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Abstract 

The van Genuchten (vG) and Brooks-Corey (BC) hydraulic functions were used to describe the soil 

water retention curve (SWRC) of unsaturated loamy sand soil. The objective of this study was to 

investigate the impacts of overburden pressure, especially on the vG model -parameter. The uni- 

and bimodal vG parameter  for both soil samples extruded at 15 cm depth with overburden pressure 

of 38.7 kPa and 120 cm depth with overburden pressure of 309.3 kPa were compared and aligned to 

the Kosugi´s approach for estimating the pore size distribution of the SWRC. 

The AIC statistical analysis showed that bimodal vG approach provided better estimates of the  

-parameter. For uni-modal case, the pore sizes described by probability density functions f(1/µ) for 

both soil samples were characteristically Gaussian with f(1/µ) values for Ap samples at 0.0032 and -

parameter at 0.0831 while the f(1/µ) for BvSw was 0.002 and -parameter 0.0341. For the bimodal 

case, the f(1/µ) suggesting primary pores for Ap samples was at 0.0017 and 1-parameter (0.074) and 

for secondary pores 0.0052 and 2-parameter (0.144). The f(1/µ) for primary pores for BvSw was at 

0.0011 and (1 = 0.012 while this for secondary pores was 0.0028 and (2 = 0.0083). Although the 

peak values of the density functions for both uni-modal and bimodal cases for Ap samples were 

greater than those of BvSw , where larger primary pores were predominant at the soil upper surface 

than at below as conditioned by good soil structure and aggregation, this did not suggest the effects 

of overburden pressure on the pore size distribution as a function of depth.  
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Introduction 

An accurate description and estimation of soil hydraulic conductivity properties and functions in the 

vadose zone is imperative, if solute transport and hence the ultimate fate of environmental 

contaminants is to be better understood. Such presupposes the use of well posed mathematical 

equations and models that describe water flow and solute transport under varying state variables. 

Generally, modeling one-dimensional transient water flow in the vadose zone is based on the Fokker-

Planck equation (Bear and Bachmat, 1998) (analogous to Richard´s equation). The underlying 

assumption here is that water flow is a function of the moisture content θ, contained in the void 

spaces as well as of the prevalent matric pressure ψ as a single state variable that describes the flow 

within it. This assumption further suggests that the porous medium exhibits a specific distribution of 

pore sizes and connectivity that enhances drainage, when subjected to given matric suction pressures. 

The ψ(θ) relationships can then be expressed as simple closed-form functions with a few number of 

parameters that describe the shape of the soil-water retention curve van Genuchten and Nielsen, 

(1985). The matric pressure ψ can conveniently be expressed as pF versus log (ψ) which is equivalent 

to the logarithmic scale for pore radius. Accordingly, Kosugi (1994) assumed pore size is a lognormal 

random variable and derived a three-parameter model for moisture retention, the three parameters 

being the mean and variance of the pore-size distribution and the maximum pore radius.  

 

Overburden pressure and pore size distribution 

An initial step in ascertaining the role of overburden pressure on pore size and pore continuity 

between the soil surface and deeper soil layers is the calculation of the initial geostatic stress 

conditions, including overburden stress: The total overburden stress  ̃   is calculated from the 

accumulation of total soil unit weights with depth according to: 

    

               ̃   ∫  
 
 

   

   
   (  )                 (1) 

 

where  
 
 is the specific gravity (g/cm³) of the solid particle, g the gravitational acceleration in 

(cm/s²) and  z the change in depth in cm. From Eqn. (1), it is evident that  ̃   will increase as a 

function of depth, whereas  
 
 and   are invariable. 

 

Lognormal pore size distribution 

The lognormal distribution is commonly used to statistically characterize pore size in granular porous 

media. Kosugi (1996, 1999) derived a pore size distribution function, f(r) in estimating the distribution 

of pore radius, r as a function of specific moisture capacity from a soil water retention model assuming 
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the pore radii to be log-normally distributed. Applying a lognormal distribution law, the volumetric 

pore size distribution function f(r) is expressed as: 

   ( )  
(         )

√    
     

   (
 

 ̃
)  

                                                (2) 

 

where  ̃ is the median pore radius, and   denotes the standard deviation of the log transformed soil 

pore radius (s > 0), characterizing the width of the pore-size distribution as a function of moisture 

content θ and radius r as: 

  f(r) = dθ/dr                 (3) 

 

where, f(r)dr represents the volume of filled pores of radii [r, r+dr] per unit volume of porous medium. 

On the basis of the direct relationship between r and ψ as in: 

  ψ = -2γcosβ/ρw fr                (4) 

the distribution function f(r) may be transformed into f(ψ) as: 

  f(ψ) =  f(r) dθ/dψ                 (5) 

Substituting (3) into (5) yields the specific moisture capacity function, f(ψ): 

  f(ψ) =  dθ/dψ                   (6) 

where f(ψ)dψ represents the volume of filled pores retained by matric suction pressure ψ to dψ per 

unit volume of porous medium. Combining Eq. 5 and 6, then: f(ψ) =  f(r) dθ/dψ = f(ψ) =  dθ/dψ and so 

the pore radius is a direct function of the matric suction. 

The parameters of the ψ(θ) curve can be obtained by fitting the functions to measured soil water 

retained at the specific suction pressures. These parameters describe a pore system that is 

characteristically unimodal (Durner, 1994). However, natural soils exhibit a more complex inter- and 

intra pore heterogeinity that influence water flow under both saturated and unsaturated soil 

conditions. In order to adequately apply these models, knowledge on the soil water retention 

characteristic over the entire matric suction range is required. To verify the accuracy and significance 

of the ψ(θ) soil-water retention models, two analytical functions were applied and analyzed: the Brooks 

and Corey (1964): 

    𝜃𝑒𝑓𝑓  (
𝜓𝐴

𝜓
)


                                         (7)  

where 𝜓𝐴 is the matric suction at the air-entry point, θeff  is the effective moisture content as 

𝜃𝑒𝑓𝑓  (
      

         
), θsat  and θres the saturation and residual moisture contents respectively and , 

the pore size distribution index. Incorporating the Mualem´s function into Eqn. (7), the unsaturated 

hydraulic conductivity yields: 

    𝑘(𝜓)  𝑘 𝑎𝑡 (
𝜓   

𝜓
)
( +𝑚)(+ )

              (8) 
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Meanwhile, the van Genuchten (1980) uni-modal parametric function is expressed as: 

   𝜃(𝜓)  𝜃 𝑒 +
         

 1+(𝛼|𝜓|𝑛) 𝑚 
                                (9) 

where α, n and m are fitting parameters with limitations α >0, n>1, ψ≥ 0 and 0<m< 1. Both n and m in 

Eqn. (9) are related to pore size distribution and can be coupled with the predictive model of Mualem 

(1976) to obtain a closed-formed expression of the hydraulic function ψ(θ) and krel  as:  

  𝐤 𝑒  𝜃𝑒𝑓𝑓
 .5 [

∫
𝑑𝜃 𝑓𝑓

𝜓(𝜃 𝑓𝑓)

𝜃 𝑓𝑓
0

∫
𝑑𝜃 𝑓𝑓

𝜓(𝜃 𝑓𝑓

1

0

]

 

                                (9) 

For soils that exhibit pore heterogeneity, a more flexible soil-water retention function is used to 

account for the multimodal pore size distribution.  

            

Multimodality and retention functions 

So far, it has been assumed that soils are uni-modal, characterized by a single pore-size distribution 

function. However, undisturbed soils may occasionally exhibit retention curves with more than one 

inflection point. This multimodality of pore-size distribution may be the result of specific particle-size 

distributions or be due to the formation of secondary pore systems (macro-porosity) by various soil 

genetic 

processes such as soil aggregation or biological soil forming (Durner, 1994). For these types of soils, 

the fitting of a single, sigmoidal retention curve van Genuchten model (1980) is unsatisfactory. 

Othmer et al., (1991), Durner (1992, 1994), Ross and Smettem (1993), and Pachepsky et al., (1992) 

proposed to describe the retention function of these types of soils by a multi-model function. For soils 

which exhibit multiple pore systems, Durner (1994) introduced a bimodal constrained retention 

function which is constructed by a linear superposition of the weighted sub-curves of the van 

Genuchten type: 

𝑆𝑒𝑓𝑓(𝜓)  
𝜃  𝜃 𝑒 

𝜃 𝑎𝑡  𝜃 𝑒 

{
∑ 𝑤𝑖 1 + (αi|𝜓| 𝑖)𝑚𝑖                     for 𝜓  0                 

𝑘

𝑖 1

1                                                           for 𝜓 ≥ 0          (10)

 

         

where the integer k denotes the modality of the model (i.e., the number of pore-size density maxima, 

in this case restricted to 2), wi  are the weighting factors for the sub-curves, subject to the constraints  

0 < wi < 1 and ∑𝑤𝑖 = 1, and αi, ni, and mi are the curve shape parameters of the sub-curves, as in 

the uni-modal case where Seff is the effective saturation. 
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The underlying assumption is that, the hydraulic functions of van Genuchten αi, ni, and mi at the Ap 

at 15 cm that are less influenced by overburden pressure are higher than those at BvSw at 120 cm 

depth. 

The objective of the study was to investigate the impacts of overburden pressure on the hydraulic 

functions and pore size distribution of soil samples extruded at two different depths. 

 

Material and Methods 

A volume of 945 cm³ for each samples from 15 cm (Ap horizon) and 120 cm (BvSw horizon) depths 

was extruded (Table 1). These soil samples were transported to the laboratory and later on saturated 

for one week with the surface covered to prevent any evaporation. The multi-step outflow 

experiments were carried out by lowering one limb of the tube connecting the sample core and the 

graduated burette in a 24 hour interval after attaining equilibrium. The desorbed water at the given 

matric suction was read out from the graduated burette. Further lowering of the connecting limb 

enhanced an outflow which was read out from the burette. 

 
Table 1: Some important physical and chemical properties of the loamy sand soil. 

 
                             Horizon: Ap 

                             depth (cm) 0-35 

                Horizon: BvSw 

                  depth (cm) 35-100 

dry: dull yellowish brown (10YR 4/3 to 4/2) 

moist: brownish black to very black brown (7,5YR 2/2 to 

2/3); loamy sand Sl3; friable; crumby when dry, sticky and 

plastic when wet; common fine roots, average humus h3; 

average dry bulk density Ld3; small fine gravel; clear 

boundary to underlying horizont: few earthworms available; 

pH 6.4-6.9; weak acidic to neutral. 

           EC(µS/cm 20°C)                           70.2 

           Org. matter (Corg )                        2.68 

           Plastic Limit                                 21-28% 

           Liquid Limit                                 68-70%      

           Specific gravity (gm/cm³)            2.63 

           Dry bulk density (gm/cm³)          1.52 

           Specific surface (cm²/gm)            111.1 

           Sand (2-0,2mm; cS-fS)                 60.1% 

           Silt  (0,2-0,063mm; cU)                33.8% 

           Clay   (<0,002mm; T)                  6.1% 

           vol. water content (cm3cm-3)       0.422 

                (at saturation) 

 dry: dull yellow to bright yellowish brown (2,5Y 6/4 to 4/6) 

 moist: yellowish brown to olive brown (2,5Y 5/6 to 

4/6); silty sand Su3; common mottles evidence of 

redox reactions; medium prismatic and sub  polyeder; 

very sticky and plastic; high dry density Ld4; hardly 

any earthworms; scarce humus h1; hardly any fine 

roots: pH 6.6-6.9  weak  acidic to neutral. 

          EC(µS/cm 20°C)                            120.44 

           Org. matter (Corg )                        1.69 

           Plastic Limit                                 20-29% 

           Liquid Limit                                 67-71%      

           Specific gravity (gm/cm³)            2.61 

           Dry bulk density (gm/cm³)          1.78 

           Specific surface (cm²/gm)           86.5 

           Sand (2-0,2mm; cS-fS)                55.3% 

           Silt  (0,2-0,063mm; cU)               38.9%      

           Clay   (<0,002mm; T)                 5.8% 

           vol. water content (cm3cm-3)      0.34 

                         (at saturation) 
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This was repeated at a 10 cm H20 interval till about 120 cm H20 column. For higher matric suctions 

between pF 1.8 to 5.0, the 15 bar pressure-plate apparatus (Eijkelkamp Agrisearch equipment, 

08.25.01 Extractor, Giesbeek, The Netherlands) was used. 

After subjection to predetermined matric suctions, the sample cores were oven-dried for 24 hours at 

105°C and the residual water content gravimetrically determined. 

The outflow laboratory data were 23 pairs of θ(h) from the sample cores used as input into the 

optimization program SHYPFIT (Durner, 1994b) which employs the non-linear least square analysis 

and calculates the analytical parameters i.e. mi, wi, ni, αi  and , 𝜓 ifound in the van Genuchten and 

BC models respectively. Initially, the different <m> restrictions in vGM were tried for the unimodal case 

and later on tried for the bimodal case (s was occasionally fixed and compared against s optimized), 

while the res. as the lowest gravimetrically measured value was either fixed or allowed to vary during 

the optimization procedure. 

 

Parameter estimation and optimization 

The procedure of parameter estimation is finding an optimum combination of parameters that 

maximizes the sum of squares, SSQ while minimizing the residual sum of squares, RSS in other words 

one that minimizes the objective function: 

                                        𝑍(𝑃)  ∑ 𝑤𝑖⟦�̃�(𝜓𝑖, 𝑃  𝜃𝑖⟧
  𝑑

𝑖 1              (11) 

 

where Z(P) is the objective function variable, P is the parameter vector, 𝜃𝑖  is measured water content 

at matric suction ψi, , �̃�(𝜓𝑖,P) is the estimated value of 𝜃𝑖 at 𝜓𝑖and nd the number of data pairs and 

wi are weighting factors. The objective function P is determined by the non-linear least square 

optimization algorithm based on the Marquardt´s maximum neighborhood. The minimization is carried 

out iteratively and stops after precise estimates are made, or when no changes in the iterations occur. 

For modal discrimination and choice, the Akaike Information Criterion (AIC) was employed, whereby 

the model with the least estimated residual sum of squares (RSS) between measured and estimated 

𝜃(h) data was considered (Russo, 1988): 

                            AIC = N {log (2) + log [RSS/(n-p)]1}+p                                                        (12)                                                                                                                               

 

Where N is the number of measured θ(h) data, p is the number of independently adjusted parameters. 

The best retention model is one in which the AIC is minimized or one with the lowest value. 

The objective here was to evaluate the goodness and consistency of both candidate models; van 

Genuchten Model (vGM) with the different <m> restrictions [m=1-/n; m=opt; m=1], and the Brooks 

and Corey Model, (BCM) in estimating the relative hydraulic conductivity of an unsaturated soil. The 

main question asked therefore, when considering samples extruded at different depths was: whether 
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or not the natural overburden pressure had any influences on the hydraulic properties of the soil 

under study. Sensitivity, validity tests and calibration of the herein determined vG and BC model 

parameters were not objects of this investigation and therefore much more emphasis was placed on 

the criteria for modal discrimination as a basis for model choice. 

 

Results and Discussion 

The soil-water-retention curve in Figure 1 shows the relationships between measured water content  

at the different matric suctions (log 𝜓 ) as simulated by the different models for the Ap and BvSw soil 

samples. The undisturbed Ap soil samples exhibited pore heterogeneity so that the smooth single 

sigmoidal van Genuchten retentivity function did not account for the discrepancies at the saturation 

zone between the measured and estimated data (Durner, 1994a). This is a typical characteristic of 

soils with large pores that enhance preferential flow as illustrated by two given examples of the 

Ap/BvSw-samples. 

 

            

   

         
               

Figure 1: Measured and fitted soil water retention data using the uni- and bimodal van 
Genuchten model for Ap/BvSw-soil samples.  

 
 

0

0.1

0.2

0.3

0.4

1 10 100 1000 10000


:c

m
3
cm

-3
 

log 𝜓:cmH20 

Ap-(unimodal) 

0

0.1

0.2

0.3

0.4

1 10 100 1000 10000

log 𝜓: cmH20 

Ap-(bimodal ) 

0

0.1

0.2

0.3

0.4

0.5

1 10 100 1000 10000


:c

m
3
cm

-3
 

log 𝜓:cmH20 

BvSw (unimodal) 

0

0.1

0.2

0.3

0.4

0.5

1 10 100 1000 10000

log 𝜓:cmH20 

BvSw (bimodal ) 



8 

 

In both soil samples, the bimodal retention functions with the restriction m=1-1/n (with n a priori set 

at 2, and so m=0.5), gave better fits to the measured data than when n-parameter was set at unity 

so that m=1. For the vG uni-modal case, the best estimate for <m> parameter for Ap was 0.4794 

while for the BvSw was 0.4726. Similarly, the vG bimodal case the best estimates for Ap samples 

were: m1 = 0.6451; m2 = 0.405 while for the BvSw were: m1 = 0.8720; m2 = 0.3590. Similar results 

were also reported by Mualem (1976) with m as 0.1 m 0.8.  

 

The examples in Figure 2 illustrated the discrepancy at the saturation zone between measured and 

fitted data using the Brooks-Corey model for both Ap/BvSw samples. The fitted curve showed a 

nonzero slope prior to the inflection point with matric pressure at the air-entry at around 20 hPa. The 

results showed that most pores with more or less varying sizes began to empty or desaturate upon 

subjection of pressure values greater than 20 hPa. The BC model therefore „lumped“ all pore sizes 

representing the totality of the different air entry values of the different macro- or meso-pores.   

         

Figure 2: Deviation between measured and fitted soil water retention data at the 

saturation zone using the Brooks-Corey model for Ap and BvSW soil samples. (Arrow 
shows deviation at inflection or air entry point contrary to expected sigmoidal curve). 
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Using the AIC (Table 2) for modal discrimination, the vG model (bimodal case) may be regarded as 

the most consistent and adequately describes the measured 𝜃(h) data, while the vG (unimodal case) 

and the BC models gave approximately similar values with poor statistical fits. 

 

Table 2: Parameter estimates of the BC and vG models with the m =1-1/n restriction 

including the AIC and RSS of the Ap and BvSw samples. 

 

          van Genuchten Model (vGM) 

       unimodal                                      bimodal 

     Ap              BvSw                    Ap                BvSw 

                Brooks-Corey Model (BCM) 

                        unimodal 

           Ap                                  BvSw 

 sat = 0.42           0.341                0.42                   0.341 

 res = 0.076         0.06                0.076                 0.06 

   = 0.0343       0.0281         1 = 0.0240            0.0842 

n =  1.9862      1.9178            n1 =  3.2272          1.5697 

 m =  0.4794      0.4726          m1 = 0.6451           0.8720 

                                             w1 = 0.6                 0.676 

                                             2  = 0.1883           0.0083 

                                                   n2 = 2.6456            8.2189 

                                             m2 = 0.405              0.3590 

                                                   w2 =  0.4                 0.324 

 AIC = -15.327   -34.132          AIC = -53.569          -55.11 

 RSS = 0.0428      0.0066      RSS =   0.0009          0.0008 

      sat = 0.42                        0.341 

     res = 0.076                       0.06 

       1/ψ =16.1667                   17.68 

             =0.6076                    0.5403 

 

 

 

 

 

 

       AIC = -31.618          -31.988 

        RSS= 0.0115              0.0112 

 
 
 
Table 3 summarizes the statistical moments for the fitted VG model parameters when using the m=1-

1/n restriction. The apparently similar mean and median values of the fitted parameters suggested 

that the distributions were symmetrical or normally distributed. Meanwhile, the CV of the res. was 

greater than that of the sat. Similar observations were reported by Jury and Sposito, (1985) and 

Greminger et al., (1985). Such discrepancies may reflect the deviation or variance at higher matric 

suction levels accruing from laboratory experimental errors. On the other hand, CV of the -parameter 

in the unimodal case (22.71%) showed almost identical values with the  in the bimodal case 

(26.65%), but about 65% for may be indicative of the ill-posedness of the inverse problem resulting 

from the increased number of independently adjusted parameters in the bimodal case. In the 

unimodal case, the -parameter for the Ap-samples varied by a factor 0.5 to those of the BvSw, while 

that was by factor 18 for 2.  
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Table 3: Statistical moments of estimated van Genuchten parameters with the m=1-1/n  

             restriction of the Ap-samples (mean values of 8 soil samples) 

 
 

   statistical    

   moments 

                                                  Parameters 

               unimodal                                                               bimodal 

  sat   res               n       m              1         n1         m1         w1      2        n2         m2         w2 

    mean   0.422    0.078     0.083      1.981    0.479           0.074     4.914      0.772       0.388      0.144     1.526      0.339      0.612 

     median   0.422    0.078     0.037      1.760    0.432           0.012     4.488      0.777       0.380      0.102    1.553      0.355      0.620 

      SD   0.00      0.013     0.008      0.375    0.088           0.003     1.779      0.073       0.145      0.095    0.141      0.065      0.145 

    skewness   0.00      0.303     -0.625    0.954     0.879          -0.169     1.521    -0.699       0.110      1.753    -0.687     -0.944    -0.110 

   kurtosis   0.00      0.586     -1.810    -1.660    -1.778         -2.336     3.429     2.279      -2.510     2.940     -0.760     0.028    -2.510 

     CV%   0.00      17.45      22.71      18.96     18.33          26.65      36.19     9.51         37.33     65.76     9.24       19.09      23.70    

 

Tables 4 summarizes the statistical moments for the fitted vG model parameters when using the  

m=1-1/n restriction for the BvSw samples, whereas Table 5 gives the statistical moments for both soil 

samples using the Brook-Corey model. The apparently similar mean and median values of the fitted 

parameters suggest that the distributions for both soil samples are symmetrical or normally 

distributed. 

The relatively low 2-values for BvSw-samples may be associated with the low pore density maximum 

of the secondary pore system. This was to be expected owing to the high bulk density (1.72 gm/cm³) 

and low saturated hydraulic conductivity. Such 2-values for BvSw are similar to uni-modal -

estimations for clay soil mentioned by van Genuchten et al., (1991).  

 
Table 4: Statistical moments of estimated van Genuchten parameters with the m =1-1/n  

restriction of the BvSw samples. 

 
 

     statistical 

     moments 

                                                      Parameters 

                  unimodal                                                               bimodal 

   sat      res            n        m           1         n1       m1          w1        2         n2          m2      w2 

     mean   0.342    0.076    0.034     1.910     0.469           0.012     1.755      0.428      0.626      0.008     7.008       0.855      0.374 

     median   0.340    0.080    0.0226     1.955     0.488           0.067     1.723      0.42        0.600      0.008      7.521      0.867      0.400 

     SD   0.004    0.010    0.111       0.210     0.064           0.025     0.114      0.036      0.092      0.001      0.781      0.018      0.092 

     skewness   2.236   -0.404    2.183     -0.998     -1.492          0.764     1.059      0.838      0.871      0.105     -1.155     -1.352      0.871 

     kurtosis   5.00     -0.178    4.794      2.391      3.137         -0.561      0.848     0.361      0.102      1.203     -0.109       0.888     0.102 

      CV%   1.17      13.42    113.47     10.96     13.42          33.69       6.49       8.34        14.63      8.69        11.15       2.06      24.48    
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Although the sample population was comparatively low (n=8), sample homogeneity under the (Chi-

test) ²-for the null-hypothesis (H0) was used and tested at the 95% significance level, whereby P( 

0.975² ²  ( 0.025²) = 0.95 with (n-2) degrees of freedom. The test across the entire moisture range 

was used to prove sample uniformity, which presumably was less affected by spatial variability and 

sampling method. The computed ² at the 95% showed that the H0 was accepted and therefore the 

physical properties as characterized by the k(h) or  (h) relationships showed little variation in the 

different samples. 

 
Table 5:  Statistical moments of estimated BCM parameters of Ap and BvSw samples. 

 

 

statistical            

moments 

                                                   Parameters 

      Ap-horizon                                                             BvSw-horizon 

  (15cm extrusion depth)                                (120cm extrusion depth) 

  sat      res     1/ 𝜓                            sat              res      1/ 𝜓               

mean 

median 

kurtosis 

skewness 

SD 

CV% 

  0.422     0.07      18.53         0.698            0.343         0.063         17.68            0.541 

  0.422     0.07      15.15         0.570            0.342         0.062         17.4              0.512 

  0.00     -2.680    -1.857        -1.884            3.878        -0.404         1.822           -0.949 

  0.00     -0.250     0.949          0.896           1.918        -0.389        -0.247          -0.318 

  0.00      0.010      5.472          0.230           0.004         0.004         5.829            0.11 

  0.00     14.31       29.53          33.00           1.08           6.67           32.94            20.25 

 

 
The super-positioning of the uni-modal curves in characterizing multi-pore systems gives visually 

better approximation of the pore size densities and their peak values, but does not differentiate each 

curve separately. While it may be easy to estimate the pore size densities using the above approach, 

this method however fails to account for the pore shape factor and consequently for the pore length. 

 
 
Figure 3 shows the plot of f(1/µ) against the matric suction 𝜓 of some chosen Ap samples. The uni-

modal vG showed a typical log-normal distribution function of the matric suction, with a single peak 

value at 30 𝜓  100 indicating pore size radius (1500/ 𝜓 = r) between 30 and 50 µm whereas in the 

bimodal vG, two peaks were identified at matric suction 𝜓 at about 10 and 200 signifying the presence 

of bimodal pore system with pore radii at 150 and 7.5 µm respectively. The former can be interpreted 

as the primary pores while the latter as secondary. The bimodal case of the vG model showed a 

proportionally higher density of the secondary pores than for the primary which on account of the 

poor aggregation and crumby structure was to be expected.  
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Figure 3: Probability density functions manifesting a normal uni-modal (single peak) and 

bi-modal (double peak) matric suction 𝜓 using the van Genuchten model for some Ap soil 

samples. 
 

The BC model (Figure 4) did not show a typical lognormal distribution of the effective pore radii. 

Rather it showed a gradual increase with peak value at around 40-60 µm and a steep drop at that 

range and therefore did not account for the likely f(1/µ)-log (𝜓 ) interactions at above the 100 µm 

range.  
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Figure 4: Probability density functions manifesting a normal uni-modal (single peak) and 

bi-modal (double peak) matric suction 𝜓 using the van Genuchten model for some BvSw 
soil samples. 

 

A simple lognormal distribution of the pore radii as shown by the uni-modal case for both samples 

indicated the failure of the uni-modal retentivity concept in distinguishing the existence of two or more 

multiple pore systems present in the soils under study. Inasmuch, the uni-modal concept could be 

assumed to „lump“ pore heterogeneity into uniform or one single pore system. The parameter 1 and 

2 whose inverses are the approximation of the air-entry values for the primary and secondary pores 
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respectively may be applied to determine the position of the pore-density maximum. On account of  

the absence of any aggregates, which clearly enhances the characterization of primary and secondary 

pore systems, the terminologies here can contextually be understood to mean „smaller“ and „larger“ 

pores respectively. 

As expected for the bimodal case, the greater value of 1 (0.084) and the lower value for 2 (0.0083) 

for the BvSw samples as against those for Ap samples (1= 0.024 and 2 = 0.1883), as in Table 2 

showed the relatively larger portion of the primary and lower secondary pores for the BvSw samples. 

While the empirical parameter in the vG model is viewed as a scaling factor determining the position 

of the pore size maximum, the -values for the uni-modal case of the Ap to the BvSw samples varied 

by a factor-8. The pore system of the BvSw samples (Figure 5) did not differ very much to that 

described in the Ap samples. 

 

  
 
 

   

Figure 5: Predicted krel – pF curves for Ap/BvSw-samples using the Brooks-Corey model and the 

van Genuchten-Mualem model with the various m-restrictions. 
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Sample depth and the van Genuchten -parameter 

Whereas n, m, and , in the van Genuchten model may be perceived as curve fitting parameters and 

therefore inherently specific for each retention curve. No intensive research was carried out to try and 

explain the physical significance of each of them, except that an attempt was made to try and 

understand the physical significance of the parameter. According to Durner (1994a), the 

parameter may be approximated as a scaling factor that determines the position of the pore size 

maximum. Similarly, this may be expressed as the equivalent of the pore radius distribution function 

f(1/µ) which defines the maximum pore size density for each of the uni-modal () and bimodal ( 

and  cases. Assumptions are that, the natural overburden or the geostatic stress and therefore the 

extrusion depth of either Ap and BvSw samples did have a significant influence on the van Genuchten 

parameter. Evidently, the parameter for the Ap samples with the maximum pore radii around 

15-50 µm (uni-modal case) and 75-150 µm (bimodal case) was found to be greater than for the BvSw 

samples for both uni- and bimodal cases. The differences of the 𝛼-parameter for both soil samples 

tested at the 99% confidence interval were significant implying the importance of the natural overload 

and consequently that of the initial void ratio e, on the van Genuchten 𝛼-parameter for both uni- and 

bimodal cases. 

 

krel (h) - pF of Ap/BvSw-samples 

For the uni-modal case, all the curves with the different restrictions including the BCM-based curve for 

both samples showed small differences at the saturation zones. These tended to deviate from each 

other with increasing matric suction 𝜓  (Figure 5). The sensitivity of the curves within the entire 

moisture range was shown when m was optimized leading to predictions varying to at least 1-order of 

magnitude at pF 2 e.g. Ap-22 where uni-modal krel. was 10x10-3 cm/d while this for bimodal case was 

at 10x10-2 cm/d. The curves showed steepness for the bimodal case with higher hydraulic conductivity 

estimation at pF 0-2 for all m restrictions suggesting the easy drainability of soil water due to the 

presence of two pore systems as compared to the uni-modal case. 

 

Conclusion    

In general, it must be noted that there was no significant effect of overburden pressure on the nature 

of the hydraulic functions for soils extruded at two different depths. The usefulness of the van 

Genuchten-Mualem model in predicting the hydraulic conductivity of soils is generally restricted by 

some basic problems, e.g. the model did not take into account the deformable nature of the pores 

within the porous medium as influenced by both mechanical and hydrodynamic stresses. Ideally, pore 

geometry and continuity at deeper soils layer would be interrupted by overburden pressure. This 

however, was not the case. Furthermore, the theoretical background of the stream-tube model clearly 

underestimates the role of pore constriction, pore dead-ends and regions with immobile water during 
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desaturation processes. Similarly, hysteretic cycles which significantly influence pore geometry and 

hence the curve fitting parameters are less accounted for by the model. The usefulness of the model 

therefore, requires the consideration of spatial and temporal changes in the pore geometry as induced 

by mechanical or equivalent stresses. A further development of appropriate model with parameters 

that account for dynamic pore changes appears to be the greatest challenge for the future.  
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