting for approximately 
10% of the global land area1–3. China has the most extensive loess deposit in the world, distributed in a band 
in China (Fig.  1), covering an area of approximately 631,000 km24. In recent years, with China’s “One Belt, 
One Road” initiative and the Western Development Strategy, infrastructure construction in the loess area has 
increased5. The unique water sensitivity of loess gives rises to engineering problems, such as pavement collapse 
and uneven settlement of buildings after water infiltration (Fig. 2), which poses a severe threat to the service state 
of road engineering and the safety and stability of existing buildings and structures6–9. To effectively prevent and 
solve these problems, it is necessary to establish a water infiltration model suitable for loess sites and to explore 
the law of water infiltration in loess foundations, which has important practical significance.

Currently, the existing infiltration models are mainly divided into two categories, namely empirical and 
physical models10,11. Empirical models, such as the Kostiakov model and Horton model, have simple expressions 
and a quick and easy computational process12. In general, the calculation accuracy of empirical models is highly 
dependent on determining model parameters. However, the parameters of empirical models cannot be directly 
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obtained by soil parameters and need to be fitted based on field or indoor measured data. Therefore, the process 
of model parameter determination is subjective, and some human errors may be introduced in the model 
calculation process. Further, the model parameters do not have a clear physical meaning.

Physical models, which are based on Darcy’s law and the water balance principle, describe the infiltration 
process by a differential equation13. Richard’s equation and the Green-Ampt (GA) model are the most widely 
used physical models14,15. Richard’s equation has a strict physical basis and is often used as a partial differential 
equation to study the water movement in soil with high calculation accuracy. However, due to the strong 
nonlinearity of Richard’s equation, the calculation process is cumbersome, and it is difficult to obtain an accurate 
analytical solution16. The GA model, also known as the piston model, is proposed by Green and Ampt based on 
the capillary theory, which describes the infiltration process of the initial uniform dry soil under the condition 
of thin layer water accumulation. The GA model is simple, and the parameters are easy to obtain17,18. Moreover, 
the GA model has strong universality and can be solved by a simple analytical method19. Therefore, the GA 
model has attracted much attention and is widely used in engineering practice20,21. Mein and Larson22 and 
Chu23 improved the classical GA model by studying the relationship between rainfall intensity and infiltration 
rate. Considering the influence of slope and initial water content, Cho24, Yao et al.25, and Liu et al.26 established 
modified GA models. Dou et al.27 established a rainwater infiltration redistribution analysis model based on 
the GA infiltration model to take into account the variability of soil saturation permeability coefficient. Ma et 
al.28 modified the GA model by introducing the concept of saturation coefficient and developed a GA model 
suitable for layered soils. Tsai et al.29 conducted infiltration tests using sandy soils with different grain sizes and 
proposed a dynamic effect infiltration model considering capillary pressure. Kang et al.30 established a muddy 
water infiltration model based on the GA model. Zha et al.31 developed a modified GA model to reflect the 
variation characteristics of the wetting front, and they validated the modified model with experimental data.

Fig. 2.  Typical engineering issues in loess areas.

 

Fig. 1.  Distribution of loess in China and test areas. (This figure was created by the authors using ArcGIS 
software version 10.8, http://www.ersi.com/)
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The abovementioned modified models follow the basic assumptions of the GA model and have achieved a 
series of important results, promoting the development of infiltration models. On the basis of the summary and 
analysis of many indoor tests and measured infiltration data, scholars have found that the soil in the infiltration 
depth is not completely saturated and that part of the soil is unsaturated. Therefore, the soil in the infiltration 
depth is considered to be saturated, which is inconsistent with the actual situation, thus resulting in certain 
deficiencies.

In studies of water infiltration in loess areas, Wang et al.32, Peng et al.33, and Wen et al.34 first summarized the 
variation characteristics of the loess water profile during the infiltration process. According to different water 
contents in the infiltration depth, the soil layer is divided into a saturated layer and an unsaturated layer, allowing 
modified GA models suitable for loess area to be established. Although the existing established modified GA 
models for loess areas take into account the characteristics of the distribution of water content in the soil profile, 
the saturated layer depth at the initial infiltration stage is neglected in the model derivation process, which fails 
to reflect the actual dynamic water infiltration process thoroughly, resulting in certain shortcomings.

Based on existing research, the present study considered the actual dynamic infiltration process of water and 
the distribution characteristics of water content in the soil profile and established the a modified GA infiltration 
model (MLGA model) suitable for the water infiltration condition of loess areas. Using the internal relationship 
between the infiltration rate and the cumulative infiltration corresponding to the Philip model and the GA model, 
which have the same physical basis, the critical parameter of matrix suction of the MLGA model was derived. 
The effectiveness of the MLGA model was validated by comparison to three sets of high-quality published field 
infiltration test data and calculation results of existing models. Finally, the influence of critical parameters of the 
MLGA model on infiltration depth was explored by the single-factor disturbance method, and the sensitivity 
of each parameter was quantitatively described. Finally, the MLGA model and LGAM model were compared 
from the perspective of describing the whole process of water infiltration, and the influence mechanism of each 
critical parameter on the water infiltration process was deeply analyzed. The present results provide theoretical 
support for the study of water infiltration in loess areas, which is of great significance to the disaster prevention 
and mitigation of related construction projects in loess areas.

Infiltration model
Conventional GA infiltration model
The GA model is generally used to investigate the infiltration of dry soil in the presence of a thin layer of 
water35–37. The model assumes that there is a clear horizontal wetting front in the infiltration process, which 
divides the soil into the saturated area and dry area. The water content of the saturated area is saturated water 
content θs and the soil moisture content in the dry area is the initial moisture content θi

38,39. Moreover, there is 
a fixed matrix suction sf at the surface of the infiltration peak. Figure 3 shows a schematic diagram of GA model 
infiltration.

The GA model can be expressed as:

	
i = dI

dt
= Ks

zf + h0 + sf

zf
� (1)

where i presents the infiltration rate; Ks presents the saturated water conductivity; zf presents the wetting front 
depth; h0 presents the thickness of the pounding water layer; and sf is matrix suction.

The cumulative infiltration I can be expressed as follows:

	 I = (θs − θi) zf� (2)

Combined with the law of conservation of mass and without ignoring the depth of surface water, the relationship 
between accumulated infiltration and infiltration time is as follows:

Fig. 3.  Infiltration diagram of the GA model.
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	 I = Kst + (h0 + sf) (θs − θi) ln [1 + I/(h0 + sf) (θs − θi)]� (3)

Proposed MLGA model
The classical GA model assumes that the wetting front is always a horizontal interface completely separated 
between dry and wet during the infiltration process, and the soil from the infiltration surface to the wetting 
front is completely saturated. However, previous studies have revealed a stratification phenomenon in the soil 
water profile within the wetting front infiltration depth, that is, there are simultaneous saturated and unsaturated 
layers. On the basis of field infiltration tests in loess areas, the depths of the saturated and unsaturated layers were 
approximately equal, suggesting that the classical GA model needs to be modified. The calculation schematic of 
the MLGA model applicable to the loess area in the present study is shown in Fig. 4.

The basic assumptions of the model are as follows: (1) During water infiltration, the soil layer within the 
infiltration depth is divided into the saturated layer and unsaturated layer (L1 = L2 = 1/2L);

(2) The water content of the saturated layer is saturated water content θs. The water content of the unsaturated 
layer changes with depth, and its distribution is reasonably characterized by the elliptic curve40. The horizontal 
semi-axis length of the elliptic curve is the difference between the saturated water content and the initial water 
content, and the longitudinal semi-axis length is the unsaturated layer thickness;

(3) Saturated layer infiltration flow is affected by pressure potential, gravity potential, and unsaturated layer 
suction potential gradient.

Based on the above basic assumptions, the cumulative infiltration I is written as:

	

I= (θs − θi) L1 + π

4 (θs − θi) L2 = (θs − θi)
L

2 + π

4 (θs − θi)
L

2

=
4 + π

4 L1 (θs − θi) = 4 + π

8 L (θs − θi)
� (4)

Then:

	
L=

8I

(4 + π) (θs − θi)
� (5)

For the saturated layer, the infiltration rate i is expressed as follows:

	
i = dI

dt
= Ks

L1 + h0 + sf

L1
= Ks

[
1 + (4 + π) (θs − θi) (h0 + sf)

4I

]
� (6)

By integrating Eq. (6), the cumulative infiltration is expressed as:

	
I = Kst + (4 + π) (θs − θi) (h0 + sf)

4 ln
[

1 + 4I

(4 + π) (θs − θi) (h0 + sf)

]
� (7)

Because the Philip model has the same physical basis as the GA model41,42, the correlation between the Philip 
model and the GA model was used to obtain the relevant parameters in the modified model.

In the Philip model, the specific expression for the infiltration rate i is as follows:

Fig. 4.  Schematic illustration for the MLGA model.
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i = 1

2St− 1
2 + A� (8)

where S is the infiltration rate of soil; and A is the steady infiltration rate.
Cumulative infiltration in the Philip model is calculated as:

	 I = St
1
2 + At� (9)

At the initial stage of infiltration, matrix suction and water height play a significant role in the infiltration rate, 
allowing the Philip model to be simplified as follows:

	
i = 1

2St− 1
2 � (10)

	 I=St
1
2 � (11)

In the GA model, the infiltration rate i is written as:

	
i = Ks

sf + h0

L1
� (12)

Combining Eqs. (10) to (12) yields:

	
S2 = (4 + π)

4 Ks (sf − h0) (θs − θi)� (13)

From Eq. (13), the matrix suction sf is expressed as follows:

	
sf = 4S2

(4 + π) (θs − θi) Ks
− h0� (14)

With the increase in infiltration time, the water infiltration rate in the soil is approximately equal to the saturated 
water conductivity of the soil, which indicates that the saturated water conductivity Ks in the GA model and A 
in the Philip model have the same physical significance, then:

	 Ks = A� (15)

Further, Eq. (9) can be written as:

	 I = St
1
2 + Kst� (16)

In the same infiltration time, the cumulative infiltration calculated by Eq. (7) and Eq. (16) should be equal, thus:

	
Kst + (4 + π) (θs − θi) (h0 + sf)

4 ln
[

1 + 4I

(4 + π) (θs − θi) (h0 + sf)

]
=St

1
2 + Kst� (17)

So,

	
I = (4 + π) (sf + h0) (θs − θi)

4

[
e

4St
1
2

(4+π)(sf+h0)(θs−θi) − 1

]
� (18)

The combination of Eqs. (4), (13), and (18) gives the following equation:

	

L = 2 (sf + h0)


e

√
4Kst

(4+π)(sf+h0)(θs−θi) − 1


� (19)

As a conclusion, Eq. (19) is the expression of the MLGA model. Figure 5 shows the detailed computational steps 
of the MLGA model.

Model validation
The accuracy of the MLGA model was validated using measured data of loess areas reported by Wang et al.32 and 
Liu et al.43. Moreover, the calculation results of the MLGA model were compared with those of the Kostiakov 
model and the existing modified GA model (LGAM model)34. The soil parameters and measured cumulative 
infiltration of each site are shown in Tables 1 and 2, respectively.

Considering test area No. 1 as an example, the matrix suction was calculated using the basic soil parameters. 
The soil absorption rate S was determined first. Inserting the measured cumulative infiltration and the 
corresponding infiltration time point into Eq. (11), S = 0.50 was obtained, and the goodness of fit was 97.36% 
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(Fig. 6a). S was then substituted into Eq. (14), resulting in sf = 23.9 cm. The calculation process of S and sf of the 
other test areas was the same as that of test area No.1. Figure 6 shows the fitting curve of soil infiltration rate at 
each test point. The sf of test areas No. 2 and No. 3 were calculated to be 674.3 cm and 290.3 cm, respectively.

The calculated sf of each test area was inserted into Eq. (19), which allowed calculation of the wetting front 
depth at different infiltration times of each test area. Figures 7, 8 and 9 show the infiltration depth and relative 

error calculated by different methods. The relative error was calculated as follows:∆ =
∣∣∣ Imeasured−Icalculated

Imeasured

∣∣∣. 

Relative errors Δ closer to 0 indicate higher calculation accuracy. The wetting front infiltration depth calculated 
using the MLGA model established in the present study was more consistent with the measured results, 
indicating that the MLGA model is reliable.

For test area No. 1, the relative errors between the wetting front infiltration depth calculated by the Kostiakov 
model and the measured data at different infiltration times were 19.24%, 17.0%, 14.21%, 13.27% and 13.61%, 
respectively. The relative errors of the MLGA model were 5.07%, 4.89%, 4.67%, 3.37% and 2.05%, respectively 
(Fig. 7(b)). The average errors of the Kostiakov model and MLGA model are 15.46% and 4.01%, respectively, and 
the minimum error rates were 19.24% and 2.05%, respectively.

At test area No. 2, when the infiltration time was 17, 38, 50, and 70 min, the relative errors between the 
infiltration depth calculated by the Kostiakov model and the measured data were 36.40%, 15.26%, 22.94%, and 
19.42%, respectively, whereas the relative errors of the LGAM model were 7.01%, 6.52%, 5.26%, and 11.03%, 

Area No. Test area

Size of each grade (d/mm) 
ratio (%)

Initial water content θi (%) Saturated water content θs (%) Saturated permeability coefficient Ks (cm·min− 1)0.05 ~ 0.01 < 0.01 < 0.001

TA1 Luochuan 11.47 49.29 11.30 3.0 46.0 0.0136

TA2 Xiamanshuitan 39.83 37.60 4.45 27.6 49.8 0.0079

TA3 Xicao 33.14 33.42 9.70 31.9 53.0 0.0048

Table 1.  Soil hydraulic parameters in the test areas.

 

Fig. 5.  Flow chart of the proposed MLGA model.
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Fig. 6.  Fitting curves of the infiltration rates of different test areas (test areas No. 1 (a), No. 2 (b), and No. 3 
(c)).

 

Area No. Test area Infiltration time t (min) Cumulative infiltration I (cm)

TA1 Luochuan

10 1.76

22 2.79

30 3.28

40 3.75

51 4.23

60 4.66

68 4.94

TA2 Xiamanshuitan

10 2.88

19 5.06

30 7.29

38 9.07

50 11.25

66 13.96

TA3 Xicao

20 2.44

40 3.76

60 4.95

80 6.08

155 10.14

200 12.48

Table 2.  Measured cumulative infiltration of the test areas.
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respectively. The relative errors of the MLGA model were 7.34%, 6.28%, 4.91%, and 8.39%, respectively 
(Fig. 8(b)). Further, the average errors of the Kostiakov model, LGAM model, and MLGA model were 23.50%, 
7.46%, and 6.73%, while the maximum errors were 36.40%, 11.03%, and 8.39%, respectively.

As for test area 3, when the infiltration time increased from 14 min to 235 min, the relative errors between 
the infiltration depth calculated by the Kostiakov model and the measured data were 43.32%, 29.98%, 13.57%, 
17.96%, 15.76% and 12.81%, respectively. The relative errors of LGAM model were 2.66%, 11.15%, 5.98%, 5.43%, 
6.03% and 3.59%, respectively. The relative errors of MLGA model were 2.69%, 10.24%, 3.58%, 2.89%, 4.63% and 
1.27%, respectively (Fig. 9(b)). The average errors of the three models were 22.40% (Kostiakov model), 5.81% 

Fig. 9.  Infiltration depth analysis of test area No. 3. (a) Comparison of measured data and calculated results.  
(b) Relative error.

 

Fig. 8.  Infiltration depth analysis of test area No. 2. (a) Comparison of measured data and calculated results.  
(b) Relative error.

 

Fig. 7.  Infiltration depth analysis of test area No. 1. (a) Comparison of measured data and calculated results. 
(b) Relative error.

 

Scientific Reports |         (2025) 15:1738 8| https://doi.org/10.1038/s41598-025-86175-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(LGAM model) and 4.22% (MLGA model), and the corresponding minimum errors were 12.81%, 3.59% and 
1.27%.

It is also necessary to explain that the wetting front infiltration rate slows down with infiltration time increases 
(Figs. 7(a), 8(a), and 9(a)). In response to this phenomenon, Tu et al.44, Mei et al.45, and Ma et al.46 reached the 
same conclusion, indicating that the basic assumptions adopted by the MLGA model did not change the basic 
properties of the infiltration model and could describe the infiltration characteristics. In summary, compared 
with other existing models, the calculated results of the MLGA model were the closest to the measured data. 
Thus, the calculation model is accurate and effective, and it has good adaptability in loess areas.

Although the calculation accuracy of the MLGA model was high, there was still some deviation from the 
measured data, which may be caused by the special complex soil conditions of loess areas3,47,48. Because loess has 
the characteristics of vertical joint development and large pore structure, water can infiltrate rapidly along joints 
and large pores49,50. In addition, the content of calcium and soluble salt in loess is high. Under the condition 
of water infiltration, the cementing material between particles is continuously dissolved, and the cementing 
structure is destroyed. As a result, soil particles are eroded and transported, resulting in changes in pore structure 
and further development and extension of connected pores51,52. However, the influence of the above factors 
was not considered in the MLGA model, indicating that the calculation results were conservative. In general, 
the infiltration depth calculated by the MLGA model was close to the measured value, which is suitable for 
infiltration analysis of loess sites. In addition, the calculation results of the MLGA model were similar to those of 
the LGAM model. These models will be discussed in further detail later.

Parameter analysis
The influences of saturated permeability coefficient Ks, initial water content θi, saturated water content θs, and 
matrix suction sf on the infiltration depth reflected by the model in the present study were investigated through 
parameter analysis. The aim was to quantify the influence of each parameter on the depth of the wetting front, 
screen out the parameters that need to be accurately calibrated, and enhance the accuracy and efficiency of the 
model. Test area No. 2 was taken as the example of the calculation, and its soil properties parameters were taken 
as the basic parameters for parametric analysis by changing a single variable. Four levels were selected for each 
parameter, and their influence on infiltration depth was compared and analyzed.

Saturation permeability coefficient Ks
When keeping other parameters unchanged, the saturated permeability coefficient Ks was utilized as the variable. 
When Ks = 0.004, 0.016, 0.032, and 0.05 cm·min− 1, the infiltration depth of the wetting front was calculated, and 
the influence of Ks on infiltration depth was analyzed. Figure 10 illustrates the comparison of the infiltration 
depth for different saturation permeability coefficients. The depth of infiltration gradually increased with the 
gradual increase of the saturation permeability coefficient at the same infiltration time point. For example, when 
the infiltration time was 70 min, the calculated infiltration depth under Ks = 0.05 cm·min− 1 was 159.33 cm, 
which was 3.54 times that under Ks = 0.004 cm·min− 1. In addition, the slope of the infiltration depth variation 
curve with infiltration time calculated by different saturation permeability coefficients gradually decreased with 
the increase of infiltration time. Considering Ks = 0.032 cm·min− 1, the slopes of the infiltration depth curves at 
different infiltration time points were 1.51, 1.23, and 0.99, respectively. Thus, these findings indicated that the 
permeability coefficient significantly influences the infiltration depth at the initial stage of infiltration, and the 
effect weakens as the infiltration duration increases.

Initial water content θi
When other parameters were kept constant, the initial water content θi was utilized as the variable to calculate the 
infiltration depth of wetting fronts at θi = 16%, 22%, 34%, and 40%, and the effects of θi on the infiltration depth 
were analyzed. Figure 11 shows the infiltration depth calculated using the MLGA model under four different 

Fig. 10.  Comparison of infiltration depth under different saturated permeability coefficients.
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conditions. In general, the wetting front infiltration depth increased with the initial water content increased 
(Fig. 11).

Considering the infiltration time of 38 min as an example, the change in infiltration depth was 3.85 cm when 
the initial water content θi was increased from 16 to 22%. However, the difference was 14.78 cm when the initial 
water content θi increased from 34 to 40%. These results demonstrated that the change in infiltration depth is 
not significant under the same water content increase when the initial water content is at a low level. When the 
initial water content is at a high level, the increase in water content will considerably impact the infiltration 
depth. Moreover, the difference in infiltration depth under different initial water content also increases gradually 
as the infiltration time increases, indicating that the influence of initial water content on the infiltration depth 
gradually increases with the increase of infiltration time.

Saturated water content θs
While keeping the other parameters constant, the saturated water content θs was utilized as the variable. The 
infiltration depth of the wetting front was calculated when θs was 37%, 42%, 47%, and 52%, and the influence 
of θs on infiltration depth was analyzed. Figure 12 compares infiltration depth calculated by the MLGA model 
under different saturated water content conditions. As in Fig. 12, the depth of infiltration gradually decreased 
with the saturated water content increased. In particular, the distance between the curves of infiltration depth 
over time under different saturated water content conditions was not equal under the condition of the same 
increase in water content, and the distance increased gradually with the passage of infiltration time. For example, 
when the infiltration time was 50 min, the four curves were subtracted from high to low, and the differences were 
15.79 cm, 9.20 cm, and 6.21 cm. When the infiltration time was 70 min, the differences were 18.72 cm, 10.91 cm 
and 7.34 cm. These findings indicated that the influence of saturated water content on the infiltration depth 
increases with the increase of infiltration time.

Fig. 12.  Comparison of infiltration depth under different saturated water content conditions.

 

Fig. 11.  Comparison of infiltration depth under different initial water content conditions.
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Matrix suction sf
By maintaining the other parameters constant, matrix suction sf was utilized the variable. The infiltration depth 
of the wetting front was calculated when sf = 200, 400, 700 and 1100 cm, and the influence of sf on infiltration 
depth was analyzed. Figure 13 shows the comparison of the depth of infiltration calculated by this model under 
four conditions. The depth of infiltration increased with the increase of matrix suction (Fig. 13). As an example, 
when the infiltration time was 70 min, the infiltration depth was 38.03 cm under sf = 200 cm, which was 42.6% of 
the value under sf = 1100 cm. Under different matrix suction conditions, the slopes of the four infiltration depth 
time versus time curves gradually decreased, showing the same trend. These results indicated that the sensitivity 
of infiltration depth to matrix suction decreases with time.

Sensitivity analysis of different parameters
Sensitivity analysis was performed using the modified Morris method to analyze the influence of saturated 
permeability coefficient Ks, initial water content θi, saturated water content θs, and matrix suction sf on infiltration 
depth. When considering the soil parameters of test area No. 2 as the basic parameters, each parameter was 
disturbed up and down with a step size of 10%. Based on previous studies53, a 20% increase or decrease in the 
range of variation of each parameter is reasonable. Sensitivity index S is calculated as follows:

	
S =

N−1∑
i=1

[
(Yi+1 − Yi)/Y0

(Pi+1 − Pi)/P0

]
/ (N − 1)� (20)

where Yi and Pi are the output value and the adjustment ratio of the parameters to the initial parameter value for 
the ith run, respectively; Yi+1 and Pi+1 are the output value and the adjustment ratio of the parameters to the initial 
parameter value for the i + 1th run, respectively; and N is the number of model runs.

The sensitivity grades of the parameters are shown in Table 3.
Figure 14 shows the calculated values of infiltration depth and the sensitivity of each factor to the infiltration 

depth when the infiltration time is 70 min. The sensitivity order of the impact of disturbance on the infiltration 
depth of the four soil parameters was θs > θi > sf>Ks. The sensitivity levels of all four parameters were II, except for 
saturation water content, which had a sensitivity level of I. Therefore, the accuracy of θs is important when using 
this model to calculate the infiltration depth. Furthermore, θi, sf, and Ks disturbance were positively correlated 
with infiltration depth, while θs disturbance was negatively correlated with infiltration depth (Fig. 14).

Discussion
Comparison with other models
The present study demonstrated that the infiltration depth values calculated by the MLGA model and the LGAM 
model were close to the measured results, indicating that both models have certain adaptability to the prediction 

Levels Range of S values Sensitivity characterization

I |S|≥1 High sensitivity parameter

II 0.2≤|S|<1 Sensitivity parameter

III 0.05≤|S|<0.2 Medium sensitivity parameter

IV 0≤|S|<0.05 Insensitivity parameter

Table 3.  Parameter sensitivity grading table.

 

Fig. 13.  Comparison of infiltration depth under different matric suction conditions.
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of infiltration depth in loess areas. However, the MLGA model was more reasonable than the LGAM model 
in describing the physical process of infiltration. According to the derivation process of the LGAM model, the 
LGAM model assumes that the permeability coefficient of the wet layer is K ≤ Ks, and the other assumptions 
are consistent with the basic assumptions of the model. Moreover, the LGAM model obtains model parameters 
through the correlation between the Philip model and the GA model. Thus, the two models have the same 
physical basis.

The equation of the LGAM model to calculate the cumulative infiltration is the same as Eq. (4) in the present 
study. Infiltration rate i is expressed as follows:

	
i = dL

dt
= K

0.5L + h0 + sf

0.5L
� (21)

By combining Eqs. (4) and (21), the equation is written as follows:

	
dL

dt
= 16K

(4 + π) (θs − θi)

[0.5L + h0 + sf

L

]
� (22)

When the infiltration time is small, 0.5 L can be negligible compared with (sf+h0).
The infiltration depth L is written as follows:

	
L=

√
32K (h0 + sf) t

(4 + π) (θs − θi)
� (23)

The above analysis indicates that the LGAM model takes into account the change of permeability coefficient 
K with depth in the process of infiltration, which is an advanced feature. However, the LGAM model ignores 
the saturation depth of 0.5 L at the initial stage of infiltration, and its derivation process is not reasonable and 
is inconsistent with the actual situation of water infiltration in loess areas. Although the actual situation in 
which the permeability coefficient decreases along the depth is not fully considered in the MLGA model, the 
infiltration equation that aligns with the actual water infiltration law is deduced, representing the advancement 
of the model in the present study.

The results from Sect.  4.1 and 4.5 indicated that the influence of infiltration depth on the permeability 
coefficient decreases with time, and infiltration depth is the least sensitive to the permeability coefficient. 
Therefore, although there are some limitations in calculating the saturated permeability coefficient, the 
accuracy is satisfactory (Sect. 3). In summary, the MLGA model considers the water infiltration process more 
comprehensively than the LGAM model and has certain advantages.

Fig. 14.  Effect of soil parameter disturbance on the depth of wetting front on the basis of Ks, sf, θs, and θi (a-d, 
respectively).
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Influence mechanism of key parameters
Section 4 described the sensitivity analysis of the four main model parameters affecting the water infiltration 
depth. The influence of main model parameters on infiltration depth was analyzed from qualitative and 
quantitative aspects. However, the mechanism of influence of each parameter on infiltration depth was not the 
same.

As an essential parameter to characterize the permeability of soil, saturated permeability coefficient Ks is the 
basis for investigating the water infiltration process of soil and has a remarkable impact on the water infiltration 
process. The physical meaning of the saturated permeability coefficient is the ability of the soil allowing water 
to pass when saturated, that is, the greater the saturated permeability coefficient of the soil, the greater the 
water infiltration rate. Soil is affected by physical weathering and chemical erosion, and there are differences in 
microstructure morphology and distribution characteristics, which affect the water passage process, manifested 
as different permeability coefficients54. In general, loose soil has a large saturated permeability coefficient because 
the number of soil pores is large, the connectivity is strong, and water can easily pass through.

Previous studies have suggested that the pore channel is the main factor affecting the permeability coefficient 
of soil, and the shape and distribution characteristics of soil particles influence the pore channel55,56. With respect 
to geometric morphology, scholars have characterized the shape and surface characteristics of soil particles by 
ellipticity and roughness. Moreover, the size, area content, and anisotropy of soil particles are described by 
gradation, void ratio, and long axis dip angle. The soil gradation and porosity directly affect the ‘width’ and 
‘bending degree’ of the infiltration channel, thereby affecting the permeability of the soil.

With the increase of fine particle content and the decrease of porosity in soil, the number of soil particles in 
the same unit area increased, which led to an increased turning point of the infiltration channel and reduced 
relative distance between soil particles (Fig. 15a-b). An increase in the turning point of the infiltration channel 
indicates that the ‘bending degree’ of the channel increases, and a reduction in the relative distance leads 
to a decrease in the ‘width’ of the channel. These changes increase the infiltration resistance and reduce the 
permeability coefficient of the soil. The particle ellipticity and the long axis inclination angle affect the ‘angle’ 
and ‘length’ of the inflection point of the infiltration channel. When the water encounters long particles that are 
not parallel to the infiltration direction, as the ellipticity and the long axis inclination angle increase, the ‘angle’ 
and ‘length’ of the inflection point of the infiltration channel increase, resulting in an increase in resistance and 
ultimately a decrease in the saturated permeability coefficient (Fig. 15c). For soils with high roughness, when 
water permeates along the surface of particles, greater flow resistance is generated, resulting in a lower soil 
permeability coefficient (Fig. 15d).

As a key parameter to describe the initial conditions of infiltration, the initial water content is also an essential 
factor in characterizing the infiltration capacity of soil. In general, the infiltration rate increases with the initial 
water content. Within the same infiltration time, higher initial water contents result in greater infiltration depths 
due to the limited water holding capacity of the soil. When the initial water content of the same soil increases, 
the amount of water absorbed during the infiltration process decreases accordingly, which is conducive to the 
continuous downward development of the wetting front.

In addition, saturated water content significantly impacts the rate and depth of infiltration. Specifically, the 
infiltration rate decreases with increasing saturated water content under the same soil type. Therefore, under the 
condition of constant initial water content, larger saturated water contents result in smaller infiltration depths 
when the infiltration time is the same. Increasing the saturated water content will lead to a decrease in the 
number of continuous water channels inside the soil, and it is difficult for the water to migrate downward, 
resulting in a decrease in the infiltration rate. Moreover, increased saturated water content enhances the water 
holding capacity of the soil, which increases the amount of water that can be accommodated, thereby reducing 
the infiltration depth under the same infiltration time.

Fig. 15.  Mechanisms affecting saturated permeability coefficients, including width, bending degree, angle, and 
roughness (a-d, respectively).
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Previous studies have shown that soil water potential is the driving force of soil water infiltration, and matrix 
potential is an essential part of soil water potential. Therefore, matrix suction is a driving force for soil water 
infiltration. Because greater matrix suction results in a greater driving force of infiltration, the infiltration depth 
is more significant at the same infiltration time.

Future work
The present study established the MLGA model, which is suitable for ponding infiltration in loess sites. According 
to verification using three sets of published field measured data, the MLGA model has higher calculation 
accuracy compared with other models. However, further evaluation is required to determine whether the MLGA 
model can be directly applied to other types of soil. It is widely known that water infiltration induces changes in 
soil microstructure57; when the microstructure of the soil changes, the soil parameters also change58. Although 
the change of soil parameters affects the infiltration process [60], the soil parameters related to the MLGA 
model are determined values and cannot change with the development of the infiltration process. Therefore, 
further research is needed to develop a method to determine the dynamic change of soil parameters through 
the combination of macro and micro perspectives, and the calculation accuracy of the MLGA model requires 
additional improvement. These deficiencies will be the main focus of future work.

Conclusions
The classical GA infiltration model assumes that the soil is completely saturated within the infiltration depth, 
ignoring the actual unsaturated layer in the infiltration process. In the present study, the characteristics of the 
water profile change during infiltration were fully considered, and the MLGA model suitable for water infiltration 
in loess sites was established. The MLGA model was verified using published experimental data. Furthermore, 
sensitivity analysis of the main parameters of the MLGA model was performed, and the influence mechanism of 
each parameter on the infiltration depth was discussed. The main conclusions are as follows:

	(1)	� Based on the assumption of saturated-unsaturated stratification in the infiltration depth, the MLGA model 
reflects the variation characteristics of the water profile in the infiltration process, using Darcy ‘s law and 
the continuity equation. Considering that the Philip model and the GA model have the same physical basis, 
the expression of matrix suction is obtained by combining the internal relationship between the infiltration 
rate and cumulative infiltration of the two models. Noteworthy, the MLGA model has a reliable theoretical 
basis, strict derivation process, and can reflect the actual water infiltration process comprehensively and 
accurately, and has certain advantages.

	(2)	�  The effectiveness of the MLGA model was validated by comparing with an existing infiltration model and 
three sets of field measured infiltration data. The maximum relative error of the MLGA model is less than 
10%, and the average relative error is 5.54%, indicating that the MLGA model has high computational ac-
curacy. Further, the average error of the MLGA model is 24.47% of the Kostiakov model and 80.42% of the 
LGAM model.

	(3)	� The key parameters of the MLGA model, namely, saturated permeability coefficient Ks, initial water con-
tent θi, saturated water content θs, and matrix suction sf, were analyzed by the single-factor disturbance 
method. The influence of each parameter on infiltration depth was summarized, and the sensitivity of each 
parameter was quantitatively described. The sensitivity of the four parameters to the infiltration depth is 
θs > θi > sf>Ks. Importantly, the accuracy of high sensitivity parameters should be ensured when the MLGA 
model is used for calculation. The influence mechanism of each parameter on water infiltration is analyzed 
finally.

Data availability
The data sets supporting the results of this article are included within the article and its additional files. Data sets 
generated during the current study are available from the corresponding author on reasonable request.
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