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ABSTRACT 

The problem of water scarcity is becoming common in many parts of the world, to overcome 

part of this problem proper management of water and an efficient irrigation system are needed.  

Irrigation with a buried vertical ceramic pipe is known as a very effective in the management of 

irrigation water.  The two- dimensional transient flow of water from a buried vertical ceramic 

pipe through homogenous porous media is simulated numerically using the HYDRUS/2D 
software.  Different values of pipe lengths and hydraulic conductivity were selected.  In addition, 

different values of initial volumetric soil water content were assumed in this simulation as initial 

conditions.  Different values of the applied head were assumed in this simulation as boundary 

conditions.  The results of this research showed that greater spreading occurs in the horizontal 

direction.  Increasing applied heads, initial soil water contents and pipe hydraulic conductivities, 

cause increasing the size of wetting patterns but in a few increases.  Also, the results showed that 

the empirical formulas which can be used for expressing the wetted width and depth in terms of 

applied head, initial soil water content, application time, pipe hydraulic conductivity, and pipe 

length, are good and can be used as design equations.       
Key words: numerical modeling, soil water content, wetting patterns, HYDRUS. 
 

تشكم عمودي خلال انتربومورج عذدي نحركة انماء مه أواتية سيراميك مذفووة   

  عثذميسون تشير                                                                                                                               زيىة كامم رشيذ  

يذسط                                                                                                                                              يُٓذط  
جايعح تغذاد -كهٛح انُٓذعح   جايعح تغذاد                                                                                                                   -كهٛح انُٓذعح   

 انخلاصة

 نهرغهة عهٗكفٕءج  س٘ ٔأَظًح نهًٛاِ صحٛحح إداسج ٚرطهة.  يشكهح َذسج انًٛاِ شائعح فٙ انعذٚذ يٍ أَحاء انعانى أصثحد     

   انًشكهح.  اٌ انش٘ تاعرخذاو أَاتٛة عٛشايٛك يذفَٕح تشكم عًٕد٘ يعشٔف تاَّ فعال جذا فٙ إداسج يٛاِ انش٘. ِْز جضء يٍ

يٙ انًرجاَظ عذدٚا ذى يحاكاج انجشٚاٌ الاَرقانٙ انثُائٙ انثعذ نهًاء يٍ أَثٕب عٛشايٛك يذفٌٕ تشكم عًٕد٘ خلال انٕعظ انًغا

ذى اخرٛاس قٛى يخرهفح يٍ أطٕال ٔاٚصانٛح ْٛذسٔنٛكٛح نلأَثٕب.  ٔتالإضافح .  ْاٚذسط راخ انثعذ انثُائٙ ٔرنك تاعرخذاو تشَايج

ى يخرهفح نهًحرٕٖ انشطٕتٙ الاترذائٙ انحجًٙ نهرشتح كششٔط اترذائٛح فٙ ْزِ انًحاكاج.  ذى افرشاض قٛى نزنك فقذ ذى اخرٛاس قٛ

أظٓشخ َرائج ْزا انثحس إٌ اكثش اَرشاس ٚحذز فٙ الاذجاِ   يخرهفح يٍ انضغظ انًغهظ فٙ انًحاكاج تاعرثاسْا ششٔط يحذدج.

الاٚصانٛاخ انٓٛذسٔنٛكٛح نلأَثٕب فاٌ رنك عٕف ٔ انشطٕتٛح الاترذائٛح نهرشتح, انًحرٕٚاخ حط انًغهطٕانضغالأفقٙ.  ٔعُذ صٚادج 

ٚغثة صٚادج حجى أًَاط انرشطٛة ٔنكٍ ْزِ انضٚادج ذكٌٕ قهٛهح.  كًا أظٓشخ انُرائج إٌ انًعادلاخ انٕضعٛح انرٙ ًٚكٍ 

الاترذائٙ نهرشتح, ٔقد الإسٔاء, , انًحرٕٖ انشطٕتٙ انضغظ انًغهظ اعرخذايٓا نهرعثٛش عٍ عشض ٔعًق الاترلال تذلانح

 الاٚصانٛح انٓٛذسٔنٛكٛح نلأَثٕب, ٔطٕل الأَثٕب جٛذج ًٔٚكٍ اعرخذايٓا كًعادلاخ ذصًًٛٛح.
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1. INTRODUCTION 

Subsurface irrigation is one of the most methods perfectly suited for a specific amount of 

water and applied directly to the root zone, and thus reduce the losses resulting from the 

evaporation, conveyance, and deep percolation.  Some media that are used to transport water for 

irrigation under the surface, including pots, porous clay pipes, and plastic drip lines with emitters 

where water leaks or penetrates into the soil, thus increasing the moisture content in the soil.  

Irrigation systems below the soil surface are becoming increasingly public, since making better 

water use efficiency for agriculture is very  significant in many parts of the world that have limited 

water resource.  This method of irrigation, in some arid and semi-arid regions of the world, has 

been used with great success.  Irrigation with buried vertical ceramic pipe is analogous to drip 

irrigation since water leaks out from ceramic pipe and wets the surrounding soil along the length 

of the pipe.  Several studied have been conducted on subsurface ceramic pipe systems.   

Bainbridge, 2001, stated that irrigation by buried clay pot is an ideal, well-suited, and well-known 

for small-scale farms in different parts of the world.  This type of irrigation gives ten times better 

than traditional surface irrigation also better than systems of drip irrigation.  Clay pot irrigation is 

efficient in difficult conditions of limited water resources, high salinity, and limited supply of 

water.  Ashrafi, et al., 2002, investigated the relations between the physical and hydraulic 

parameters in subsurface irrigation such spacing between lateral, depth of installation, time of 

irrigation, pipe hydraulic conductivity, and the hydraulic head.  A numerical model was used for 

simulating infiltration through porous pipe.  The results indicated that the wetted area was affected 

to the depth of installation and the water applied volume, and an inverse relation between the 

depth of installation and the lateral spacing of porous clay pipe.  Qiaosheng, et al., 2007, studied 

and tested the porous clay pipe in the greenhouse.  They developed a simple analytical model by 

using a dimensional analysis method to simulate the wetted soil shape under porous pipe.  The 

statistical analyses were used to find the accuracy of the work.  Akhoond and Golabi, 2008, 

tested a new form of vertical installation instead of horizontal installation of the porous clay pipe.  

The system has been designed for three pipes lengths that were 30, 45 and 60 cm and three water 

heads 3, 4, and 6 m with an operation time of 300 minutes.  The results showed that maximum soil 

moisture vertical expansion occurred at maximum pressure head of 6m that was equal to double 

length of the pipe.  Siyal and Skaggs, 2009, conducted experiments with 40 cm pipes lengths 

made of clay soil, with hydraulic heads of 25, 50, 100 and 200 cm, and with 5 days operation time 

on various soil textures.  Experimental results showed that increasing the applied head of the 

system increased the size of the wetting pattern, and the depth of installation has a large effect on 

the recommended horizontal spacing and the amount of evaporation loss.  Siyal, et al., 2009, 

concluded that irrigation with pitcher is one of the most efficient systems.  Three different size 

pitcher namely as large of 20 L, medium of 15 L, and small of 11 L that were buried in a sandy 

loam soil.  They showed that for the small pitcher that has half size of the larger pitcher, but with 

twice hydraulic conductivity produces nearby the same wetting patterns as the largest one.  Khan, 

et al., 2015, used Negative Pressure Difference Irrigation (NPDI) which is a type of subsurface 

irrigation.  Experimental work was done by using six porous pipes with different dimensions 

installed vertically, at a negative pressure of 3 cm, and for four hours as supplied water.  

Experimental results showed that the wetting pattern of the soil is different for each kind of porous 

pipes, and the maximum expansion in a vertical and a radial direction vary with the change in 

length and diameter of the pipes. 

The objectives of present study are to develop a numerical model by using the HYDRUS/2D 

software for simulating the soil water distribution through different soils, Silty Loam, Clay Loam, 
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Silt, Clay, and Silty Clay Loam at various application heads and using ceramic pipes with 

different lengths and hydraulic conductivities,  and to obtain an empirical formula describing the 

wetted soil width and depth as a function of operating time, pipe hydraulic conductivity, pipe 

length, applied head, and initial soil water content.  

2. WATER FLOW EQUATION 

      The basic theory describes the flow of fluid in porous media was introduced in 1907 by 

Buckingham who identified that flow of water through unsaturated soils are extremely dependent 

upon water content.  In 1931 Richard applied continuity equation to the law of Buckingham 

which represents an extension to Darcy law.  The Richards' equation for a two- dimensional 

isotropic medium, Abid, 2006, 2012:  
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 [ ( )

  

  
 ] + 

  ( )

  
                                                                                   (1) 

where: 

                volumetric soil water content, cm
3
/cm

3
,  

                 time, hr, and 

          ( )     soil water conductivity which depend upon pressure head, cm/hr,                                                                          

      The solution of equation (1) requires initial and boundary condition.  The initial conditions 

are the dependent variables values which specify inside the domain of flow while the boundary 

conditions specified either the liquid flux along the boundary, the total potential across the 

boundary, or gathering of specified flux and head.  Fig. 1 show a typical section of the flow 

medium considered for a study that consists of two types of cells with various properties.  The 

first type of cells is the pipe body HGFEH, while the second type is the cells that belong the soil 

outside the pipe body ABCDEFGHA.  

2.1 Assumptions 

      The main assumptions of this research were, the soil is homogeneous and isotropic, the initial 

water contents of soils are distributed in regular form through the soils, neglect the soil surface 

evaporation during application of water, and the wall of the buried vertical ceramic pipe is 

saturated. 

2.2 Initial and Boundary Conditions 

The initial conditions were: 

 (     )            on  ABCDEFGHA                                                                                         (2) 

The boundary conditions are defined as: 

(
  

  
)      no flux boundaries along  AB, HG                                                                               (3)           
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(
  

  
)      no flux boundaries along  AH, ED, BC                                                                        (4)  

 (     )      variable heads at the pipe lines GF, FE                                                               (5)   

 (     )   0   free drainage at bottom of the soil, CD                                                                (6)   

where:  

    depth of the lowest boundary at bottom of the soil. 

2.3 Numerical Simulations 

        Soil hydraulic properties were modeled by using the van Genuchten relationships, Van 

Genuchten, 1980, which are:   

 ( )  {
   

     

(  |  | ) 
                                        

                                                                                 
                                                       (7) 

 ( )        
 [  (    

   
) ]

 
                                                                                                          ( )                  

     
    

     
                                                                                                                                                     (9) 

                                                                                                                                            (10)  

2.4 Input Data       

     The wetting patterns from the buried vertical ceramic pipe are simulated by using five types 

of fine soils, Silty Loam, Clay Loam, Silt, Clay, and Silty Clay Loam, through soil classification 

of United States Department of Agriculture, (USDA).  The initial water contents of the soil 

enclose between residual and saturated water contents which differ in each soil as shown in 

Table 1.  Heads that applied at the soil surface differ according to soil type which illustrated in 

Table 2, the minimum applied head was 25cm while the maximum applied head was 200 cm, in 

each head 10 cm was added as a buried depth of the ceramic pipe.  The hydraulic conductivities 

of the buried vertical ceramic pipe varied in fine soils also according to soil type that shown in 

Table 3, the minimum pipe hydraulic conductivity was 0.0001 cm/hr while the maximum pipe 

hydraulic conductivity was 0.005 cm/hr. 

 

3. RESULTS AND ANALYSIS 

3.1. Wetting patterns       

     The HYDRUS/2D software was used to predict the soil wetting patterns under several 

boundary conditions.  The simulation of wetting patterns was carried out at the right side because 

of symmetry for the wetting patterns.  The ceramic pipe located at 10 cm below the upper 

boundary on the left side of the rectangular domain, 1.5cm wide, and with different pipes lengths 

(10, 20, 30, 40, and 50 cm).  Fig.2 show sample of simulations in different types of soils with a 

different domain, while Fig.3 through Fig.6 shows the effects of the applied head, initial soil 

water content, pipe hydraulic conductivity, and pipe length respectively in silt soil.  Increasing 

the applied head increased the size of wetting dimensions in horizontal and vertical direction due 
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to an increase of water flux from the wall of the ceramic pipe.  Initial soil water contents have 

few effects on wetting patterns.  In general, greater horizontal spreading occurs in fine soil. 

3.2 The empirical formulas 

          STATISTICA software version 10 was used to develop formulas to predict wetted width 

and depth for each soil texture.  This program works with a multiple regression analysis.  In each 

type of soil, numerous data were obtained from HYDRUS/2D, about 7500 value for maximum 

wetted width and 7500 value for maximum wetted depth or about 4375 value depending upon 

operating time. The obtained data were gathered in the STATISTICA software that was 

operating time, the maximum wetted width, the maximum wetted depth, pipe hydraulic 

conductivities, pipe lengths, applied heads, and initial soil water contents as an input data.  Table 

4 and Table 5 show the empirical formulas of wetted width and depth.   

3.3 Statistical analysis       

        Three statistical parameters, root mean square error (RMSE), mean absolute percentage 

error (MAPE), and coefficient of determination (R
2
) are used to test the discrepancy between the 

results obtained from HYDRUS and the results obtained from the empirical formulas.  These 

parameters are defined as Willmott, 1982:   

a- Root mean square error (RMSE) 

RMSE =√
∑ (       )

  
   

 
                                                                                                                (11) 

b- Mean absolute percentage error (MAPE)  

 MAPE = 
  

 
∑
(       )

  
                                                                                                             (12)                            

c- Coefficient of determination (R
2
) 

R
2
 =    

∑ (       )
  

   

∑ (      ̅)
  

   

                                                                                                                 (13)  

where: 

    = measured wetted dimensions obtained from HYDRUS/2D, cm, 

     = calculated wetted dimensions by using the empirical formula, cm, 

   =  total number of data, and 

  ̅ =  mean values of measured wetted dimensions obtained from HYDRUS/2D, cm. 

 

       The statistical comparison between wetting pattern sizes (width and depth) obtained by 

using HYDRUS/2D and those predicted by the empirical formulas are shown in Table 6 and 

Table 7.  From the results for both the wetted width and depth, the maximum value of mean 

absolute percentage error does not exceed 7%.  The RMSE values varied in both direction from 

0.3 to 3.68 cm, and a minimum value of the coefficient of determination was 96 % which 

indicate that the empirical formulas that were used to predict the width and depth of wetted soils 

can be used with a good accuracy. 
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4. CONCLUSIONS 

      The method of subsurface irrigation is becoming increasingly popular especially in 

developed nations.  The subsurface irrigation system was designed for five lengths of ceramic 

pipe (10, 20, 30, 40, and 50 cm) with five water heads and for various times of irrigation in 

different soil textures, Silty Loam, Clay Loam, Silt, Clay, and Silty Clay Loam.  The results 

obtained from the simulations show that for a given soil texture, the wetting patterns are 

sensitive to the applied head, initial soil water content, pipe length and pipe hydraulic 

conductivity.    Increasing the applied head of the system increased the size of wetting patterns.  

The initial soil water contents and pipe hydraulic conductivities affected the shape of wetted 

zone only minimally.  The maximum horizontal and vertical expansions vary with change in the 

length of ceramic pipes.  In general, the wetting patterns in fine soils extend horizontally much 

more than the vertical direction.  The empirical formulas for wetted width and depth can be used 

as designed equations. 
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6. NOMENCLATURE 

h   = pressure head, cm, 

   = unsaturated hydraulic conductivity of soil, cm/hr, 

   = saturated hydraulic conductivity of the ceramic pipe, cm/hr, 

   = length of ceramic pipe, cm, 

    = pore conductivity parameter, dimensionless,  

   = pore size distribution index, dimensionless, 

    = time, hr, 

   = wetted width, cm, 

    = wetted depth, cm, 

   = inverse of the air entry value, cm 
-1

, 

     volumetric soil water content, cm
3
/cm

3
, 

    = initial soil water content, cm
3
/ cm

3
, 

    = residual water content, cm
3
/ cm

3
, 

     = saturated water content, cm
3
/ cm

3
. 

 

 

 

                   Figure 1. A typical section of the flow medium considered for study. 
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Silty Loam, Domain=100*150cm,   =0.005cm/hr, 

 =0.17 cm
3
/cm

3
 after 24 hr 

 

 

 
Clay Loam, Domain=60*80cm,   =0.0009cm/hr, 

 =0.16 cm
3
/cm

3
 after 12 hr 

 

 

 
Silt, Domain=100*150cm, 

  =0.005cm/hr,  =0.15 cm
3
/cm

3
 

after 36 hr 

 

 

 
Clay, Domain=60*80cm, 

  =0.00012cm/hr,  =0.15 
cm

3
/cm

3
 after 36 hr. 

  

 

  
Silty Clay Loam, 

Domain=60*80cm, 

  =0.0006cm/hr,  =0.16 
cm

3
/cm

3
 after 12 hr. 

 

Figure 2.  Simulation of wetting patterns from a ceramic pipe in different types of soils with 

pipe length of 50 cm, applied head of 200 cm, and after different operating times. 
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 h= 25 cm 

 

 

 
h=50 cm 

 

 

 
 h=100 cm 

 

 

 
h= 150 cm 

 

 

 
h=200 cm 

 

Figure 3. Simulation of wetting patterns from a ceramic pipe in silt soil with 1.0 x1.5 m domain, 

pipe length= 50 cm, pipe hydraulic conductivity= 0.005 cm/hr, initial soil water content= 0.15 

cm
3
/cm

3
, and with different applied heads after 36 hr. 
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θ= 0.035 cm

3
/cm

3 

 

 

 
θ = 0.07 cm

3
/cm

3
 

 

 

 
θ= 0.1 cm

3
/cm

3
 

 

 

 
θ= 0.12 cm

3
/cm

3
 

 

 

 
θ= 0.15 cm

3
/cm

3
 

 

Figure 4. Simulation of wetting patterns from a ceramic pipe in silt soil with 1.0 x1.5 m domain, 

pipe length= 20 cm, pipe hydraulic conductivity = 0.005 cm/hr, applied head= 200 cm, and with 

different initial soil water contents after 36 hr. 
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   =0.001 cm/hr 

 

 

 
   =0.002 cm/hr 

 

 

 
   =0.003 cm/hr 

 

 

 
   =0.004 cm/hr 

 

 

    =0.005 cm/hr 

  

Figure 5. Simulation of wetting patterns from a ceramic pipe in silt soil with 1.0 x1.5 m domain, 

pipe length =50 cm, initial soil water content= 0.15 cm
3
/cm

3
, applied head =200 cm, and with 

different pipe hydraulic conductivities after 36 hr.  
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L=10 cm 

 

 

 
L=20 cm 

 

 

 
L=30 cm 

 

 

 
L=40 cm 

 

 

L=50 cm 

 

Figure 6. Simulation of wetting patterns from a ceramic pipe in silt soil with 1.0 x1.5 m domain, 

initial soil water content= 0.15cm
3
/cm

3
, pipe hydraulic conductivity=0.005 cm/hr, applied 

head=200 cm, and with different pipe lengths after 36 hr. 
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Table 1. Values of initial soil water content used for the simulations in USDA classification 

system. 

Soil texture  Initial volumetric soil water content, θ, cm
3
/cm

3
 

Silty Loam 0.090 0.110 0.130 0.150 0.170 

Clay Loam 0.100 0.115 0.130 0.145 0.160 

Silt 0.035 0.070 0.100 0.120 0.150 

Clay 0.130 0.135 0.140 0.145 0.150 

Silty Clay Loam 0.100 0.115 0.130 0.145 0.160 

 

Table 2. Values of applied hydraulic heads at the soil surface. 

Soil texture  Applied head, h, cm 

Silty Loam 50 75 100 150 200 

Clay Loam 100 125 150 175 200 

Silt 25 50 100 150 200 

Clay 100 125 150 175 200 

Silty Clay Loam 100 125 150 175 200 

 

Table 3. Values of hydraulic conductivity of the buried ceramic pipe. 

Soil texture  Pipe hydraulic conductivity,    , cm/hr 

Silty Loam 0.0010 0.0020 0.0030 0.0040 0.0050 

Clay Loam 0.0005 0.0006 0.0007 0.0008 0.0009 

Silt 0.0010 0.0020 0.0030 0.0040 0.0050 

Clay 0.000100 0.000105 0.000110 0.000115 0.000120 

Silty Clay Loam 0.0002 0.0003 0.0004 0.0005 0.0006 

 

Table 4. Empirical formulas to predict wetted width for different soils. 

Soil texture  Wetted width, X , cm 

Silty Loam                
                           

Clay Loam                 
                           

Silt                
                           

Clay                
                           

Silty Clay Loam                 
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Table 5. Empirical formulas to predict wetted depth for different soils. 

Soil texture  Wetted depth, Z, cm 

Silty Loam                
                           

Clay Loam                
                           

Silt                
                           

Clay                
                              

Silty Clay Loam                
                           

 

 

Table 6. Statistical analysis of the comparison between wetting patterns width obtained by using  

HYDRUS/2D and those predicted by the empirical formulas. 

Soil texture 

 

RMSE, cm R
2
 MAPE % 

Silty loam 0.99 0.992 5.41 

Clay loam 0.40 0.987 4.81 

Silt 1.21 0.989 5.41 

Clay 0.30 0.979 3.66 

Silty clay loam 0.41 0.962 6.30 

 

 

Table 7. Statistical analysis of the comparison between wetting patterns depth obtained by using  

HYDRUS/2D and those predicted by the empirical formulas. 

Textural class 

 

RMSE, cm R
2
 MAPE % 

Silty loam 3.68 0.965 5.05 

Clay loam 1.43 0.990 3.18 

Silt 3.54 0.967 4.74 

Clay 1.25 0.992 3.01 

Silty clay loam 1.20 0.992 3.02 

 

 


