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Abstract 7 

Zeolites are recommended to utilize in agricultural sector due to their water holding and cation 8 

exchange capacity.  Effect of zeolite on the hydraulic parameters of sandy loam soil was 9 

investigated and HYDRUS-2D was used to simulate the movement of water in the soil. Data 10 

needed were collected by conducting laboratory experiments. The studied treatments included 11 

four levels (zero, 5, 10, and 15 gr kg-1 of soil) to determine the effect of zeolite on hydraulic 12 

parameters including saturation moisture (θs) residual moisture (θr), shape parameter (n), point 13 

Check air permeability (α) and saturated hydraulic conductivity (Ks) of the soil. Four rounds of 14 

irrigation were done based on readily soil moisture and the soil moisture values before and after 15 

irrigation were measured using the Wet sensor in the depth and radial directions and recorded for 16 

45 days. The initial value of hydraulic parameters including θs, θr, α, n and Ks were determined 17 

using Rosetta. Results showed that with increasing in the amount of zeolite, the parameters θs, θr 18 

and n increased and the value of α decreased, which indicated a decrease in the rate of water 19 

discharge from the soil. While the values of Ks tended to decrease. In fact, the mixing zeolite with 20 

soil causes to hold more water because of micro-pore structure of zeolites. The HYDRUS-2D 21 

model with the efficiency coefficient (EF), which shows the quality and how to fit the observed 22 

and estimated data, varied between 0.82 and 0.97, which shows the high efficiency of model in 23 

simulating humidity. 24 

Keywords: Advance curve, Pot, Soil texture, Water holding capacity. 25 

 26 

1-Introduction  27 

Hydraulic properties of soil play an important role in the water cycle. They are used as 28 

fundamental information in the design of irrigation and drainage systems, hydrological issues, and 29 

soil quality assessment. These properties can be measured or estimated using different direct and 30 

inverse methods. However, direct measurement of these properties is difficult, costly, and time-31 

consuming. Moreover, due to their high spatial and temporal variability, a large number of 32 

samples are required for accurate characterization (Asgarzadeh et al., 2014). The HYDRUS-2D 33 
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model, developed by Šimůnek and colleagues (Šimůnek et al., 1999), is a Windows-based model 34 

for analyzing water flow, solute transport, and heat transfer under two-dimensional conditions. It 35 

is capable of estimating the hydraulic properties of soil and/or solute transport parameters using 36 

an inverse solution approach. The model uses the linear finite element Galerkin method for the 37 

numerical solution of governing equations and the Levenberg-Marquardt method for parameter 38 

optimization (Marquardt, 1963). 39 

The HYDRUS model has been used in numerous laboratory and field studies to simulate soil 40 

moisture and hydraulic properties (Siyal and Skaggs, 2009). Several studies have investigated the 41 

effect of zeolite on soil hydraulic parameters (Colombani et al., 2014; Soudejani et al., 2020), 42 

among which some researchers have used the HYDRUS model to simulate the effect of zeolite on 43 

soil moisture (Li et al., 2021; Ibrahim and Alghamdi, 2021; Colombani et al., 2015). 44 

In a study conducted by Colombani et al (2014), they examined changes in flow parameters and 45 

salt transport resulting from adding zeolite to silty-loamy soil. They reported that zeolites enriched 46 

with NH4+ increased water retention capacity in silty-loamy soils, thus limiting water and salt 47 

losses. Additionally, another study conducted by Ibrahim and Alghamdi (2021) investigated the 48 

effect of particle size of natural clinoptilolite zeolite (CZ) on moisture content (WC) and hydraulic 49 

properties of sandy loam soil and simulated it using the HYDRUS-1D model. They reported that 50 

available water content and soil water storage were increased by 3.6-14.7% and 6.8-10.5% 51 

respectively. The changes in infiltration rate and hydraulic conductivity were statistically 52 

significant, with a reduction of 25.6% and 19.3% compared to the control, only for the smallest 53 

CZ particle size. Their results demonstrated that the HYDRUS-1D model accurately simulated 54 

soil moisture content and water retention capacity. Their results also showed that the use of CZ in 55 

the form of nano-sized particles increased water retention capacity and reduced hydraulic 56 

conductivity in soils with a light texture, thus improving water use efficiency and aiding water 57 

conservation in dry areas. 58 

In sandy soils, the addition of organic matter can alter the physical and chemical properties by 59 

reducing large pores, water, and nutrient leaching rates (Blanco-Canqui and Lal 2009), thereby 60 

increasing water holding capacity. Therefore, improving soil structure and texture increases water 61 

availability, nutrient availability, and crop yield (Samreen et al. 2017). 62 

One of the commonly used mineral materials for improving the physical properties of soil, 63 

particularly increasing soil moisture retention capacity, is zeolite. Zeolites are natural or synthetic 64 

mineral compounds with a three-dimensional crystal structure with an open and highly porous 65 

network, which results in a large internal surface area (several hundred square meters per gram) 66 

and cation exchange capacity (McGilloway et al., 2003). The most widely used zeolite in Iran for 67 
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agricultural purposes, especially for amending sandy soils due to nutrient leaching, is 68 

clinoptilolite. Among all aluminosilicate groups, clinoptilolite has the highest silica content, which 69 

gives it the highest absorption capacity among different types of natural zeolites (Reid et al., 2021; 70 

Samolej and Chalupnik, 2021). Due to the high ion exchange capacity of clinoptilolite and its 71 

strong affinity for absorption, it has received much attention in agriculture (Jha and Hayashi, 72 

2009). These materials are highly hydrophilic and provide water and dissolved nutrient 73 

availability to plant roots easily when needed (Tohidi-Moghadam et al., 2009). Considering their 74 

properties, the use of zeolites with diverse applications is rapidly increasing in various fields 75 

(Sangeetha and Baskar, 2016). Several industrial applications, such as chemical, optical, and 76 

microelectronics industries, have been documented (Jarosz et al., 2022), and their use for 77 

environmental protection purposes has been reported (Belviso, 2020). 78 

In recent years, zeolites have been widely used in agriculture, which is currently the main 79 

consumer of zeolite production worldwide (Szatanik-Kloc et al., 2021). They have been used as 80 

soil conditioners due to their impact on the chemical and physical properties of soil (Belviso et 81 

al., 2022). Generally, zeolites can alter the total porosity, pore size distribution, pore channel 82 

connectivity, and soil compaction with varying effects depending on the soil composition, nature 83 

of the zeolite, water properties, and even experimental conditions (Sepaskhah and Yousefi, 2007). 84 

Several articles have discussed the effects of zeolites on soil permeability (Szerement et al., 2014), 85 

saturated hydraulic conductivity (Jakkula et al., 2018), soil water content, and water holding 86 

capacity (Ravali et al., 2020). 87 

They increase soil permeability, saturated hydraulic conductivity, water retention capacity, 88 

aeration, and many other factors (Jakkuld and Wani, 2018). In light-textured soils, such as sandy 89 

soils and loamy soils, the addition of zeolite usually has the effect of increasing the soil moisture 90 

characteristic curve and water retention capacity while reducing saturated hydraulic conductivity 91 

(Ks) and permeability (Colombani et al., 2015). In heavy-textured soils (such as clayey and silty-92 

clayey soils), zeolites may have very different effects (Jarosz et al., 2022). 93 

In another study Gholizadeh and Sepaskhah (2013), the effects of applying calcium-potassium 94 

zeolite on saturated hydraulic conductivity and water infiltration equation in soils with different 95 

irrigation salinities were investigated under laboratory conditions. The results showed that in all 96 

treatments with the same amount of zeolite and salinity, the final saturated hydraulic conductivity 97 

decreased as the soil texture became heavier. Additionally, in a specific soil texture and salinity, 98 

the application of zeolite up to a certain limit increased the saturated hydraulic conductivity. 99 

However, the optimal zeolite application rate varies for different soil textures (Szatanik et al., 100 

2021). In another research Torkashvand and Shadparvar (2013), it was reported that the use of 10 101 

 [
 D

ow
nl

oa
de

d 
fr

om
 ja

st
.m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

10
 ]

 

                             3 / 23

https://jast.modares.ac.ir/article-23-72549-en.html


 
 

 
4 

 

grams of zeolite per kilogram of soil could retain a maximum of 8.4% of available moisture 102 

capacity and delay the wilting point in loamy sandy soils in Iran. 103 

Razmi and Sepaskhah (2012) examined the effect of zeolite on saturated hydraulic conductivity 104 

and crack behavior in expanding silty clayey soils. Their results showed a significant increase in 105 

saturated hydraulic conductivity with the application of 8 grams of zeolite per kilogram of soil. 106 

According to studies conducted by Abedi-Koupai and Sohrabi (2004), using 8 grams of zeolite 107 

per kilogram of soil increased the volumetric moisture percentage by 3.5 to 8.4 times in sandy 108 

soil, 2.2 times in loamy soil, and 1.1 to 9.1 times in clayey soil compared to the control. In each 109 

soil texture and at each application level, adding moisture absorbers distanced the soil moisture 110 

characteristic curve from the control, indicating a significant difference in volumetric moisture 111 

percentage at each suction point of the curve compared to the control. In clayey and loamy soils, 112 

this difference increased the water retention in these textures. Furthermore, previous results have 113 

shown that the addition of different zeolite rates to soils has variable effects on their porosity, 114 

structure, and hydraulic properties (Pal et al., 2006). 115 

Simulating soil moisture using the HYDRUS model in potted crops is a very suitable and novel 116 

research field. Crops are commonly grown in pots, but so far no research has been conducted on 117 

estimating soil hydraulic parameters using the HYDRUS-2D software in different zeolite 118 

treatments in potted experiments. Therefore, the purpose of this research was to investigate the 119 

effects of using different amounts of zeolite on soil hydraulic parameters in a light soil texture and 120 

to simulate the water flow of the soil treated with zeolite using HYDRUS-2D. 121 

 122 

2. Materials and Methods 123 

2.1. Site description 124 

Experimental studies were conducted using 10 kg plastic pots (length of pot 25cm, top and down 125 

diameters 22 and 18cm respectively). It is mentioned that the whole of pot had not filled with soil. 126 

The height of soil in the pot was 22cm and the top radius of the filled soil approximately was 127 

11cm and by creating a hole in the bottom of the pot, a structure similar to a lysimetric was created. 128 

Then, by placing a container with a lid under the pots and using a graduated container, the amount 129 

of outgoing water after each irrigation was measured (Figure 1). The pot floor was filled with a 130 

layer of 2 cm coarse sand as drainage. Then, the pots were placed on a platform 20 cm above the 131 

ground. Clinoptilolite zeolite was added and mixed at four levels (without zeolite, 5, 10 and 15 132 

grams of zeolite per kilogram of soil). The bulk density of the soil was determined using the 133 

cylinder method (Balk and Hartg, 1986), and the soil texture was determined using the hydrometer 134 

method (Klute, 1986) and electrical conductivity (EC) and acidity (pH) using an EC meter and 135 
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pH meter and The moisture content at the field capacity point and wilting point were measured by 136 

pressure plates (Black et al., 1965).  The physical and chemical characteristics of the soil are 137 

shown in Table 1. 138 

The zeolite used in this study was clinoptilolite type zeolite obtained from the hot water zeolite 139 

mine in Semnan province. The zeolite was crushed using a rod mill and sieved to a particle size 140 

of 0.075-0.180 mm using a sieve. The properties of the zeolite used are shown in Table 2. 141 

Irrigation time was also determined based on soil moisture in the control pot and using equation 142 

1: 143 

𝐷 =
(𝜃𝑓𝑐−𝜃𝑝𝑤𝑝)

100
𝐷𝑟𝑧 ×MAD                                                                                      (1) 144 

Where, θfc moisture content of field capacity (L3L-3), θpwp moisture at wilting point (L3L-3), D 145 

readily soil moisture (L), Drz depth of the pot (L) and MAD optimal or accessible water content 146 

for the witness. The investigations showed that the readily soil moisture was about 50 percent of 147 

available water content. After 14-day, the soil moisture was receiving to this water content and 148 

this subject was the reason of selecting 14-day irrigation frequency. The same amount of irrigation 149 

water was used for all treatments. Since any crop was not cultivated, then with the same amount 150 

of irrigation water the mentioned effect can better compare in the different treatments.  151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

Figure 1. Schematic view of the pot in the laboratory.  160 

Table 1. Physical properties of the experimental soils. 161 
Depth 

 (cm) 

Texture Sand Silt Clay Bulk 

density 

pH EC 

% (g/cm3) - (ds/m) 

0-30 Sandy 

loam 

66 19 15 1.43 7.67 0.850 

 162 
Table 2. Chemical analysis of zeolite used. 163 

CEC Cl Fe2O3 MnO TiO2 P2O5 SiO2 Al2O3 Na2O  CaO LOI* 

(meq gr-1) ppm  (%) 

2.6 1600 0.2-0.9 0.04 0.03 0.01 68.5 11 3.8  0.6 10-12 

 164 
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In this study, the HYDRUS 2D model was used to simulate soil moisture based on the numerical 165 

solution of the Richards equation (Simunek et al., 2006). Due to the high symmetry of the right 166 

and left halves of the soil moisture profile under realistic conditions, the simulation of the moisture 167 

profile was only performed for the right half and then compared with actual conditions. In this 168 

research, to define the two-dimensional simulation environment in the HYDRUS model, a pot 169 

with a top width of 11 cm, a bottom width of 9 cm, and a height of 22 cm was defined.  170 

The irrigation cycle was 14 days as the average irrigation interval based on (the readily soil 171 

moisture was about 50 percent of available water content) in total 4 stages of irrigation, and in 172 

each irrigation cycle, a variable water height was established on the top of the pots for irrigation. 173 

 174 

2.2. Modeling soil moisture distribution using the HYDRUS-2D model 175 

The HYDRUS-2D model is a simulation model that simulates water and solute flow in one, two, 176 

or three dimensions under saturated and unsaturated conditions. This model simulates the two and 177 

three-dimensional movement of water in soil using the numerical solution of Richard's equation. 178 

In this study, the two-dimensional form of the model was used, which assumes homogeneity and 179 

uniformity, and the two-dimensional movement is presented as equation 2 (Celia et al., 1990). 180 

𝜕𝜃

𝜕𝑡
 = 

𝜕

𝜕𝑥
 [𝐾(ℎ)

𝜕ℎ

𝜕𝑥
] +

𝜕

𝜕𝑧
 [𝐾(ℎ)

𝜕ℎ

𝜕𝑧
+ 𝐾(ℎ) ]        (2) 181 

Where: θ is the volumetric soil moisture content (L3L-3), h is the water pressure in the soil (L), x 182 

and z are the horizontal and vertical coordinates (L), t is the time (T), K(h) is the unsaturated 183 

hydraulic conductivity of the soil (LT-1). Considering the water movement assumption in the 184 

initial part of the software, the geometry includes a pot length of 22 centimeters, a vertical soil 185 

column, and one soil layer. The selected model for the hydraulic properties of the soil is the Van 186 

Genuchten-Mualem model. The hydraulic characteristics of the soil were obtained using the Van 187 

Genuchten relationship (Van Genuchten, 1990), which is described as follows: 188 

𝜃(h)={
θr + 

θs+θr

(1+αhn)m      h < 0

θs                            h ≥ 0
                                                                            (3) 189 

K (h)= KsSe
l[1 − (1 − Se

1/m)m]
2
                      (4) 190 

Where: 191 

Se =
θ(h)−θr

θs−θr
         , m=1- 

1

n
    , n>1 192 

In these relationships, there are independent hydraulic parameters θr, θs, Ks, α, and n, which 193 

represent residual moisture (L3 L-3), saturation moisture (L3 L-3), saturated hydraulic conductivity 194 

of soil (LT-1), inverse of air entry suction (L-1), and pore size distribution index (-), respectively. 195 

The relative saturation Se and l in the hydraulic conductivity function represent the parameters for 196 
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the pore connectivity and tortuosity, respectively, which were estimated as 0.5 for most soils 197 

(Mualem, 1976). It is necessary to accurately determine these parameters for solving the Richards 198 

equation numerically in HYDRUS 2D. The initial value parameters were estimated for hydraulic 199 

conductivity, Ks, residual moisture, θr, and saturation moisture, θs, in Van Genuchten form, using 200 

the information of soil mechanical analysis (soil texture) and bulk density measurement in Rosetta 201 

model. 202 

The simulation in the HYDRUS model is conducted by numerically solving the governing 203 

equations for water flow based on the appropriate selection of values for the parameters in these 204 

equations, as well as the determination of the appropriate initial and boundary conditions 205 

(Crevoisier et al., 2008). Generally, the calibration process of the model was applied to the 206 

calibration of soil hydraulic parameters (Van Genuchten-Mualem parameters). For calibration of 207 

soil hydraulic parameters, including saturated hydraulic conductivity (Ks), shape parameters (n 208 

and α), residual moisture (θr), and saturation moisture (θs) were used. 209 

In order to measure the amount of pots evaporation in laboratory conditions, the simplest form of 210 

the water balance equation. In this research, the amount of irrigation water and drained water from 211 

the pots were measured and used in the equation 5, (Hillel, 2004). 212 

𝐸𝑠 = 𝐼 − ∑(∆𝜃) 𝑑 − D                                                                                                           (5) 213 

Where, 𝐸𝑠 is the evaporation from the soil surface (mm), I is the amount of irrigation water (mm), 214 

Δθ is the moisture changes in the soil profile (mm), d is the depth of the moisture layer (mm) and 215 

D is the depth of the drained water (mm). 216 

Due to any crop was not cultivated, transpiration was considered to be zero. 217 

In this experiment, the soil moisture in the treatments was daily measured at center of the pods at 218 

a vertical distance of 5 cm using the Wet sensor (Delta-T, made in England). This sensor was 219 

portable and can be moved from one pot to another Figure 2. Based on Figure 2, the soil profile 220 

was considered as a checkered grid and these readings were recorded at a horizontal interval of 221 

11cm and a vertical interval of 5cm after each irrigation for 45 days.The initial conditions for 222 

water distribution in the soil were determined by the moisture content present in the soil before 223 

irrigation at multiple points, using a Wet sensor device, measured in the laboratory before the 224 

experiment for the soil layer (0 to 22 cm), and their averages were used in the model. Initial and 225 

boundary conditions for water flow: The initial conditions for water distribution in the soil were 226 

determined by the moisture content present in the soil before irrigation at multiple points, using a 227 

Wet sensor instrument, measured in the laboratory before the experiment for the soil layer (0 to 228 

22 cm), and their averages were used in the model. The upper boundary condition during irrigation 229 

was considered as a variable water head. The end of the model was considered as a free drainage 230 
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boundary condition because this type of boundary condition is used for most soil columns in 231 

laboratory conditions and for cases where they are in contact with air from below and have zero 232 

pressure Figure 2. 233 

  234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

Figure 2. A representation of a physical model. 242 

2.3. Performance Evaluation Indices of Models 243 

In this research, 80% of the measured data were used for model coefficient calibration and 20% 244 

of the data were used for validation. For evaluating the efficiency of model validation and 245 

credibility of the model, evaluation indices such as Efficiency coefficient of the model (EF), the 246 

normalized root mean square error (NRMSE), coefficient of residual mass (CRM) and the 247 

coefficient of determination (R2) were used for simulated and observed soil moisture values 248 

(Adeboye and Alatise, 2007; Loague and Green). 249 

EF=1 −
∑ (𝑃𝑖−𝑂𝑖)2𝑛

𝑖

∑ (𝑂𝑖−�̅�)2𝑛
𝑖

                                                                                                                                  250 

(6) 251 

NRMSE=
𝑅𝑀𝑆𝐸

�̅�
100                                                                                                                              (7) 252 

CRM=1-[
∑ 𝑃𝑖

𝑛
𝑖=1

∑ 𝑂𝑖
𝑛
𝑖=1

]                                                                                                                                 (8) 253 

R2=1 −
∑ (𝑃𝑖−𝑂𝑖)2𝑛

𝑖

∑ (𝑂𝑖−𝑂𝑖)2𝑛
𝑖

                                                                                                                          (9) 254 

In these relationships: RMSE stands for Root Mean Square Error, Pi represents simulated values, 255 

Oi represents observed values, O ̅ represents the average observed values, (Pi) ̅ represents the 256 

average measured values, and n represents the number of samples being examined. The negative 257 

value of EF indicates that the average of the measured values has a better estimate than the 258 

predicted values. The simulation is considered excellent with NRMSE less than 10%, as good if 259 

NRMSE is greater than 10 and less than 20%, fair if NRMSE is greater than 20 and less than 30%, 260 

and poor if NRMSE is greater than 30% (Bannayan and Hoogenboom 2009). The values of the 261 

CRM index show the ability of the model to estimate the values compared to the measured values. 262 
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The negative CRM values indicate the tendency of the model to overestimate the measurements, 263 

the closer the CRM value is to zero, the better the simulation effect will be (Jamieson et al., 1991). 264 

R2 index expresses the simulation process and the closer it is to one, the more accurate the 265 

simulation process is. If all measured and simulated data are identical, CRM and NRMSE are zero 266 

and EF is unit (Loague and Green, 1991). 267 

 268 

3. Results and Discussion 269 

The application of zeolite in light soil increases the number of fine pores in the soil, leading to a 270 

decrease in ks compared to the treatment without zeolite. Clearly, in light soils, the use of zeolite 271 

to reduce the amount of ks is desirable because it reduces water transfer capacity in the soil, 272 

resulting in less vertical infiltration and water loss. The results of this study were consistent with 273 

the studies conducted by Jakkula et al., 2018. Similar results were also observed by Gholizadeh 274 

and Sepaskhah, 2013 and Szatanik-Kloc et al., 2021. 275 

Regarding the values of soil hydraulic parameters, the percentage of θs increased with increasing 276 

zeolite content, with the highest value recorded at 60.1% cm³/cm³ in the treatment with 15 grams 277 

of zeolite per kilogram of soil (Table 3). Due to the fine and porous nature of zeolite, the weight 278 

moisture content has also increased. Since light soils have a limited capacity to store and retain 279 

moisture, adding a superabsorbent (zeolite) to the soil not only increases the water retention 280 

capacity in the soil but also reduces the evaporation rate of water from the soil. Additionally, θr 281 

increased with the application of zeolite in loamy soil due to increased water retention caused by 282 

the presence of zeolite in the soil. These results are consistent with the studies conducted by 283 

Comegna et al., 2023. Due to its porous structure, zeolite can increase the capillary porosity of the 284 

soil, and by absorbing water into itself, it can increase the amount of water holding capacity in 285 

sandy soils, because of this, θs has increased. The increase of zeolite has led to the increase of 286 

delicate pores in the soil, which reduces the amount of ks as the pores become smaller. Similar 287 

results were also observed by Jabro, 1992 and Sepaskhah and Yousefi, 2007. 288 

 289 
Table 3. Hydraulic parameters of soil and some of the model HYDRUS validations in the model 290 
calibration phase. 291 

Ks 

(cm/day) 

n 

- 
𝜶 

(m-1) 

𝜽𝒔 

(cm3cm-3) 

𝜽𝒓 

(cm3cm-3) 

Zeolite 

application 

(g kg-1) 

120.43 1.7 0.16 0.5 0.0543 0 

112.56 1.84 0.13 0.523 0.063 5 

90.87 2.08 0.09 0.543 0.067 10 

75.80 2.58 0.083 0.601 0.07 15 

 292 

 293 
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3.2. Investigation of the effect of zeolite on moisture retention characteristics 294 

Factors affecting the shape of the curve, the model coefficients, or the function of the moisture 295 

retention curve also have an impact. Among them, the coefficients α (air-entry suction) and n 296 

(slope of the moisture retention curve) are included in the van Genuchten curve (Van Genuchten 297 

et al., 1991). The shape coefficients indicate the rate of moisture discharge from the curves under 298 

the influence of gravity or evaporation energy. Based on the results of investigating the effect of 299 

zeolite on the van Genuchten model coefficients, parameter α decreased with the increase of 300 

application of zeolite in sandy loam soil (Table 3). This is due to the changes resulting from 301 

increased water holding capacity and delay in losing gravitational and non-gravitational water, in 302 

which zeolite's positive effect on creating finer porosity and increased water retention becomes 303 

evident. A decrease in this parameter indicates an increase in fine defects and an increase in fine 304 

defects can alleviate the problem of water retention in light soils. It also indicates the superiority 305 

of matric potential over gravitational potential, which is why the water infiltration rate in the soil 306 

is low at the beginning of entry into the soil, which is consistent with studies (Shaddox, 2004). 307 

The results obtained from Table 3 show that θs and θr percentages differ depending on the 308 

treatment, where the highest saturation and residual moisture percentages belong to the treatment 309 

with 15 grams of zeolite per kilogram of soil. With the addition of moisture absorbents, the 310 

moisture characteristic curve of each treatment deviates from the previous treatment, indicating a 311 

significant difference in volumetric moisture content among different zeolite treatments. With the 312 

increase in zeolite application, this deviation distance between the moisture characteristic curves 313 

increases, resulting in increased water retention in these treatments. This study's results align with 314 

research by (Abedi Koupai and Sohrab, 2004). Due to its porous structure, zeolite can increase the 315 

porosity of the soil structure and also increase moisture retention in sandy soils by absorbing 316 

water. Water retention in higher suction is due to zeolite absorption, leading to an increase in the 317 

amount of usable water in light-textured soils. In general, it was observed that as the percentage 318 

of zeolite in the soil increased, the characteristic moisture curves shifted upwards. This effect is 319 

evident in all different zeolite and soil treatments, which is consistent with the results of a study 320 

by Comegna et al., 2023. 321 

The values of calibration coefficients for soil hydraulic parameters in the four mentioned 322 

treatments are presented in Table 4. As it is clear in this table, the amount of NRMSE error in the 323 

simulation of water flow in the soil in the two stages of validation and calibration, respectively, in 324 

the treatments of not using zeolite in the range (16.5-20.11 percent) and for 5 gram of zeolite is in 325 

the range of (13.68-13.90 percent), based on this statistic, the volume water content modeling by 326 

HYDRUS is average. For the treatments of 10 grams of zeolite (6.97-6.59 percent) and 15 grams 327 
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of zeolite (8.31-6.69 percent), based on this statistic, the volume water content modeling by 328 

software is less than 10 percent in consideration. 329 

The high R2 value of the results shows the power of HYDRUS -2D software in estimating soil 330 

moisture in different soil treatments. The value of CRM statistic was obtained for the two stages 331 

of validation and calibration for the treatment of 5 and 10 grams of negative zeolite, which showed 332 

that the software tends to overestimate. For the two control treatments and 15 grams of zeolite, 333 

the positive value showed that the software tends to underestimate and predicts the water content 334 

more than the measured values. The efficiency value of the EF model, which indicates the quality 335 

and how to fit the observed and estimated data, varied between 0.82 and 0.97. In other researches, 336 

the RMSE error value in the simulation of soil moisture changes has been reported in the range of 337 

0.015-0.017, 0.011-045, and 0.028-0.033 cubic cm (Simunek et al., 2012; Ibrahim and Alghamdi, 338 

2021). The low values of ME error in the table show the appropriate performance of the model. 339 

In another research, (Soudejani et al., 2020) stated that HYDRUS-1D numerical model with 340 

average RMSE and NRMSE from 0.013 to 0.032 cubic cm/cubic cm and 0.076 to 0.195, 341 

respectively. They were changing. The coefficient of determination values varied from 0.57 to 342 

0.92. (Nazari et al., 2021; Sun et al., 2023) have also stated the high accuracy of HYDRUS 343 

simulation in modeling soil moisture changes. 344 

 345 

Table 4. Statistical evaluation of the simulation of water content inside the soil columns by the 346 
HYDRUS-2D model. 347 

EF 

 

CRM 

 

2R NRMSE 

(%) 

Zeolite application 

)1-(g kg 

    Validation 

0.97 0.01 0.83 16.5 0 

0.82 -0.06 0.89 13.68 5 

0.94 -0.01 0.95 6.97 10 

0.89 0.01 0.95 8.31 15 

    Calibration 

0.95 0.03 0.85 20.11 0 

0.83 -0.05 0.88 13.90 5 

0.94 -0.02 0.95 6.59 10 

0.92 0.10 0.95 6.69 15 

 348 

The graphs presented in Figure 3 show the output of the model in comparison with the volumetric 349 

water content values measured in different zeolite treatments at a depth of 0 to 5 cm (moisture 350 

measured with Wet sensor) during a period of 45 days. In the treatment of 15 grams of zeolite, it 351 

can be seen that at a depth of 0-5 cm in (four rounds of irrigation), the amount of saturated moisture 352 

was 23% more than the control. After 14 days of irrigation, the amount of moisture was 30% 353 

higher than the control, which indicates the high absorbability of zeolite due to its high specific 354 

surface area. 355 

 [
 D

ow
nl

oa
de

d 
fr

om
 ja

st
.m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

10
 ]

 

                            11 / 23

https://jast.modares.ac.ir/article-23-72549-en.html


 
 

 
12 

 

 356 

 357 

Figure 3. Comparison of measured and simulated changes in soil moisture using HYDRUS-2D 358 
in the depth (0 to 5 cm from the soil surface) in different zeolite treatments, where the circles 359 

indicate measured data and the solid line indicates estimated by the HYDRUS-2D model. 360 
 361 

The comparison of the calibration and validation results obtained from the Hydrus model with the 362 

water content values measured in the laboratory is shown in Figures 4 and 5. The high R2 of the 363 

results shows the power of HYDRUS -2D software in estimating soil moisture in different soil 364 

treatments. Also, the slope of the 1:1 line is close to one, indicating that the model does not 365 

overestimate or underestimate. Other factors affecting the difference between the measured and 366 

modeled values can be caused by the errors in the water content measurement by the Wet sensor 367 

and the accuracy of the device itself. As the figures 4 and 5 show, in the treatment of 15 and 10 368 

grams of zeolite per kilogram of soil, it has high accuracy and the simulated and measured values 369 

show a very high agreement. 370 

The reason for the increase in water content after irrigation in zeolite treatments indicates that, 371 

unlike clay minerals, in zeolites, the structural framework is large enough and this feature creates 372 

the unique properties of zeolites, they can easily move within the network. and without changing 373 

the structure of the zeolite network. 374 
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 377 
 378 

 379 
 380 
 381 
 382 
 383 

 384 
 385 

 386 
 387 

 388 
 389 

 390 

 391 
 392 
 393 

 394 
 395 
 396 

 397 
Figure 4. Observed and measured values for Calibration of water contentin different treatments 398 
at a depth of (0 to 5 cm). 399 

 400 

Figure 5. Observed and measured values for validation of water content in different treatments at 401 

a depth of (0 to 5 cm). 402 
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In figure 6, 7 and 8, the front of the water content in the treatments of not using zeolite, 5, 10 and 403 

15 grams of zeolite in the period of 0.016, 1.1 and 14 days are presented. The changes of the front 404 

of moisture advance in three time periods were presented to show the effect of zeolite on the three 405 

critical periods of moisture changes, (i.e. after irrigation, one day after irrigation, and 14 days after 406 

irrigation) on the water holding capacity in the soil. 407 

According to Figure 6, at the time of 0.016 days, the moisture front day in the treatment of 15 408 

grams of zeolite is less than other treatments, the reason can be attributed to the fine particles and 409 

pores of zeolite, which has caused changes in gravitational and non-gravitational water loss. It 410 

also shows the superiority of the buoyant potential over the gravitational potential, that is why the 411 

speed of the advancing front is slower at the beginning of entering the soil, which was consistent 412 

with the studies (Shaddox, 2004; Al-Busaidi et al., 2008). 413 

According to Figure 6, at the time of 0.016 days, the moisture front in the treatment of 15 grams 414 

of zeolite is less than other treatments, the reason can be attributed to the fine particles and pores 415 

of zeolite (Shaddox, 2004). The progress of the moisture front in the treatment of not using zeolite 416 

is more than other treatments, because zeolite, due to its micro pore structure and porosity, reduces 417 

infiltration at the beginning of entering the soil. (Ibrahim and Alghamdi, 2021) was consistent. 418 

Figure 8 shows the progress of moisture after 14 days in different treatments. The distribution of 419 

the moisture profile after 14 days of irrigation in the treatment of 15 grams of zeolite was different 420 

from other treatments. After 14 days, this shows that with the increase in the irrigation time, the 421 

moisture front has increased in the zeolite treatment, which is the opposite of the treatment without 422 

zeolite. One of the reasons can be that zeolite is very hydrophilic, which, while having the speed 423 

and capacity to absorb water, easily absorbs water when needed and dehydrates when needed, and 424 

the three-dimensional network structure of zeolite can absorb the water molecule inside itself for 425 

a long time. Due to its porous structure, zeolite can increase water retention by absorbing water 426 

into itself, especially in sandy soils. Also, the open skeleton of zeolites has channels and holes 427 

containing cations and water molecules. The pores of zeolite are connected and form long wide 428 

channels with different sizes depending on the type of mineral. These channels allow ions and 429 

water molecules to easily move in and out of the structure. The results of this research were 430 

consistent with the research (Ibrahim and Alghamdi, 2021; Shaddox, 2004). 431 

 432 
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. 433 

Figure 6. Spatial soil moisture distribution at time 0.16 day.  434 

 435 

 436 

Figure 7. Spatial soil moisture distribution at time 1.1 day. 437 

 438 

 439 

Figure 8. Spatial soil moisture distribution at time 14 day. 440 

 441 
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In Figure 9, the amount water holding capacity by different zeolite treatments at depths of 2,7, 10, 442 

and 15 cm from the soil surface in 0.01, 1.1, and 14 days are presented.  443 

According to this figure 9, in the period of 1.1 days, the water holding capacity at a depth of 10-444 

15 cm in the treatment of 15 grams of zeolite per kilogram of soil is more than other treatments. 445 

The highest and lowest moisture content was related to the treatment of 15 grams of zeolite and 0 446 

grams of zeolite per kilogram of soil, which values are 87.2 and 70.9 mm, respectively. While 447 

increasing the water holding capacity in light soils, zeolite can increase the irrigation intervals by 448 

quickly absorbing water and keeping it. For a time 14 days at a depth of 10-15 cm, the moisture 449 

kept in the treatment of 15 grams of zeolite is more than zero grams of zeolite. The present results 450 

were consistent with studies (Bernardi et al., 2013). Zeolites, by rapidly absorbing water and 451 

preserving it, in the case of soil irrigation, also increase the irrigation intervals, and the amount of 452 

this increase depends on the amount of zeolite consumption and the physical conditions of the soil 453 

(Zangui Nasab et al., 2012). The results of the present study were consistent with studies (Xiubin 454 

and Zhanbin, 2001; Szerement et al., 2014; Colombani et al., 2014). (Xiubin and Zhanbin, 2001) 455 

stated that the soil mixed with zeolite increased the moisture retention rate by 30-50% and 456 

increased the soil moisture by 1.8-0.4% in drought conditions and 15-5% in normal conditions. 457 

 458 
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 495 

 496 

 497 

Figure 9. Represents the water holding capacity depths for the durations of 0.01, 1.1, and 14 days 498 
in different zeolite treatments.  499 

 500 

 501 
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4. Conclusions 503 

We investigated the effect of clinoptilolite on soil hydraulic parameters and soil moisture retention 504 

in a sandy loam soil. Experiments showed that sandy loam soil after adding zeolite showed a 505 

change in its hydraulic parameters, which is proportional to the level of zeolite. With the use of 506 

15 grams of zeolite, the hydraulic parameters θs, θr and n were higher than the control, 507 

respectively. In fact, by adding zeolite into light soil, it leads an increase in fine pores in the soil, 508 

which increases the moisture content of the soil. Small pores cause gradually to change the pores 509 

from macro-pores to micro-pores and the value of Ks decreased by compared with control 510 

treatment. Therefore, the addition of zeolite to light soil led to the water holding capacity in the 511 

soil after 14 days of irrigation that the porous structure of zeolite causes water to be kept tightly 512 

inside the cavities of the aluminosilicate layer. HYDRUS-2D model was able to simulate soil 513 

moisture under specified initial and boundary conditions. Based on the obtained results, EF it was 514 

found that the HYDRUS-2D model has a high ability to estimate the moisture content of soil 515 

mixed with zeolite and is able to estimate high moisture conditions in soil mixed with zeolite with 516 

high accuracy. The study of laboratory conditions shows significant results in the properties of 517 

soil hydraulic parameters due to the addition of zeolite, which shows that the addition of zeolite 518 

to the soil guarantees several benefits in terms of improving the physical and hydraulic properties. 519 

In addition to reducing ks, it increases the efficiency of water consumption and helps to reduce the 520 

amount of water used for irrigation. Due to the cheap price of zeolite in the country, this material 521 

can be used especially in light soils to increase the amount of water holding capacity and increase 522 

the watering intervals of plants in pots. 523 
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 676 

 677سازی جریان آب در خاک با استفاده از مدل تاثیر زئولیت بر پارامترهای هیدرولیکی خاک و شبیه

HYDRUS -2D 678 

 679 

 680 آزادن. و  س. بشارت، ج. بهمنش،م. شادان، 

 681 

 682 چکیده

 683 

 684این  اند. درها به دلیل ظرفیت بالای نگهداری آب و تبادل کاتیونی برای استتتته اد  در بشا کزتتتتاورزی تو تتتتیه  تتتتد زئولیت

 685جهت  HYDRUS-2D ین مرظور از مدلبد مطالعه اثر زئولیت بر پارامهرهای هیدرولیکی خاک لوم  تتتتری بررستتتتی  تتتتد.

 686ستتر ی مدل با ان ام آزمایزتتا  های مورد نیاز جهت واستتر ی و  تت تستتازی کرکت آب در خاک استته اد   تتد و داد  تتبیه

 687درم زئولیت در  05و  01و  5تیمارهای مورد مطالعه  تتامل اهار ستتطف ) تت ر   .آوری دردیدجمع آزمایزتتگاهی )دادانی(

 688( 𝜃𝑟یماند  )(  ربوبت باق𝜃𝑠 تتاثیر زئولیت بر پارامهرهای هیدرولیکی  تتتتتتامل ربوبت ا تتتتتتبا  )تتا  هر کیاودرم ختاک( بود

 689دور آبیاری براستتتتا   4بررستتتتی  تتتتود.  ( خاک𝐾𝑠 ( و هدایت هیدرولیکی ا تتتتبا  )𝛼(  نقطه ورد هوا )nپارامهر  تتتتکل )

 690( ستتررتتور در Wet sensor)استته اد  از با   قبل و بعد آبیاریمقادیر ربوبت خاک  الو تتل  تتور  درفت وربوبت ستتهل

 691و  𝜃𝑟  𝜃𝑠  𝛼   nمقدار اولیه پارامهرهای هیدرولیکی  روز ثبت دردید. 45و به مد   دیریانداز جهتت ممقی و  تتتتتتعامی 

 𝐾𝑠 با استه اد  ازRosetta  مزتش   تد. نهاین نزاد داد که با افیایا مقدار زئولیت مقادیر پارامهرهای𝜃𝑟  𝜃𝑠  وn  692افیایا 

 693تمایل به کاها یافت. 𝐾𝑠 دهرد  کاها ستتتتتترمت تشایه آب از خاک بود. در کالیکه مقادیر کاها یافهه که نزتتتتتتاد 𝛼و مقتدار 

 694. را در خود نگه دارد یزتتتهریبآب دهد تا یاجاز  م تیمرافذ به مشاوب خاک و زئول ییربور کای زئولیت به دلیل ستتاخهار به

 695اي و برآورد  تتد  هاي مزتتاهد داد  که نزتتاد دهرد  کی یت و اگونگی براز  EFکارایی با ضتتری   HYDRUS-2Dمدل 

 696 .در  بیه سازي ربوبت است بود که این نزاد دهرد  کارایی بالاي مدل مهغییر 79/1تا  28/1میبا د بین 

 697 
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