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Abstract

The soil-water characteristic curve (SWCC) of granular materials is crucial for many emerging engineering applications,
such as permeable pavement and methane hydrate extraction. Laboratory determination of the SWCC of granular materials
suffers from inaccurate volume readings by the diffused air bubbles in the hanging column and sudden desaturation at
small matric suction intervals. Theoretical determination of the SWCC of granular materials also suffers from semi-
empirical nature in the prediction from grain size distribution, or from the limitation of assumed cubic packing or face-
centred cubic packing with a toroid meniscus water model. In this study, real three-dimensional particle packing was first
rendered with the discrete element method using approximation of spheres. Then, the Young—Laplace equation was applied
to calculate the volume of toroidal meniscus water between each pair of spheres, which adds to the water content in the
pendular regime of the SWCC. Additionally, a digitized image algorithm was used to identify the pore throats and calculate
the air entry value and residual matric suction, the connection of which yields a straight line approximating the funicular
regime. The SWCC was thus constructed. Comparison with laboratory-measured SWCCs suggested that although rea-
sonable agreement was reached in general for glass beads, residual water content was underestimated, especially for non-
spherical granular materials. Several possible reasons were discussed including the existence of patchy water accounting
for the major portion of water in the beginning of pendular regime of granular materials, which was also observed in
microscopic photographs through a special desaturation experiment.
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1 Introduction

The soil-water characteristic curve (SWCC) of granular
materials is a crucial property for many emerging engi-
neering applications, such as permeable pavement,
geotechnical structures made of construction and demol-
ished wastes, ocean methane hydrate extraction, and CO,
imbibition in enhanced oil recovery. Comprising a
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relationship between matric suction and water content,
SWCC characterizes the key properties of unsaturated soil
and can be used to derive many mechanical properties
including shear strength, stiffness, consolidation and
hydraulic conductivity [5, 8, 23, 24, 26, 33, 40]. Matric
suction W, originating from meniscus water [6] is the dif-
ference of air pressure and pore water pressure (i.e.
u, — u,,). Laboratory determination of SWCC of granular
materials often involves a hanging column. The accuracy of
the measured SWCC suffers from diffused air bubbles in the
volume reading in the hanging column and sudden desatu-
ration at small matric suction values. Semi-empirical for-
mulas were also used in predicting the SWCC from grain
size distribution (e.g. [7, 35], while the physical meanings
of the associated fitting parameters are mostly unclear.
There are four regimes in the SWCC, namely (1) satu-
rated regime (saturated with non-negative pore water
pressure); (2) capillary regime (saturated with negative
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pore water pressure); (3) funicular regime (continuous
water and air phases with matric suction > air entry value
(AEV)); and (4) pendular regime (discontinuous water
phase and continuous air phase) [5, 6, 30]. In pendular
regime, water was perceived to be mainly in the form of
liquid bridges (meniscus toroid) and absorbed films
[18, 28]. The volume of meniscus toroid between a pair of
ideal spherical particles of different sizes under a given
matric suction can be described by the Young-Laplace
equation [4, 17, 19, 32]. By combining the solution with a
certain particle packing, the macroscopic SWCC of gran-
ular materials can be predicted. Two basic types of ideal
particle packings, namely simple cubic packing and face-
centered packing, are often built to simulate the loosest and
densest situation, respectively [2, 3, 13, 21]. However, they
fail to represent an actual packing state. Therefore, actual
particle size distribution and porosity were also taken into
consideration in recent mathematical simulations by
establishing the distribution of pore sizes [20, 34, 36]. Gan
et al. [9] adopted a complicated particle-water discrete
element method to investigate the hysteresis of SWCC with
considerations of real particle size distribution and random
packing and achieved some reasonable results. To date,
successful and simple construction of SWCC of granular
particles by directly generating a real particle arrangement
(e.g. by discrete element method) with definite theoretical
basis is still very limited.

The objective of this study is to propose a new method
to predict the SWCC of granular materials. The following
tasks were carried out: (1) generating a 3D rendition of
spherical particles at realistic porosity to simulate granular
materials with discrete element method; (2) employing the
Young-Laplace equation to calculate the volume of tor-
oidal meniscus water between each pair of spheres, which
adds to the water content in the pendular regime of SWCC;
(3) using a digitized image algorithm to simulate the
connectivity of pores and calculate the air entry value and
the residual matric suction, which define the beginning and
the end of the funicular regime. Through the above steps,
SWCC was constructed. Finally, the performance of the
proposed SWCC model was evaluated with comparisons of
measured data and microscopic photographs.

2 Theoretical models for the construction
of SWCC in microscopic scale
2.1 A numerical solution to the Young-Laplace
equation for the toroidal meniscus model

in the pendular regime

Although granular materials are usually irregularly shaped,
idealized spheres are used to simulate the particles in this
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study, which would greatly simplify the calculations. The
toroidal meniscus model (also known as liquid bridge)
(Fig. 1a) is often used to delineate the water phase between
adjacent particles in the pendular regime, usually with the
following assumptions: gravity is neglected, particles are
spheres, and water only resides in the meniscus toroid near
the contact between each pair of spheres. The geometrical
configuration of the meniscus toroid depends on surface
tension (7,) and matric suction ¥ = (u, — u,,), as shown
in Fig. 1b, which is described by the Young-Laplace
equation:

1 1
(e = ) =T (Pl " Pz) o
where p; and p, are the local curvature of the meniscus in
orthogonal directions (Fig. 1b). The Young-Laplace
equation is a second-order differential equation and its
boundary conditions depend on liquid—solid contact angle,
sphere radii and the gap between spheres. Many of the
previous studies used circle approximation to solve the
Young-Laplace equation, in which the curvature radius p,
is considered constant. This approximation leads to a
constant value of p,, which disagrees with the reality and
results in errors, especially for spheres with different sizes,
as pointed out by some researchers [17, 24].

Consequently, it is important to adopt the exact solution
of the Young—Laplace equation in calculating the config-
uration of the meniscus toroid. As the meniscus is a rota-
tional surface, Eq. (1) can be transformed into Eq. (2),
under a coordination system established in Fig. Ic:

4 1 1 P 1

—=2H=—+4—= -
T, pi Py (2+17 (24 1)

(2)

where H represents the mean curvature of the meniscus.
The boundary conditions can be written as follows:

rl,_., = Rysing (a)
1
e =% (b)
=21 t + ﬁ
e, =R 231(2 : (c) (3)
; 1 (@)

= tan(op + f)

Given matric suction ¥, surface tension T, filling
angles oy, oy, and contact angle f3, the generatrix between
two particles can be solved. However, as the filling angles
are unknown, the analytical solutions are highly compli-
cated and inconvenient to use [32]. To address this prob-
lem, Lian et al. [19] proposed a numerical solution for
particle pairs with equal sizes based on the Euler method,
which is extended in this study to consider arbitrary radii
and inter-particle distance.

In Fig. 1(c), (X;, Y;) describe a series of dense points on
the meniscus toroid generatrix. The values of Y;, at the
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Fig. 1 Schematic diagrams of the meniscus toroid model: (a) A 3D diagram; (b) diagram of force balance of an area element on the meniscus;

(c) A plane coordinate system for the numerical solution

point next to (X;, Y;) can be approximated by a second-
order Taylor series:

. 1 .
Yi+1=Y,-+Ax-n+§AX2-Y,~ (4)

where Y = gy and Y = g{ Meanwhile, by making the

substitution Q = 1 + Y2 [19], Eq. (2) can be simplified as
Eq. (5):

o 20 _ .3
WY =4HQ (5)

where Sg = S;Q(g); 2Y Y L — 2¥. The solution of Eq. (5)
is Ql/z + HY? = C, which can be written as Eq. (6):

1/2
Yif)z_ 1] (6)

Y=+
(C— HY?

By rewriting Eq. (5), we have:

, 1477 2
Yi=—5—+2H(1+7))

1

3/2

With Egs. (4), (6) and (7) and boundary conditions (3),
the configuration of the generatrix can be solved point by
point. As long as the interval AX is sufficiently small, the
accuracy of the solution will be ensured.

As shown in Fig. lc, the starting point (X;, Y;) on the
generatrix curve is unknown, depending on the value of
filling angle o;. Therefore, an iteration algorithm based on
MATLAB was developed. This algorithm mainly includes
four steps (1) Set the filling angle at the bigger sphere as

o = 1000 -k (k varies from 1 to 1000) and obtain X, Yi,

Y,.Y) and C based on geometric relationships and Eqs. (6
and 7); (2) use Eq. (4) to extend the generatrix point by
point, until it reaches the other sphere; (3) by looping k
from 1 to 1000, different generatrix curves from different
values of «; can be obtained; (4) among these generatrix
curves, the only one that best-fits all the boundary condi-
tions will be selected as the true generatrix for the meniscus
toroid between the two spheres.

With this algorithm, generatrix curve can be obtained
with the given V¥, T, f, R, R, and inter-particle gap D. It
is worth noting that for non-contacting pairs of particles,
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there are two solutions under the same condition (Fig. 2).
The generatrix curve with higher volume (i.e. higher o)
was chosen as the exact solution to the Young—Laplace
equation based on the minimum energy principle [12, 19].
After determination of the generatrix curve, toroid vol-
ume can be calculated accordingly. First, the total volume
surrounded by meniscus can be expressed as Eq. (8):

V= ZnYizAX (8)

Within the total volume, the solid part is calculated by
the integral:

Veapt = %R? [l — (cos ocl)ﬂ — 7R3 cos oy sin oy 9)
2n 4 3 3 .
Veapz = ?Rz {1 — (cosap) } — @R cos o sin o (10)
And the meniscus toroid volume is:
Vi =V = Veap1 = Veap2 (11)

The results calculated by this method were almost
identical to the data given in [17] (Fig. 3), which were also
verified by the tables provided by Orr et al. [32].

2.2 Influencing factors of the toroidal meniscus

The influences of particle size, matric suction, contact
angle, and inter-particle gap on water content of an
unsaturated system were investigated using the above-
mentioned method, as shown in Figs. 4, 5 and 6.

Figure 4 shows different water-matric suction curves of
three pairs of particles with different particle sizes. It is
indicated that particle pairs with larger or unequal sizes
tend to have lower values of V,/V,pere.- This suggests that
coarser and better-graded granular materials will have
lower water content with the same matric suction.

LT

0.6

0.4

Solution 1 /

o L2

7
/A

\

:2_21 \ / Solution 2

0.6 \ /

0.8 \

£, \/
-1.2 : : .
0 10 20 30 40

a; (%)
(a)

V/R
1
Tt ol L
0.1 =
e
=0 (Numerical) M
001 Jl © B-n/6 (Numerical) | [T . 1
A B=n/3 (Numberiacal) TR D
— B=0 (Analytical) A
0.001 41—~ B=r/6 (Analytical) BN
————————— p=n/3 (Analytical) ‘
0.0001 ‘ ‘ ‘
0.01 0.1 I 10 100
wR/T,

Fig. 3 Verification of the numerical solution in this study using the
analytical solution in Lechman and Lu [17], in which f is the contact
angle, R is the radius of the spheres and V is the volume of the water

Figure 5 shows that for a pair of spheres with 0.1 mm
diameter, the shape of SWCC is dependent on the values of
inter-particle gap D. On general, particles with larger
D will have lower water content under the same matric
suction. However, when D is very close to zero, the
increase of D will cause the SWCC to move up slightly at
the lower suction stage. Computation results also show that
when D is larger than 0.02 mm, no water bridge can be
formed between the two particles, indicating the existence
of a limit of D for the formation of meniscus toroid.

Figure 6 shows that increasing contact angle results in
lower water volume at the level of matric suction. This
effect is one of the possible explanations to the hysteresis
phenomenon of SWCCs during drying and wetting pro-
cesses in the pendular regime, as the contact angle might be
different in the two processes [9, 21].

Sphere surface

N

Solution2

Solutionl _—

(b)

Fig. 2 Typical results of the algorithm. a The value of ¢ approaches zero twice as o, increases; b the positions of two different generatrix
solutions plotted in MATLAB as a result of a. (¢ = {Yend — tan(g —p— ag)} is an index in the algorithm to evaluate the convergence of the
solution. The lower & is, the better a solution fits the boundary conditions)
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Fig. 4 Influence of particle size on the water retention curves of a pair
of spheres (surface tension Ty = 0.0731 N/m, contact angle f = 0°,
inter-particle gap D = R,/2)
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Fig. 5 Influence of inter-particle gap on the water retention curves of
a pair of spheres (T = 0.0731 N/m, R, = R, = 0.1 mm, f§ = 38.1°)
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Fig. 6 Influence of contact angle on the water retention curves of a
pair of spheres (Ty = 0.0731 N/m, R, =R, =0.1 mm,
D = 0.005 mm)

2.3 The microscopic model for the funicular
regime

The toroidal meniscus model is only applicable for the
pendular regime after the residual water content. At the
funicular stage, many pores in the granular material are still

filled with water. The water can flow in the channels
formed by a series of pores, which are usually termed pore
throats. A pore throat will transform from saturated to
unsaturated state when its pore water shrinks into rings or
films after the matric suction increases to a certain value
(i.e. snap-off effect) [20]. The snap-off suction for an
idealistic cylindrical throat can be calculated by Eq. 12
based on the Young-Laplace equation:

2T cos f
v =

(12)

where V) is the snap-off suction and r is the radius of the
throat. In granular materials, the size of pore throats is not
uniform, which causes different values of . In this study,
the minimum  is used as the lower bound of suction (i.e.
air entry value, AEV) in funicular regime, as the water
begins to flow out from the largest pore throat. Meanwhile,
the maximum ), defines the upper bound of suction (i.e.
residual suction) in funicular regime, as all pore throats
will be unsaturated under this suction value. A straight line
was drawn between AEV and residual suction to simulate
the funicular regime.

In random packing models, it is hard, if possible, to
simulate the equivalent radius r and calculate snap-off
suction of each three-dimensional pore throat. A simplified
process was therefore adopted to determine the snap-off
suction of the pore throats within a porous model consist-
ing of randomly packed particles, the details of which will
be presented in the subsequent section.

3 Simulations of SWCC based on real
particle packing

3.1 3D rendition of particle packing
with the discrete element method

Packings of several granular material samples reported in
the literature [2, 15, 27], were reconstructed with Particle
Flow Code (PFC) 50 [14]. The original porosity (n),
Dsp and grain size distribution are shown in Table 1 and
Fig. 7.

In the PFC model, granular particles are approximated
to be spheres with different radii and distributed randomly
in a box under the effect of gravity. Moreover, the Hertz
contact model with the approximation theory of Mindlin
and Deresiewicz [29] was employed in this study. Shear
modular G and Poisson’s ratio v are the two most important
parameters, which were set as 30 GPa and 0.2, respec-
tively. It was found after the trial-and-error process that
with friction coefficient u = 0.1, particle overlap can be
effectively reduced for glass beads. However, for Ottawa
sands with higher porosity, 0.1 was too small to build the
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models, and therefore, 0.5 was used for Ottawa sands. The
built PFC model for each type of granular material con-
tained around 4000 to 10,000 spheres, which is distributed
in four cubic boxes. It should be noted that the numerical
model represents a small soil element instead of the whole
soil mass. The parameters of the DEM models are listed in
Table 2, and a sample of simulated granular material is
shown in Fig. 8. The particle distribution curves of models
in PFC are very close to the input ones, as shown in Fig. 7.

3.2 Construction of SWCC in the pendular
regime

The above sections yielded: (1) a meniscus toroid model
with accurate numerical solution, which provides a rela-
tionship between the meniscus water volume and matric
suction at the contact of two spherical particles; and (2) the
real packing model of a macroscopic sample consisting of
graded spheres, which was rendered with discrete element
method at a measured porosity. Combining the above two
results, the total meniscus water volume of this sample at a
given matric suction, which was assumed to be homoge-
neous within the element [12], can be calculated by sum-
ming up the volumes of meniscus water between each
possible pair of adjacent particles. Thus, the SWCC in the
pendular regime can be obtained.

Water content can be converted to degree of saturation
(S) by Eq. 13:

S = Vater/ (Vsoﬁd : ﬁ) (13)

3.3 Construction of SWCC in the funicular
regime

A digitized image algorithm was developed on MATLAB
to determine the shapes of connected pore throats and to
calculate snap-off matric suctions, as elaborated as follows.
Firstly, slice the model parallelly into a number of layers
along the vertical direction and obtain a binary image for

Table 1 Measured parameters of granular materials

Materials Porosity  Ds Sources
n (mm)
Ottawa 20-30 sand 0.417 0.70 Cao et al. [2]
Ottawa 50-70 sand 0.447 0.23 Cao et al. [2]
0.25-0.60 mm glass  0.286 0.60 Manahiloh and Meehan
beads 27
0.25-0.30 mm glass  0.375 0.25 Jaafar and Likos [15]
beads
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100%

90% - < Ottawa 20-30 Sand
80% A O Ottawa 50-70 Sand
70% A O 0.25-0.60 glass beads
60% 1 A 0.25-0.30 glass beads
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(DEM)
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(DEM)

1 0.1
Grain Size (mm)

Fig. 7 Grain size distribution of four granular material samples used
in the experiments and the simulated results by DEM

Table 2 Parameters of samples in DEM models

Materials Porosity ~ Coordination  Friction Other
n number coefficient ~ parameters
u
Ottawa 0.417 4.68 0.5 G =30 GPa
20-30
sand
Ottawa 0.447 5.08
50-70
sand
0.25-0.60  0.286 6.55 0.1 v=0.2
glass
beads
0.25-0.30  0.375 5.61 p = 2600 kg/
glass m’
beads
F C3D 5.00 '

©2016 Itasca Consulting Group, Inc.

al
Balls (7180)
N bal

Measure

Measures (1)
measure

Fig. 8 The numerical model of a typical granular material built in
PFC’”
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each layer, as shown in Fig. 9. Secondly, identify all
independent two-dimensional pores for each layer after
smoothing and filtering the images. The snap-off matric
suction for each two-dimensional pore is calculated by:

; T,Ccosf
k L
l//ls :YTv 51l 9 Ly e e

in which A represents the area of the pore, C is the
perimeter, i is the pore ID, and k is the layer ID.

Thirdly, assuming that the drainage direction is from the
bottom to the top boundary, all 2D pores at different layers
can be connected from the bottom to the top via the
overlaps and categorized into a certain number of con-
nected pore throat “trees” in the three-dimensional space.
For each connected 3D pore throat, the snap-off matric

(14)

suction (lﬂi) is controlled by its maximum value within the
whole pore throat (lP; = max{lpi’k}k =1,2,...). The
lower bound of lﬁg is the air entry value (AEV) [Eq. (15)],
at which the sample begins to desaturate. The upper bound
of l//i corresponds to residual suction (i,) [Eq. (16)] at
residual water content, which is the boundary between the
funicular and pendular regime, where theoretically there
are no saturated pores.

AEV =min{yl}, i=1.2,... (15)
W, = max{y.},

The degree of saturation at AEV is 100%, and the
residual saturation degree is calculated by the Young—
Laplace equation used in the pendular regime. Finally, the
SWCC between the two limits is drawn as a straight-line
segment to represent the funicular regime, which is a close
approximation for coarse-granular materials as the major
desaturation process does occur within a very small matric
suction range. Thus, the SWCC involving the capillary,
funicular, and pendular regimes has been constructed for a
granular material sample.

i=12,... (16)

3.4 Results

Calculated soil-water characteristic curves (SWCCs) with
the above methods for four granular materials in drying
process are shown in Fig. 10. Three features can be iden-
tified: (1) Predicted air entry values and residual matric
suctions for the four materials were close to measured
results; (2) predicted SWCCs in the funicular regime, i.e. a
straight-line segment, were similar to the measured curves,
which were also close to linear. The exception is that the
measured residual degree of saturation of Ottawa 20-30
and 50-70 sands tends to be higher than the predicted
values; (3) in the pendular regime, the simulated SWCCs
of glass beads agree well with the measured ones, except
for very few points where the simulated values were
slightly lower. The predicted degree of saturation for both
Ottawa 20-30 and 50-70 sands, however, is only a fraction
of the measured ones. This phenomenon in the pendular
regime is similar to results obtained in previous studies
[12, 20, 21, 34].

The results by this study are also compared with cal-
culations done by other researchers in the studies, which
demonstrated the strengths of the proposed method. In
Fig. 10a, the calculated SWCC for glass beads captures fits
much better at lower saturation than the curve simulated by
Jaafar and Likos [15] using interpolation of idealized
packings, while overestimating the suction a bit in funic-
ular regime. For glass beads in Fig. 10b, the authors did not
present any simulation method or results. In Fig.10 c and d,
the computed curves in this study approximately fall
between the upper bounds and lower bounds by Cao et al.
[2], in which ideal packings and circle approximation for
meniscus toroid were adopted. The proposed method gen-
erally reduced the error in constructions of SWCCs com-
pared to these cited studies.

(a) Top layer

(b) Middle layer

(c) Bottom layer

Fig. 9 Horizontal cross sections of the 3D connected pore throats after smoothing, in which the white regions represent the pores and the black

regions represent the particles (0.25-0.30 mm glass beads)
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Fig. 10 SWCCs of Ottawa sands and glass beads, in which the solid lines represent the simulated results and the separated points represent the

measured data in literatures

3.5 Modelling of hysteresis of SWCC in drying
and wetting processes

Hysteresis phenomenon in drying and wetting is one of the
major features of SWCCs for granular materials
[16, 22, 37]. There are different hypotheses on the hys-
teresis behaviours of SWCCs, including the ink-bottle
effect, which is dominant in high saturation, and the hys-
teresis of contact angles in drying and wetting process
[20, 21]. The ink bottle is formed in a pore structure with
linkage between sections with different diameters. During
the drying process, the pore will become desaturate under a
higher snap-off suction value, which is controlled by the
smaller section at the “bottle neck”. During the wetting
process, in contrast, the pore will be saturated under a
smaller snap-off suction controlled by the larger section at
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the body of bottle. Besides, contact angles in the wetting
process are usually larger than that in the drying process. It
is revealed in Fig. 3 that higher contact angle will generate
smaller degree of saturation under the same suction for
meniscus toroid.

Based on these two mechanisms, the hysteresis of
SWCC can be modelled by the following procedures. First
of all, modifications can be made on the calculations of
funicular regimes presented in Sect. 3.3 to consider the
ink-bottle effect. During the wetting process, the snap-off
matric suction (xp;) for the 3D pore throat should be con-
trolled by its minimum value within the whole pore throat
(ie. x//’S = min{x/ji’k},k =1,2,...), instead of the maxi-
mum value. Secondly, a larger value of contact angle
should be selected for the wetting process, which is usually
between 60 and 80 degrees [21]. Following the above two
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procedures, the SWCC in the wetting process can be
simulated.

Figure 11 shows the results for modelling the hysteresis
of SWCC for glass beads 0.25-060 in comparison with the
measured data by Manahiloh and Meehan [27]. The contact
angle used for the wetting process is 60 degree. In general,
the computed curves fit well with measured ones. For the
wetting process, the results for the funicular regime seem
better, while the computed residual saturation is a bit lower
than the measured value. The degree of saturation near
AEV 1i1s assumed as 100%, which is, however, overesti-
mated. According to the results of experiments by Mana-
hiloh and Meehan [27] and many other researchers, the
degree of saturation at AEV is usually smaller than 100%
in the wetting process. To properly address this issue,
further improvements on the current method are to be
conducted.

4 Examination by microscopic photographs
and discussions

4.1 Microscopic photographs of water
distribution in an unsaturated granular
material

To reveal the distribution of water and air in granular
materials, a microscopic photography experiment was
conducted on unsaturated glass beads. Small glass beads
with diameters of 0.4-0.6 mm were fixed inside a trans-
parent acrylic plate frame and immerged in water before
testing. Then, the frame was lift above the water level and
an unsaturated zone was formed in the glass beads. Due to
the capillary effect, the saturation degree inside the mate-
rial varied with distance from the water level. An industrial
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Fig. 11 SWCCs of glass beads 0.25-0.60 in drying and wetting
process, in which the lines represent the simulated results and the
separated points represent the measured data in studies

camera with magnification lenses was used to take pho-
tographs of the glass beads and the water therein.

Figure 12 shows three microscopic photographs of the
glass beads at different heights. Where the saturation
degree is low, there exists only meniscus toroid (Fig. 12a).
However, a high portion of continuous or patchy water
inside the pores can be observed where the degree of sat-
uration is high (Fig. 12b and c¢). According to the definition
in the previous section, Fig. 12a belongs to the pendular
regime, while b and ¢ correspond to the funicular regime.
The transformation of water phase from the saturated state
to the unsaturated state in ¢ and then a was considered as
the dominant mechanism of the funicular regime in the
calculations in this study.

4.2 Limitations of the proposed method

The proposed method is developed based on the micro-
mechanism of water retention, however, with a series of
simplification and assumptions, as revealed in the previous
sections. The SWCCs of granular materials predicted with
DEM rendition in this study were reasonable for spherical
particles (0.25-0.30 mm and 0.25-0.60 mm glass beads),
but less reasonable for non-spherical particles (Ottawa
20-30 and 50-70 sands), especially in the pendular regime.
There are several reasons contributing to this result, as
elaborated in the following paragraphs.

(1) In our method, only capillarity effect is considered in
this study. Although meniscus toroid and patchy
water are the major forms of fluid in the images in
Fig. 12 for glass beads, it is strongly indicated in
some previous studies that adsorbed water exists in
granular soils [18, 28]. The calculations for adsorbed
water have been addressed by different approaches,
such as Monte Carlo method in recent studies
[25, 38]. Discussions on the effect of adsorption
and its dependency on material properties are
necessary in further studies to involve the adsorbed
water in construction of SWCCs.

(2) Inthe pendular regime, only meniscus toroid water at
the particle contacts was considered in the calcula-
tion (Fig. 12a) and all pore throats were assumed
unsaturated (i.e. no patchy water). However, patchy
water was observed to be possibly the major water
component near the residual water content
(Fig. 12b), which is discontinuous and cannot be
properly simulated by the method in 3.3. In partic-
ular, for granular materials with apparent surface
roughness or angularity (e.g. Ottawa sand), there will
be some smaller pores that cannot be obtained with
smooth spheres in the DEM model. According to
Eq. (12), smaller pores have higher snap-off suction

@ Springer
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Fig. 12 Microscopic images of a toroid water, b patchy water, and ¢ complicated patterns of air phase, including air pocket, air bubbles in water,

and air bubbles in between solid-liquid interfaces

values to lose water and could be still saturated in the
pendular regime. Likos and Jaafar [20] studied pore
water distribution for F-75 sand and postulated that
full pores still play a non-ignorable role in the
pendular regime. This could be the major reason why
the saturation degree of measured SWCCs was
higher than the simulated ones after the residual
suction.

(3) High air entry value ceramic disk-based experimen-
tal methods (pressure plates, Tempe cell, Fredlund
SWCC device) suffer from irreducible saturation at
high matric suction due to significantly low hydraulic
conductivity in the pendular regime [20], which
leads to rather long equilibrium time [10]. Indeed,
lacking the flow channel for draining this “isolated”
water might be another reason for the high measured
degree of saturation in the pendular regime measured
by this method.

(4) Spherical particles were adopted in the presented
DEM models for simplicity, which are different from
the tested Ottawa sand. Such approximation might
have changed the contact numbers, pore sizes, and
boundary conditions at particle surfaces and result in
errors in calculating water content within the particle
packings. Therefore, SWCCs for glass beads with
regular shapes and smooth surfaces generally per-
form better compared to those for Ottawa sand.

(5) The method is currently developed for coarse gran-
ular materials, assuming that both particle geometry
and packing remain unchanged during the drying or
wetting process. For other materials, such as ben-
tonite soils [31] with swelling behaviour, the effect
of water on the micro-behaviours of particles is more
complicated. Adsorbed water and meniscus water at
pore throats and inter-particle contacts should be
analysed with considerations of the evolutions of
particle shape and porosity.

@ Springer

Other possible reasons for the differences between
simulated and measured SWCCs include the values of
contact angle and other complicated patterns of air phase,
such as air pocket, air bubbles in water, and air bubbles in
between solid-liquid interfaces (Fig. 12c).

5 Conclusions

The study proposed a new algorithm, which combines
microscopic mechanism and discrete element rendition of
the real packings of granular materials to simulate their
SWCCs. Packing models of four granular materials (glass
beads and Ottawa sands) reported previously were recon-
structed with Particle Flow Code (PFC). An improved
numerical solution to the Young—Laplace equation, which,
by adopting an iteration algorithm to directly reveal the
generatrix of the meniscus water, was used to calculate the
volume of meniscus water between two adjacent spheres.
Upscaling of this improved numerical solution by summing
up all the volumes of meniscus water between pairs of
adjacent spheres in the packing model rendered by PFC
yields the SWCC of the pendular regime. To determine the
funicular regime of SWCC, an innovative digitized image
algorithm is proposed to obtain the information of con-
nected pore throats in the soil sample. By calculating snap-
off suction for these pore throats, the upper and lower
bounds for the funicular regime of SWCCs can be deter-
mined. The proposed method is also extended to model the
hysteresis of SWCCs in the drying and wetting process.
The simulated SWCCs agree well with the measured
ones in general, especially for the AEVs and residual
suctions. SWCCs in the pendular regime for glass beads
agree better with the measured ones than those for Ottawa
sands. Observation of the water distribution pattern with a
microscope reveals that patchy water, instead of toroid
water, may be the major form of water for fine-grained
granular materials. Not considering the adsorbed water and
patchy water in the pendular regime is postulated to be the
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most important factor for the difference. Other possible
reasons were also mentioned in this study, including lim-
itations of experimental methods, irregular shapes of nat-
ural granular materials, contact angle, etc.

Based on the current work, further studies can be con-
ducted to involve patching water, adsorbed water films,
irregularly shaped particles in DEM as well as finer
irregular particles, such as clayey soils [31]. In addition,
shear strength of unsaturated soils is affected by matric
suction since the normal stress and cohesion will be
influenced by meniscus [39]. Based on the framework of
this study, analysis of shear strength for unsaturated soils
can be introduced, by quantifying the effect of surface
tension at the meniscus of pore throats and inter-particle
contacts.
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