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ABSTRACT 

Soil wetted pattern from a subsurface drip plays great importance in the design of 

subsurface drip irrigation (SDI) system for delivering the required water directly to the 

roots of the plant. An equation to estimate the dimensions of the wetted area in soil are 

taking into account water uptake by roots is simulated numerically using HYDRUS 

(2D/3D) software. In this paper, three soil textures namely loamy sand, sandy loam, 

and loam soil were used with three different types of crops tomato, pepper, and 

cucumber, respectively, and different values of drip discharge, drip depth, and initial 

soil moisture content were proposed. The soil wetting patterns were obtained at every 

thirty minutes for a total time of irrigation equal to three hours. Equations for wetted 

width and depth were predicted and evaluated by utilizing the statistical parameters 

(model efficiency (EF), and root mean square error (RMSE)). The model efficiency 

was more than 95%, and RMSE did not exceed 0.64 cm for three soils. This shows that 

evolved formula can be utilized to describe the soil wetting pattern from SDI system 

with good accuracy.      

Keywords: HYDRUS-2D, wetting patterns, subsurface drip irrigation, root water 

uptake. 

د تحت سطحي منفرمن منقط   في التربة  المتنبئة ترطيبالانماط   

 هبه نجم عبد ميسون بشير عبد

غدادجامعة ب -كلية الهندسة  غدادجامعة ب -كلية الهندسة    

  

 الخلاصة

( (SDIم نظبببال الببب ن ببببالةن يل حيببب  ال ببب   أهميبببة ك يببب ص يببب  ح بببمي مبببن مبببن ل حيببب  سببب ي  ةلبببةنمبببل الة ببببة الم يلعببب  

 يببب حبببم مياكببباص معادلبببة لة بببدي  ابعببباد الم بببا ة الم ةلبببة  .إلبببذ جبببنبا الن احبببا م اشببب ص مبببن أجبببل حلمبببيل الميبببا  الم للببببة 

يببب  هبببن  .HYDRUS-2D / 3Dامة بببال المبببال مبببن الابببنبا ابببدديا باسبببة دال ب نبببام  الاخبببن بالااة ببباا الة ببببة مببب  

بالمزيايببة مبب  نببات اال مليببة ب المزيايببة  المزيايببةال مليببة  حببم اسببة دال نببات ن بباا   مببن الةبب   بهببم الة بببة الدااسببة

انبببلان مبببن ميامبببيل ال مببباام بال ل بببل بال يببباا البببذ الةبببلال ر باية نببب  مبببيم م ةل بببة لة ببب ي  المبببن ل بامببب  المبببن ل ر 

  حبببم الةن بببا بتنمببباا ح ايببب  الة ببببة كبببل نانبببين دمي بببة مبببن بمببب  الببب ن ال لببب بميةبببلط االببببة الة ببببة اليامببب  الابةبببدا  . 

http://www.joe.uobaghdad.edu.iq/
http://creativecommons.org/licenses/by-nc/4.0/
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المعببباما   باسبببة دال  معبببادلا  العببب م بالعمببب  الم لبببل الة بببا بح بببيميببب  هبببن  الدااسبببة ر حبببم  نبببات سبببااا . الم بببابن

  مةلسبببل م بببب  الابببنا% ب95كانببب  ك بببالص النمنجبببة أك ببب من  الابببنا(.م بببب   مةلسبببل الا  بببا ية ف ك بببالص النمبببل   بخبببل

 ةلبب الة بببة الم  سببم للةبب   ال.انببة. هببنا يببدل الببذ أط ال ببيغة الم ببلاص يم ببن اسببة دامها للمبب  نمببل  0.64لاحزيببد اببن 

 .م  دمة جيدص

 مة ال مال الاناا -ن ل ان حي  س ي م -انماا الة اي  - HYDRUS-2D  الكلمات الرئيسية:

1. INTRODUCTION 

 One of the important aspects of designing the subsurface trickle irrigation system is 

the shape of the wetted patterns that are affected, by several factors. These factors are 

soil texture, initial soil moisture content, duration of irrigation, drip discharge, and drip 

depth. Many investigations used empirical, numerical and mathematical, methods to 

describe the soil wetted pattern from subsurface drip Singh, et al., 2006., and 

Aldhfees, et al., 2007. Others evolved commercial software to simulates water 

movement in the soil. HYDRUS (2D/3D) is one of the software that can be utilized to 

simulate the shape of soil wetting pattern from a subsurface drip irrigation for a variety 

of conditions. 

 Singh, et al., 2006, presented empirical, formulas to simulates wetting pattern from a 

subsurface trickles irrigation. Their formulas depended upon the results of their 

experiments that were carried out on sandy loam soil. The wetted widths and depths 

were measured after 0.5, 1, 2, 3, 5, and 7 hr of the operation of the system, and drip 

tape, set at depths 0.05, 0.10, and 0.15 m beneath the soil surface. Their formulas were:  

𝑊 = 3.27 𝑉0.44 ( 
𝐾

𝑄𝑍
 )−0.06                                                                                                                       (1) 

and 

𝐷 = 3.86 𝑉0.31 ( 
𝐾

𝑄𝑍
 )−0.19                                                                                                                         (2) 

where: 

𝑊 = wetted width under SDI, (m), 

𝐷 = wetted depth under SDI, (m), 

𝑉 =  total amount of water in soil per unit length, (𝑚2), 

𝑄 =  discharge per unit length of lateral, (𝑚2 𝑠)⁄ , 

𝐾 =  hydraulic conductivity of soil, (𝑚/𝑠), and 

𝑍 =  depth of lateral placement, (m). 

Aldhfees, et al., 2007, suggested a mathematical model to simulates water distribution 

in sandy soil from subsurface lines source. They solved the partial differential 

equations as mentioned by Brandt, et al., 1971 as explicit finite, difference method. 

The mathematical model was: 
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𝐷 = 11.7 (𝑉)0.63 (
𝐾𝑆
𝑄
)
0.45

                                                                                                                         (3) 

where: 

D = vertical distance to the wetting front, (m), 

V = volume of water applied, (litter), 

Ks = measured saturated hydraulic conductivity of soil,(𝑚/𝑠), and 

𝑄 = source discharge rate, litter. (ℎ𝑟−1/𝑚). 

         The results indicated that the model could be utilized to predict the vertical 

distance of the wetted pattern beneath the soil in sandy soil only.  

 Kandelous and Simunek, 2010, estimated, the dimensions of the wetting zone for 

surface and subsurface, drip irrigation by evaluated three approaches (Numerical, 

analytical, and empirical). They compared the field and laboratory data with 

predictions of the numerical HYDRUS - (2D) model, the analytical WetUp software, 

selected empirical models (Kandelous et al. model, Schwartzman, and Zur model, and 

Amin, and Ekhmaj model) Kandelous, et al., 2008.; Amin, and Ekhmaj, 2006.; 

Schwartzman, and Zur, 1986. The hydraulic, properties of soil estimated by utilizing 

Rosetta for laboratory experiments and inverse analysis for field experiments. The 

results demonstrated that the HYDRUS (2D/3D) was a good tool to predict the wetting 

vertical and horizontal and should be selected more than the other models evaluated.  

Abou Lila, et al., 2013, studied the effects of drip depth, irrigation amount, and 

frequency on the volume of soil wetted, deep, percolation soil and salinity levels under 

SDI of tomato is growing with brackish, water numerically by utilizing the HYDRUS 

(2D/3D). A numerical model was simulated for three soils namely sand, loamy sand, 

and sandy loam with drip discharge 1 l/hr. They noticed that the size, of the wetted area 

around, the drip based upon amount of irrigation and, soil type, the lower frequency of 

irrigation increased the wetted volume of soil, deep percolation decreased when drip 

depth, and amount of irrigation, decreased, and the salinity, of irrigation water, did not 

show any considerable effect with shallow drip depth. 

Rasheed, and Abid, 2018, evolved an empirical formula to predict the dimension, of 

the wetted zone from a"buried vertical ceramic pipe through homogenous porous 

media in different soil types for different conditions. Their formula was based upon 

initial soil moisture content, drip flow rate, applied head, and pipe hydraulic 

conductivity and time, of irrigation. The results showed that the evolved formulas, are 

very general, and can be utilized with very, good reliability. 

The main objective of this study is to develop, an empirical formula, that assists in 

determining, the wetted width and depth from a single subsurface, drip irrigation, system 

with water uptake by plant’s roots.  
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2. MATERIALS AND METHODS 

  Soil water movement was, simulated utilizing the numerical, model HYDRUS 

(2D/3D). The numerical model solves the Richards, equation. The Richards, equation 

prevailing water flow, and can be expressed in axisymmetric coordinates as follows 

Richards, 1931: 

𝜕𝜃

𝜕𝑡
=
𝜕

𝜕𝑥
[𝐾(ℎ)

𝜕ℎ

𝜕𝑥
] +

𝜕

𝜕𝑧
[𝐾(ℎ)

𝜕ℎ

𝜕𝑧
] +

𝜕𝐾(ℎ)

𝜕𝑧
  − 𝑆(ℎ)                                                                                   (4)    

where: 

𝜃 = the soil volumetric water content, (cm3/cm3), 

h =  the soil water pressure head, (cm), 

S (h) = a sink term representing plant root water uptake, (cm3cm-3/hr), 

t = time, (hr), 

K (h) = the unsaturated hydraulic conductivity function, (cm/hr), 

x = the horizontal spatial coordinates, (cm), and 

z = the vertical spatial coordinates, (cm). 

Soil hydraulic   characteristics were assumed using Van Genuchten - Mualem function 

as follows Van Genuchten, 1980; and Mualem, 1976.: 

𝜃(ℎ) =

{
 
 

 
 𝜃𝑟 +

𝜃𝑠 − 𝜃𝑟
(1 + |𝛼 ℎ|𝑛)𝑚

ℎ < 0

𝜃𝑠                                 ℎ ≥ 0

                                                                                                                       (5) 

 

𝑆𝑒 =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
 , 𝑚 = 1 − 

1

𝑛
                                                                                                                                           (6) 

𝐾(ℎ) = 𝐾𝑠  𝑆𝑒
0.5 [1 − (1 − 𝑆𝑒

1
𝑚)𝑚]

2

                                                                                                                         (7) 

 

where: 

Se = effective saturation, dimensionless, 

𝜃s   = volumetric saturated water content, (cm3/ cm3), 

𝜃r   = volumetric residual water content, (cm3/ cm3), 

n   = pore-size distribution index, dimensionless, 

α   = inverse of the air-entry value, (cm-1), and 

Ks = saturated hydraulic conductivity, (cm/h). 

The HYDRUS model solved the Richards equation utilizing Galerkin's finite element 

method. Soil wetting pattern from a subsurface drip irrigation was simulated by 

utilizing three different textural namely loamy sand, sandy loam and loam. The 

properties of these soils were listed in Table 1. The model of Vrugt, et al., 2001 was 

used to describe a spatial root distribution in HYDRUS model.  In Table 2, the 

parameters describing a spatial root distribution for HYDRUS model was shown. 
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The domain was specified, to be 100 cm in width and 140 cm in depth. The drip 

represented a half circle with, a radius of 1 cm, Fig. 1. Atmospheric boundary condition 

was assumed at the top edge of the flow domain. Zero flux "boundary conditions along 

the vertical sides of the soil domain were set during all simulation except at the 

location of the drip. Variable flux boundary condition along the drip circumference was 

assumed. The bottom boundary was considered as" free drainage boundary. Fig. 1 

shows these boundary conditions.  The irrigation flux can be calculated in HYDRUS as 

follows, (assumed three emitters in one meter) and irrigation flux must not exceed the 

saturated hydraulic conductivity. The flux was calculated as follows: 

      

𝑞
𝑓=   

𝑄 ∗ 𝑁

2 𝜋  𝑟 𝐿
                                                                                                                                                                                                                          

 (8) 

where: 

𝑞𝑓 = irrigation flux per unit area, (cm/h), 

𝑄 =  flow rate of emitter, (cm3/h),  

𝑁 = number of emitters,  

𝑟 = radius of emitter, (cm), and 

𝐿 = is length of irrigation line, (cm). 

 

Table 1. Hydraulic parameters of the three soils. 

 

Table 2. Parameters explaining a spatial root distribution for HYDRUS model. 

 

 

No. Soil textural 
Ks 

cm/hr 
𝜃r 

cm3/ cm3 

𝜃s 

cm3/ cm3 
α 

cm-1 n 

1 Loamy Sand 14.60 0.057 0.410 0.124 2.28 

2 Sandy Loam 4.42 0.065 0.410 0.075 1.89 

3 Loam 1.04 0.078 0.430 0.036 1.56 

No. Soil textural Crop type zm, (cm) z*(-) pz,(-) 

1 Loamy Sand Tomato 110 1 1 

2 Sandy Loam Pepper 75 1 1 

3 Loam Cucumber 95 1 1 
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Figure 1. Schematic explaining the boundary conditions utilized in all simulations. 

              

In the simulation process, five initial, soil moisture contents were utilized, and it was 

bounded between water content at field capacity and wilting point. These contents are 

shown in Table 3. The water flow from a subsurface drip was two dimensional 

axisymmetric; half ofشdomain requires to be simulated in Hydrus-2D. Three drip 

depths were utilized in this work 10, 15, and 20 cm.  

The soil wetting patterns were predicted at every thirty minutes for a total time of 

irrigation equal to three hrs. Drip discharge utilized to simulate the wetting patterns 

were 1, 1.5, 2, 2.5 and 3 l/hr for loamy sand soil, 0.4, 0.5, 0.6, 0.7, and 0.9 for sandy 

loam soil, and 0.1, and 0.2 l/hr for loam soil. Figs. 2 and 3 show samples of wetting 

pattern for loamy sand soil and sandy loam, respectively. The emitter discharges were 

0.5, 1, 1.5, 2 l/hr for loamy sand soil and 0.5,0.6, 0.7, and 0.9 l/hr for sandy loam soil in 

Figs. 2 and 3. As well the initial soil moisture content was 0.072 cm3/cm3 and 0.088 

cm3/cm3 for loamy sand and sandy loam soil, respectively. 

 

Tablee3.sValuesoofithe selected initial soil moisture content. 

No Crop type Soil textural Initial volumetric water content, cm3/cm3 

1 Tomato Loamy sand 0.065 0.068 0.070 0.072 0.073 

2 Pepper Sandy loam 0.080 0.081 0.085 0.088 0.09 

3 Cucumber Loam 0.12 0.13 0.14 0.15 0.16 
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3. ROOT WATER UPTAKE  

    The sink term S(h) representing plant root water uptake which can be determined 

utilizing the approach of Feddes, et al., 1976, represented by: 

 

𝑆(ℎ) = 𝛼(ℎ). 𝑆𝑝 = 𝛼(ℎ). 𝛽 (𝑧)𝐿𝑋 𝑇𝑃                                                                                                       (9) 

𝛽(𝑥, 𝑧) = (1 −
𝑍

𝑍𝑚
) ∗ 𝑒

−(
𝑃𝑧
𝑍𝑚 

 ∣𝑍∗−𝑍∣)
                                                                                                       (10)   

where 

S (h) = actual root water uptake rate, (cm3.cm-3/hr),                          

𝛼(ℎ) = a dimensionless  water   stress   response  function  for water  uptake  by  plant  

roots Feddes, et al., 1978, 

𝑆𝑃 = potential root water uptake rate, (cm3/cm3 h), 

𝛽(z) = a function  for describing the spatial root distribution Vrugt, et al., 2001, (cm-

2),                                                  

𝐿𝑥 = the width of the soil surface associated with the potential plant                       

transpiration, (cm),                                                      

T𝑝  = the potential transpiration rate, (cm/hr),  

𝑍𝑚 =  the maximum rooting lengths in the z-direction, (cm), 
Z =  the distance from the origin of the plant (tree) in the z-direction, (cm), 

p𝑧 =  empirical parameters, assumed to be equal to one for z> z*, and 

z∗ =  empirical parameters, the depth of maximum intensity. 

     The width of the soil, surface associated with the potential plant transpiration, was 

considered equal to the width of flow domain Abo Lila, et al., 2012 and the 

transpiration rate for the three crops was assumed to equal 4 mm/day El-Nesr, et al., 

2013. 

4. RESULT 

 Empirical formulas were predicted by using multiple regression analysis to estimate 

the dimensions of the wetted pattern for three different soil textures. To carry out a 

multiples regression analysis, the program Statistica Version 12 was utilized. This 

software depended upon an optimization, procedure to find, the best, fits formula, for a 

given set, of conditions. The data obtained by implementing HYDRUS (2D/3D) for, 

different flow rates, drip depth, initial soil moisture contents, and duration of irrigation 

were utilized to carry, out the analysis. By doing so, an empirical formula was predicted 

for wetted, width and depth for each, soil texture, as specified by the saturated 

hydraulics conductivity. Tables 5 and 6 shows the evolved formulas which explain the 

wetted width and wetted depth. The presence and absence of uptake roots of the plant 

did not affect on the wetted pattern. No one formula can be found to combine all 

formulas in Tables 5 and made hydraulic conductivity another variable to determine 

the wetted width in this formula because the values of hydraulic conductivity did not 

approach one another. As well, it can not combine the formulas in Table 6 for the same 

reason. 



Journal  of  Engineering Volume  25    September     2019 Number  9 

 

 

48 

 

5. CRITERIA OF MODEL EVALUATION 

  The agreement of the predicted wetted pattern dimensions formulas with those 

resulted by using HYDRUS-2D was evaluated by the root mean square error, (RMSE) 

and modeling efficiency, (EF). These criteria are calculated as follows: 

𝑅𝑀𝑆𝐸 = √
∑  (𝑀𝑖 − 𝑆𝑖)2
𝑛
𝑖=1

𝑛
                                                                                                                   (11) 

𝐸𝐹 = 1 −
∑  (𝑀𝑖 − 𝑆𝑖)

2𝑛
𝑖=1

∑  (𝑀𝑖 − �̅�)2
𝑛
𝑖=1

                                                                                                                     (12) 

where:  

n = number of values, 

𝑆𝑖= values predicted by using Hydrus-2D/3D, (cm), 

𝑀𝑖= values gained from the evolved formulas, (cm), and 

�̅� = mean of values gained from Hydrus-2D/3D, (cm). 

 

Tables 5 and 6 illustrate the values of the statistical parameters as mentioned above 

(RMSE, 𝐸𝐹). It was evident from the results    expressed, in the tables that was the values 

resulted by utilizing HYDRUS (2D/3D) and those predicted from the evolved formulas 

with good agreement. The RMSE was less than 0.65 cm, while, the EF was greater than 

95% for three soils. 
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Figure 2. Simulation of wetting pattern for a subsurface drip in a loamy sand soil, 𝜃i=0.072 by 

volume, drip depth =10 cm, and different discharges after 1 hr. 
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Figure 3. Simulation of wetting pattern for a subsurface drip in a sandy loam soil, 𝜃i=0.088 by 

volume, drip depth =10 cm, and different discharges after 3 hr. 
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Table 5.  Formulas to estimate wetted width. 

No. 
Ks 

(cm/hr) 
Wetted width (W), cm 

  

EF 
RMSE, 

(cm) 

1 14.59 22.4256 𝑡0.4551 𝑄0.3318  𝜃𝑖
0.1284 𝑍0.02 0.97 0.58 

2 4.42 22.2614  𝑡0.4722 𝑄0.3515  𝜃𝑖
0.1644  𝑍−0.0023 0.97 0.53 

3 1.04 10.8094  𝑡0.4452 𝑄0.1404  𝜃𝑖
0.3479  𝑍0.2377 0.95 0.26 

 

Table 6." Formulas to estimate wetted depth. 

No. 
Ks 

(cm/hr) 
Wetted depth (D), cm 

  

EF 
RMSE, 

(cm) 

1 14.59 22.1315  𝑡0.4635 𝑄0.3628 𝜃𝑖
0.1323 𝑍0.0666 0.99 0.64 

2 4.42 22.1775  𝑡0.4377 𝑄0.3443 𝜃𝑖
0.1445  𝑍0.0078 0.99 0.39 

3 1.04 10.1302  𝑡0.4143 𝑄0.1359 𝜃𝑖
0.2819  𝑍0.2309 0.95 0.53 

 

6. INVESTIGATION OF Models 

 Models were tested by comparing the predicted values of wetted width and depth 

obtained from the evolved formulas with those results obtained from HYDRUS 

(2D/3D) software, and results from the formula evolved by Singh, et al., 2006 model. 

Table. 7 shows a comparison of results.  
 

Table 7. Comparison of wetted width and depth simulated with those predicted. 

K
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14.59 0.5 0.072 0.5 9.09 10 9.70 11.23 10.5 10.27 
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1 predicted by utilizing Singh et al., 2006. 

2 simulated by utilizing HYDRUS software. 

3predicted by utilizing the formulas in Tables 5 and 6. 

7. CONCLUSIONS 

 Soil wetting pattern from a single subsurface drip was analyzed taking in account roots 

of different crops (tomato, pepper, and cucumber) and three soil textures namely loamy 

sand, sandy loam, and loam soil by utilizing the software HYDRUS-(2D/3D), Version 

2.05.  HYDRUS-(2D/3D) solves Richard’s equation, of nonlinear movement of water, 

in unsaturated, soils. An evolving formula was predicted by implement a multiple 

regression analysis. The software Statistica, Version 12 conducted the analysis. An 

equation to estimate the dimensions of the soil wetted pattern with water uptake by 

roots was obtained from this study. The RMSE was less than 0.65 cm, while, the EF 

was greater than 95% for three soils. A good agreement was obtained between the 

values resulted by utilizing HYDRUS (2D/3D) and those predicted from the evolved 

formulas.  
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NOMENCLATURE 

θi= initial soil water content, cm3/ cm3 

θr= residual water content, cm3/cm3. 

θs= saturated water content, cm3/cm3. 

Ks= saturated hydraulic conductivity, cm/hr. 

α = inverse of the air-entry value, 1/cm. 

n = pore size distribution index, dimensionless. 

Z= drip depth, cm. 

t = time, hr. 

Q = drip discharge, l/hr. 

SDI = subsurface drip irrigation. 

W = wetted width, cm. 

D = wetted depth, cm. 
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