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ABSTRACT
In highly porous soils with a susceptibility to collapse, there are points of volumetric variability, due to the present 
heterogeneity, regarding the diameters of the poral throat. The predominance of a pore size is closely related to certain 
values of the Water Retention Curve (WRC). However, to date, a possible correlation with particle size distribution 
(PaSD), obtained using modern, highly reliable gravitational sedimentation methods, has not been studied. The porous 
clay of lateritic origin under study, was characterized by means of index tests, to know its basic geotechnical behavior. 
Subsequently, it was analyzed by mercury intrusion porosimetry tests, to estimate the Pore Size Distribution (PSD); filter 
paper and pressure plate method to obtain the water retention curve; as well as the method of integral measurement of 
the pressure in the suspension (ISP), to obtain the fine grain size of the material. This article tries to present a proposal of 
relationship between these parameters, with the aim of improving the understanding in the characterization of this type of 
materials. The results showed that there is indeed a strong relationship between the particle size distributions, pore size 
distribution and the water retention curve. Mainly, this is reflected in the geometric places corresponding to the air value 
entries (AEV) of macropores and micropores. Which coincide with essential parameters of the behavior of the other curves 
(PaSD and PSD).
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RESUMEN
En suelos altamente porosos con susceptibilidad de colapso, existen puntos de variabilidad volumétrica, debido a la 
heterogeneidad presente, en cuanto a los diámetros de las gargantas porales. La predominancia de un tamaño de poro 
está estrechamente relacionada con ciertos valores de la curva de retención de agua (WRC). No obstante, a la fecha no 
se ha estudiado una posible correlación con la distribución del tamaño de partículas (PaSD), obtenida mediante métodos 
modernos de sedimentación gravitacional de alta confiabilidad. La arcilla porosa de origen laterítico bajo estudio, fue 
caracterizada mediante ensayos índice para conocer su comportamiento geotécnico básico. Posteriormente, fue analizada 
mediante ensayos de porosimetría por intrusión de mercurio para la estimación de la distribución del tamaño de poros 
PSD; método del papel filtro y placa de presión para la obtención de la curva de retención de agua; así como el método 
de medición integral de la presión en la suspensión (ISP), para obtener la granulometría fina del material. Este artículo 
pretende presentar una propuesta de relación entre estos parámetros, con el objetivo de mejorar el entendimiento en la 
caracterización de este tipo de materiales. Los resultados mostraron que efectivamente existe una relación fuerte entre 
las distribuciones de tamaño de partícula, poros y la curva de retención de agua. Principalmente, esto se ve reflejado en 
los lugares geométricos correspondientes a las entradas de valor de aire (AEV) de macroporos y microporos. Las cuales 
coinciden con parámetros esenciales del comportamiento de las demás curvas (PaSD y PSD).
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Introduction 

Within the current state of the art of the subject being 
addressed it is widely known that there is a close 
relationship between the pore size distribution (PSD), 
the water retention curve (WRC) and the particle size 
distribution (PaSD). The first, also known as porosimetry, 
is widely used to conglomerate the characteristics related 
to the porosity of a material and to understand the 
physical variations that directly affect its behavior and 
mechanical response. In ceramic materials, porosity and 
impermeability are due to the combination of free silica, 
aluminum alkalis and aluminum silicates [1]. According 
to [2], water retention curves express the relationship 
between the suction of unsaturated soils and the water 
content to determine the properties of shear strength, 
permeability and volumetric changes [3]. As for PaSD, it is 
the determination of the range of particle size present in a 
soil. In order to analyze the indirect dependence between 
PaSD, PSD and WRC, the internal relations of each one 
of them are inferred, since the proper understanding 
and interpretation of the WRC is important for a correct 
characterization of the soil, since it can collaterally give 
an archetype of the behavior and mechanical response of 
unsaturated soils [4] - [6].
 
One of the most common pathologies within soil 
mechanics is collapse, present in fine granulometry, 
and caused by variations in humidity with considerable 
stress loads, thus originating representative settlements 
[7]. There are various experimental methods, both 
traditional and modern, that attempt to contribute to the 
investigation of the interrelationship of these parameters, 
based on constitutive models that seek to simulate the 
possible stress trajectories that a soil may experience. 

The integral suspension method (ISP), is based on 
the pressure of the suspension at a selected depth, in 
simpler words, it is a general measure of all the particles 
in suspension above a checking depth. It should be 
understood, that the general objective of this method is 
to calculate the particle size of a fine soil by gravitational 
settlement analysis based on Stokes' law (1850). Based 
on this constitutive law, the measurement method of 
the integral sedimentation system does not make use of 
corrective soil measurements with function transfer.  In 
a retrospective analysis, its predecessor, the hydrometer, 
has its main basis in determining the density of an aqueous 
soil suspension [8]. The pipette method is highly used in 

rudimentary experimental and early research work, since 
it is mainly based on measuring the percentage by weight 
of each particle size in suspension, assuming constant 
specific gravity conditions [9]. 

Several methodologies have been developed to determine 
the porous structure of a soil, which differ according to 
the number of parameters involved that can indirectly 
influence the volume-pressure curve. Due to the very 
nature and the multivariate profiles that porous materials 
can acquire [10], whether extruded, sheets or monoliths, 
special emphasis should be placed on fine particle size, 
which is considered a primary realistic factor in the 
research. 
 
Choosing the most appropriate method that can produce 
the least dispersion of data when extrapolated to an 
overall behaviour, depends directly on the application 
of the porous soil, as well as its chemical and physical 
nature. Mercury Intrusion Porosimetry (MIP), usually 
destructive, is widely used for a correct characterisation 
of porous materials providing a wide range of study [11]. 
This method is fundamentally based on the principles of 
hydrostatic pressure applied to the mechanical behaviour 
of mercury, where this pressure is attributed to the pore 
diameter or vacuum, into which a specific volume of 
mercury penetrates.
 
There are multiple methodologies that are coupled to 
different parameters to determine WRC, but it is generally 
measured using a pressure plate, where, continuously, 
a pressure is applied to the sample to obtain a certain 
number of unique data. These values are contrasted with 
explicit samples, which have important relative humidity 
levels corresponding to the capillary region of the 
adsorption isotherm. Another method used consists of a 
stress plate on which suction is applied with a suspended 
water column [12], this method using a sample analyzed 
in the entire low-suction range [13].
 
To represent this variable and extrinsic and intrinsic 
soil-dependent behavior, constitutive equations have 
been developed with precepts already established from 
the state of the art of the subject. In other words, there 
is already a path travelled in terms of generating both 
models and equations that can explain the non-linearity of 
the soil in an approximate way. That is, the heterogeneity 
existing in different paths for any geotechnical parameter 
analyzed; in the stress-strain curve or, in a more reduced 
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context, in the relationship of WRC with PaSD.

Most of the equations based in the context of this 
investigation are based on the assumption that WRC 
depends on PSD [14]. These assumptions superimpose 
a relationship of an integrated frequency distribution 
curve between PaSD, WRC and PSD. It is important to 
understand how the WRC can explain the water-holding 
properties of a collapsible porous clay, but because of 
the complexity involved in determining the most critical 
properties of unsaturated soils, such as shear strength 
or hydraulic conductivity [15], geotechnical engineers 
commonly exhibit hesitation in using these properties in 
problem solving.
 
Encouraging the use of computation or geotechnical 
resolutions in collapsible soils by demonstrating 
the potential relationship between PaSD, WRC and 
PSD, underpins the objective of this research paper, 
supported by empirical tests with current and innovative 
methodologies, to implement a new state of idealized 
correlation between the most representative parameters 
in unsaturated soil mechanics.

In most of the current elastoplastic constitutive models 
[16] - [18], it is difficult to correctly predict the behavior of 
soils when the mechanical response is highly influenced by 
hydraulic hysteresis [19], i.e., when constitutive variables 
that are not directly related to the degree of saturation 
are included. This dependence on the parameters of 
unsaturated soil mechanics leads to the development 
of approximate idealisations of the heterogeneous 
distribution of stresses and deformations. This non-
linear disposition potentially infers in the framework of 
response to the alteration of their mechanical properties.
 
According to [20], one of the essential parameters 
in unsaturated flow and infiltration models is water 
retention in the soil. The measurement of soil suction is 
therefore a prerequisite for understanding the behavior 
of unsaturated soils, since many of the models are 
prescribed in terms of suction and net stress state, i.e., the 
measurement of stress around the air pressure boundary 
within the pore.
 
The WRC was initially the means that could idealize the 
suction in situ, and also a direct relationship between 
water content and suction [21]. When a soil sample is 

subjected to variations in the hydraulic gradient, the 
WRC values of wetting and drying vary significantly. 
This infers that the WRC contains not only a much wider 
range of possible values for the suction, but also provides 
an estimate of the unsaturated properties [22].
 
There are still constitutive models that are based 
on functions that require parameters representing 
conductivity and effective capillary impulse [23]. The null 
test assumes constant conditions for any increase in air 
pressure applied within the pores, which have sufficient 
continuity of air phase, i.e., this method, using invariant 
conditions of water mass flow, expresses intrinsic 
constitutive variables of a type of suction that maintains 
a directly proportional relationship between pore and 
air pressure [24]. As a tool for indirect measurement of 
soil suction, filter paper [25], [26] is usually used. When 
having low suction values, it is easier to measure the 
matrix suction than the total suction [27].
 
Fredlund's cell, used in this article for the WRC tests, 
measures the water content and the total volumetric 
change under variations of the axial load. The volume 
change of the sample is expressed as a function of the 
vertical movement of the load plate. A variety of factors 
extrinsic to these methodologies are attributed to the 
different calibration curves within the literature amalgam 
[28]. This diversity indicates the need for further research 
on the correlation of unsaturated soil parameters, since 
the permeability function for an unsaturated soil is 
related to the WRC [21].
 
The stress-strain relationship is potentially affected 
by variations in the degree of saturation, giving rise to 
alterations within the elastoplastic constituent context, 
in addition to including plastic transitions within the 
suction and isotropic volumetric state of the soil. The 
relationship between these behaviors damages the water 
retention capacity, that is, if most of the predictions 
of the constituent models are based on precepts of 
independence between total stresses, suction and specific 
volume [29], an approximate idealization of the behavior 
of unsaturated soils under critical conditions will not be 
established.
 
Several theories have been proposed to correlate 
permeability with pore size distribution [30], [31]. 
Studies conducted by [32] show that permeability is a 
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direct function of PSD. PSD obtained through mercury 
intrusion contributes to the interpretation of critical 
behavioural characteristics of unsaturated soils.  [33] 
studied this methodology by giving it a common 
framework to provide information on the relationship 
between WRC and PSD.

The permeability coefficient has commonly depended on 
the void ratio only, but in an unsaturated soil, it is also a 
function of water content. According to [34], both void 
ratio, water content and saturation degree are related in 
permeability, as well as WRC depends directly on water 
content and saturation. Under these conditions, a relevant 
relationship between these constitutive variables can 
be generated. For unsaturated soils, this coefficient of 
permeability may present wide intervals of variability, 
even more so if worked with clays, exhibiting wide 
uncertainties in soil leaching properties [14].

The graph relating water content and suction is the soil-
humidity characteristic curve [35], which can be obtained 
by mercury intrusion, i.e., if the WRC depends on water 
content and suction, and these in turn can be formulated 
in terms of hydrostatic pressure expressed in units of 
mercury, the bilateral relationship between the WRC and 
the PSD can be interpreted as directly proportional. As 
soon as pressure is the inflexible constituent parameter in 
both the suction and the PSD. Each of the correlations that 
can be attributed to the variability of the WRC, PSD and 
PaSD, depend on (1) The effect of hydraulic hysteresis, 
derived from the geometric heterogeneity of the pores, 
(2) Saturation and (3) Suction in terms of partial or total 
pressure with no external loads applied. The hysteresis in 
the WRC. consists in that a soil during the wetting and 
drying process has different trajectories, which result in 
identifying, that for the same suction value, the humidity 
is higher in the drying curve, than in the wetting one.
 
PaSD can be presented and used in different ways, 
dimensionally differentiated to attribute to a particle size 
a specific curve, defined by arbitrary limits or ranges, 
that can represent its classification [36]. Details of the use 
of these curves are widely discussed in the geotechnical 
literature as in [37].  [22] developed a convenient method 
to estimate the WRC by means of PaSD.

Numerous investigations are underway to find the 
relationship between these three constituent parameters. 

However, some establish trajectories that build more 
explanatory models, as is the case of the study carried 
out by [38], in which, in a practical way, the relationship 
between WRC and PaSD is established by means of the 
similarity between their respective curves. In addition 
to already established constitutive models that outline 
this co-dependence and relationship between WRC, PSD 
and PaSD, there are currently functions that describe 
WRC from the estimation of PSD [39], [40] and [41]. [42] 
estimated the PSD index by means of the PaSD slope in 
logarithmic representation. 

Recently, the model [43], has identified the similarities of 
the PaSD curve versus the cumulative particle percentage 
curve to determine WRC. Therefore, it employs a physical 
framework that uses the already known relationship 
between pore diameter (PaSD) and the hydrostatic 
pressure within the pore (PSD), the latter also described 
by the capillarity equation; and assumes the relationship 
between pore diameter and particle diameter to predict 
WRC behavior.

Figure 1. Basic characterization of the material [44]

Materials and Methods

Basic characterization of the material

Laboratory tests were conducted to perform a 
complete characterization of the chemical and 
physical structure of the Brasilia porous clay 
presented in Figure 1 and Table 1, which by exhibiting 
a high void ratio (close to 2) and a low unit weight, 
enhances its collapsible pathology.
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Table I. Physical properties of the soil [45]

This classification indicates how changes in particle size, 
by creating large false particles formed by silt and clay 
bonds, can generate variability in the distribution curves 
in the ISP, which exhibits a clear distribution of macro and 
micropores in the analyzed sample. Microconcretions are 
excessively recurrent in the cohesive soils of Brasilia-DF, 
this structuring denotes progressive patterns of collapse 
in the internal porous structure (Figure 2). To determine 
bulk density, mercury injection tests were performed 
within the pores of the in-situ samples. The higher the 
pressure applied to the intrusion, the smaller the pore size 
[46].

Figure 2. Scanning Electron Microscope image - SEM [45]

The response of tropical soils depends directly on 
weathering and bimodal granulometric and porosimetric 
behavior. When changes in the molecular distribution of 
the material are generated, both the capillary pressures 
and the hyperbolic tendency of the SWCC curve. 

The different current imaging techniques allow a 
dimensional approach to the behaviour obtained by 
means of methodologies such as PSD and WRC. These 
techniques allow the spatial observation of minerals, 
particle diameter, pore diameter, micropores and, in 
general, the microstructure of the clay body. In Figure 2, 
it can be seen that on a scale of µm and nm it is possible 
to observe the typical laminar structure for this material.

Specialized tests

An effective tool for determining PaSD, ISP also provides 
the ability to discern texture classes and the proportion 
of materials with a greater than 95% confidence interval 
(readings every 10 seconds, for 8 or 24 hours), based on 
high-precision measurements of gradual pressure series 
at specific variable depths within a sedimentation tank. 
The measuring depth is 20 cm. However, the relationship 
between depth and the various measurement topics can 
be directly proportional. 

With respect to traditional methods, ISP does not require 
constant monitoring or personnel interference and relies 
exactly on the rudimentary pipette process, which 
represents the primal state of PaSD [47]. The comparison 
of these three methods is illustrated in Figure 3.

Figure 3. Schematic measurement of PaSD [47]

The water-holding capacity of a soil can be expressed by 
the plasticity index (PI), which is closely correlated with 
the WRC. The matrix suction represents the prototype that 
directly associates water content with WRC, therefore, it 
is fundamental to understand some soil properties such 
as shear strength, compressibility and flow.

Fredlund's cell concentrates different characteristics 
that together can facilitate the process of measuring the 
suction. The device has the ability to measure the water 
content of a soil sample without removing any of its 
accessories during the test. Therefore, the field overload 
pressure can be simulated by applying vertical loads. 
When the suction ranges are very small, the WRC can 
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be measured by the "hanging column" accessory, which 
allows the application of low suction to the soil samples. 
The procedural setup is similar to traditional one-
dimensional pressure plate extractors. Table II describes 
the restrictions of the commonly used matrix suction 
calculation methods compared to the Fredlund cell.

Table II. Matrix suction methods [2,47,48,49]

The mercury intrusion method for determining PSD is 
one of the most common and most widely used methods 
for porous materials. The method involves measuring the 
pressure required for the mercury to enter the pores of a dry 
sample and the volume of mercury used in each intrusion. 
To correlate the pore diameter with the applied pressure, 
several constitutive equations have been developed and 
coupled to models that study the interrelationship of the 
parameters, through the probability of pore damage as a 
secondary factor of the method.

The relationship between pore size and applied pressure 
is inversely proportional. Therefore, since soils are 
exposed to high pressure variations, they can suffer 
alterations, mainly in their microstructure. It is important 
to recognize this phenomenon, since damage to the 
pore can affect the re-intrusion characteristics and lead 
to variations in PSD. Although research regarding this 
pathology is circulating in the literature, there is little or 
no evidence of these inferences in the changes in pore 
size after the application of piezometric gradients.

Under increasing absolute pressures, mercury must be 
subjected to the influence of surface tension as it enters 
a small pore size, this non-wetting fluid displaces air 
within the pores and incubates a new interface with the 
soil (Figure 4).

Figure 4. Air-Mercury-Soil Interface [50]

Results and Discussion

The relationship between PSD and WRC has been 
demonstrated due to the coherence that exists between 
their results, understanding that a soil with a bimodal 
pore size distribution, will reveal some inherited maxima 
from the basic curve of intruded volume in the material. 
These peaks in the curve show a close relationship 
with both micro and macropore VEA, as qualitatively 
demonstrated [5], in Figure 5.

However, the PaSD obtained from more accurate 
methods such as ISP, allows for a wider and more precise 
granulometric curve, as well as a continuous resolution of 
the PaSD. This confirms the possibility of the existence 
of a third actor that may present a relationship with PSD 
and WRC, since the suction acting on a soil is not only 
controlled by the pore size, but also consequently by the 
particle size. 

Figure 5. Typical analogy between pore density function and retention curve [5] 
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Figure 6 shows the high difference in results obtained 
by state-of-the-art methods such as PSI and traditional 
methods such as hydrometer. The curve obtained by 
hydrometry describes a restricted trajectory with no data 
for particles larger than 0.03 mm. Similarly, this method 
does not reveal the presence of particles for values less 
than 0.09 mm. This shows that the use of techniques 
based on automated sedimentation measurement ends up 
being more accurate than traditional measurements.

Figure 6. Comparison between traditional and modern methods of obtaining PaSD 
[authors]

Relationship between PaSD, WRC and PSD

As already mentioned, the relationship between WRC and 
PSD has been established in some studies. However, the 
inclusion of PaSD using precise methodologies has not 
been studied so far. It is evident that the suction created 
in the microstructure of the material is not only governed 
by the size and shape of the pore, but also the particle 
influences this behaviour. Especially when particle 
sizes become smaller, i.e. sizes smaller than 0.002 mm, 
diameters corresponding only to argilomaterials. Figure 
7 shows the possible relationship between the pore size 
distribution (PSD), the particle size distribution (PaSD) 
and the water retention curve (WRC).

Clearly, for this particular material the interrelationship 
between the WRC (pressure load vs. volumetric 
moisture) and the PSD (dV/dlogR vs. pore radius), 
corresponds to that expected. The turning points of the 
retention curve that belong to the air inlet values (AEV), 
both in micropores and macropores, show a correlation, 
at least graphically or qualitatively, with the maxima of 
the porosimetry curve. This can be explained physically, 

because the micropore predominance of this sample must 
be validated with higher suction values (AEVmicro), as 
can be seen in the figure.

Figure 7. Comparison between traditional and modern methods of obtaining PaSD 
[authors]

Regarding the inclusion of PaSD (Particle size vs. relative 
accumulated mass), in the analysis, it is consistent to 
think that for this type of soil, which has a content of 
fines greater than 80%, that is, particles smaller than 
75m and within these approximately 60% of particles are 
smaller than 2m, that is, argilomaterials; the dependence 
of the unsaturated response is not only considered from 
the average diameter of the pore, but also from the 
size of the particles, since the "micro chamber" where 
the suction is developed in the structure of the soil, is 
evidently controlled by these two aspects.

Conclusions

Indeed, a correct characterization of this type of collapsible 
porous clays, which have a laterite origin, must contain 
a biased analysis with information from PaSD, PSD and 
WRC tests. Tropical soils are highly dependent on partial 
saturation, which in turn depends on factors related to 
particle size and pore distribution. Modern methods 
for obtaining particle size distribution are predominant 
today, since traditional methods are found to have some 
deficiencies in the results. Also the water retention curve 
(WRC), ideally should be reproduced by at least two or 
three methods, due to the uncertainty generated by some 
missing turning points.

It was shown experimentally that there is a correlation, 
at least quantitatively, between pore size and particle size 
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distributions and the water retention curve. The air inlet 
values (AEV), both macropore and micropore, which 
are revealed as turning points in the pressure-loaded 
versus volumetric humidity space of the WRC, show a 
connection with the peaks in the dV/dlogR space versus 
the pore radius of the PSD. As for the interrelationship 
with the PaSD, this is clearly noticed in the particles 
smaller than 75 microns, since in the graphs this value is 
related to the macropore AEV.
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