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Abstract  
Soil water retention curve is among the most important properties needed for many soil and water management 

purposes. Due to high spatial and temporal variability in soils, its direct measurement is rather difficult, time 

consuming and expensive. Consequently, it would be more feasible to estimate it by using some indirect 

mathematical methods. The objectives of this investigation are to (1) determine the fractal dimension of the soil 

retention curve by fitting fractal models to the measurements and (2) investigate the relationship between the 

fractal dimension and other physical/textural/hydraulic parameters such assoil particle fractions of clay, silt, and 

sand in large scale. For this purpose, 190 soil samples with broad range of textures from four large agricultural 

areas were collected, and their particle size distribution, bulk density, organic carbon, salinity, pH, and retention 

curves were measured. To evaluate the performance of examined fractal models, three statistical parameters 

including RMSE, RMSD and R
2
 were used. Results indicated that the fractal dimension has an inverse 

relationship with soil texture; the finer the soil texture, the greater the fractal dimension. The lowest and greatest 

fractal dimensions of the Tyler-Wheatcraft model in loamy sand and clay textures were obtained to be 2.38 and 

2.74, respectively. These were significant at 1% level based on the Duncan’s multiple range tests. Results further 

showed that the most accuracy of estimating retention curve in different soil textures by using van Genuchten, 

Brooks-Corey, and Tyler-Wheatcraft with normalized errors average obtained were 0.06, 1.09, and 3.27, 

respectively. Furthermore, the obtained R
2
 values were ranged from 0.88 to 0.99 for Tyler-Wheatcraft and van 

Genuchten models, respectively. Compares to Brooks-Corey model, the van Genuchten retention model 

provided better accuracy in estimating retention curve for different soil textures.  
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INTRODUCTION

1
 

Soil is a complex system which plays a 

very significant role in environment and 

agriculture and is one of the basic parts of 

natural ecosystem (Veltri et al., 2013). 

Correct estimation of soil hydraulic 

parameters is the most important factor in 

modeling water movement and solute 

transport in soil. Soil water retention curve 

and unsaturated hydraulic conductivity are 

fundamental information for investigating 

the movement of water, solutes, and 

pollutants in root zone that their 

quantitative expressions are vital for 
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implementation of best management 

practices. These two functions are very 

important and provide useful information 

on soil physical properties and water and 

soil management at various scales. 

Both soil texture and soil structure 

influence the retention curve (Hillel, 1998). 

Direct measurement of soil hydraulic 

function is expensive, time consuming and 

tedious. Consequently, there has been a 

tendency to make serious efforts to 

estimate them by some indirect methods. 

Several empirical models were then 

introduced in the literature to quantitatively 

express soil retention (e.g. Burdine (1953), 

Brooks and Corey (1964), Brooks and 
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Corey (1966), Campbell (1974), van 

Genuchten (1980)). On the other hand, all 

hydraulic characteristics of soil and water 

properties, hydraulic conductivity, and 

infiltration have a close relationship with 

the geometry of porous materials 

(Ghorbani Dashtaki et al. 2010, 

Khodaverdilooet al. 2011). Porous 

environments including the soils are non-

isotropic systems with several different 

components which make the simulations of 

their hydraulic properties very complex 

(van Damme, 1958, Khodaverdiloo et al. 

2011). Thus, soil hydraulic characteristics 

can be estimated based on soil particle size 

(Millan et al. 2003, Babaeian et al. 2016). 

In the last two decades, fractal method has 

been applied as a suitable tool for 

modeling complex phenomena. Fractal 

geometry has provided new ideas for 

quantitative description of non-isotropic 

porous environments such as soils. Fractal 

geometry is a complex approach which has 

been used repeatedly in wide areas all over 

the world at different scales. Consequently, 

due to spatial variability of soils it has been 

suggested to use the fractal geometry for 

soils that demonstrate different hydraulic 

behavior at different scales (Dirksen 1991, 

Eghbal et al. 1993, Seuront et al. 1999, 

Lee, 2002, Lin, 2008). Fractal dimension is 

a potential parameter for scaling that has 

the capability of measuring the 

environmental chaos degree (Turcotte 

1986, Wu et al. 1993, Wang et al. 2018).  

The application of fractal methods has 

been led to presenting some quantitative 

functions to predict soil water retention 

curve, unsaturated and saturated hydraulic 

conductivity, as well as pore size 

distribution. It has been reported that 

fractal theory can model soil structure and 

is able to link non-uniform soil structure to 

specific soil behavior (Young et al. 2001). 

Some investigators have used fractals for 

quantitative expression of the relationship 

between soil and water (Perrier et al. 1996, 

Giménez 1997), estimating retention curve, 

infiltration (Perfect and Kay 1991, Perfect 

et al. 1992), and water movement in soil 

(Crawford 1994, Kosugiand Hopmans 

1998, Tylerand Wheatcraft 1990, 1992). 

The so-called scaling is a method in which 

by using a scaling factor the connection 

among the characteristics of different soils 

are studied and connected to each other. 

The scaling methods have originally 

developed based on similar media theory. 

In these methods, hydraulic functions of 

different soils have the capability to 

transpose with certain quantities of 

physical length (scale factor) on each other 

and be shown by a reference curve 

(Warrick 1977). 

Some researchers have reported that the 

retention curve follows almost the same 

shape as aggregate size distribution curve. 

Consequently, the aggregate size 

distribution models are suitable estimators 

of soil retention curve (Lee and Ro 2014). 

So aggregate size distribution models are 

divided into two general groups of fractal 

and non-fractal models. Tyler-Wheatcraft 

(1990) and van Genuchten (1980) can be 

mentioned as fractal and non-fractal 

models, respectively. 

Assouline et al., (1997) found that soil 

pH, organic matter, and cation 

exchangeable capacity have an effect on 

soil compaction, and therefore soil 

retention curve will also change. 

Therefore, retention curve must be 

determined again after compaction which 

is time consuming and costly. Zhang et al., 

(2006) investigated the effect of three 

different levels of compaction on hydraulic 

properties in two samples of silty loam 

soils and found that soil compaction affects 

its soil hydraulic properties greatly. Tuli et 

al. (2001) used joint scaling factors by 

combining methods presented by Kosugi 

and Hopmans (1998) based on Miller and 

Miller (1956) theory for scaling retention 

curve and soil hydraulic conductivity; 

however, this method can only be applied 

for environments of similar geometry. By 

studying fractal essence of different soil 

textures, Millan et al., (2003) expressed 
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that fractal dimension of particle size 

distribution has a significant linear 

correlation with clay content in a way that 

by increasing clay percentage, the fractal 

dimension increases, whiledecreases by 

increasing sand percentage. 

Optimum retention curve has a physical 

concept but its direct measurement is 

difficult and time consuming both in field 

and laboratory. One of the useful methods 

for estimation of suitable retention curve 

(fractal dimension) is using porosity size 

distribution with the help of pictures 

analyses (Bartoli et al. 2005, Rasiah et al. 

1992, 1993). 

Veltri et al., (2013) analyzed retention 

curve by using fractal geometry. In their 

study, the relationship between retention 

curve and fractal dimension has been 

investigated and it has been found that 

fractal scaling of retention curve makes the 

measurement of soil water under 

unsaturated conditions possible. Souto et 

al., (2015) evaluated fractal models for 

estimating hydraulic functions in 

unsaturated soils, which indicated that the 

new equation is able to estimate soil 

moisture data in four soil series with 

different textures.  

In last two decades, fractal methods 

were used as a new tool for modeling soil 

and water-related issues and some 

functions were suggested to account for 

soil retention curve, unsaturated hydraulic 

conductivity, and pore size distribution. In 

this research we attempt to estimate soil 

hydraulic parameters and present a 

practical relationship to express soil 

retention curve by a fractal model. 

Consequently, the objective of this study 

was to obtain the fractal dimensions of soil 

retention curves of widely different soil 

textures by using fractal models. 

Furthermore, it was aimed to come up with 

a simple relationship to relate the fractal 

form of van Genuchten retention model 

with soil particle size distribution.  

 

MATERIALS AND METHODS 

Soil Sampling 

A number of 190 soil samples with  

widely different textures were collected 

from top soils of widely different areas and 

delivered to laboratory to accomplish the 

designated soil analyses. The designated 

soil physical and chemical properties were 

measured, using standard methods. The 

soil texture, organic matter content, 

electrical conductivity, and soil pH were 

measured by using hydrometer method, 

Walkley and Black method, EC meter, and 

pH meter, respectively (Arabi et al. 2017). 

The soil water retention curves of all soil 

samples were obtained by using a pressure 

plates apparatus. The van Genuchten 

parameters of measured retention curves 

were obtained by using the RETC program 

(van Genuchten et al. 1991). The mean 

values of some physical characteristics of 

studied soils are presented in Table 1. Data 

presented in this table shows that the 

studied soil samples are classified into 11 

classes among 12 soil texture classes. Such 

a wide soil texture sampling was 

performed to assess the capability of 

fractal models in a very wide range of soil 

particle size distributions. According to 

Table 1, the studied soil samples have the 

porosity of 0.35 to 0.57. The minimum and 

maximum bulk density ranged from 1.12 to 

1.70 g/cm
3
 in the studied soil samples. The 

distribution of all studied soil textures is 

presented in Fig 1. This figure shows that 

the experimental soil textures cover most 

texture classes ranging from sandy to clay 

soil textures and dissimilar to most 

previously conducted studies do not cover 

only one or two textural classes. 

A fractal model of Tyler and Wheatcraft 

(1990) was used to obtain the fractal 

dimensions of the retention curves. To 

derive a pore size-based model, Tyler and 

Wheatcraft (1991) have used the Sierpinski 

carpet pattern introducing a power form 

model to account for the retention models 

of Brooks and Corey (1964) and Campbell 

(1974). Their proposed model can be 

written as: 
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Table 1. The mean values of some physical characteristics of studied soils 
 

Soil Texture 

Number 

of soil 

samples 

Average ± Std. Min-Max Average ± Std. Min-Max 

Sand Silt Clay Sand Silt Clay Porosity 
Bulk 

density 
Porosity 

Bulk 

density 

Sandy 7 94±2.3 3±1.3 3±2.1 90-96 1-5 1-7 0.40±0.04 1.58±0.10 0.36-0.46 1.40-1.72 

Loamy Sand 9 83±4.9 10±7.3 8±3.3 73-88 1-20 2-12 0.42±0.04 1.53±0.11 0.38-0.48 1.35-1.62 

Sandy Loam 37 68±6.2 21±8.7 11±5.0 57-84 2-36 1-19 0.44±0.06 1.51±0.15 0.30-0.55 1.15-1.85 

Sandy Clay Loam 21 59±7.3 17±7.0 24±4.1 46-71 5-27 20-33 0.43±0.06 1.51±0.18 0.33-0.54 1.10-1.77 

Loam 13 39±6.0 41±5.8 20±4.8 32-49 28-48 12-26 0.64±0.17 1.10±0.43 0.40-0.92 0.46-1.80 

Silt 11 8±4.5 87±4.3 5±2.9 1-15 80-95 1-11 0.47±0.05 1.39±0.14 0.39-0.56 1.13-1.69 

Silty Loam 21 19±9.8 66±9.1 15±7.7 1-34 51-81 2-26 0.46±0.07 1.42±0.18 0.35-0.65 0.91-1.66 

Clay Loam 14 34±6.6 33±6.2 33±5.7 23-44 23-45 19-39 0.50±0.05 1.33±0.10 0.45-0.63 1.07-1.43 

Silty Clay Loam 16 11±6.1 56±7.5 34±4.9 1-20 41-70 27-43 0.49±0.04 1.34±0.13 0.40-0.55 1.14-1.66 

Sandy Clay 8 55±3.9 6±3.8 39±3.0 50-60 1-12 36-46 0.40±0.05 1.59±0.14 0.36-0.46 1.40-1.72 

Silty Clay 7 12±6.8 45±4.4 43±3.8 1-24 36-48 40-51 0.48±0.06 1.39±0.18 0.39-0.57 1.16-1.64 

Clay 26 20±12.3 20±12.1 60±11.9 2-44 1-38 43-85 0.51±0.12 1.28±0.29 0.37-0.79 0.54-1.67 

Total 190 41±26.8 33±24.0 25±18.6 1-96 1-95 1-85 0.47±0.10 1.41±0.24 0.30-0.92 0.46-1.85 
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in which n and m are shape parameters of 

retention curve, α (L
-1

) approximately 

equals to inverse of bubbling pressure, h 

(L) is soil water pressure head, θr (L
3
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-3
) 

and θs (L
3
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-3
) are the residual and 

saturated soil water contents (L
3
.L

-3
), 

respectively. where h0 is the bubbling 

pressure, θs is the saturated water content, 

and Dm is the fractal dimension. The RETC 

program was used to obtain the parameters 

of retention curve. 

 

Model performance 

In order to compare the results of fractal 

models with the measured data, three 

statistics including normalized Root Mean 

Square Error (nRMSE), Root Mean Square 

Deviation (RMSD) and determination of 

coefficient (R
2
) were used. The 

relationships can be expressed as (Zarei et 

al. 2010, Alfaro Soto et al. 2017): 
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in which θm is the measured soil water 

content, m is the mean of measured soil 

water content, θp is the estimated water 

content, and n is the number of studied soil 

samples.  

In addition, the one-way ANOVA 

analyses at 1% and 5% of significance 

levels were used. All statistical analyses 

were performed by SAS software. 

 

RESULTS AND DISCUSSIONS 

The obtained fractal dimensions of 

Tyler and Wheatcraft (1990) model are 

presented in Table 2 for all examined soil 

textures. Data presented in this table show 

that the fractal dimensions have an inverse 

relationship with soil texture. As such, the 

finer the soil texture, the larger fractal 

dimension value. The lowest and largest 

values of fractal dimensions of Tyler-

Wheatcraft model in loamy sand and clay 

textures were obtained to be 2.38 and 2.74, 

respectively. Results given in Table 2 

further indicate that the fractal dimension 

of Tyler-Wheatcraft model demonstrates 

higher variability than classic model; as 

such, the minimum and maximum values 
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of this model were varied between 2.89 to 

2.92.  

The correlation between the soil particle 

size distribution and the obtained fractal 

dimensions is presented in Table 3. As can 

be followed from this table, the sand 

percentage with Tyler-Wheatcraft and the 

clay content with classic models correlate 

well at 1% significant level. Results 

presented in Table 3 further indicate that 

based on Duncan’s multiple range tests; 

there is a significant correlation between 

the particle size distributions with Tyler-

Wheatcraft fractal dimensions at 1% level. 

Table 4 represents the calculated statistics 

for comparison of measured and estimated 

retention curves obtained with different 

models. The presented data in Table 4 

further indicate that maximum and 

minimum precision of estimated retention 

curve of the examined soil samples were 

obtained, respectively, by van Genuchten 

and Tyler-Wheatcraft models for loam 

texture. Furthermore, the highest accuracy 

was obtained by van Genuchten, Brooks-

Corey, and Tyler-Wheatcraft models with 

average normalized errors of 0.06, 1.09, 

and 3.27, respectively. The calculated 

values of coefficients of determination 

were, respectively, ranged from 0.88 to 

0.99 in Tyler-Wheatcraft and van 

Geuchten models. Considering the 

obtained results, van Genuchten model has 

the highest accuracy for estimating 

retention curve of different soil textures. 

Parameters of van Genuchten model for 

different soil textures are presented in 

Table 5. The data presented in this table 

show that the smaller the size of soil 

particles, the lower m parameter value. So 

that, the minimum value of this parameter 

obtained for loam texture is 40. Figure 2 

shows the retention curve of soil samples 

with different textures drawn by Brooks-

Corey (BC), van Genuchten (VG), and 

Tyler-Wheatcraft (TW) models. 

Considering the large number of obtained 

figures for all soil samples, only one 

sample for each soil texture is presented. 

Figure 2 further shows that van Genuchten 

model has the highest accuracy in 

estimating retention curve of different soil 

textures. Furthermore, this figure 

demonstrates that Brooks-Corey and Tyler-

Wheatcraft fractal models have no 

significant difference in estimating 

retention curve. Figure 3 depicts the 

measured against estimated soil water 

content by using van Genuchten, Brooks-

Corey, and Tyler-Wheatcraft models. It 

can be followed from this figure that van 

Genuchten model provides the most 

accurate estimation of water content 

among other studied models. 
 

Table 2. The obtained fractal dimensions of Tyler-Wheatcraft model 
Tyler-Wheatcraft Model 

Number of soil samples Soil Texture 
Max Average ± Std. Min 

2.43 2.42±0.01 2.41 7 Sandy 

2.47 2.44±0.02 2.42 9 Loamy Sand 

2.50 2.54±0.03 2.44 37 Sandy Loam 

2.53 2.50±0.02 2.47 21 Sandy Clay Loam 

2.86 2.54±0.01 2.52 13 Loam 

2.63 2.61±0.01 2.60 11 Silt 

2.63 2.59±0.02 2.55 21 Silty Loam 

2.58 2.55±0.02 2.52 14 Clay Loam 

2.63 2.60±0.03 2.53 16 Silty Clay Loam 

2.52 2.51±0.01 2.50 8 Sandy Clay 

2.63 2.61±0.02 2.58 7 Silty Clay 

2.65 2.59±0.03 2.53 26 Clay 

2.65 2.54±0.06 2.41 190 Total 
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Table 3. Correlation between soil particle fractionsand fractal dimensions 
 

Fractal Model Sand (%) Silt (%) Clay (%) 

fractal dimension of Tyler-Wheatcraft (Dm) 0.961** 0.500  0.250 
 

** significant at 1% levelbased on Duncan’s multiple range test. 

 
Table 4. The obtained statisticsto assess the performance of examined models 

 

Tyler-Wheatcraft Brooks-Corey van Genuchten 
Classification of Soil Texture 

NRMSE RMSD R2 NRMSE RMSD R2 NRMSE RMSD R2 

0.54 0.13 0.99 0.27 0.13 0.99 0.11 0.10 0.99 Sandy 

0.16 0.07 0.99 0.07 0.06 0.99 0.04 0.04 0.99 Loamy Sand 

0.49 0.05 0.99 0.27 0.06 0.99 0.04 0.03 0.99 Sandy Loam 

1.64 0.08 0.98 1.42 0.08 0.98 0.09 0.03 0.99 Sandy Clay Loam 

11.82 0.14 0.88 4.84 0.13 0.93 0.00 0.00 0.99 Loam 

1.85 0.06 0.97 1.32 0.06 0.98 0.10 0.02 0.98 Silt 

1.85 0.06 0.97 1.32 0.06 0.98 0.10 0.02 0.98 Silty Loam 

7.54 0.12 0.92 3.61 0.11 0.95 0.10 0.02 0.98 Clay Loam 

2.06 0.09 0.97 1.95 0.09 0.97 0.11 0.02 0.98 Silty Clay Loam 

2.04 0.08 0.96 1.99 0.08 0.96 0.01 0.01 0.99 Sandy Clay 

3.69 0.08 0.94 2.74 0.08 0.95 0.07 0.02 0.98 Silty Clay 

4.16 0.08 0.94 2.46 0.07 0.95 0.04 0.01 0.99 Clay 

3.27 0.09 0.96 1.90 0.09 0.97 0.06 0.03 0.99 Total 

   
Table 5. Mean of van Genuchten model parameters for different soil textures 

 

Soil Texture Number of Samples α [1/cm] n m θr [cm3/cm3] θs[cm3/cm3] 

Sandy 7 0.01 2.23 0.21 0.001 0.39 

Loamy Sand 9 0.03 1.66 0.35 0.000 0.40 

Sandy Loam 37 0.02 1.79 0.36 0.002 0.42 

Sandy Clay Loam 21 0.01 4.27 1.43 0.018 0.47 

Loam 13 0.00 1.00 1.27 0.051 0.47 

Silt 11 0.01 1.18 0.40 0.000 0.50 

Silty Loam 21 0.01 1.18 0.40 0.000 0.50 

Clay Loam 14 0.00 0.83 14.00 0.062 0.50 

Silty Clay Loam 16 0.00 0.97 0.81 0.021 0.49 

Sandy Clay 8 0.00 0.88 1.17 0.069 0.51 

Silty Clay 7 0.00 1.41 0.28 0.000 0.49 

Clay 26 0.00 0.91 6.49 0.049 0.56 

 

 
Fig. 1. The distribution of studied soil textures. 
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Fig. 2. The measured and predicted retention curves by different models for different soil textures.  
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Fig. 3. Measured against thefittedsoil water contentwithfractal models. 

 

CONCLUSIONS 

Our results indicate that the magnitude of 

fractal dimensions inversely reflects the soil 

particle size distribution. As such, the 

smaller the soil sizes, the larger the fractal 

dimensions. The lowest (2.38) and largest 

(2.74) dimension values of Tyler-Wheatcraft 

fractal model obtained for loamy sand and 

clay textures, respectively. Furthermore, the 

most accurate point estimations of retention 

curve for different textures were obtained by 

using van Genuchten, Brooks-Corey, and 

Tyler-Wheatcraft models with average 

normalized errors of 0.06, 1.09, and 3.27, 

respectively. The obtained coefficients of 

determination vary from 0.99 to 0.88 for van 

Genuchten and Tyler-Wheatcraft methods, 

respectively. Among the studied retention 

models, the van Genuchten model provides 

the highest accuracy in estimating the 

retention curves of widely different soil 

textures. 

 

REFERENCES 
Alfaro Soto, M. A., Chang, H. K., and van 

Genuchten, MTh. (2017). Fractal-based 

models for the unsaturated soil hydraulic 

functions. Geoderma, 306: 144-151. 

Arabi, Z., Homaee, M., Asadi, M. E., and Asadi 

Kapourchal, S. (2017). Cadmium removal 

from Cd-contaminated soils using some 

natural and synthetic chelates for enhancing 

phytoextraction. Chemistry and Ecology, 5: 

389-402. 

Assouline, S., Tavares-Filho, J. and Tessier, D. 

(1997). Effect of compaction on soil physical 

and hydraulic properties: Experimental results 

and modeling. Soil Science Society of 

America Journal, 61: 390-398. 

Arya, M. L. and Paris, J. F. (1981). A 

physicoempirical model to predict soil 

moisture characteristics from particle-size 

distribution and bulk density data. Soil 

Science Society of America Journal, 45: 

1023-1030. 

Babaeian, E., Homaee, M., Montzka, C., 

Vereecken, H., Norouzi, A. A. and van 

Genuchten, MTh. (2016). Soil moisture 

prediction of bare soil profiles using diffuse 

spectral reflectance information and vadose 

zone flow modeling. Remote Sensing of 

Environment, 187: 218-229. 

Bartoli, F., Genevois-Gomendy, V., Royer, J. J., 

Niquet, S., Viver, H. and Grayson, R. (2005). 

A multiscale study of silty soil 

structure.European Journal of Soil Science, 

56: 207-223. 

Brooks, R. H. and Corey, A. T. (1964). 

Hydraulic properties of porous media. 

Hydrology. Paper No. 3, Colorado State Univ. 

Fort Collins, Co., USA. 

Brooks, R. H. and Corey, A. T. (1966). 

Properties of porous media affecting fluid 

flow.Journal of Irrigation and Drainage 

Engineering, 92: 61-68. 

Burdine, N. T. (1953). Relative permeability 

calculations from pore-size distribution data. 

Transactions of the American Institute of 

y = 1.048x 

R² = 0.958 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

M
ea

su
re

d
 W

at
er

 C
o
n

te
n

t 
(c

m
3

/c
m

3
) 
 

Estimated Water Content (cm3/cm3)  

Tyler and Wheatcraft (1990)

Linear (Tyler and Wheatcraft (1990))

https://onlinelibrary.wiley.com/journal/13652389
https://www.asce.org/templates/membership-communities-committee-detail.aspx?committeeid=000000884894
https://www.asce.org/templates/membership-communities-committee-detail.aspx?committeeid=000000884894


Water Productivity Journal 
 

Mohammadian Khorasani Sh et al./ WPJ, Vol. 1, No. 1, Summer 2020 

 

48 http://waterproductivity.net/ 
 

Mining and Metallurgical Engineers 198: 7-

71. 

Campbell, G. S. (1974). A simple method for 

determining unsaturated hydraulic 

conductivity from moisture retention data. 

Soil Science, 177: 311-314. 

Crawford, J.W. (1994). The retention between 

structure and hydraulic conductivity of 

soil.European Journal of Soil Science, 45: 

493-502. 

Dirksen, C. (1991). Unsaturated hydraulic 

conductivity. In: Smith KA, Mullins C.E., 

editors, Soil analysis physical methods. New 

York: Dekker; 69-209. 

Eghball, B., Mielke, L. N., Calvo, G. A. and 

Wilhelm, W. W. (1993). Fractal description of 

soil fragmentation for various tillage methods. 

Soil Science Society of America Journal, 57: 

1337-1341. 

Ghorbani Dashtaki, Sh., Homaee, M. and 

Khodaverdiloo, H. (2010). Derivation and 

validation of pedotransfer functions for 

estimating soil water retention curve using a 

variety of soil data. Soil Use and Management 

,26(1): 68-74. 

Giménez, D., Perfect, E., Rawls, W. J. and 

Pachepsky, Y. A. (1997). Fractal models for 

predicting soil hydraulic properties: A 

review.Engineering Geology, 48: 161-183. 

Hillel, D. (1998). Environmental soil physics. 

Academic Press, San Diego. 771pp. 

Khodaverdiloo, H., Homaee, M., Ghorbani 

Dashtaki, Sh. and van Genuchten, MTh. 

(2011). Deriving and validating pedotransfer 

functions for some calcareous soils. Journal 

of Hydrology, 399: 93-99. 

Kosugi, K. and Hopmans, J. W. (1998). Scaling 

water retention curves for soils with 

longnormal pore-size distribution.Soil 

Science Society of America Journal, 62: 

1496-1504. 

Lee, C. K. (2002). Multifractal characteristics in 

air pollutant concentration time series. Water, 

Air and Soil Pollution, 135: 389-409. 

Lee, T. K. and Ro, H. M. (2014). Estimating soil 

water retention function from its particle-size 

distribution. Geosciences Journal, 18(2): 219-

230. 

Lin, D. C. (2008). Factorization of joint 

multifractality, Physica: 3461-3470. 

Millan, H., González-Posada, M., Aguilar, M., 

Domínguez, J. and Céspedes, L. (2003). On 

the fractal scaling of soil data, particle-size 

distributions,” Geoderma, 117: 117-128. 

Miller, E. E. and Miller, R. D. (1956). Physical 

theory for capillary flow phenomena. Journal 

of Applied Physics, 27: 324-332. 

Perfect, E. and Kay, B. D. (1991). Fractal theory 

applied to soil aggregation. Soil Science 

Society of America Journal, 55: 1552-1558. 

Perfect, E., Rasiah, V. and Kay, B. D. (1992). 

Fractal dimension of soil aggregate-size 

distribution calculated by number and mass. 

Soil Science Society of America Journal, 56: 

1407-1409. 

Rasiah, V., Kay, B. D. and Perfect, E. (1992). 

Evaluation of selected factors influencing 

aggregate fragmentation using fractal 

theory.Canadian Journal of Soil Science, 72: 

97-106. 

Rasiah, V., Kay, B. D. and Perfect, E. (1993). 

New mass-based model for estimating fractal 

dimension of soil aggregates,” Soil Science 

Society of America Journal, 57: 891-895. 

Souto, K. M., de Avila, A. L., Cassol, G.V., 

Machado, S. L. and Marchesan, E. (2015). 

Phytoremediation of lowland soil 

contaminated with a formulatedmixture of 

Imazethapyr and Imazapic.Journal of 

RevistaCiênciaAgronômica, 46 (1): 185-192. 

Seuront, L., Schmitt, F., Lagodeuc, Y., Schertzer, 

D. and Lovejoy, S. (1999). Universal 

multifractal analysis as a tool to characterize 

multiscale intermittent patterns: Example of 

phytoplankton distribution in turbulent coastal 

waters.Journal of Plankton Research, 21: 877-

922. 

Tuliet, A., Kosugi, K. and Hopmans, J. W. (2001). 

Similtaneous scaling of soil water retention and 

unsaturated hydraulic conductivity functions 

assuming longnormal pore-size distribution. 

Advances in Water Resources, 24: 677-688. 

Turcotte, D. L. (1986). Fractals and 

fragmentation,Journal of Geophysical 

Research, 91: 1921-1926. 

Tyler, S.W. and Wheatcraft, S. W. (1990). 

Fractal processes in soil water retention. 

Water Resources Research, 26(5): 1047-1054. 

Tyler, S. W. and Wheatcraft, S. W. (1992). 

Fractal scaling of soil particle-size 

distributions: Analysis and limitations. Soil 

Science Society of America Journal, 56(2): 

362-369. 

van Damme, H. (1995). Scale invariance and 

hydricbehavior of soils and clays. CR 

Academic Science Paris, 320: 665-681. 

van Genuchten, MTh. (1980). A closed-form 

equation for predicting the hydraulic 

conductivity of unsaturated soils. Soil Science 

Society of America Journal, 44: 892-898. 

van Genuchten, MTh., Leij, F. J. and Yates, S. R. 

(1991). The RETC code for quantifying the 

hydraulic functions of unsaturated soils. 

Report No. EPA/600/2-91/065.R.S. Kerr- 

https://onlinelibrary.wiley.com/journal/13652389
http://www.sciencedirect.com/science/journal/00137952/48/3
http://www.nrcresearchpress.com/journal/cjss
https://academic.oup.com/plankt
https://academic.oup.com/plankt
https://academic.oup.com/plankt
https://onlinelibrary.wiley.com/journal/21562202
https://onlinelibrary.wiley.com/journal/21562202


Water Productivity Journal 
 

Fitting Soil Water Retention Curve to the Fractal and Empirical Models 

 

http://waterproductivity.net/ 49 
 

Environmental Research Laboratory. U.S. 

Environmental Protection Agency, Ada, Ok. 

85 pp. 

Veltri, M., Severino, G., De Bartolo, S., Fallico, 

C. and Santini, A. (2013). Scaling analysis of 

water retention curves: a multi-fractal 

approach. Procedia Environmental Sciences, 

19: 618-622. 

Wang, J., Qin, Q., Guo, L. and Feng, Y. (2018). 

Multi-fractal characteristics of three-

dimensional distribution of reconstructed soil 

pores at opencast coal-mine dump based on 

highprecision CT scanning. Soil and Tillage 

Research, 182: 144-152. 

Warrick, A. W., Mullen, G. J. and Nielsen, D. R. 

(1977). Scaling of field measured hydraulic 

properties using a similar media concept. Water 

Resources Research, 13(2): 355-362.  

Wu, Q., Borkovec, M. and Sticher, H. (1993). On 

particle-size distributions in soils,” Soil 

Science Society of America Journal, 57(4): 

883-890. 

Young, I. M., Crawford, J. W. and Rappoldt, C. 

(2001). New method and models for 

characterizing structural heterogeneity of soil. 

Soil and Tillage Research, 61: 33-45. 

Zarei, Gh., Homaee, M., Liaghat, A.M. and 

Hoorfar, A. H. (2010). A model for soil 

surface evaporation based on Campbell’s 

retention curve.Journal of Hydrology, 380(4): 

356-361. 

Zhang, Sh., Grip, H. and Lӧ vdahl, L. (2006). 

Effect of soil compaction on hydraulic 

properties of two loess soils in China,” Soil 

and Tillage Research, 90: 117-125. 

 

https://www.sciencedirect.com/science/journal/00221694


 

 50 

 


