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Abstract 
 

The soil porous system has traditionally been deduced from the soil-water 
retention curve with the assumption of homogeneity and free accessibility of pores, 
defined as capillary tubes, from the sink/source of water. But real soil fabric is 
mostly characterized by aggregates. In this case, the soil porous system cannot be 
modeled as a homogeneous one. To examine the differences between homogeneous 
and heterogeneous soil porous systems, we studied two types of soils: sandy soil and 
coarse sandy soil. We applied image processing filters and the ARC/INFO Grid 
module to analyze pore sizes in both soils from their electron microscope images 
taken at two different magnifications. We used the resulting pore-size distribution 
data to generate 3-D porous media consisting of pores and throats. The homogeneous 
pore structure was created as a mono-modal pore-throat network with one pore-size 
distribution. The heterogeneous pore structure was designed as a bi-modal pore-
throat network with two pore-size distributions, where the pore sizes were 
hierarchically arranged in the nodes of the network. We applied the percolation 
model to simulate water and air displacement in these networks. The distribution of 
water in the nodes of the networks was studied for several increasing/decreasing 
steps of pressure head and the drainage and wetting branches of the retention curves 
were evaluated. The soil-water retention curves modeled for the mono-modal and bi-
modal porous systems had different characters. The simulated shape of the retention 
curve in the mono-modal case was close to the step-like form of a retention curve 
characteristic of unstructured soil. The shape of the simulated retention curve in the 
bi-modal case was smoother, more gradual, and closer to the shape of the retention 
curve of a real, structured soil. 
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Introduction 
 
The retention curve (i.e., relationship of soil water content θ to pressure head h [L]) 
is one of the hydraulic characteristics of soil. To understand hydraulic processes in 
porous media it is necessary to physically explain this relationship. Several models of 
porous media have been designed for this purpose. These models are based on the 
capillary behavior of porous materials. The simplest model consists of parallel 
capillary tubes, but the real geometry of porous systems plays a key role, especially 
in the case of hysteresis of the retention curve. A porous medium can be considered 
as a system of directly connected capillary tubes or as a system of pores connected by 
throats. To study the displacement of two immiscible phases in such a system and 
find the capillary pressure curve, the mathematical percolation theory developed in 
statistical physics [Stauffer, 1985] was applied by Chatzis and Dullien [1985], Diaz 
et al. [1987], Li et al. [1986], Jerauld and Latter [1990], Ferrand and Celia [1992] 
and Rösslerová [1992a; 1992b; 1992c]. The porous media have been mostly modeled 
as regular, rectangular, 2-D or 3-D networks of pores and throats. Lowry and Miller 
[1995] developed a random network approach, which provided a 3-D network with 
stochastic geometry and variable connectivity.  
 To test percolation theory, two-phase displacement processes were originally 
examined on micromodels [McKellar and Wardlaw, 1982; Wardlaw and Li, 1988] 
and in a pore system created by glass particles [Wardlaw and McKellar, 1985]. A 
three-fluid porous media system was designed by Soll et al. [1993]. In a real soil 
porous system, a two-phase distribution at a given level of wetting and nonwetting 
saturation is only possible to study on thin sections of soil using the Wood’s metal 
method [Yadav et al., 1987; Dullien, 1991].   
 To simulate capillary pressure curves for a real porous material with a 
percolation model, the pore-size distribution and arrangement of pore sizes in space 
(i.e., in the nodes of the network) must be defined.  The pore volume can be studied 
directly using Wood’s metal porosimetry with an optical microscope or with an 
electron microscope [Dullien, 1981; Dullien and Dhawan, 1975; Wardlaw et al., 
1987; 1988]. Rösslerová and Kodes [1996] analyzed electron microscope images of 
soil fracture planes.  
 Percolation studies have shown that it is necessary to investigate the 
correlation between neighboring pores and throats. Pore bodies have been usually 
described as spheres and throat bodies as tubes. The relationship between sizes of 
pores and throats, commonly expressed as diameters or radii, has been studied by 
Mohanty and Salter [1982], who used a 3-D model in which 50% of pores had 
uncorrelated pore throats and 50% had directly connected throats of identical size. 
Chatzis and Dullien [1985] developed a network model in which the size of a throat 
connecting two neighboring pores was correlated with the size of the smaller pore. Li 
et al. [1986] proposed a model with throat sizes which were correlated to the size of 
both adjoining pores. Reeves and Celia [1996] defined pore bodies as spheres and 
throats as biconical tubes with constrictions located at the midpoint between pore 
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body centers, and studied the influence of fluid-fluid interfacial area. Ioannidis et al. 
[1993] used the bond-correlated site-percolation model proposed by Chatzis and 
Dullien [1985] and applied spectral methods to generate networks in which the sites 
were spatially correlated according to exponential or Gaussian autocovariance 
functions. Rösslerová [1992a; 1992b; 1992c] presented a network with randomly 
generated pore and throat sizes that were correlated to the sizes of adjoining pores as 
proposed by Li et al. [1986]. The percolation model for simulation of soil-water 
retention curves was tested for an unstructured material defined as homogenous 
mono-modal porous systems and for normal and log-normal pore-size distributions. 
The model was then applied for a hypothetical structured material, characterized as a 
heterogeneous bi-modal porous system. This system included pores with two pore-
size distributions. The pore sizes were arranged hierarchically in the nodes of the 
network. The importance of the introduction of bi-modality to the simulation of the 
retention curve was also discussed by Kutílek et al. [1992]. 
 Rösslerová-Kodesová and Kodes [1999] presented application of percolation 
model [Rösslerová,1992a] with consideration of mono-modal and bi-modal soil-
porous system theory for real soil-porous media. For this purpose we studied two 
types of real soils: a homogeneous soil - sandy soil, and a heterogeneous one - coarse 
sandy soil. We presented a simple procedure to obtain pore-size distribution data 
from a given electron microscope image of an investigated soil using image 
processing filters and the ARC/INFO Grid module. On images of these two soils we 
demonstrated the difference between mono-modal and bi-modal soil-porous systems. 
We explained the construction of mono-modal and bi-modal porous 3-D networks 
consisting of pores and throats. We then used pore-size distribution data resulting 
from soil-porous system analysis to generate pore sizes for the nodes of the designed 
networks. Finally we presented some simulation results of the percolation model. 
Selected results of our work are presented here. 
 
Methods 
 
Percolation Model 
  
The system of void spaces of a porous medium is described as a network of pores and 
throats. Pores are situated in nodes of a rectangular, regular, 3-D network. Bonds of 
the network are defined as throats (constrictions) between pores. Pores and throats 
are described as spherical and capillary elements, respectively. The volume of each 
element is specified by the equivalent radius of the pore, RP [L], or throat, RT [L]. 
The pore radii are generated independently of the throat radii at the nodes of the 
network. The throat radii can also be independently generated, or evaluated 
according to the following equation [Li et al., 1986]: 

 
                                             RT

  = C  RP1  RP2 / RPmax                                                  (1)  
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where  RP1
  [L] and RP2 [L] are the radii  of neighboring pores, RPmax [L] is the largest 

pore radius in the network and C is an empirical factor. In the version of the 
simulation program presented here, (1) is used to obtain the throat radii with C = 1. 
 The definitions of boundaries in the 3-D network arise from the common 
drainage and wetting experiment used for determination of the soil-water retention 
curve, when a core sample is placed in a Tempe pressure cell. The sides of the 
network are impermeable to water and air. The top is the source (sink) of air and the 
bottom is the sink (source) of water. 
 Drainage and imbibition processes are simulated in sequential steps of 
increasing/decreasing pressure heads, hi [L]. The water and air displacement process 
is controlled by the following equation: 
 
                                            hi = (2 σ cos γ ) / ( ρw g RMi )                                        (2) 
 
where γ  [MT-2] is the interfacial tension, σ the contact angle,  g [LT-2] the 
gravitational constant, ρw [ML-3] the density of water, and RMi [L] the equivalent 
radius of the capillary tube, i.e., throat or pore.  
 The pressure head steps hi or radius steps RMi can be defined by the user 
directly, or automatically determined by the simulation program from pore-size 
distribution data with the assumption of a uniform frequency distribution of throats 
or pores [Li et al., 1986]. In this case, the throat/pore radii are ordered sequentially 
and divided into intervals of uniform frequency. The radius steps, RMi, for the 
drainage/imbibition process are then defined as the smallest/largest radii of the 
throats/pores in these intervals. 
 During the drainage process, water in an element with a radius larger than 
RMi is displaced by air if it is connected by a continuous path of water and a 
continuous path of air to the boundaries defined as the sink of water and the source 
of air, respectively.   Similarly, during the imbibition process, air in an element with 
a radius smaller then RMi is displaced by water if it is connected by a continuous path 
of water and a continuous path of air to the boundaries defined as the source of water 
and the sink of air, respectively. 
   An element is accessible from boundaries of both phases (i.e., there are paths 
to the boundaries) if it is situated at the border between an infinite domain of air and 
an infinite domain of water. The simulation process is based on displacement of these 
two infinite domains. A domain is a region of pores and throats, which is occupied by 
a continuous cluster of air or water. A domain is infinite if it is connected to its own 
source (sink) boundary. A phase in a finite domain, which is disconnected from its 
source, cannot be extended into the other elements connected to this domain. A phase 
in a finite domain, which is disconnected from its sink, cannot be removed from the 
system. 
 In the case of a real soil porous material, thin layers of water maintain a 
connection of water in the system. The percolation model accounts for this during 
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drainage. Thus, a pore can be empty, but the neighboring throats containing water 
maintain a connection, due to the thin layer of water on the sides of the pore.  
  The distribution of phases during drainage or imbibition is found by an 
iterative process for each pressure head step. To obtain a point of the retention curve, 
the relative water content Θ is evaluated at the end of each iteration. The relative 
water content Θ is the sum of the volumes of elements containing water divided by 
the sum of the volumes of all elements in the network. The volumes of the throats ST 
[L3] and pores SP [L3] are calculated according to the following equations [Diaz et 
al., 1987]:  
 
                                               ST = lT (RT)2                                                           (3a) 
                                                 SP = lP (RT)2                                                           (3b)  
 
where lT [L] and lP [L] are empirical parameters (lT = lP = 1). 
  
Pore-Size Analysis 
  
Two types of soils were investigated: a homogeneous porous system - a sandy soil 
(Sample A) and a heterogeneous porous system  - a coarse sandy soil (Sample B). 
Sample A was taken at the Hupselse Beek experimental area in the Netherlands. 
Sample B was taken at an experimental area in the Šumava Mountains in the Czech 
Republic. Information about these soils and their hydraulic properties were presented 
by Císlerová et al. (1990) and Císlerová et al. (1988), respectively.   
 The composition of pores of these soils was studied with an electron 
microscope. Fracture planes of the soil samples were prepared according to the 
technique described by Werner et al. [1991]. Images of the fracture planes were 
taken at several magnifications. Two images for each soil, A1, A2 and B1, B2, were 
found to be sufficient to describe the structure of these soils.  The images were 
scanned and saved as grayscale TIFF images at a resolution of 200x200 dpi. To 
detect pores, image-processing filters were used. In the first step, the darkest pixels in 
a particular range of grayscale (from black to a certain threshold level of gray) were 
considered as possible pores. A sensitivity analysis was done and finally the 
threshold for each image was determined subjectively. The resulting images were 
converted to black and white images. Potential disturbances were partially eliminated 
by proper image filters, which removed black and white regions smaller than two 
pixels in size. The processed black and white TIFF images were converted into 
ARC/INFO grids. To analyze pore sizes, the ARC/INFO GRID Region group 
function was applied. The areas of pores, given by the number of cells multiplied by 
cell-size, were then used as inputs to calculate the equivalent pore radii. The 
equivalent pore radii were evaluated with the assumption that existing regions could 
be substituted by circles of the same area. A log-normal probability density function 
was used to describe the pore-size distribution curves pertaining to images A1, A2, 
B1, and B2: 
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where µ is the mean and σ  the standard deviation. 
 
Model Application    
  
The percolation model was then applied for the two soil porous systems to simulate 
soil-water retention curves. The network dimensions in both cases were 50 nodes in 
the X- and Y-axis directions, and 55 nodes in the Z-axis direction, where X and Y 
were horizontal axes and Z was the vertical axis of the coordinate system. The 
homogeneous porous system was created for Sample A - sandy soil. The pore sizes 
were randomly generated into the nodes of the network using pore-size distribution 
A1. The heterogeneous porous system was designed for Sample B - coarse sandy 
soil. The pore sizes were hierarchically located in the nodes of the network using two 
pore-size distributions, B1 and B2. The bi-modal pore-size matrices used in the 
earlier studies (Rösslerová, 1992a; 1992c) were composed as regular systems of cube 
aggregates (peds) and the spaces between them. Inside the entire network region, 
subregions designed as identical cubes were defined. Subregions of spaces of the 
same width were set between the cubic subregions. A random number generator was 
used to input the pore sizes into the nodes of each subregion. Smaller pores were 
situated in the nodes of the cubic subregions and larger pores were placed in nodes of 
subregions of spaces. Sensitivity studies showed that the simulated slope of the 
retention curve and relative residual water content increased with a decrease in space 
size and an increase in cube size.  To reduce the influence of a preconditioned regular 
cubic structure in this study, the porous medium was created by variably-sized blocks 
and porous spaces between the blocks. The pore sizes were again randomly generated 
inside the blocks and between blocks using pore-size distribution B2, and pore-size 
distribution B1, respectively. Throat sizes were correlated to pore sizes according to 
(1) in both cases.  
 The first and second drainage branches and the first wetting branch of the 
retention curves were simulated with the percolation model for each pore-throat 
network. At the beginning of the simulation the systems of pores and throats were 
fully saturated. Then sequential steps of increasing/decreasing pressure heads, hi, 
were applied. The hi values were automatically calculated by the simulation program 
from determined pore and throat-size data, respectively. In (2) the contact angle γ  
was set equal 0, and values for the interfacial tension, σ , and the density of water, 
ρw, were taken for a temperature of 20°C.  The distributions of water and air in the 
system were exactly defined by the percolation model for each pressure head step.  
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Results and Discussion 
 
Pore-Size Analysis 
  
Images of the investigated soils (presented in Rösslerová-Kodesová and Kodes, 
1999) were taken at four different magnifications. One image was taken for the sandy 
soil and two images were taken for the coarse sandy soil at each magnification. The 
images of the sandy soil demonstrate that the soil porous material is mainly made up 
of single, almost spherical, different size particles. Images further show the presence 
of some organic material. Images at two scales (labeled as A1 and A2) were chosen 
to analyze the porous structure of this soil. The evaluated pore-size distribution 
functions, A1 and A2, (Table 1) for both scales are very similar. Results for Sample 
A indicate homogeneity of the porous system typical of unstructured soils. In 
addition, it is obvious that the image scale did not have a significant influence on the 
evaluated pore-size distribution describing this porous system. Images of the coarse 
sandy soil demonstrate the presence of different types of soil particles and organic 
material. The soil porous material is composed of peds (aggregates). Interpedal pores 
exist between peds, and intrapedal pores are present inside the peds. The soil porous 
system was designed as bi-modal, and again, only two images (labeled as B1 and B2) 
were analyzed. The sizes of the interpedal pores were examined on B1 and the sizes 
of intrapedal pores were studied on B2 (Table 1). The pore sizes inside the peds are 
considerably smaller than the pore sizes between the peds. 
 
Table 1.  The parameters of the log-normal pore-size distributions A1, A2, B1, and B2 

evaluated for images A1 and A2 of Sample A - sandy soil, and images B1 and 
B2 of Sample B - coarse sandy soil. 

 
Sample Image Pore Radius Mean [cm] Std. Deviation [cm] 
Sandy Soil - A1 9.93 x 10-4 12.15 x 10-4 
Sandy Soil - A2 5.64 x 10-4 6.53 x 10-4 
Coarse Sandy Soil - B1 15.09 x 10-4 12.84 x 10-4 
Coarse Sandy Soil - B2 0.211 x 10-4 0.261 x 10-4 

 
 Results for Sample B prove heterogeneity of this porous system 
characteristic of structured soils. The images and the evaluated pore-size 
distributions A1, A2, B1 and B2 clearly demonstrate the differences between the 
porous systems of the examined soil samples. The mean of the larger pore sizes (B1) 
of the coarse sandy soil is higher then the mean of the pore sizes of the sandy soil 
(A1, A2), but the standard deviations are almost the same as A1. The mean of pore 
sizes (B2) inside the aggregates is approximately 50 times lower than the mean of 
pore sizes (B1) between the aggregates. 
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Simulation Results 
  
Results of the percolation model are discussed in Rösslerová-Kodesová and Kodes 
[1999]. Only the fractions of  pores and throats occupied by water and relative water 
content at the end of drainage process and at the end of wetting process  are 
presented here in Table 2. After drainage, water was trapped randomly in the few 
smallest pores (nodes) of the network for the mono-modal porous system. The 
fraction of pores occupied by water was 0.7 %. In the case of the bi-modal soil 
porous system, water was isolated in the pores of the block aggregates. The fraction 
of pores occupied by water was considerably higher (33.9%).  On the other hand, 
after imbibition, water filled 73.9 % of pores for the mono-modal case and air was 
again trapped randomly in the largest network pores. In the bi-modal case, water 
filled 88.9 % of pores, and air was trapped in the spaces between the aggregates. This 
shows the relative continuity of the phases during the displacement process in the 
mono-modal case, and discontinuity of phases in the bi-modal case. 
  
Table 2. Fraction of throats occupied by water residual, f(RTwp)r, and resaturated, f(RTwp)s , 
fraction of pores occupied by water residual, f(RPwp)r, and resaturated, f(RPwp)s , residual,  Θr , 
and   resaturated,  Θr  , water content.      

 
 Sample A 

Sandy Soil 
Sample B 

Coarse Sandy Soil
f(RTwp)r [%] 11.65 37.10 
f(RTwp)s [%] 93.61 96.96 
f(RPwp)r [%] 0.74 33.90 
f(RPwp)s [%] 73.91 88.90 
Θr            [%] 0.21 0.34 
Θs            [%] 46.60 48.00 
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 The shape of the retention curve [Rösslerová-Kodesová and Kodes, 1999] 
simulated for the mono-modal porous system is similar to the step-like form 
characteristic of unstructured soils, while that of the bi-modal porous system is closer 
to the retention curve of a real structured soil. In the case of the bi-modal system, the 
slope of the retention curve and the relative residual water content did not increase as 
much as was found in previous studies (Rösslerová, 1992a; 1992c), due to the 
considerable difference between the pore-size distributions B1 and B2 and the 
irregularity of the block system. The retention curves for the mono-modal and bi-
modal networks are shifted according to the mean radius size of the A1 and B1 pore-
size distributions. The slopes interior parts of the curves are similar due to the 
similarity of the standard deviations of the A1 and B1 pore-size distributions. As 
shown previously, (Rösslerová, 1992a; 1992c), a log-normal distribution of pore 
sizes increases the size of the hysteresis loops with respect to that of a normal pore-
size distribution, due to the relationship of RT to RP. In addition, the log-normal 
distribution causes a low relative water content at the end of imbibition because of 
air trapped in the largest pores at the last step of the simulation. These effects 
become even more significant when the standard deviation for the pore-size 
distribution increases. Despite the fact that the larger pores have a dominant 
influence on the shape of the Sample B retention curve, and that some similarities to 
the Sample A retention curve were found, the resulting retention curves have 
different characters. The Sample B retention curve is smoother and slightly more 
gradual than the Sample A retention curve. The relative residual water content of 
Sample B is higher than that of Sample A, due to trapped water in the pores inside of 
the block aggregates. The relative resaturated water content of Sample B is higher 
than that of Sample A, because air was trapped in few pores inside of the regions 
between the aggregates. 
 
Conclusions 
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The percolation model briefly described here was tested for real soil-porous media. 
For this purpose, two soil porous systems were examined: an unstructured soil - 
sandy soil and a structured soil - coarse sandy soil. The evaluated pore-size 
distributions were considerably different. The necessity of two approaches for 
describing soil-porous systems was confirmed.  Two pore-size networks were 
generated to represent the two types of soil-porous systems. One mono-modal porous 
system and one bi-modal porous system with hierarchically composed pore-sizes 
were introduced. The different courses of displacement of water and air simulated for 
these two porous systems were documented. Water distributions at two limiting 
states for the bi-modal porous system clarified the discontinuity effect of these 
phases in structured soils. The drainage and wetting branches of the soil water-
retention curves modeled for the mono-modal and bi-modal porous systems had 
different characters. The shapes of the simulated retention curves for the mono-
modal and bi-modal porous systems were similar to the retention curve shapes of the 
real unstructured and structured soils, respectively. 
 
Remark 
Overview of different percolation models is presented for instance in 
Characterization and Measurement of the Hydraulic Properties of Unsaturated 
Porous Media, eds. van Genuchten, M. Th., and F. J. Leij, University of California, 
Riverside, 1999. 
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