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1 INTRODUCTION 

Soil is a porous material. While commonly used 
measurements address quantification of a bulk soil 
parameter such as bulk density, and total porosity, 
the need for the detailed knowledge about soil struc-
ture cannot be simply overlooked. Reliable predic-
tions for soil behaviour at macro-scale cannot be 
achieved without a full depiction of and insight on 
the soil internal structure and its evolution. If one is 
to predict the soil mechanical behaviour, for in-
stance, under different freezing and thawing effects, 
under chemical treatment, plant growth or remould-
ing, complete knowledge of the evolution of internal 
structure is essential to interpret the results of mac-
ro-scale mechanical tests performed on the soil at 
such dynamic conditions where the soil internal 
structure is subjected to change. 

Unsaturated soils, where part of the pore volume 
is occupied by the wetting phase and the other part 
with the non-wetting phase, are often of higher com-
plexity in their mechanical and hydraulic behaviour 
than saturated soils and it is indeed their multiphase 
nature which highlights the need to acquire detailed 
knowledge on their porous structure. Different levels 
of matric suction and permeability are expressed by 
the same soil and at the same degree of saturation 
but at different hydraulic processes (drying, wetting, 

and scanning). The so-called hysteresis phenomenon 
is, therefore, another evidence on the importance of 
soil internal structure on the observed hydro-
mechanical behaviour of unsaturated soils at the 
macro-scale. Not only studying the hydraulics and 
mechanics of unsaturated soils but also other aspects 
of their behaviour such as the fate of contaminants 
and the transport of colloids through such media 
need a better understanding and characterization of 
their internal structure. 

To capture the internal soil structure mathemati-
cally, the soil porous medium is often described in 
terms of pore size distribution (PSD). Prior to any 
simplification of the soil geometrical structure, it is 
fundamentally complex and essentially does not 
contain pores of identifiable boundaries. The void 
pace is often embraced by several grains, where 
there is no solid boundary to distinguish such an 
ideally and mathematically defined object as pore. 
Therefore, the definition of pore would be subjec-
tive, and can carry inherent simplifications which in 
turn affect the obtained distributions and consecu-
tively, the results of any hydro-mechanical model 
which is based on such geometrical simplifications.  

Among different conceptualizations used to por-
tray soil porous structure, the notion of bundle of 
capillary tube which considers pore space as a col-
lection of capillary channels of different sizes has 
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tribution which employs pore network modelling. Next, a comparison is made between the pore size distribu-
tions obtained from the bundle of capillary tube model with those obtained from pore network modelling. Fi-
nally, the concluding remarks are made and suggestions for future studies are provided. 



widely been used in soil science, hydrology, petro-
leum and geotechnical engineering. This conceptual-
ization also makes the basis of some of the main 
methods for pore size distribution determination 
such as mercury intrusion porosimetry. Detailed 
study of soil porous skeleton, however, reveals that 
soil porous structure cannot be simply conceptual-
ized as a collection of capillary channels (Nimmo 
2004). As one goes through flow channels and 
pathways connecting various void spaces in soil po-
rous medium, a marked change in the void size is 
recognized. There are parts of the void space with 
narrower cross sections which connect parts of a 
greater volume on two sides of such connecting el-
ements. It is common (e.g., in the literature of petro-
leum engineering) to coin main void space as a pore 
body and void elements connecting pore bodies 
(which have narrow cross section as compared to the 
adjacent pores) as a throat (Khaksar et al. 2013, 
Rostami et al. 2013). Such depiction of porous struc-
ture as pores and throats leads, therefore, to a more 
precise method to determine pore body sizes rather 
than the simple use of bundle of capillary tube con-
cept. The other problem with the concepts behind 
mercury porosimetry technique is that in the drying 
process, it is the size of pore openings (throats) 
which controls the drying process while the emptied 
volume of the wetting phase is mainly obtained 
based on the pore body sizes. Therefore, it seems 
that a different method is needed to overcome this 
problem of mercury porosimetry which does not 
recognize the presence of two distinct types of ele-
ments in soil porous structure, namely, pores and 
throats. One other major problem with the bundle of 
capillary tube conceptualization (the basis of mercu-
ry porosimetry technique) is the fact that not all 
pores of a certain size are accessible by the non-
wetting phase to be drained at the imposed matric 
suction (which is higher than their air entry pres-
sure). The reason is that pores and throats of much 
smaller size can exist between these larger pores and 
prevent air (non-wetting phase) from invading all 
such large pores. Therefore, another important con-
cept is missing in the bundle of capillary tube con-
ceptualization which is the porous network “connec-
tivity”. Last but not the least, one can point to a 
major topological feature of soil porous structure 
which is not incorporated in the bundle of capillary 
tube model and that is “coordination number”. Co-
ordination number controls how many pores are 
connected to a certain pore. Therefore, it is not only 
pore size distribution but also throat size distribu-
tion, as well as coordination number which control 
the drying and wetting processes in unsaturated 
soils. If one wants to use the mercury invasion into 
the soil sample or air invasion in saturated soils to 
determine pore size distribution, a model consisting 
of pores and throats is required which better portrays 
soil porous structure. In what follows, first the basics 

of mercury porosimetry technique are explained. 
Next the use of soil water retention measurement 
(air invasion instead of mercury invasion) for pore 
size characterization is described and finally, a new 
method is introduced which employs pore network 
modelling (PNM) to determine soil pore size distri-
bution. The paper ends with comparing the soil pore 
size distribution curves obtained from the pore net-
work modelling versus those obtained by the bundle 
of capillary tube model. Thereafter, further discus-
sion on the challenges of current methods for pore 
size distribution and suggestions for future research 
are made. 

2 MERCURY POROSIMETRY (MIP) 

For the pores of cylindrical shape, Washburn (1921) 
established the following relationship between the 
non-wetting pressure (P) and the minimum diameter 
of pores (d) which can be intruded: 

P
d

θγ cos4−
=  (1) 

For mercury porosimetry, the value of contact an-
gle (θ) is commonly considered based on the soil 
type and soil mineral, e.g., a mercury contact angle 
of 147° is considered for illite and kaolinite (Dia-
mond, 1970; Sasanian and Newson, 2013) and the 
surface tension of mercury, γ, is used as 485 dyn/cm. 

Next, calculated pore diameters are numbered, 
and cumulative and log-differential pore volumes 
are calculated for each pore diameter as follows: 
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where Vi denotes the measured total invaded pore 
volume corresponding to the diameter (Di). The log-
arithmic differential pore volume distribution pro-
vides a measure for the distribution of soil pores. 

2.1 The experimental challenges in the use of MIP  

To start the test, the soil pores must be empty. 
Therefore, over drying of sample are sometimes em-
ployed. The oven drying process can affect the soil’s 
porous structure especially in clayey soils. Further-
more, the isolated pores which are not accessible to 
the mercury invasion (which starts from the bounda-
ry of the sample) are not accounted for. Finally, the 
pressuring capacity of the system would control the 
finest pores which are accessed and therefore, in-
cluded in the pore size characterization (Diamond, 
1970). To deal with the possible destructive effects 
of oven drying, one can use freeze-drying, i.e. rapid 



freezing of soil samples in liquid nitrogen followed 
by water evacuation by means of vacuum at a suffi-
ciently low temperature so that no unfrozen water 
would remain. 

3 PSD DETERMINATION BASED ON SWRC 
MEASUREMENT 

Feia et al. (2014) proposed to use soil water reten-
tion measurements instead of mercury invasion to 
characterize pore size distribution. The method is es-
sentially the same as mercury porosimetry with this 
difference that measured soil wetting or drying 
curves are employed to characterize soil pore size 
distribution. The required soil water retention curve 
is determined from the measurement of matric suc-
tion in an oedometer cell (please refer to Fredlund 
and Rahardjo (1993); Delage and Cui (2000) for fur-
ther details).  Feia et al. (2014) used Washburn 
equation and made use of drying branch of retention 
curve. They considered the contact angle (θ) value 
as approximately 1° based on the suggestions in the 
literature (refer e.g. to Mitchel and Soga 2005). We, 
however, note that contact angle can depend on 
grain surface roughness, menisci’s movement and 
hydraulic branch (Espinosa and Santamarina 2010, 
Lourenco et al. 2012). Therefore, the choice of con-
tact angle can also affect the results of pore size dis-
tribution determination.  

4 PSD DETERMINATION BASED ON PNM 

In this study, the pore size distribution results of 
Feia et al. (2014) for Huston and Fontainebleau sand 
which were obtained based on the soil water reten-
tion measurements and the bundle of capillary tube 
concept have been compared with a new method 
which is based on pore network modelling. The 
basic properties of two soil samples used in this 
study are presented in Table 1. 

A regular pore network (Figure 1) consisting of 
pores and throats of different sizes is made (the net-
work includes 40×40×40 pores). The considered 
pore size distribution is a lognormal distribution 
(equation 4) whose parameters are obtained based 
on an optimization procedure.  
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where µ  and σ  specify mean pore size distribu-
tion and standard deviation of the considered log 
normal pore size distribution. 
 
 
 

Table 1. Characteristics of the considered soil samples (Feia et 
al. 2014) 

Index property     

Sample name: Fontainebleau NE0.1/0.16  
Denomination NEII 
D50 (mm) 0.10 

Cu 1.3 

Distribution Uniform 
emin 0.55 
emax 0.86 

Angularity Sub-rounded 
  

Sample name: Huston: HN31  

Denomination HNI 

D50 (mm) 0.32 
Cu 1.3 
Distribution Uniform 

emin 0.67 

emax 1.01 
Angularity Sub-angular 

 
The pore network model construction and the    
utilized drying and wetting algorithms are as     
follows: 
A. The pores of different sizes are generated based 

on the considered lognormal distribution. A 
maximum and minimum radius is considered for 
the pores of the pore network 

B. The generated pores are placed randomly on the 
nodes of a pore network.  

C. The radius of a throat, ijr , connecting two ad-
jacent pores is obtained based on their radii, 
namely, Ri, and Rj by means of the following 
equation (Acharya et al., 2004): 
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where d is the separation distance between 

pore i and pore j (their center-to-center dis-

tance). 
D. Each pore is considered to be connected to the 

pores on its top and bottom. To decide on the 
pore connectivity in the horizontal plane, a 
random number is assigned to each throat lo-
cated in the horizontal plane. A threshold 
number is also considered between zero and 1. 
The connection is considered open, provided 
that the random number is lower than and or 
equal to the threshold value. In such a case, a 
throat is considered in that direction, other-
wise the connection is closed. As the thresh-
old number controls the coordination number 



distribution of the soil porous network, here-
after, this threshold has been coined as coor-
dination number distribution parameter and 
has been denoted by “c”. 

E. The pore network structural parameters, 
namely, mean pore size distribution, standard 
deviation, pore-throat aspect ratio parameter 
and coordination number parameter (µ ,σ , n 
and c) are optimized in an error minimization 
process such that the best matching drying 
water retention curve is obtained from the 
pore network. The optimization procedure is 
performed by means of genetic algorithm so 
that the cost function which is the root mean 
squared error between simulated retention 
curve and the experimental one is minimized. 
For simulating retention curve, after con-
structing the pore network, each time the air 
invasion algorithm is pursuit to simulate the 
drying branch of water retention curve. The 
air invasion algorithm is as follows: 
I.  At each suction value, a pore is drained, if 

the applied suction to the network is 

higher than the entry suction of one of 

the throats connecting to that pore. 
II.  A continuous path of drainage between 

air reservoir and the considered pore is 
required to be established (only pores 
which are in contact with the previously 
drained pores are permitted to be 
drained). The throat entry pressure (P) is 
determined from the Washburn equation 
(Equation 1) (here, the minus sign is not 
required, as the contact angle is taken 
equal to low positive values or zero for 
the air-water system). 

 

 
Figure 1. A regularly-structured pore network with spherical 
geometry and cubic lattice 

5 RESULTS AND DISCUSSION 

Table 2 presents the characteristics of optimized 
pore network models. Figure 2 and 3 illustrate the 
experimental versus simulated soil water retention 
curves for Huston and Fontainebleau sand, respec-
tively. As it can be seen simulated water retention 
curves are in well agreement with the experimental 
data. It is, however, of note that the simulated results 
underestimate the water content at higher suction 
levels. This can be attributed to the presence of other 
retention mechanisms than only capillarity and ca-
pillary action which govern retention in macro and 
meso-scale pores (other mechanisms such as hydra-
tion and hydration potential which are of more rele-
vance in micro-pores can be present). Moreover, the 
simplifications considered in geometry and topology 
of the pore network can also contribute to the ob-
served discrepancy. 

Based on the best matching pore network models, 
the resulting cumulative porosity curves are depicted 
in Figures 4 and 5 for Huston and Fontainebleau 
sands, respectively. The cumulative porosity curves 
obtained from both pore network modelling and 
bundle of capillary tube model present a good con-
sistency. However, as it can be seen accounting for 
the connectivity of pores (the coordination number), 
the presence of throats and a more realistic depiction 
of the porous structure can result in a different range 
of pore sizes and a different cumulative porosity 
curve. The cumulative porosity curves are obtained 
by summing up the volume of pores of each size 
class divided by the total volume of the representa-
tive elementary volume for which the respective 
pore network is constructed. 

 

Table 2. Structural parameters of the best matching pore net-
work model 

Structural property     

Fontainebleau NE0.1/0.16  

Soil porosity 0.36 

µ 4.04 

σ 0.37 
n 1.52 
c 0.56 

Rmin (µm) 15 

Rmax (µm) 210 
  

Huston: HN31  

Soil porosity 0.43 

µ 4.27 
σ 0.41 
n 0.08 

c 0.62 

Rmin (µm) 13 
Rmax (µm) 273 

 



 
Figure 2. Comparison of the simulated and experimental reten-
tion curves for Huston sand 

 
 

 
Figure 3. Comparison of the simulated and experimental reten-
tion curves for Fontainebleau sand 

 
 

 
Figure 4. Comparison of the cumulative porosity curves for 
Huston sand (bundle of capillary tube model versus pore net-
work model) 

 
 

 
Figure 5. Comparison of the cumulative porosity curves for 
Fontainebleau sand (bundle of capillary tube model versus 
pore network model) 

6 THE PROPOSED MODEL: LIMITATIONS 
AND FUTURE PERSPECTIVES 

The presented model for determining the soil pore 
size distribution was a pore network model consist-
ing of pores and throats. As commonly considered in 
the other pore network models used across literature 
(in petroleum engineering and soil science), the uti-
lized model neglected the volume of throats. The 
reason is that the throats mainly control the drying 
process while they do not contribute to the saturation 
change and soil porosity as much as pores do. Fur-
thermore, to distribute pores in a REV, a regular 
(structured) pore network was constructed, while the 
real soil porous structure is much more complex and 
irregular. The use of a regular pore network can lead 
to the existence of some pores overlapping each oth-
er. This simplification can, therefore, reduce the lev-
el of accuracy of the model predictions and more so-
phisticated modelling techniques may be required. 
Furthermore, as the criterion to arrive at the best 
matching pore network model was arriving at the 
most accurate simulation of soil water retention 
curve, any assumption utilized in the SWRC simula-
tion can considerably affect the obtained pore size 
distribution (e.g. assumptions such as contact angle). 
The fact that the contribution of hydration potential 
to matric suction and the effect of soil mineralogy on 
the simulated soil water retention curve were not in-
cluded in the model can, therefore, influence the 
predicted pore size distributions for the fine-grained 
and clayey soils. Any attempt to address these short-
comings can lead to more precise estimations for 
soil pore size distribution and more advanced mod-
elling techniques. 

7 CONCLUDING REMARKS  
 
In this study, the main shortcomings of the bundle of 
capillary tube model were highlighted. To determine 
the soil pore size distribution, a new method based 
on the pore network modelling approach was intro-
duced where a more realistic depiction of soil porous 
structure was made which included both pore and 
throat elements of the soil porous structure. The ex-
perimental soil water retention curves of two sand 
samples (Huston and Fontainebleau) were used to 
construct the pore network model and determine 
cumulative soil porosity fraction curves. The results 
showed that that the bundle of capillary tube model 
which overlooks the connectivity present among dif-
ferent pores and the real morphology and topology 
of soil porous structure gives under estimation of 
larger pores. It can also result in an overestimation 
of micro-pores, particularly for higher coordination 
numbers (higher coordination number parameters), 
see Figure 5 and Table 2. We, however, note that 
depending on the range of soil coordination number 



and throat size distribution we can arrive at different 
types of differences and discrepancies in the pore 
size distribution obtained from these two models. In 
order to better assess the performance of different 
methods which characterize pore size distribution, 
their results should be compared to the pore size dis-
tribution obtained from imaging techniques (which 
can be considered as the control pore size distribu-
tion). Such a comparison is the subject of an ongo-
ing research project by the authors. Last but not the 
least, as in soil porous structure, pores and throats 
with different geometrical shapes are present, a dis-
tribution for cross sectional shapes of pores and 
throats is suggested to be considered to examine the 
effect of the presence of pores and throats of various 
shapes on the obtained pore volume and size distri-
bution.  
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