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Abstract  
Infiltration is one of the most important physical characteristics of soil and depends on 
various factors. This study investigated the influence of soil tex- ture, layering and water 
head on the soil water infiltration rate. It also selected the most accurate infiltration 
models to determine the water infiltration rate in homogeneous and heterogeneous soil 
profiles. Experiments were carried out in four soil containers with a length, width and 
height of 20  20  70 cm. Treatments consisted of two soil textures (sandy loam, SL; clay 
loam, CL), four soil profiles (homogeneous texture, SL and CL; and heterogeneous 
texture, lighter texture on the top, SL/CL, and heavier texture on the top CL/SL) and 
three water head sizes (4, 7 and 10 cm). Several models were used to determine the 
water infiltration rate under homogeneous (Kostiakov, modified Kostia- kov, Philip, 
Horton, traditional Green–Ampt, modified Green–Ampt and HYDRUS-1D) and 
heterogeneous soils (traditional Green–Ampt, modified Green–Ampt and HYDRUS-1D). 
According to the results, the infiltration rate decreased over time and along the soil 
profile. Nevertheless, it jumped at the interface of two-layered soils when the heavier 
soil was in the bottom layer (SC treatments) due to the high potential of the second 
layer, and then it decreased. In the reverse layering, the infiltration rate in the interface 
was low- est (CS treatments) because of the higher hydraulic conductivity of the second 
layer. Additionally, the infiltration rate increased with increasing water head, but the rate 
of this increase was higher by changing the water head from 7 to 10 cm. The results of 
infiltration models showed that the accuracy of these models was higher in clay loam 
texture than in sandy loam texture. The modi- fied Green–Ampt was the most accurate 
model in homogeneous and layered soils, with average RMSE of 0.0204 and 0.019, 
respectively. The Horton model had the weakest simulation in homogeneous soils, with 



an average RMSE of 0.1299. Additionally, the accuracy of HYDRUS-1D in layered soils 
was less than that in homogeneous soils (NS of 0.95 and 0.85, respectively), and its 
accuracy decreased with increasing water head in most treatments.  

 
Article title in French: L'effet de la texture du sol, de la superposition et de la chute 
d'eau sur le taux d'infiltration et la précision du modèle d'infiltration.  
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Résumé  
L'infiltration est l'une des caractéristiques physiques les plus importantes du sol et 
dépend de divers facteurs. Cette étude a examiné l'influence de la texture du sol, de la 
superposition et de la charge d'eau sur le taux d'infiltration de l'eau dans le sol. Elle a 



également sélectionné les modèles d'infiltration les plus précis pour déterminer le taux 
d'infiltration d'eau dans des profils de sol homo- gènes et hétérogènes. Les expériences 
ont été réalisées dans quatre contenants de terre d'une longueur, d'une largeur et d'une 
hauteur de 20  20  70 cm. Les traitements ont consisté en deux textures de sol (loam 
sableux—SL, loam argileux—CL), quatre profils de sol (texture homogène—SL et CL; et 
texture hétérogène, texture plus légère sur le dessus—SL/CL, et texture plus lourde sur 
le dessus CL/SL) et trois tailles de chute d'eau (4, 7 et 10 cm). Plusieurs modèles ont été 
utilisés pour déterminer le taux d'infiltration de l'eau sous des sols homogènes 
(Kostiakov, Kostiakov modifié, Philip, Horton, vert tradition- nel ampt, vert modifié ampt 
et HYDRUS-1D) et hétérogènes (vert traditionnel ampt, vert modifié ampt et HYDRUS-
1D). Selon les résultats, le taux d'infiltra- tion a diminué au fil du temps et le long du 
profil du sol. Néanmoins, il a scellé à l'interface des sols à deux couches lorsque le sol 
plus lourd se trouvait dans la couche inférieure (traitements SC) en raison du potentiel 
élevé de la deux- ième couche, puis il a diminué. Dans la couche inversée, le taux 
d'infiltration à l'interface était le plus faible (traitements au CS) en raison de la 
conductivité hydraulique plus élevée de la deuxième couche. De plus, le taux 
d'infiltration augmentait avec l'augmentation de la chute d'eau, mais le taux de cette 
aug- mentation était plus élevé en changeant la chute d'eau de 7 à 10 cm. Les résul- 
tats des modèles d'infiltration ont montré que la précision de ces modèles était plus 
élevée dans la texture argileuse que dans la texture sablonneuse. Le mod- èle vert 
modifié ampt était le plus précis pour les sols homogènes et stratifiés, avec des RMSE 
moyens de 0,0204 et 0,019, respectivement. Le modèle de Hor- ton présentait la 
simulation la plus faible dans des sols homogènes, avec un RMSE moyen de 0,1299. De 
plus, la précision de l'HYDRUS-1D dans les sols stratifiés était inférieure à celle des sols 
homogènes (NS de 0,95 et 0,85, respec- tivement), et sa précision diminuait avec 
l'augmentation de la charge d'eau dans la plupart des traitements.  
MOTS CLÉS  
modèle HYDRUS-1D, modèles d'infiltration, sols stratifiés, texture du sol, chute d'eau  
 
1 | INTRODUCTION  
Water infiltration into the soil is a critical process in many aspects and is a great 
concern in many fields, such as hydrology, agriculture and geotechnical and geological 
engineering (Cheng et al., 2021). The effective design of the water resources system 
depends on the accuracy  
of infiltration estimation since the volume of infiltration is the main input in the analysis 
design of the water resources system (Harisuseno & Cahya, 2020). Many models have 
been provided for infiltration prediction, often due to the importance of infiltration 
(Chari et al., 2020). Using infiltration models allows for irriga- tion optimization while 
reducing time and cost waste in  
field infiltration measurements, especially at the catch- ment scale. Infiltration 
equations are divided into physi- cal, empirical and semi-empirical equations. 
Empirical and semi-empirical equations, such as Kostiakov (1932), are simple models 
that are usually determined from empirical data (Mishra et al., 2003). However, these 
equa- tions cannot describe the details of the infiltration pro- cess as well as physical 
models (Ma et al., 2010). The Green–Ampt and Richards equations have been the most 
common physical models (Ma et al., 2010). The HYDRUS-1D model, based on the 
Richards equation, is an advanced model for simulating water, heat and solute 



movement in the soil and for predicting root water absorption and growth (Simunek et 
al., 2005).  
The rate of water infiltration depends on the soil tex- ture, soil structure, soil 
compaction, initial soil moisture, layering and depth of the soil profile, groundwater 
level, ground slope and soil surface conditions such as vegeta- tion and water head (Al-
Ghazal, 2002; Garg & Goel, 2019; Hillel, 1998). Patle et al. (2019) estimated the 
infiltration rate using a regression model based on soil characteristics at 25 points on 
cultivated land with a 10-m grid interval. Field measurements were performed using a 
double ring. The results showed that sand, particle density and organic carbon content 
have a positive correlation with infiltra- tion rate, whereas silt, clay, bulk density and 
moisture content have a negative correlation with it. Additionally, the multilinear 
regression model was the best one for esti- mating infiltration. Modelling water 
consumption in soil under wheat–corn cultivation showed that water move- ment is 
closely related to the thickness and relative posi- tion of layers with distinct textures 
along the soil profile (He et al., 2013; Ma et al., 2016).  
It has been agreed that water head influences water infiltration (Erie, 1962), and it is 
known that, for the same initial conditions (Al Shakerchy, 2009), the water infiltration 
rate increases with increasing water head size (Al-Ghazal, 2002). However, except for 
the Green–Ampt model, water head size is not directly involved in any other infiltration 
model, which may be the origin of the discrepancies observed between the empirical 
and esti- mated water infiltration rates.  
The Kostiakov model (1932) is the oldest empirical water infiltration model and 
contemplates the influence of rainfall intensity, initial soil moisture, bulk density, 
texture and vegetation (Adindu et al., 2014; Parhi, 2014). It is simple (Clemmens, 1983) 
and widely used in surface irrigation (Furman et al., 2006). To be suitable for appli- 
cation in long-term determinations, it was modified by adding a constant coefficient 
equal to the final infiltration rate (Mezencev, 1948). The Horton model (Horton, 1940) is 
another valid empirical equation in hydrology that con- siders the final water infiltration 
rate as a function  
corrected by a coefficient determined by texture and ini- tial soil moisture.  
The physical models used to calculate the water infil- tration rate are based on physical 
laws and are conse- quently ideal under controlled experimental conditions but not 
good for describing water infiltration under actual soil conditions. Philip's model (Philip, 
1957) describes water infiltration in vertical and horizontal directions based on soil 
sorptivity and initial and final moisture. It is a good model to predict the water infiltration 
rate for extended periods since, at the beginning of the infiltration process, soil 
sorptivity (a function of soil suction) is domi- nant (Adindu et al., 2015). The HYDRUS-1D 
model can predict the flow of water under different pore saturation conditions using the 
numerical solution of the one- dimensional Richards equation (Simunek et al., 2005) 
considering the volumetric moisture content of the soil, water head pressure and 
unsaturated soil hydraulic con- ductivity estimated by van Genuchten et al. (1991). The 
Green and Ampt (1911) equation was developed to calcu- late the water infiltration rate 
for homogeneous soils with constant water heads. However, this model is also used in 
heterogeneous soils. It is assumed that each soil layer is homogeneous, the interface 
between adjacent layers is sharp, and the initial moisture content in each layer is 
uniform (Mohammadzadeh-Habili & Heidarpour, 2015). This model considers the flow 
in the unsaturated zone influenced by soil suction and in the saturated zone influenced 



by the gravity potential and constant suction head of the moisture front and expresses 
the infiltration rate in this zone according to Darcy's law (Green & Ampt, 1911). The 
Green–Ampt model was modified to incorporate the air entry to the soil column and 
estimate the actual hydraulic conductivity of the saturated area less than the saturated 
hydraulic conductivity (Ma et al., 2010).  
Taking into consideration the distinct nature of the models most used to determine the 
soil water infiltration rate, it is expected that they point to distinct results when 
considering the interaction between texture heterogene- ity along the soil profile and 
water head size, since most of the equations were optimized for specific values of each 
of these variables (Abdulkadir et al., 2011; Adindu et al., 2015; Ali et al., 2016; Dagadu & 
Nimbalkar, 2012; Furman et al., 2006; Haghighi et al., 2010; Hajabbasi, 2006; Liu et al., 
2008; Ma et al., 2011; Mohammadzadeh-Habili & Heidarpour, 2015; Navar & Synnott, 
2000; Oku & Aiyelari, 2011; Sihag et al., 2017; Sˇimu ̊nek et al., 2008).  
Mohammadzadeh-Habili and Heidarpour (2015) con- ducted experiments in six 
columns of two-layered soil with different permeabilities and constant heads to evalu- 
ate the Green–Ampt model. The results showed that  
 
 
when the first layer is more permeable, the infiltration rate at the two-layer interface 
increases significantly. However, when the first layer is less permeable, the infil- tration 
velocity at the two-layer interface is lower than the final infiltration velocity in the lower 
layer.  
In this study, the effect of water head on infiltration model accuracy was investigated, 
which has been addressed in only a few studies (Al Shakerchy, 2009; Al- Ghazal, 2002; 
Hsu et al., 2017). The main purpose of this research was to study the effect of water 
head, texture, layering and their interaction effect on infiltration rate. Additionally, this 
study investigated the interaction effect of texture, layering and water head on the 
infiltration rate in homogeneous and heterogeneous soils, which has not been 
discussed in other research.  
2 
| 
MATERIALS AND METHODS Columns preparation 
2.1 
|  
The experiments were conducted at the Hydraulic Labo- ratory of the Water Engineering 
Research Department of Urmia University, Iran, in 2017. Soil texture was assessed 
based on the hydrometer analysis test (Bouyoucos, 1962; Gee & Bauder, 1986), bulk 
density of soil layers was obtained from the core method (Ma et al., 2010), soil den- sity 
was determined using the pycnometer (Soil Survey Staff, 2004), and saturation 
hydraulic conductivity was obtained using the constant head water method (Liu et al., 
2008). The soil physical and hydraulic properties are given in Table 1. In this study, 
infiltration experi- ments were carried out by considering three variables, including two 
soil textures (sandy loam and clay loam), two soil layering (sandy loam in the top layer 
and clay loam in the bottom and vice versa), and three constant water head sizes (4, 7 
and 10 cm). The experiments included 12 treatments and 3 replications, and a random- 
ized complete design was used. Considering 12 treatments and 3 replications, 36 
experiments were performed. Anal- ysis of variance of the results was performed using 



SPSS software. The characteristics of the treatments are pre- sented in Table 2. For the 
experiments, four PVC con- tainers with length, width and height of 20  20  70 cm with 
plexiglass front walls were used.  
 
T A B L E 1 Physical and hydraulic parameters of the studied soils  

 
 
 

 
 
 
To perform each experiment, air-dried soils were sieved through a 2-mm screen. Then, 
to optimize com- paction and eliminate the effect of initial moisture on the water 
infiltration rate, the weighted soil moisture reached 15%. For this, the mass of dry soil 
needed to achieve the specific bulk density and the needed water mass to reach 15% 
soil moisture were calculated. Then, water was added uniformly to the dry soil.  
To achieve a certain bulk density, Proctor's density test apparatus was applied, and the 
soil was compressed in 5-cm layers with a specified number of strikes (accord- ing to 
Ma et al., 2010). While filling the soil columns, coarse soil was used 5 cm below each 
column as a filter to ensure proper drainage. A wire mesh was installed at the end of the 
column to prevent particles from exiting while water was draining. In the homogeneous 
treat- ments, the soil columns were filled to a height of 50 cm. Therefore, in two-layered 
soils, the thickness of each layer was 25 cm. In the upper part of the columns, a space 
with a height of 15 cm was considered for provid- ing constant water heads by the 
Mariotte bottle (Figure 1).  
After each experiment, the soil was removed from the soil container, and the container 
was refilled for the next experiment. The types of layering of the soil con- tainers are 
presented in Figure 2. From right to left, the first container includes sandy loam texture 
(S treatments), the second includes clay loam texture (C treatments), the third includes 
two-layer soil, the upper layer is sandy loam and the lower layer is clay loam (SC 
treatments), and the fourth includes reverse layering (CS treatments).  



2.2 | Measurement  
Infiltration experiments were carried out in each soil col- umn with water heads of 4, 7 
and 10 cm. A Mariotte bot- tle (with a height and internal diameter of 60 and 16 cm, 
respectively) was used to provide a constant water head on the soil surface during the 
infiltration process (Figure 2). First, the Marriot bottle was filled with water, and the air 
inside was evacuated using the installed air valve. Then, the inlet valve of the Marriott 
bottle to the soil container was opened, and water entered the soil  
 
FIGURE 1 Schematic of the experimental model used for two- layered treatments  
 
 

 



FIGURE 2 The set-up of experiments: (a) the column of sandy loam, (b) the column of 
clay loam, (c) the column of two-layered soil (sandy loam (up) and clay loam (down)), 
(d) the column of two-layered soil (clay loam (up) and sandy loam (down)), (e) filter, (f) 
Mariotte bottle, (g) water head, (h) watermark and (i) wet sensor and (j) soil container  
 

 
 
container. Therefore, the water level on the soil increased and reached a constant 
value. The reading of the water head was continued at different times until a constant 
water head was created on the soil surface. The ponding formation time varied between 
0.5 and 1.8 min in differ- ent treatments. In each experiment, to determine the 
infiltration parameters, the temporal changes in the water level in the Mariotte bottle 
were read. The experiments were continued until the moisture front reached the end of 
the soil container.  
Since the infiltration velocity is quite large at the early stages of the infiltration process, 
the water levels in the Mariotte bottle were read over 10, 20, 40 and 60 s and 
2,3,5,7,9,11,13,15,18,21,24,27,31and35min,then every 5 min until 60 min, every 8 min 
until 100 min and every 10 min until 130 min. Of course, in the two-layered soils, the 
water level was read at the interface of the two layers.  
The tensiometers were placed at depths of 5, 15, 25, 35 and 45 cm of the soil in the 
columns. Therefore, the matric potential at the wetting front, which is one of the 
parameters of the Green–Ampt model, was read. These tensiometers were installed 
during soil compaction and filling the columns. Additionally, the initial water contents at 
different depths (5, 15, 25, 35 and 45 cm) were read using a WET-Sensor (type WET-2, 
DELTA-T- England). The end time of the experiment varied from 33 to 128 min according 
to treatments due to differences in soil texture, layering and water head. Because of the 



transparency of the soil container glass, the movement of the moisture front was 
observed. The matric potential was also measured at the interface of the two layers 
using a watermark (IRROMETER Company, California) of  
approximately 2 kPa (due to air entry and soil unsaturation).  
 
 
2.3 | Infiltration models The Kostiakov model (1932):  
 

 
 
where I is the cumulative infiltration [L], t is the time of the test [T] and a [LTb] and b [] 
are experimental coef- ficients that depend on rainfall intensity, initial soil mois- ture, 
bulk density, texture and vegetation (Adindu et al., 2014; Parhi, 2014).  
The modified Kostiakov model was obtained as (Mezencev, 1948)  
 

 
 
where fK is the final infiltration rate of soil [LT1], which occurs after a long time and soil 
saturation.  
 
The Horton model was developed as (Horton, 1940)  
 

 
 
where i is the infiltration rate [LT1], fc is the final infil- tration rate [LT1], f0 represents the 
initial infiltration rate [LT1] and k [T1] is a constant coefficient that relies on the texture 
and initial moisture of the soil.  
The Philip model (1957) was calculated based on the following equation:  
 

 
where S is the sorptivity factor [LT1/2], which depends on the initial and final moisture 
content of the soil, and A is a constant coefficient, which is a function of the ini- tial and 
final moisture of the soil [LT1].  
The HYDRUS-1D model uses the numerical solution of the one-dimensional Richards 
equation as follows ((Simunek et al., 2005): 
 



 
 
where θ is the volumetric moisture content of the soil [L3L3], h is the pressure head [L], 
Z is the vertical distance from the soil surface [L] and k(h) is the unsaturated hydraulic 
conductivity [LT1], which is estimated by van Genuchten et al. (1991): 
 

 
 
where Ks is the soil saturated hydraulic conductivity [LT1] and n, m, α and l are 
experimental parameters []. Additionally, to estimate the values of θr, the reten- tion 
curve equation proposed by van Genuchten (1980) was used as  
 

 
 
where θ and θ are the soil saturation and residual moisture content, respectively [L3 
L3]. In this study, empiri- cal soil hydraulic parameters, including n, α and θr, were  
unknown and were obtained with the RETC software (Ma et al., 2010; Schaap et al., 
2001). To determine the hydraulic parameters of the model, the obtained values were 
evaluated, and based on the results, the coefficients were calibrated. The final 
parameters are presented in Table 3. Additionally, l was considered to be 0.5 (Ma et al., 
2010), and two other hydraulic parameters, θs and Ks, were measured (Ma et al., 2010). 
The values of Ks and θs are presented in Table 1.  
Since the experiments were carried out with a constant head, upper boundary 
conditions were applied based on the constant pressure head (4, 7 and 10 cm heads) 
during the test. Additionally, the initial conditions were considered based on constant 
water content. Down-stream boundary conditions were considered as free drainage. 
The upstream and downstream boundary conditions in this study were as follows (Ma et 
al., 2010):  
 



 
 
where h0 is the constant water potential at the soil surface, and Equation (9) shows that 
the change in water potential with respect to soil depth is zero (free drainage condition). 
Additionally, the initial volumetric moisture content of all treatments was approximately 
20% (the change in water potential (kPa) and water content (%) during the moving 
moisture front were approximately (40, 21), (30, 23), (20, 26), (10, 29) and (0, 40)).  
The Green and Ampt (1911) model considers the flow in the unsaturated zone 
influenced by soil suction and in the saturated zone influenced by the gravity potential 
and constant suction head of the moisture front and expresses the infiltration rate in 
this zone according to Darcy's law as (Green & Ampt, 1911)  
 

 
 
where Lf represents the wetting front thickness [L], Sf is the matric suction of the 
wetting front [L] that is mea- sured by the watermark and h0 is the constant head over 
the soil [L]. The infiltration rate in the soil is obtained from the following equation:  
 

 
 
where Ks is the average saturated hydraulic conductivity of the soil, which is described 
as  
 



 
 
where Ks,i is the saturated hydraulic conductivity in the ith layer [LT1], D is the thickness 
of each layer [L] and the subscripts i and n are the soil layer number and the saturation 
layer number, respectively.  
The modified Green–Ampt equation incorporates air entry into the soil column (Ma et 
al., 2010). To consider the impact of air entrapment, a reduction factor Sa is given:  
 

 
 
where Sa is the saturation coefficient [], Sm and Ss are the measured moisture content 
and the total saturated moisture content in the wetted area [L], respectively, Si is the 
total initial moisture content [L] and I is the total cumulative infiltration measured [L]. 
Thus, the actual hydraulic conductivity (ka) and actual moisture content (θa) in the 
saturation area can be obtained from the fol- lowing equations:  
 
 

 
 
The reduction factor Sa and the actual hydraulic con- ductivity Ka for sandy loam are 
0.915 and 0.0823 cm min1, respectively. Additionally, these parameters for clay loam 
are 0.843 and 0.0508 cm min1, respectively.  
 
 
 

2.4 | Statistical indicators  
Finally, statistical indicators, including the root mean squared error (RMSE), mean 
absolute error (MAE), per cent bias (PBIAS) and Nash–Sutcliffe coefficient (NS; Nash & 
Sutcliffe, 1970), were used to compare the accu- racy of infiltration models and to 
choose the best infiltra- tion model according to Equations (17)–(20) (Horn, 1993):  
 
 



 
 

 
 
where Si, Oi, O and n are the simulated data, observed data, average of observed data 
and total number of observed data, respectively. The RMSE value is always positive, and 
if it approaches zero, the simulation result will be more accurate. PBIAS represents the 
percentage difference between simulated and observed data. The positive value of 
PBIAS represents overestimation, and negative value indicates lower estimation of the 
model. If the PBIAS value is between 10 and +10%, the simula- tion result will be highly 
accurate. The NS shows the accuracy of the data fitness, which is in the range of neg- 
ative infinity in the worst case up to one in the best simu- lation state. Finally, the best 
infiltration model is selected using the ranking method. The ranking method is that each 
model with the lowest values of RMSE, MAE and PBIAS errors and the highest NS is 
ranked 1, and the other models are ranked 2 or more. Finally, the total ranking of 
statistical indicators is calculated for each treatment; then each model with the lowest 
rank is selected as the best model.  
 
 
 

3 | RESULTS AND DISCUSSION 3.1 | The effect of texture and 
layering  
on infiltration rate  
In each experiment, the water level of the Marriott bottle was read using a piezometer 
installed behind it at differ- ent times from the beginning of the experiment until the 
moisture front reached the bottom of the soil container. Then, the water level drop in 
the Marriott bottle was cal- culated at different periods. To calculate the volume of 
water infiltrated into the soil, the water level drop value was multiplied by the cross-
sectional area of the Marriott bottle (200.96 cm2), and then the water infiltration depth 
was calculated by dividing the volume of infiltrated water by the cross-sectional area of 
the soil container (400 cm2). Finally, the rate of infiltration in each period was calcu- 
lated by dividing the infiltration depth by the duration of infiltration. According to the 



results, at a constant water head, the infiltration rate in both soil textures and both 
layering arrangements decreased over time (Figure 3). The infiltration rate in sandy loam 
was higher than that  
 

 
 
in clay loam soil, and the variations in infiltration rate in both heavier and lighter soils 
were similar. However, in the SC treatments, the infiltration rate at the two-layer 
interface was significantly higher than that at the low- permeability bottom layer. So, a 
jump was observed at the two-layer interface in their infiltration curves. This increase is 
due to the high matric potential of the lower layer, which consequently increased the 
hydraulic gradi- ent and infiltration rate according to Darcy's law. Addi- tionally, 
Mohammadzadeh-Habili and Heidarpour (2015) pointed to a vertical increase in 
infiltration rate through the passage of the light-to-heavy layer and the reduction of the 
infiltration rate on the heavy layer. In these treat- ments (SC), the infiltration rate of the 
second layer decreases due to the low hydraulic conductivity. How- ever, the infiltration 
rate in the CS treatments at the two- layer interface was lower than the final infiltration 
rate in the second layer. This decrease is also due to the low matric potential of the 
second layer, and finally, accord- ing to Darcy's law, reducing the hydraulic gradient 
decreases the infiltration rate (Mohammadzadeh-Habili & Heidarpour, 2015). In these 
treatments, because of the higher hydraulic conductivity of the second layer,  
the flow resistance is low, and the infiltrated water will easily move in the second layer. 
On the other hand, since the infiltration rate in the second layer is greater than that in 
the first, after the reduction at the two-layer inter- face, the infiltration rate clearly 
increased and approached the final infiltration rate of the light soil. Then, the infiltration 



rate decreases again over time. Mohammadzadeh-Habili and Heidarpour (2015) also 
pointed to the decrease in infiltration rate at the two- layer interface, with the placement 
of the heavy layer above the light one. The change in infiltration rate at the interface of 
the two layers can be due to differences in the physical properties of soil, such as 
texture and struc- ture (Ma et al., 2010). Furthermore, with all water heads, soil texture 
had a significant influence on the end time of the experiment, while soil layering had 
little effect on this factor. The end times of the experiments in the SC and CS treatments 
are similar at a constant head.  
According to Figure 3, the sections with clear varia- tions in infiltration are presented 
accurately in the small blocks. Based on this analysis, it was found that these changes 
occurred more at the two-layer interface in het- erogeneous treatments. Additionally, to 
compare and accurately show the infiltration rate in homogeneous treatments, changes 
in the infiltration rate were shown in the middle of the layer (soil depth of 25 cm) in these 
small blocks. As shown in Figure 3(a), the infiltration rate values at the soil depth of 25 
cm in the S4 and C4 treatments and at the two-layer interface (soil depth of 25 cm) in 
the SC4 and CS4 treatments were 0.19, 0.09, 0.27 and  
0.07 cm min1, respectively, which indicates a 52% increase in infiltration rate in the S4 
treatment compared to the C4 treatment (texture effect on infiltration rate) and a 74% 
increase at the two-layer interface in the SC4 treatment compared to the CS4 treatment 
(effect of layer- ing on infiltration rate). On the other hand, in the SC4 treatment, by 
moving the wetting front of the upper layer (high-permeable layer) into the lower layer 
(lower- permeable layer) due to the high matric suction of the second layer, the 
infiltration rate at the two-layer inter- face increased by 42.1%. This jump appears in 
Figure 3 (a). In the case of the CS4 treatment, the infiltration rate at the two-layer 
interface decreases by 22.2% due to the lower matric suction of the highly permeable 
second layer. Then, the infiltration rate increases again to reach the final infiltration 
capacity of the second layer, and these changes are shown in Figure 3(a). The variations 
in the infiltration rate in Figures 3(b) and (c) are also simi- lar, and only the percentage 
change in infiltration rate is less than that in Figure 3(a). According to Figure 3(b), the 
infiltration rate values at the soil depth of 25 cm in the S7 and C7 treatments and at the 
two-layer interface (soil depth of 25 cm) in the SC7 and CS7 treatments were 0.2, 0.1, 
0.28 and 0.09 cm min1, respectively, which indi- cates a 50% increase in the S7 
treatment compared to the C7 treatment and a 66.7% increase at the two-layer inter- 
face in the SC7 treatment compared to the CS7 treat- ment. In the SC7 treatment, the 
infiltration rate at the interface of the two layers increased by 35%, and in the CS7 
treatment it decreased by 10%. Additionally, according to Figure 3(c), the infiltration rate 
values at the soil depth of 25 cm in the S10 and C10 treatments and at the two-layer 
interface in the SC10 and CS10 treatments were 0.3, 0.16, 0.37 and 0.13 cm min1, 
respectively, which indicates a 46.7% increase in infiltration rate in the S4 treatment 
compared to the C4 treatment and a 64.9% increase at the two-layer interface in the 
SC10 treatment compared to the CS10 treatment. In the SC10 treatment, the infiltration 
rate at the two-layer interface increased by 23.3%, and in the CS10 treatment, it 
decreased by 18.8%. Additionally, to accurately show the variations in infiltration rate, a 
box plot was plotted, as shown in Figure 3(d). Changes in infiltration rate at different 
heads appear in this figure. Additionally, the dotted dia- gram of Figure 3(d) shows the 
infiltration rate at 25 cm  



depth and the two-layer interface for homogeneous and heterogeneous treatments, 
respectively.  
3.2 | The effect of water head on infiltration rate  
Changes in infiltration rate due to changes in water head over the soil for homogeneous 
and heterogeneous soils are presented in Figure 4. According to Figure 4, in both the 
single- and two-layered soil treatments, the infiltra- tion rate increases with increasing 
water head, which is similar to the results of Al-Ghazal (2002), Al Shakerchy (2009) and 
Hsu et al. (2017). The infiltration rates of the S4, S7 and S10 treatments were in the 
intervals of (0.13– 1.98), (0.14–2.2) and  
(0.23–2.2) cm min1, respectively; for the C4, C7 and C10 treatments they were in the 
intervals of (0.075– 1.34), (0.09–1.43) and (0.13–1.49) cm min1, respectively; for the 
SC4, SC7 and SC10 treatments they were in the intervals of (0.08–2.07), (0.09–2.24) and 
(0.14–2.09) cm min1, respectively; and for the CS4, CS7 and CS10 treat- ments they 
were in the intervals of (0.12–1.42), (0.13– 1.36) and (0.22–1.42) cm min1, respectively. 
Over time, the infiltration rate decreased. The results showed that the intensity of the 
decreasing infiltration rate decreased with increasing water head. To better show 
changes in the infiltration rate in homogeneous treatments, the infil- tration rate was 
plotted in small intervals in small blocks. Additionally, in heterogeneous treatments, 
due to the clear variation in the infiltration rate at the two-layer interface, infiltration 
rates were plotted near the interface of the two layers. According to Figure 4, there is 
little dif- ference between the infiltration rates at the heads of 4 and 7 cm in all 
treatments. However, there is a clear difference between the infiltration rates at the 7- 
and 10-cm heads. At different water heads, the process of changes in the infiltration 
rate at the interface of the two layers was similar, so that in the SC treatments, a jump 
and then a decrease in the infiltration rate were observed. In the CS treatments, the 
infiltration rate first decreased and then increased. According to Figure 4(c), the infiltra- 
tion rates at the two-layer interface in the SC4, SC7 and SC10 treatments were 0.27, 
0.28 and 0.37 cm min1, respectively. In other words, the increase in infiltration rate in 
the SC7 treatment was 3.7% relative to SC4 and 32.1% in SC10 compared to SC7. 
Additionally, according to Figure 4(d), the infiltration rate values at the two-layer 
interface in the CS4, CS7 and CS10 treatments were 0.07, 0.092 and 0.13 cm min1, 
respectively. In other words, the infiltration rate was 2.86% higher in the CS7 treat- ment 
than in the CS4 treatment and 44.4% higher in the CS10 treatment than in the CS7 
treatment. The time of arrival of the wetting front at the interface of the two  
 



 
 
 
layers had the same procedure, so in the SC4, SC7 and SC10 treatments it was 21, 17 
and 11.5 min, respectively, and in the CS4, CS7 and CS10 treatments it was 43, 40 and 
28.5 min, respectively. Aronovici (1955) showed that the infiltration rate increases 
directly with increasing water head. Al Shakerchy (2009) reported a great efficacy of 
water head on infiltration rate. Addition- ally, Hsu et al. (2017) showed that cumulative 
infiltration increases uniformly as head increases.  
3.3 | The effect of water head on infiltration models in homogeneous soils  
The simulated infiltration rates using empirical and semi-empirical models, including 
Kostiakov, modified Kostiakov and Horton, and physical models, including Philip, 
traditional and modified Green–Ampt models and HYDRUS-1D, are presented in Figure 
5 for the six homo- geneous soil treatments. According to Figure 5, the simu- lation 
results of all infiltration models, especially the  
modified Green–Ampt and modified Kostiakov models, converged with simulated data. 
To better illustrate the results, the variations were plotted in smaller intervals of 
infiltration. The percentage of variations in the simulated infiltration rates relative to the 
measured values (PBIAS) was obtained for homogeneous soils (S and C treat- ments); 
then, the average PBIAS value was calculated for each infiltration model and HYDRUS-
1D. According to the results, the mean values of PBIAS in the Horton, HYDRUS-1D, 
Kostiakov, Philip, modified Green–Ampt, modified Kostiakov and traditional Green–
Ampt models were equal to 9.67, 7, 3.19, 2.88, 1.36, 0.81 and 7.22%, respectively. The 
negative and positive values rep- resent lower estimation and overestimation, 



respectively. Additionally, the simulation results of the infiltration rate in homogeneous 
soil treatments often showed that all the equations and the HYDRUS-1D model at the 
end times and the Kostiakov equation at the mid-infiltration times of the experiments 
accurately simulate the infiltration rate. Additionally, the standard deviation values of 
the measured and simulated infiltration rates were  
 

 
calculated. The values of the standard deviation of the measured data were 0.226 cm 
min1. The values of the standard deviation of the simulated data by the Horton, 
Kostiakov, Philip, HYDRUS-1D, modified Kostiakov and modified and traditional Green–
Ampt models were 0.107, 0.164, 0.174, 0.206, 0.219, 0.232 and 0.249 cm min1, 
respectively.  
The coefficients of the equations were derived based on the measured data and best-fit 
regression line or curve  



(Abdulkadir et al., 2011; Furman et al., 2006; Harisuseno & Cahya, 2020). To estimate 
the coefficients of the Kostiakov, modified Kostiakov, Horton and Philip models, 
regression analysis was used so that the fitted equations had the highest coefficient of 
determination (R2) and the lowest RMSE. Therefore, the a and b coefficients in the 
Kostiakov and modified Kostiakov models, the k and f0 coefficients in the Horton model 
and the S and A coefficients in the Philip model were derived  
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from the slope and intercept of the fitted lines. However, considering that the modified 
Kostiakov and Horton models had three unknown coefficients, the fK and fc coefficients 
(respectively, in these models) were estimated by trial and error (considering the best-fit 
regression). Additionally, all the parameters of the traditional and modified Green–Ampt 
models, including the wetting front thickness (Lf), the saturated hydraulic conductivity 
of the soil layers (Ks) and the matric suction of the wet- ting front (Sf), were measured. 
To increase the accuracy of the results, instead of using the Brooks and Corey (1964) 
retention curve to estimate the bubbling pressure (hb), which is one of the main 
parameters of the Sf equa- tion, the value of Sf was measured using a watermark. 
Additionally, as mentioned in Section 2.3, in the modified Green–Ampt model, the 
coefficient Ka is used instead of Ks (Equation (15)), which is estimated using Ks and Sa, 
and the value of Sa was also estimated by the measured moisture content and the total 
saturated moisture con- tent in the wetted area (Equation (14)). The calculated 
parameters of the Kostiakov, modified Kostiakov, Philip and Horton models in 
homogeneous soil treatments are presented in Table 4. According to Table 4, the values 
of infiltration coefficients in the S treatment are often higher than those in the C 
treatment.  
The statistical indicators were calculated to estimate the most accurate infiltration 
model in homogeneous soil treatments. The values of statistical indicators (MAE, NS, 
PBIAS and RMSE) and rankings of infiltration models for homogeneous soil treatments 
are given in Table 5. According to the total ranking, the modified Green– Ampt infiltration 
model was selected as the best infiltra- tion model in all homogeneous soil treatments 
(Table 5). Additionally, the modified Kostiakov model ranked sec- ond in all treatments 
except S7. On average, the tradi- tional Green–Ampt model and HYDRUS-1D had better 
results. The Philip and Kostiakov models had weaker results, and the Horton model had 
the lowest rank. Ma et al. (2016) also showed that the Green–Ampt equation  
can simulate infiltration parameters. Additionally, Mao et al. (2016) confirmed the high 
accuracy of the modified Green–Ampt model in a horizontal soil column. Researchers 
such as Gifford (1976), Hajabbasi (2006) and Haghighi et al. (2010) found that the 
Horton equation has better fitness with observed data. Researchers such as Navar and 
Synnott (2000) found a high accuracy of the modified Kostiakov model in the simulation 
of infiltra- tion rate, and Machiwal et al. (2006) and Oku and Aiye- lari (2011) reported a 
high accuracy of the Philip model. Chari et al. (2020) and Jha et al. (2019) noted that the 
precision of the modified Kostiakov model is greater than that of the Philip model in 



estimating infiltration based on double rings. In other words, a comparison of this 
study's results with previous studies suggests that each infiltration model, under 
certain conditions, simulates the infiltration process better than others (Sihag et al., 
2017; Turner, 2006), which is due to the nature of the variability of soil hydraulic 
characteristics, especially hydraulic conductivity, even in similar soil units (Comegna & 
Vitale, 1993; Nielsen et al., 1973). In addi- tion, according to Table 5, the accuracy of 
infiltration models in the clay loam texture has been higher than that of sandy loam. In 
most of the treatments, the accuracy of infiltration models decreased with increasing 
water head. The greatest effect of the water head was observed on the results of the 
HYDRUS-1D, modified Kostiakov and mod- ified Green–Ampt models. The least effect of 
the water head was related to the Kostiakov and Philip models. Additionally, Philip and 
Horton's models have similar accuracy in estimating the infiltration rate at water heads 
of 7 and 10 cm, but the accuracy of these models’ estima- tion results at a water head 
of 7 cm is lower than that at a water head of 4 cm. In the modified Green–Ampt, the dif- 
ference in the accuracy of the model estimation for water heads of 7 and 10 cm was 
considerable.  
 

 
 
 



 
 
 
 
 
 



 
 
3.4 | The effect of water head on the infiltration models in the layered soils  
The simulated infiltration rates in heterogeneous soils (SC and CS treatments) using 
HYDRUS-1D and tra- ditional and modified Green–Ampt models are presented in Figure 
6. According to Figure 6, the traditional and modified Green–Ampt equations can 
predict the  
infiltration rate increase at the two-layer interface in SC treatments and can also reduce 
the infiltration rate in CS treatments. This result is completely consistent with the 
results of Mohammadzadeh-Habili and Heidarpour (2015). On the other hand, the 
modified Green–Ampt has more convergence with observed data due to the consid- 
eration of air entry values. However, the HYDRUS-1D model could not predict the 
variation in infiltration rate at the two-layer interface. The results of this section are in 



agreement with those of researchers such as Moore and Eigel (1981), Wang et al. 
(1999), Liu et al. (2008), Ma et al. (2010) and Mohammadzadeh-Habili and Heidar- pour 
(2015), who showed that the modified Green–Ampt equation properly predicts the 
infiltration process in lay- ered soils. In Figure 6, to better show the results, the 
infiltration rates near the interface of two layers were plotted in small blocks. The 
average PBIAS of the hetero- geneous soils (SC and CS treatments) for the modified  
and traditional Green-Ampt models and HYDRUS-1D were 0.94, 9.39 and 10.59%, 
respectively. The values indicate the ignored lower estimation of the modified Green–
Ampt equation, the overestimation of the tradi- tional Green–Ampt equation and the 
lower estimation of the HYDRUS-1D model in this study. To determine the most 
accurate infiltration model in heterogeneous soils, the values of statistical indicators 
(MAE, NS, PBIAS and RMSE) of the traditional and modified Green–Ampt models and 
HYDRUS-1D were calculated and are  
 

 
 

 



 
 
presented in Table 6. According to Table 6, the modified Green–Ampt equation with the 
lowest rank in all SC and CS treatments is seen as the best infiltration model. Next, the 
traditional Green–Ampt model and HYDRUS-1D were ranked 2 and 3, respectively. In 
layered soil, the accuracy of the HYDRUS-1D and Green–Ampt models was higher than 
in homogeneous soil. Additionally, the accuracy of the mentioned models usually 
decreases with increasing water head. The effect of the water head on the simulation 
accuracy of the HYDRUS-1D model was greater than that of the Green–Ampt model.  
3.5 | The combined effect of texture, layering and water head on infiltration rate  
The P-value and MS (“Mean Square” in the SPSS soft- ware) of the measured data were 
determined using SPSS software, and the results are presented in Tables 7 and 8. 
Analysis of variance was performed using a three-factor test. F was related to the main 
effects, and the dual inter- actions were obtained using triple interactions (according to 
the research of Pirzad et al., 2011). Analysis of variance was performed at 0, 10, 20, 30, 
50, 70 and 90 min due to the end time of tests in different treatments. The results of 
variance analysis at the start time showed a significant difference between the two 
levels of soil texture. Other factors of layering, water head and the interaction between 
them, and the interaction between them and soil texture, were not significant. 
Additionally, the analysis result at 10 min showed that the effect of the two factors of 
texture and water head was significant. However, the interaction effect between these 
two factors, the layering effect and the interaction effect between layering and the other 
two factors were not. The interaction effect between soil texture and soil layering was 
significant at 70 min. However, the effect of the main parameters and  
the interaction effect between the water head and two other factors were not. For other 
times of 20, 30, 50 and 90 min, the effect of the main factors and the interaction 
between them was insignificant.  
4 | CONCLUSION  
Irrigation is often performed without specific knowledge of soil water infiltration, water 
head and deep percolation losses. But these parameters are essential in the irrigation 
efficiency of traditional irrigation methods (especially in arid and semi-arid regions). 
Therefore, we studied the impact of soil texture, layering and three water heads (4, 7 and 
10 cm) on the water infiltration rate. As expected, both sandy loam and clay loam 
textures had similar infil- tration rate variations over time. In the SC treatments, the 
infiltration rate at the two-layer interface increased due to increased suction from the 



lower layer. Then, it decreased when the wetting front entered the second layer. In the 
CS treatments, the infiltration rate at the two-layer inter- face decreased due to the 
lower suction of the second layer, but it increased again to approximately the final 
infiltration capacity of the second layer. In both the homogeneous and heterogeneous 
soil treatments, the infiltration rate increased with increasing water head. Additionally, 
there was a slight difference between the infiltration rates at water heads of 4 and 7 cm 
in all treat- ments, while there was a clear difference between the 7- and 10-cm heads. 
The analysis of variance showed that only the effect of soil texture at the start of the 
experiment and at 10 min and the effect of water head at 10 min were significant. The 
effect of layering at any time was not sig- nificant. Regarding the combined effect, only 
the interac- tion effect between soil texture and soil layering was significant at 70 min. 
The modified Green–Ampt was shown to be the most accurate infiltration model for 
both homogeneous and heterogeneous soils. Therefore, we recommend its use at the 
catchment area level. The accu- racy of infiltration models in the heavier texture was 
greater than that in the lighter, and it decreased with increasing water head in most 
treatments. In the homoge- neous soils, the maximum effect of the water head was 
observed in the results of the HYDRUS-1D, modified Kos- tiakov and modified Green–
Ampt models. The least effect was related to the Kostiakov and Philip models. Addition- 
ally, in heterogeneous soils, the accuracy of the infiltra- tion models in the CS 
treatments was higher, and it usually decreased with increasing water head. In addition, 
the effect of water head on the results of the HYDRUS-1D model was greater than that 
of the Green–Ampt model.  
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