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ABSTRACT: This paper aims to identify and evaluate various critical mechanisms associated with the
processes of desiccation shrinkage in drying silty soils. A previously developed 1D bundle-of-tubes model
is refined to simulate the various stages of drying shrinkage in 2D using the actual pore size distribution
based on Mercury Intrusion Porosimetry (MIP) data. Itis revealed that the resulting shrinkage evolution
is affected by air entry that may occur in two possible scenarios: air incursion at the external surface and
formation of vapor nucleus in the interior. The analysis of mechamical deformation is coupled with the
numerical simulation of the drying process which can be often characterized as a two-stage development,
consisting of a constant rate period and a falling rate period. Numerical simulation of the drying rate
evolution suggests that it may be closcly associated with the onset of air entry and/or the progress of
desaturation. Further transition of solid-water structural configuration into funicular and pendular states
from initially capillary state is simulated.

I INTRODUCTION associaled with the processes of desiccation shrink-
age in multiple scales. There are two strong argu-
Desiccation 15 the continuous process of pore  menis for a multi-physics, multi-scale approach:
walter loss from a soil exposed to drier or warmer  the shrinkage deformation resulting from drying
environment. Evaporation of soil moisture results  is under strong influence of capillary phenomena
in moisture gradients and generates shrinkage of  that must be addressed at a microscopic level: and
the material. When shrinkage is restrained, stress  the eventual cracking may be attributed to imper-
is generated, cracks would likely occur il tensile  fections resulting [rom pore water removal and
strength 15 exceeded. However, the underlying  depletion in the evolving solid-pore structure at
mechamsms of these processes are very comphi-  the meso-scale,
cated, involving sequential or even coupled scenar- The analysis of mechanical deformation is cou-
ios of moisture evaporation and transport, drying  pled with the numerical simulation of the drying
shrinkage and shrinkage limit, air entry and onset  process which can be often charactenized as a
of desaturation, and eventually formation and  two-stage development, consisting of a constant
then evolution and rupture of liquid bridges, or  rate period and a falling rate period. Of particu-
if constrained, generalion ol concentrated tensile  lar interest are the scenarios of air entry and the
stress at the tip of flaws, subsequent evolution of different stages of satura-
The present study aims to identify and quan-  tion consisting of funicular and pendular stages.
titatively evaluate various critical mechanisms  conceptually understood as characterized by a
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conlinuous hquid phasc and a continuous gas
phase, respectively. Quantitative description or sim-
ulation of funicular and pendular states of water
desaturation has been elusive, except some studies
focused on isolated two- or three-sphere configura-
tions {e.g. Urso et al. 1999). Lack of quantitative
description of transition of these different states
likely results from an inadequate understand-
ing of a multi-scale approach 1o bring together
experimental possibilitics and findings, conceptual
hypotheses and numernical models and devices. The
presented work is an attempt to develop such an
approach to provide a basis for a realistic scenario
to model the complex sct of phenomena.

2 EXPERIMENTAL BACKGROUND

Considerations can be made at three scales for des-
iccation drying: macro-scale continuum, at which
stress, effective stress and strength cntena are
formulated and soil experiments are conducted:;
meso-scale of clusters of grains and pores, where
structural of air entry effeets can be experimentally
observed and analyzed; and micro-scale of single
pore or grain water/vapor, where capillary forces
can be observed. In this context Hu et al. (2013a,
2013b) examined microscopic data of the pore
system evolution as represented by the mercury
porosimetry results and postulated corresponding
mechanisms based on the pressure (suction) devel-
opment in the pore-vessels and ensuing water cavi-
tation at a critical suction, The event of air entry
plays a central role in the process of desiccation
cracking; it is envisioned that it may signify the
onset of desaturation stage. Shrinkage stops prac-
tically simultaneously with the air entrance into the
soil. at the water content value (hence referred to as
shrinkage limit) still above 20% for the tested soils
(Peron et al. 2009}, The remaining drying process
occurs with a much reduced shrinkage rate, but
almost entirely via desaturation (eg. Fredlund &
Rahardjo 1993, Kodikara et al, 1999, Pellenq et al.
2009).

The air entry phenomenon, despite that it
occurs at the scale of a single pore, is considered a
macroscopic behavior of soil, mainly based on the
assumption of the equality of the fluid pressure at
both scales. A suggestive air entry mechanism ina
2D granular system has been proposed by Childs
(1969) shown in terms of a succession of stages
dunng drying and re-wetting (Fig. la).

However, recent experiments at a meso-scale
with drying of model clusters of smooth glass
grains (Mielniczuk ct al. 2013) with the funicu-
lar water bound between them reveal that there
arc more than a single air entry mode. The most
characteristic two modesidentified in experimental
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Figure 1. {a) Sucoession of meniscus evolution durng
suction dewalering and rewetting, proposed by Childs
(1969]. (b} Evolution of the water body between 8 glass
spheres subjecied io evaporation al constanl tempera-
ture, constant ambient vapor pressure, A localized non-
symmetric unstable mode of the interface evolution (air
entry finger) is observed.

systems tested of 3.4, 5, 6 and & silica grains in
distilled water were two classes corresponding to
a negalive or positive local Gaussian curvature
{which is a product of the two principal curva-
tures) of the surface of the local meniscus. Most
tvpically, for a negative Gaussian curvature (or
concave/convex meniscus) a non-symmetric mode
of the unstable evolution of the water body con-
stitutes a most common air entry mechanism into
the body of the saturated soil. While the circum-
stances and numerical cnterion for the event are
still an open question, it clearly is an unstable and
locahized displacement of the gasfliquid inter-face
in form of a finger, occurring at a several orders of
magnitude higher rate than the preceding process
manifested among others by a slow evolution of
the higuid/gas interface.

Figure 1b shows three of a series of images of a
2D saturated cluster of 8 grains (Miclniczuk et al.
2013) shot every 90 seconds during natural iso-
thermal drying (using Canon EOS 500D camera).
Grains were 3.5 mm in diameter ultra fine silica
{glass) spheres, while the kquid is ultra-pure deion-
1zed water. As indicated, it took 10 minutes from the
initial configuration to reach the intermediate one,
and less than 90 additional seconds to develop the
final configuration with the gas penctration, The
depth of the penetration of the gas finger is about 4
times the average size (diameter) of the pore.

An alicrnative, symmctric entry mode takes
place at a point with a positive Gaussian curvature
{concave/concave meniscus) between the spheres
and consists of a multi-step process: starting with
a convergence of two gasfliquid interfaces sitnated
oppositeone another (at the front and back of the
picture), followed by formation of a suspended
thin film of liquid, followed by a further thin-
mng of the film, leading to coalescence of the two
surfaces, undergoing what seems like a 2-D water
cavitation, which subsequently propagates symmet-
ncally with a circular projection until its boundary
reaches the solid walls of the sphere. This is shown
in Figure 2 for a six-sphere cluster. Notably, the



Figure 2. Evolution of the water body between 6 glass
spheres subjected to evaporation at constant lemperture,
constant ambient vapor pressure. A symmetne locahized
ungtable mode of the mterface evolution is abserved.

non-symmetrical scenario occurs for systems with
higher separations between groins, while for lower
scparations a symmetncal scenario takes place
The unstable part of the process starts at the point
when the thin film of water bifurcates. The bifurca-
tions of thin films and thin sheets have been known
for some time (e.g. Taylor 1959), but for capillary
bridges have been observed only recently by Maeda
ctal. (2003} with a mixture of water and vapor mol-
ecules, of an intermediate density.

3 SCENARIOS OF EVOLUTION OF THE
DRYING STAGES

31 Muacro-scale simulation of drying evolurion

A macro-scale simulation 18 performed against
experimental results to illustrate a two-stage devel-
opment of drying rates. As shown in Peron et al.
(2005) and numcrous resources, soil drying begins
with an almost constant drying rate for a signifi-
cant period (termed CRP, constant rate period),
followed by a period of a sharply reduced drying
rate (termed FRP falling rate period). Similar
process in non-deformable materials had been
studied as early as back in 1920s (eg. Sherwood
1929) with analytical models being proposed.
Puyate & Lawrence (2006) developed simplified
models with particular interest in cases at moder-
ate drying intensity, Figure 3 shows the expenmen-
tal results of drying rate observed in Peron et al,
(2005) and the corresponding modelling results.
A constant ratc of 5.1 107" kg/s of water loss was
measured in the experiment of a silty soil (Bioley
silt) for the first 2000 hrs and then the rate dropped
dramatically.

The above mentioned models were established
for a diffusion driven process, thus may not be
aimed at or even applicable to a deformable medium
which responds to desiccation drying with shrink-
age deformation and the pore remains saturated
for a long period of time. The declining drying rate
may be associated with or influenced by the onset
of air entry and/or the progress of desaturation.
Such hypotheses ol possible scenarios may be eval-
uated through modeling of phenomena occurring
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Figure 3, Constant drying rate perod and falling rate
period, experimental (Peron et al. 2005) and simulation
results.

at the micro or meso scale. Hu et al. (201 3a, 2013b)
developed a meso-scale tubular model to simu-
late 1D shrinkage of drying silty soils. based on
the Mercury Intrusion Porosimetry (MIP) results
of evolution of the pore size distribution. Despite
its geometric simplicity, it yields reasonable agree-
ment with experimental observation of shrninkage
characteristics of drying soils with different pore
hiqquids (Hu et al. 2013¢). However, due to its 1D
configuration, it is incapable of addressing the
transition of lunicualar to pendular stage of liguid
saturation, The presented study extends this modcl
1o a 2D setling, allowing one to numenically identify
and cvaluate the evolution of capillary, funicular
and pendular stages. In particular, the first mode
of air entry presented in the preceding section can
be readily simulated in the previous model. Hence,
we are specifically interested in the second mode
of air eniry.

3.2 Micro-scale simulation of drying evolution

3.2.1  Conceprual model
The modeling started with the observation that the
system of pores detected via mercury porosimetry
evolves in a particular way duning drying (e.g. in
Bioley silt, Peron et al. 2005; Peron et al. 2009). At
different stages of drving. i.e. at the onset at liquid
limit, LL, then near shnnkage limit, SL, and at the
nearly complete desaturation, two classes of pores
are seen to evolve in a distinctly different way.
These classes, referred (o as Large Pores (LP) of
around 1.5 m in diameter and Small Pores {SP) of
0.5 tm do not form any particularly distinct modes
originally, but their evolution makes them distinet.
To reproduce this evolution, the medium is ideal-
ized as consisting of a bundle of parallel cylindrical
deformable wvessels with two initial diameters,



corresponding to LP and SP. While we discuss only
I-D shninkage, in a more general case the elemen-
tary volumes, the pore-vessels can bearranged as in
Figure 4 with 2-D intercalating layers of tubes ori-
ented orthogonally ones to the others. As a result
all quantities are appropriately weighed averages
of the values pertaining to individual tubes. The
vapor flux applied at the pore-vessel end imposes
the Poiseuille MTow of water throughout the ves-
sel, associaled with the shnnkage of tubes, com-
mensurale with the volume of water removed. Hu
ctal. (2013a, 2013b) established the formulation of
viscous flow through a deformable single (straight)
microscopic vessel in terms of the fluid pressure in
the pore-vessel, p{x,t), based on Fung's equation
for pressure vessel deformation (Fung 1984). This
model is modified with a conventional linear elastic
pressure-displacement formulation (e.g., Hill 1950;
Chen & Han 1988). The motivation for this modi-
fication is the possibility of the available analytical
solution, allowing future consideration of a wide
range of pore classes (cven it is not explored in the
present analysis), because now the formulation is a

parabolic Partial Differential Equation (PDE).
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where E denotes the stiffness of solid, » is the
Poisson’s ratio, i is the viscosity of pore (luid, a, b
are the initial internal and external radius of pore
respectively. The solution is ebtained analytically
using the initial conditionas p= p, = Oats= 0 and
the boundary conditions are: at x =), dp/dx =0
andat x= L, Ddpfdx= F.

:'“rnﬂn#_rj 1
FLi .25
-‘..!]=—-— :+_-_| | i I 2
ol D = E. _cnsiﬂ-l"-ﬂ‘,_mn’rj (2)
]
n

whete F is the evaporation flux and D= -a’/ 8,
twodimensionlessvariablesare used, X = (L- x)/L
and r= ArL°.

The above formulation and considerations
arc vahd only for the saturated stage ol drying.
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Figure 4. {a) a two-mode system of cvlindrical pore-
versels; (b individual vessel deformation induced by a
pore pressare generated by the external vapor Mow.

BE6

Eventually air does start to invade into the pore
system as shown in Figures 1 and 2, either [rom
boundary or middle of pore system. The event of
the air entry inthe former mechanism is interpreted
as an external meniscus plunging (Terzaghi 1927) or
whale the latter consists of a subcutaneous cavitation
of water at the boundary, The two are physically
undistinguishable phenomena (Brinker & Scherer
1990), The former suggest p meniscus shnnking
until its diameter becomes smaller than the pore
entrance. The latter, implying that water suction
reaches tensile water strenglh, depends notoriously
on the presence of dissolved air or solid impuri-
tics in water. This mechanism viclds numerically
a criterion based on the Laplace’s equation via an
equilibrium capillary pressure, p”. which depends
on the interface curvature radius, r, surface tension,
T,, and contact angle. #, as follows

. 21,cost
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When capillary pressure rises above this value,
p... the equlibrium is violated and a breakthrough
of air is considered to take place. The main point
to be stressed is that the change of pore size during
drying is substantial, and hence the value of the
critical pore size needs to be accordingly adjusted.

We consider o 2D meso-scale assembly for any
location along the axial direction of the original
soil slab with length 2 L. The air entry mechanism
discussed above can be used to simulate possible
different sequences of water desaturation in LP or
SP, as well as both modes of air entry described in
the preceding section. With an example of assem-
bly shown in Figure 4a, the simulation identifies
three events of air entry: invasion of air in the LP
from its boundary, invasion of air in the SP from
its boundary and cavitation of water in the LP-SP
intersection due to the pressure in the SP reaching
the critical cavitation value in the LP.

The sequence of these three air entry events de-
pends on a number of factors, including evapora-
ton rate, stiffness of LP and SP, configuration of
LP and SP, as well as the sizes of LP and SP. A
parametric study would exemplify the complex
nature of a drying and shrinkage process. The
present study utilizes simple parameters discussed
in Hu et al. (2013a, 2013b) and shows a sequence
of desaturation development in different stages,

The subsequent development after the oceur-
rence of air entry is alfected by the evaporation at
the boundary or in the middle, It should be noted
that an approximate formulation for the interface
movement is used. Hu et al. (201 3a,. 2013b) for-
mulated a Stefan problem of moving boundary to
account for the motion of the interface. The pre-
sented analysis simplified that equation by ignoring



the small water pressure gradient, and arrives at a

formula for the subsequent evolution of the liquid/

gas interface, 5,

z.ﬂ,‘,h’.} ) M
P

(4)

where ¢ is water vapor concentration, p), is diffu-
sion coeflicient of vapor and g, is water density.

3.2.2  Simulation results

Asdescribed in the preceding section, the simulation
considers three different processes: Poiseuille flow
with an increasing ncgative pore pressure, invasion
of air followed by liquid-vapor interface motion
with some pores still satisfying Poiseuille flow and
progress of liquid-vapor interface as sole mecha-
nmism of water removal at a constant pressure and
deformation. The results presented correspond lo
a meso-scale representative assembly described in
Figure 4, and at x= L in the axial direction.

In the beginning (capillary) stage, large pore and
small pore in our 2D model will start to shrink at
the same time. Figures 6 and 7 show the evolution
of water content and shrinkage, respectively. After
reaching at point ‘a' shown in Figure 6, around
33 hr, some of the large pore and small pore at
intersection start to desaturale because the pres-
sure developed in the SP reaches the entical cavi-
tation pressure at the LP. As shown in a scenario
very similar to what is presented in Figure 2, the
air entry seenane, first occurning al middle {inter-
section of large pore and small pore) is modeled
here. Small pore has larger thickness, so its value
of “stiffness” as a response to water pressure is
higher than that of LP. leading to a larger value

™ i
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Figure 5.  (a) A simple 2D confliguration of 3 LP aad 9
SP at initial stage (capillary stage). ljl:ll Air entry at middie
LP and SP itersection. It denotes point a’ in the simu-
lated results (start of funicular stage). (€) Air entry mnlo
large pores from the boundanes It refers 1o pomt ‘b’
{d) Pendular stage of drying. It refers to the region alter
point ‘c’ (end of funicular stnge}.
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Figure 6. Ewvoluton of volumetric waler content

simulated.
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Figure 7. Evolution of void ratio simulated.

of negative pore pressure than that of large pore
(if subjected 1o similar boundary flux condition).
It reaches the critical value of large pore around
120,000 see, leading to cavitalion at intersection
first. This also signifies the beginning of desatu-
ration as shown in Figure 8. This moment can be
considered as the beginning of funicular stage for
this considered location, as the gas phase isisolated
while the liquid phase is continuous (Fig. 5b).

It is interesting to note that the drying rate
(loss of volumetric water content) is very high
throughout the process. The present model most
likely can be better calibrated for matching the
data presented in Figure 3. The key here is that the
localized evaporation rate after the air entry was
probably overestimated.

The deformation of most large pore and
small pore would still continue slowly, and stop for
large pore around 42 hr after point ‘b’ and for small
pore around 53 hr of drying afier point *¢’. Point
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Figure 8. Evolution of degree of saturation simulated.
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Figure 9. Void ratio versus volumetric water content
semulated.

'b’ corresponds to air entry at boundary of large
pore around 151,200 sec. However, the bound-
ary here 15 not referred 1o as the boundary of the
macroscopic soil slab (Fig. 4b), rather. the bound-
ary of the meso-scale representative assembly. It
means that if a location rather than the end of slab
is considered, the time for ‘b’ would come much
later, depending on the progress of the interface in
the LP. Eventually, small pore is invaded by air at
around 191,000 sec. This moment can be consid-
ered as the end of funicular stage for this consid-
ered location as the liquid phase becomes isolated
(Fig. 5d), and possibly the beginning of pendular
stage, where the presence of hquid would be hm-
ited to the liquid bridges between solid particle.
The imitial void ratio and velumetric water
content are cahbrated against expenmental data
reported in Peron et al. (2009) and Hu et al. (201 3c).
Figure 9 shows the correlation between void ratio
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and volumetric water content. It should be pointed
oul that the characteristic moments in presented
model are different from thosc in the previous 1D
model, the latter result from homogenization of
the entire soil slab while the former have to be con-
sidered locally and are distinctly different at differ-
ent locations.

4 CONCLUSIONS

The two-stage development of drying observed
at the macro scale are numerically simulated
showing the evelution from a constant dry-
ing period to a falling rate period. Numerical
modeling of drving shrinkage ol granular soils
is presented based on a conceptual model with
the intention to assess the different scenarios
for air entry observed in the recent expeniments
and quantitatively evaluate the implications of
these scenarios, leading to the development of
different saturation regimes. Only one scenario
of air entry is discussed in this paper, air entry
at the intersection of large and small pore occur
first. However, it might occur first at boundary
ol large pore as shown in experimental observa-
tion at Figure |, numencally this 1s possible in
the presented model, depending mainly on the
stiffness and evaporation rate of small pores. If
stilfness and evaporation is much lesser than the
value taken during this modeling, air entry at
the LP-SP intersection would occur later than at
large pore boundary. Obviously the model can be
improved if motre complicated configurations are
considered. However, even sophisticated numeri-
cal investigations with Discrete Element suffers
from the lack of tools to account lor transition
of different saturation regimes and thus have to
be confined to low degrees of saturation apphca-
ble for pendular regime only (e.g. Scholtés et al.
2009). The presented medel is able to conceptu-
ally show the three regimes: capillary, funicular
and pendular during a drying process.
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