
1 Introduction
The mechanical behaviour of unsaturated soils is greatly

influenced by the degree of saturation and, consequently, by
the matric suction. Matric suction is a function of many soil
properties such as the grain size and the geometry of the
pores constrained between the soil particles. In addition,
matric suction depends on the pore fluid properties such
as the interfacial forces, density, and the degree of satura-
tion. Based on these relations, a simple numerical simulating
model is introduced in this study to predict the relationship
between the matric suction and water content inside unsatu-
rated relatively dry samples (i.e., samples with low water
contents). The suggested model, basically, makes use of the
surface tension and the capillary action phenomena of the
water between the particles in addition to the grain-size
distribution curve of the soil under investigation. Then, the
relationship between the water content and the matric suction
is predicted and the corresponding soil-water characteristic
curve can be constructed. However, the values of the pre-
dicted suction are approximate, and thus they can be used as a
simple, quick indicator of how much (i.e., in which range) the
matric suction will be inside the investigated soil.

2 Suction in unsaturated soils
The total suction, �, in an unsaturated soil is, generally,

made up of two components; namely, matric suction and
osmotic suction. The sum of these two components is called
the total suction. Matric suction is defined as the difference
between the pore-air pressure and the pore-water pressure
(i.e., matric suction � ua�uw), while osmotic suction, �, is a
function of the amount of dissolved salts in the pore fluid.
Therefore, matric suction is attributed mainly to capillary
actions in the soil structure, while osmotic suction is associated
with physico-chemical interactions between soil minerals and
pore water [13]. However, matric suction is of primary interest
because many engineering problems involving unsaturated
soils are commonly the result of environmental changes,
which primarily affect the matric suction of the soil [9]. For
most cases, environmental changes primarily affect the matric
suction component, while osmotic changes are generally less

significant. In other words, a change in total suction is essen-
tially equivalent to a change in matric suction (i.e.,
� �� � �( )u ua w ) [1]. In contemporary unsaturated soil me-
chanics theories, an element of soil is often considered as
a simple three-phase system consisting of pore-air, pore-
-water and granular solid particles. Matric suction in such a
system arises from capillary actions attributed to interactions
between air-water menisci (which are generated from the
surface tension phenomenon), and soil particles.

3 Role of surface tension
One of the most important properties that affect the

matric suction is the surface tension. The phenomenon of
surface tension results mainly from the intermolecular forces
acting on molecules in the air-water interface, which is known
as the contractile skin. A water molecule within the contractile
skin experiences an unbalanced force towards the interior of
the water. In order for the contractile skin to be in an equi-
librium condition, a tensile pull is generated along it. The
tensile pull is tangential to the contractile skin surface. There-
fore, surface tension causes the contractile skin to behave like
a stretched elastic curved membrane. If the contractile skin
has a double curvature, (i.e., a three-dimensional membrane),
the total excess in pressure acting on the membrane can be
calculated as the sum of the components obtained in two
principal directions as follows:
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Equation (1) is known as the Laplace equation of capil-
larity [1], where R1 and R2 are the radii of curvature of the
membrane in two orthogonal principal planes, while Ts de-
notes the surface tension as illustrated in Fig. 1.

In soils, the surface of the grains tends always to adsorb
water more strongly than air, while the air is compressed if it is
completely encompassed by water. That is why, in unsaturated
soils, the air pressure is always higher than that of the water.
Thus, the contractile skin is assumed to be subjected to an
air pressure, ua, greater than the water pressure, uw. The
difference between these two pressures is the matric suc-
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tion, (ua � uw), and consequently, the pressure difference that
causes the contractile skin to curve according to Eq. (1), can be
formulated as:

( )u u T
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Eq. (2) clearly shows that as the radius of curvature of
the contractile skin decreases, the matric suction of a soil
increases. This supports the fact that matric suction increases
as a result of decreasing the water content of the soil. At the
opposite extreme, when the pressure difference between the
pore-air and pore-water goes to zero, the radius of curvature,
R, goes to infinity. Thus, a flat air-water interface exists when
the matric suction goes to zero, which is the case of a fully
saturated soil. However, the contractile skin may be com-
pletely concave or a combination of concave and convex in
orthogonal directions [3]. It is only necessary that the relative
magnitudes of R1 and R2 are such that they balance equation
(2). In fact, when the contractile skin spans between col-
lections of soil particles, dependent on the geometry, it is
necessary for continuity that the interface has curvature both
concave and convex to the air phase [8]. This case arises obvi-
ously in unsaturated relatively dry soils, where the water
menisci are concentrated only between the soil particles and
there is no continuity between these menisci. In such a case,
the matric suction can be calculated by converting Eq. (2) to
the following equation:
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4 Description of the numerical model
The numerical model introduced in the current study

takes into consideration the effect of the capillary water on the
behaviour of unsaturated soils. The soil is simulated by re-
placing its particles with a system of spheres, whereas water
is supposed to exist at the contact points between the spheres
as capillary water. Harr [6] stated that natural soil particles in
the silt-size range, and coarser ranges generally, are bulky
and fairly equidimensional. Therefore, there will be a small
approximation in simulating the particles of coarse-grained

soils by a system of spheres. Unfortunately, proposing a con-
stitutive simulation model that takes into consideration the
exact or even an approximate shape to simulate the real
shape for clay particles is very complicated. Thus, the sim-
ulation model presented in the current study focuses on
predicting the relationship between the water content and
matric suction for coarse-grained soils. However, in the case
of fine-grained soils, the spheres might be considered as
packets of saturated clay particles (i.e., as aggregations of clay
particles). In this case, the predicted values will be approxi-
mate ones, and thus they can be used only to indicate the
range in which the matric suction will be inside such soils.

The suggested model takes into consideration the effect
of both the packing pattern of the spherical particles and the
ratio of the voids restricted between them. In addition, the
matric suctions generated by the surface tension acting on
the meniscus are calculated by taking into consideration the
effect of the grain sizes, the water content, and the specific
gravity of the particles. Fig. 2a represents a 3D illustration
of four spherical particles and the pore-water menisci accu-
mulated at points of contact as well as the surface tension
forces acting on the water menisci. The shape of the capillary
water at the points of contact between the particles can be
considered as a center-pinched cylinder with two extracted
segments of spheres, (one from its top and the other from
the bottom), as shown in Fig. 2b.
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Fig. 1: Surface tension in the contractile skin

Fig. 2: 3D representation of the numerical model: (a) forces act-
ing on spherical particles due to surface tension, (b) water
meniscus at one point of contact between two particles



4.1 Numerical model geometry and
calculations

A series of mathematical equations are adopted to in-
troduce a simple constitutive relationship between matric
suction and water content. The effect of the amount of water
distributed at the contact points between the spheres is
investigated. In the proposed model, matric suction can be
evaluated as a function of the water content accumulated
between the soil particles. Some studies have proposed
similar models, but most of them have considered only the
equal-sized particle to be the case, e.g., [7], and [12]. There-
fore, the effect of considering non equal-sized spheres in the
calculation of the matric suction and the water content is
investigated in this study. Fig. (3) summarizes the possible
theoretical packing of identical spheres where n and e are the
porosity and the void ratio of the packing, respectively, while
nc denotes the number of points of contact for each particle.

4.1.1 Geometry of the spherical model

A simple representation of the proposed model can be in-
troduced in two-dimensional space by considering the cross
section of any two contacting identical spherical particles.
The objective of studying the geometry of these two particles
is to determine the main dimensions of the inter-particle
water meniscus. Once these dimensions are known, the vol-
ume of the water accumulated between any two particles can
be easily calculated. Then the water content can be evaluat-
ed as a function of the volume of the water and the volume
of the particle. This can be achieved by taking into con-
sideration the number of contact points for each possible
packing pattern shown in Fig. 3. Fig. 4a shows two identical
spheres, having equal radii of R, placed vertically and holding
capillary water (contact moisture) between them. For simplifi-
cation, the contact angle, �, between the water meniscus and
the surface of the spherical particles is assumed to be zero.

The water menisci can be considered as a combination of
concave and convex in orthogonal directions. The radii of
curvature that define the geometry of the water meniscus in
two orthogonal directions are ”r0” and ”r1”. The volume of
the water content accumulated between any two particles can
be calculated as a function of the water retention angle, �.
From a geometrical point of view, increasing angle � leads to
an increase in the size of the water meniscus and simulta-
neously increases the volume of water. The main condition for
the calculation to continue is the discontinuity between the re-
gimes of the water menisci around the soil particles. Once the
menisci begin to fuse with each other, the calculations cannot
proceed because the shape of the meniscus will be irregular
and very complicated to analyze. The menisci tend to fuse at
an angle known as the critical water retention angle, �c [11].
From a geometrical consideration, this angle is equal to 45°
for the simple cubic packing, while for the rest of the packing
patterns, the fringes of the menisci begin to meet each other
when the critical angle �c is equal to 30°.

According to Eq. (3), the matric suction generated by the
water meniscus between the spherical particles depicted in
Fig. 4a can be reformulated as:
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From the geometry of the two contacting particles shown
in Fig. 4a, the radii of curvature, r0 and r1, as well as dimen-
sions x and z can be expressed using Eq. (5) through Eq. (8) as
follows:

r R0 1� �(sec )� , (5)

r R1 1� � �( tan sec )� � , (6)

x R� sin � , (7)

z R� �2 1( cos )� . (8)

Finally, it should be noted that “o1” in Fig. 4a represents
the distance from the centroid of the segment (a-b-c) to the
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Fig. 3: Theoretical packing of identical spheres



axis of revolution (Y–Y). This distance can be calculated using
the formulas described by Rektorys [10].

4.1.2 Calculations of water content
The water content of the studied model can be calculated

as the ratio between half the weight of water accumulated at
the points of contacts of any spherical particle and the weight
of the particle itself. The volume of the water meniscus, Vm,
accumulated at one of the points of contact between two parti-
cles can be calculated according to the volumes depicted in
Fig. 4b as:

V Vol A Vol B Vol Cm � � � �( . ) ( . ) ( . )2 . (9)
Now, the dimensions described in Eq. (5) through (8), will

be substituted in Eq. (9) to formulate the volume of water ac-
cumulated at one point of contact between two particles. The
final resulting formula to calculate the volume of the cen-
ter-pinched cylinder with the two extracted segments of
spheres will be as follows:
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Then, the percentage water content, wc %, accumulated
around one particle at all points of contact can be expressed
as:
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, (11)

where:
nc the number of points of contact for each particle,

which depends on the packing pattern of the spheri-
cal particles,

Gs the specific gravity of the soil particles.

In addition, the volumetric water content, �w, can be eval-
uated as:

�
	

w
c mn V
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�

�
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13
.

( )
. (12)

In the simulation, the input data are the radius, R (m), the
specific gravity, Gs, the surface tension of the air water inter-
face, Ts (MN/m), the angle of water retention, � (degree), the
number of points of contact between particles, nc, and finally
the void ratio, e. It can be seen that all these inputs can be
measured using relatively simple laboratory measurements.
In addition, the implementation of the model is as simple as
possible. At this point, it should be clarified that the foregoing
equations can be applied easily in the case of soils that contain
a uniform, homogeneous particle size. However, for soils
composed of more than one particle size, the model can also
be applied along with the grain-size distribution curve as
described below.

4.1.3 Calculations for non equal-sized spherical particles
When dealing with a soil composed of non equal-sized

spherical particles, it is necessary for the current model to use
a combination of the capillary action in the water menisci
along with the grain-size distribution curve. First, the grain-
-size distribution curve is divided up into divisions of uniform
soil particles. Then, for each particle size, the individual rela-
tionships between water content and matric suction can be
built up by means of equations (5) through (12). Once the
whole grain-size distribution curve has been incrementally
analyzed, the individual relations between water content and
matric suctions are summed together using a superposition
technique to get the soil-water characteristic curve (SWCC)
for the whole investigated soil. However, in the assemblage of
soil particles, the voids created between larger particles are as-
sumed to be filled with smaller particles. It should be noted
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Fig. 4: Geometry of a spherical model for unsaturated soils: (a) main dimensions of water menisci between two particles, (b) volumes
used to evaluate water content



that the effect of the interaction among spheres of different
sizes is ignored in this model. A similar technique was sug-
gested by Fredlund et al., [4] and [5], who also used the
grain-size distribution curve in their model.

5 Numerical simulations
The numerical simulations presented below are devoted

mainly to checking the reliability of the proposed model.
Some relationships between the matric suction and the water
content were calculated numerically using this model. Then it
was possible to introduce the graphical representations of
these relationships (i.e., SWCC). The first simulation studies
the effect of particle size on the predicted SWCC. In the
second simulation, the effect of the packing pattern of the
spherical particles, and as a result the effect of the soil’s poros-
ity, on the SWCC is investigated. The third simulation is
presented to verify the proposed model in the case of con-
structing the SWCC for a soil with non equal-sized grain
particles, making use of some of the experimental and nu-
merical results available in the literature.

Simulation 1:
This simulation investigates the effect of the grain size of a

soil on the relation between the matric suction and the water
content, using the proposed numerical model. The input
data needed to calculate the water content and the corre-
sponding matric suctions for this simulation are:
Ts � 0.075 N/m and Gs � 2.65, while the suggested radius of
the particle, R, ranges from 0.001 mm to 1.0 mm, which is
the common range for sand and silt grains. Fig. 5 shows
the SWCC calculated for five different grain sizes, assuming
pyramidal packing to be the packing of the simulating spheri-
cal particles (thus, nc � 12, e � 0.35). As expected, at the same
water content, the larger the size of the spheres, the lower is

the predicted matric suction. It can be clearly seen from Fig. 5
that the matric suctions calculated from the diameter of the
large particles are of the order of kilo-Pascals, whereas the
suctions evaluated from the diameters of the small particles
are of the order of mega-Pascals. In fact, this behaviour is sim-
ilar to that known for real soils. However, it is well known that
matric suction can develop only in the presence of both water
and air at their interface surface (i.e., at the contractile skin).
That is why in the case of completely dry soil, where the water
content is equal to zero, there is no contractile skin; and thus,
there is no matric suction. Once the water flows into the pores
an



the fact that the numbers of contacts between the particles
in the case of a dense soil are innumerably large. In this case,
the numbers of water menisci accumulated at the points of
contact are also large. Consequently, the matric suction for a
dense soil is believed to be extremely high.

Simulation 3:
The main objective of this simulation is to verify the possi-

bility of using the suggested model to predict the SWCC
in the case of a soil that comprises non equal-sized grain
particles. This simulation makes use of one of the numerical
and experimental results reported in 1997 by Fredlund et al.,
[4], who predicted a SWCC for sand using the grain-size
distribution curve shown in Fig. 7. The data drawn out from

this curve were input by Fredlund et al., [4] into the computer
program “Soilvision”, which is mainly based on the theoreti-
cal method suggested by Fredlund and Xing [2] to predict
the SWCC. It can be seen from Fig. 7 that the studied sand
has a relatively uniform particle size distribution (i.e., a low
range of different grain sizes). However, such a relative-
ly uniform distribution is speculated to be the ideal case
for examining the reliability of the proposed model. The
simulation processes were done by dividing the grain size
distribution curve into small divisions of uniform soil particles
as illustrated in Fig. 7. The SWCC is estimated for each soil
division, and then the final SWCC is built up by the summa-
tion of all the divisional soil-water characteristic curves. The
predicted results of the current model as well as both the
laboratory measured and the analytically predicted SWCC
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Fig. 6: Effect of the packing type on the behaviour of the simulated soil-water characteristic curve

Fig. 7: Grain-size distribution curve of sand showing the dividing method used for the current study



reported by Fredlund et al., [2] are all depicted in Fig. 8. As
indicated in this figure, the predicted SWCC for uniform sand
using the current model compared well to both measured and
predicted curves introduced by Fredlund et al., [2]. It should
be noted that some studies have proposed similar models, but
most of them have considered only the equal-sized particle
to be the case, e.g., [7], and [12]. Therefore, to illustrate the
importance of considering different particle sizes in the simu-
lation of a soil, an SWCC was also drawn in Fig. 8, taking into
account only one particle size from the grain-size distribution
curve shown in Fig. 7. In this case, an average particle size of
0.35 mm was taken into consideration (i.e., R � 0.175 mm). It
is clear from the figure that considering only one particle size
has under-predicted the SWCC for the simulated sand.

6 Conclusion

The proposed numerical model has given good results
when studying coarse-grained soils. In general, this model
can be used as a simple quick indicator of how much (i.e., in
which range) the matric suction will be inside an investigated
soil. However, the model has proved to be effective for sand
that has a somewhat uniform grain-size distribution. In addi-
tion, it has demonstrated that, when a soil is nearly dry, the
remaining water in the voids may sustain very high negative
pore pressure, and thus very high matric suction develops
inside this soil. Moreover, applying the proposed model tak-
ing into account the effect of non equal-sized grain particles
has given more accurate results than those obtained using
only one particle size, when compared to the results available
in the literature, since the latter case under-predicts the
SWCC for a simulated soil. However, this model needs to
be developed to simulate the behaviour of unsaturated fine-
-grained soils more precisely.

Notations
e Voids ratio
Gs Specific weight (specific gravity)
n Porosity
nc Number of points of contacts between soil particles
Ts Surface tension of water
ua Pore-air pressure
uw Pore-water pressure
(ua � uw) Matric suction
� Contact angle between the water meniscus and sur-

face of the soil particle
� Water retention angle
�c Critical angle of water retention
� Osmotic suction
� Total suction
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