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 In this research, unsaturated hydraulic conductivity ( ) of sandy soil was estimated by 

four pedo-transfer functions (PTFs) that saturated hydraulic conductivity (Ks) in them 

was estimated by other six PTFs and their results were compared with achieved  by 

tension disk infiltrometer. The results showed that Vereecken et al (1990) PTF for 

estimation of , when in it, be used from Ks model of Wosten (1997), showed the best 

consistency with achieved  by tension disk infiltrometer and it was recommended as 

the best PTF for estimating . 
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INTRODUCTION 

 

 The soil hydraulic conductivity is an important parameter for quantifying soil water and solute movement 

and for modeling hydrogeological processes. In the past, varieties of laboratory and field methods have been 

used for direct measurement of soil hydraulic conductivity [9]. Recently, tension disk infiltrometers have been 

popular devices for measurement of the near-saturated soil hydraulic properties [1,11]. Tension disk infiltration 

data are used to estimate saturated hydraulic conductivity ( ) and unsaturated hydraulic conductivity ( ) 

based on Wooding’s analytical solution [18]. The direct measurements of soil hydraulic characteristics needs 

exhausting and time-consuming performances and costly processes [2]. Due to difficulties in direct 

measurement of soil hydraulic characteristics, indirect methods have been proposed as a relative solution for this 

problem. In indirect methods, the soil late-found characteristics, such as soil water retention curve and soil 

hydraulic conductivity can be estimated by using of the soil soon-found characteristics, such as soil texture, 

sand, silt and clay percent, bulk density, organic matters percent, etc. One of the indirect methods for estimating 

soil hydraulic characteristics is pedo-transfer functions (PTFs). PTFs by using of regression (linear or nonlinear) 

or artificial neural network equations, can establish connection between soil late-found parameters such as soil 

water retention curve and hydraulic conductivity and soil soon-found parameters such as texture, bulk density 

and organic matter that their estimation in soil researches is easy, quick and cheap. Due to the complexities of 

soil hydraulic characteristics and their high spatial and temporal changes, especially when the number of these 

measurements are low, for estimating these properties, it can be used from PTFs as a practical way to spend 

lower time and cost and acceptable precision [9]. Wagner et al [19] evaluated eight well-known PTFs used for 

estimation of soil hydraulic conductivity using detailed measurements of 63 German soil horizons and found 

that the PTF of Wosten [15] performed the best for predicting the unsaturated hydraulic conductivity. Wosten et 

al [17] reviewed the status of PTF development, methods to develop PTFs, and the accuracy and uncertainty of 

various PTFs. Vos et al [14] used 12 PTFs and Brazilian's database for prediction of bulk density. Their results 

showed that the separation of subsoil data from topsoil data did not increase the accuracy of prediction. 

Similarly, Heusher et al [7] and Kaur et al [8] reported that the soil texture and organic matter content were the 

main parameters for estimating of bulk density. The aim of this study was to introduce an optimum PTF for 

estimating of unsaturated hydraulic conductivity ( ) of sandy soil in Karun River bank. 
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MATERIALS AND METHODS 
 

 In this study, unsaturated hydraulic conductivity ( ) of sandy soil was estimated by tension disk 

infiltrometer and PTFs methods. Sandy soil was collected from the Karun River bank. It was transported to the 

laboratory in a container with one meter height and 50 centimeters diameter. Tension disk infiltrometer 

experiments were done in suctions ( ) of 0, -3, -6, -9, -12 and -15 cm. For statistical analysis, it was used from 

nonlinear regression method of Logsdon and Jaynes [10]. For analysis of achieved data from tension disk 

infiltrometer, it was used from Wooding [18] equation. Under steady-state situation, Wooding [18] solved for 

the infiltration rate from a shallow circular pond of radius (r) based on Gardner’s exponential hydraulic 

conductivity function [6] and found the following solution: 

                                              (1) 

 Where : Steady-state infiltration rate (LT
-1

) under every given supply potential , : Radius of disk 

(L), : Saturated hydraulic conductivity (LT
-1

) and : Empirical fitting parameter for every soil (cm
-1

). 

Because the only unknowns in this equation were  and , therefore, they could be solved by making 

measurements with a fixed disk radius at multiple supply potentials. Then, Gardner’s exponential function [6] 

was according to following function for measuring  (LT
-1

): 

       if                                                                   (2) 

 For using of hydraulic conductivity estimated models, it was needed to soil physical data. So, ingredients of 

soil texture, percent of soil organic matter, soil bulk density and percent of soil porosity were determined 

according to Table 1. In this study, for estimating of soil  it was used from four PTFs including Rawls and 

Brakensiek [12], Wosten [15], Wosten et al [16] and Vereecken et al [13]. Also, for estimating of soil Ks it was 

used from six PTFs including Brakensiek et al [3], Wosten [15], Wosten et al [16], Vereecken et al [13], Saxton 

et al [20] and Cosby et al [4].  

 
Table 1: Soil sample analysis of Karun River bank. 

Soil type 
Ingredients of soil texture (%) Bulk density 

(gr/cm3) 

Organic 

matters (%) 

Soil porosity 

(%) Sand Silt clay 

Sandy 94.4 2 3.6 1.58 2.38 40.22 
 

-Models statistical evaluation:  

 For evaluation of mentioned models, it was used from statistical parameters including Mean Absolute Error 

(MAE), Root Mean Squared Error (RMSE) and Total Error that was the sum of MAE and RMSE [5]. 

                                                                          (3) 

                                                            (4) 

 

 where Yi : measured values, : predicted values and N: total number of samples. 

 The values of MAE, RMSE and Total Error show the consistency amount between estimated values from 

PTFs and achieved values from tension disk infiltrometer. The best model is the model with the lowest MAE, 

RMSE and Total Error. 

RESULTS AND DISCUSSION 
 

The results of tension disk infiltrometer method: 

 Achieved data from tension disk infiltrometer (steady-state infiltration rate (LT
-1

) under every given supply 

potential ) were collected. For analysis of data was used from nonlinear regression method of Logsdon 

and Jaynes [10]. The parameters of   (cm
-1

) and  (cm.s
-1

) achieved 0.067 and 0.00075 respectively. For 

measuring of  (cm.s
-1

) was used from Gardner’s exponential function [6]. The estimated values of  and 

coefficient of variations in applied suctions were presented in Table 2.  

 
Table 2: The estimated values of  (cm.s-1) and coefficient of variations in applied suctions. 

Coefficient of Variations (%) Mean  Minimum  Maximum   (cm.s-1) 

27.6 0.000294 0.000208 0.000369 K15 

22.5 0.000352 0.000276 0.000434 K12 

18.3 0.000422 0.000367 0.000511 K9 

16.4 0.000509 0.000437 0.0006 K6 

17.9 0.000616 0.000493 0.000706 K3 

22.5 0.00075 0.000556 0.000869 K0 
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 Table 2 showed that suction reduction in soil from -15 to 0 cm caused the increase in . Because with 

suction reduction, soil could use from pores with larger diameters for transferring water. Therefore, greater 

volume of soil was used in the water transfer. In addition, the coefficient of variations in entire suctions was less 

than 30%, which showed that experiment conditions at different replications were uniform.  

 

Analysis of hydraulic conductivity estimated models: 

 For estimating of four unsaturated hydraulic conductivity models (PTFs), it was used from six saturated 

hydraulic conductivity models (PTFs) that were mentioned them in Materials and Methods section. The 

achieved data of Ks models were used in estimating of  models. For determination of the best PTFs in 

estimating of , it was compared between achieved data from tension disk infiltrometer and PTFs methods. 

The results were presented in the Tables 3 to 7 and Figures 1 to 4. The Ks data that were estimated by six PTFs 

were presented in Table 3. 

 
Table 3: The saturated hydraulic conductivity (Ks) models data (m.s-1). 

Brakensiek et al Vereecken et al Wosten Wosten et al Saxton et al Cosby et al 

8.02×10-5 1.67×10-6 5.32×10-6 1.67×10-5 4.86×10-5 2.6×10-5 
 

 The compared data of  that were estimated by Rawls and Brakensiek [12] PTF, with achieved data from 

tension disk infiltrometer method, were presented in Table 4.  

 
Table 4: The values of estimated  by Rawls and Brakensiek model [12] and tension disk infiltrometer (m.s-1). 

Matric 

potential 

( )(cm) 

Achieved  

by disk 

infiltrometer 

Estimated models of Ks (m.s-1)  

Brakensiek 
et al 

Wosten Wosten 
et al 

Vereecken 
et al 

Saxton 
et al 

Cosby 
et al 

0 7.5×10-6 8.02×10-5 5.32×10-6 1.67×10-6 1.67×10-6 4.86×10-5 2.6×10-5 Estimated 

 by 

Rawls and 
Brakensiek 

model [12] 

-3 6.16×10-6 1.01×10-5 6.71×10-7 2.11×10-6 2.11×10-7 6.13×10-6 3.28×10-6 

-6 5.09×10-6 3.16×10-6 2.1×10-7 6.61×10-7 6.6×10-8 1.91×10-6 1.03×10-6 

-9 4.22×10-6 1.29×10-6 8.56×10-8 2.7×10-7 2.7×10-8 7.82×10-7 4.19×10-7 

-12 3.52×10-6 6.28×10-7 4.16×10-8 1.31×10-7 1.31×10-8 3.8×10-7 2.03×10-7 

-15 2.94×10-6 3.44×10-7 2.28×10-8 7.2×10-8 7.18×10-9 2.09×10-7 1.12×10-7 

 

 The compared data of  that were estimated by Wosten [15] PTF, with achieved data from tension disk 

infiltrometer method, were presented in Table 5.  

 
Table 5: The values of estimated  by Wosten model [15] and tension disk infiltrometer (m.s-1). 

Matric 
potential 

( )(cm) 

Achieved 

 by disk 

infiltrometer 

Estimated models of Ks (m.s-1) 

 Brakensiek 

et al 
Wosten 

Wosten 

et al 

Vereecken et 

al 

Saxton 

et al 

Cosby 

et al 

0 7.5×10-6 8.02×10-5 5.32×10-6 1.67×10-5 1.67×10-6 4.86×10-5 2.6×10-5 
Estimated 

 by 

Wosten 

model [15] 

-3 6.16×10-6 5.36×10-5 3.74×10-6 1.18×10-5 1.17×10-6 4.31×10-5 1.83×10-5 

-6 5.09×10-6 4.63×10-5 3.07×10-6 9.67×10-6 9.65×10-7 2.8×10-5 1.5×10-5 

-9 4.22×10-6 3.91×10-5 2.59×10-6 8.16×10-6 8.15×10-7 2.37×10-5 1.27×10-5 

-12 3.52×10-6 3.34×10-5 2.22×10-6 6.99×10-6 6.98×10-7 2.03×10-5 1.08×10-5 

-15 2.94×10-6 2.89×10-5 1.92×10-6 6.04×10-6 6.03×10-7 1.75×10-5 9.37×10-6 

 

 The compared data of that were estimated by Wosten et al [16] PTF, with achieved data from tension 

disk infiltrometer method, were presented in Table 6.  

 
Table 6: The values of estimated by Wosten et al model [16] and tension disk infiltrometer (m.s-1). 

Matric 

potential 

( )(cm) 

Achieved 

 by disk 

infiltrometer 

Estimated models of Ks (m.s-1) 

 Brakensiek 
et al 

Wosten 
Wosten 

et al 
Vereecken 

et al 
Saxton 

et al 
Cosby 
et al 

0 7.5×10-6 8.02×10-5 5.32×10-6 1.67×10-5 1.67×10-6 4.86×10-5 2.6×10-5 
Estimated 

 by 

Wosten et 
al model 

[16] 

-3 6.16×10-6 3.21×10-5 2.13×10-6 6.71×10-6 6.7×10-7 1.94×10-5 1.04×10-5 

-6 5.09×10-6 1.85×10-5 1.23×10-6 3.87×10-6 3.87×10-7 1.12×10-5 6.01×10-6 

-9 4.22×10-6 1.17×10-5 7.73×10-7 2.44×10-6 2.43×10-7 7.06×10-6 3.78×10-6 

-12 3.52×10-6 7.77×10-6 5.15×10-7 1.62×10-6 1.62×10-7 4.7×10-6 2.52×10-6 

-15 2.94×10-6 5.4×10-6 3.59×10-7 1.13×10-6 1.13×10-7 3.3×10-6 1.75×10-6 

 

 The compared data of  that were estimated by Vereecken et al [13] PTF, with achieved data from tension 

disk infiltrometer method, were presented in Table 7.  
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Table 7: The values of estimated by Vereecken et al model [13] and tension disk infiltrometer (m.s-1). 

Matric 

potential 

( )(cm) 

Achieved  

by disk 
infiltrometer 

Estimated models of Ks (m.s-1) 

 Brakensiek 

et al 
Wosten 

Wosten 

et al 

Vereecken 

et al 

Saxton 

et al 

Cosby 

et al 

0 7.5×10-6 8.02×10-5 5.32×10-6 1.67×10-5 1.67×10-6 4.86×10-5 2.6×10-5 
Estimated 

 by 

Vereecken 

et al model 
[13] 

-3 6.16×10-6 8.02×10-5 5.32×10-6 1.67×10-5 1.67×10-6 4.86×10-5 2.6×10-5 

-6 5.09×10-6 8.01×10-5 5.31×10-6 1.67×10-5 1.67×10-6 4.85×10-5 2.6×10-5 

-9 4.22×10-6 7.95×10-5 5.28×10-6 1.66×10-5 1.66×10-6 4.83×10-5 2.58×10-5 

-12 3.52×10-6 7.88×10-5 5.22×10-6 1.64×10-5 1.64×10-6 4.77×10-5 2.55×10-5 

-15 2.94×10-6 7.67×10-5 5.09×10-6 1.6×10-5 1.6×10-6 4.65×10-5 2.49×10-5 

 

 For analysis and comparison of models efficiency, it was used from statistical parameters of MAE, RMSE 

and Total Error (Tables 8 to 10). 

 
Table 8: The values of RMSE for estimated by tension disk infiltrometer in comparison with four PTFs (m.s-1). 

 

 Estimated models of  

 
Rawls and 

Brakensiek 
Wosten 

Wosten 

et al 

Vereecken 

et al 

Estimated models 

of Ks 

Brakensiek et al 2.98×10-5 4.53×10-5 3.22×10-5 7.44×10-5 

Wosten 4.01×10-6 1.83×10-6 3.26×10-6 1.53×10-6 

Wosten et al 5.12×10-6 5.4×10-6 4.03×10-6 1.17×10-5 

Vereeken et al 4.71×10-6 4.1×10-6 4.5×10-6 3.6×10-6 

Saxton et al 1.7×10-5 2.54×10-5 1.78×10-5 4.31×10-5 

Cosby et al 8.17×10-6 1.12×10-5 7.79×10-6 2.08×10-5 

 

Table 9: The values of MAE for estimated by tension disk infiltrometer in comparison with four PTFs (m.s-1). 

 

 Estimated models of  

 
Rawls and 

Brakensiek 
Wosten 

Wosten 

et al 

Vereecken 

et al 

Estimated models 

of Ks 

Brakensiek et al 1.45×10-5 4.25×10-5 2.1×10-5 7.44×10-5 
Wosten 3.85×10-6 1.77×10-6 3.19×10-6 1.36×10-6 

Wosten et al 4.66×10-6 4.99×10-6 2.75×10-6 1.17×10-5 

Vereeken et al 4.57×10-6 3.92×10-6 4.37×10-6 3.25×10-6 

Saxton et al 8.93×10-6 2.38×10-5 1.08×10-5 4.31×10-5 

Cosby et al 5.9×10-6 1.05×10-5 4.38×10-6 2.08×10-5 
 

Table 10: The values of Total Error for estimated by tension disk infiltrometer in comparison with four PTFs (m.s-1). 

 

 Estimated models of  

 
Rawls and 

Brakensiek 
Wosten 

Wosten 

et al 

Vereecken 

et al 

Estimated models 

of Ks 

Brakensiek et al 4.43×10-5 8.77×10-5 5.32×10-5 1.49×10-4 
Wosten 7.86×10-6 3.6×10-6 6.44×10-6 2.89×10-6 

Wosten et al 9.77×10-6 1.04×10-5 6.79×10-6 2.34×10-5 

Vereeken et al 9.28×10-6 8.02×10-6 8.87×10-6 6.85×10-6 

Saxton et al 2.59×10-5 4.92×10-5 2.87×10-5 8.62×10-5 

Cosby et al 1.41×10-5 2.71×10-5 1.22×10-5 4.16×10-5 
 

 According to Tables 8 to 10, Rawls and Brakensiek model [12] for estimation of , when in it, be used 

from Ks model of Wosten [15], it had the least amounts of RMSE, MAE and Total Error. So, the estimated 

by Rawls and Brakensiek model [12] in this situation had the best consistency with achieved  by tension 

disk infiltrometer. Also, according to Table 4, the entire estimated data by Rawls and Brakensiek model [12] in 

this situation, were less than achieved data by tension disk infiltrometer. Figure 1 shows the estimated by 

Rawls and Brakensiek model [12] when in it, be used from six Ks models and it be compared with achieved data 

by tension disk infiltrometer. 

 According to Tables 8 to 10, Wosten model [15] for estimation of , when in it, be used from Ks model of 

Wosten [15], it had the least amounts of RMSE, MAE and Total Error. So, the estimated by Wosten model 

[15] in this situation had the best consistency with achieved  by tension disk infiltrometer. Also, according to 

Table 5, the entire estimated data by Wosten model [15] in this situation, were less than achieved data by 

tension disk infiltrometer. Figure 2 shows the estimated by Wosten model [15] when in it, be used from six 

Ks models and it be compared with achieved data by tension disk infiltrometer. 

 According to Tables 8 to 10, Wosten et al model [16] for estimation of , when in it, be used from Ks 

model of Wosten [15], it had the least amounts of RMSE and Total Error. Besides, if in it, be used from Ks 

model of Wosten et al [16], it has the least amounts of MAE. But, because the Total Error is the more important 
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factor than MAE, so, Wosten et al model [16] for estimation of with Ks model of Wosten [15] was the 

optimum model for estimating . So, the estimated by Wosten et al model [16] in this situation had the 

best consistency with achieved  by tension disk infiltrometer. Also, according to Table 6, the entire estimated 

data by Wosten et al model [16] in this situation, were less than achieved data by tension disk infiltrometer. 

Figure 3 shows the estimated by Wosten et al model [16] when in it, be used from six Ks models and it be 

compared with achieved data by tension disk infiltrometer. 

 

 
 

Fig. 1: The values of estimated by Rawls and Brakensiek model [12] and tension disk infiltrometer in the 

      form of suction function. 

  

 
 

Fig. 2: The values of estimated by Wosten model [15] and tension disk infiltrometer in the form of suction 

       function. 

 
 

Fig. 3: The values of estimated by Wosten et al model [16] and tension disk infiltrometer in the form of  

      suction function. 

 

 According to Tables 8 to 10, Vereecken et al model [13] for estimation of , when in it, be used from Ks 

model of Wosten [15], it had the least amounts of RMSE, MAE and Total Error. So, the estimated by 

Vereecken et al model [13] in this situation had the best consistency with achieved  by tension disk 

infiltrometer. Also, according to Table 7, the estimated data by Vereecken et al model [13] in this situation, 
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were less than achieved data by tension disk infiltrometer at ,  and were more than achieved data 

by tension disk infiltrometer at , , , . Figure 4 shows the estimated by 

Vereecken et al model [13] when in it, be used from six Ks models and it be compared with achieved data by 

tension disk infiltrometer. 

 

 
 

Fig. 4: The values of estimated by Vereecken et al model [13] and tension disk infiltrometer in the form of 

       suction function. 

 

 According to this research, the estimated in suctions of 0, -3, -6, -9, -12 and -15 cm, in sandy soil of 

Karun River bank, by four PTFs including Rawls and Brakensiek [12], Wosten [15], Wosten et al [16] and 

Vereecken et al [13] showed that the acceptable models with the least Total Error were on base of following 

order: 

  

 It is necessary to explain that in the entire above PTFs, Ks was estimated by Wosten [15] model. Finally, 

according to the results of this research, Vereecken et al [13] for estimation of , when in it, be used from Ks 

model of Wosten [15], had the least amounts of RMSE (1.53×10
-6

), MAE (1.36×10
-6

) and Total Error (2.89×10
-

6
), in comparison with other PTFs. Therefore, it had the best consistency with achieved  by tension disk 

infiltrometer and it was recommended as the optimum PTF for estimating . 

 

Conclusion: 

 Since direct measurement of soil hydraulic characteristics is time consuming and expensive, an alternative 

approach to the estimation of soil hydraulic properties has been a subject of research efforts and an indirect 

estimation method, which is often, regarded as PTFs approach has been developed. According to the results in 

this research, the acceptable PTFs with minimum Total Error were Vereecken et al [13], Wosten [15], Wosten et 

al [16] and Rawls and Brakensiek [12] respectively. Actually, the best PTF with minimum Total Error and 

maximum consistency with achieved  by tension disk infiltrometer was Vereecken et al [13] when in it, be 

used from Ks model of Wosten [15]. 
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