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SUMMARY

Analysis of macroscopic desiccation shrinkage experiments indicates that most, but not all of the shrinkage
during drying occurs while soil is still saturated. Shrinkage practically ceases and air starts to penetrate the
soil, when the water content is still quite high, for example, above 20% for the tested soils. The remaining,
unsaturated drying process occurs with a much-reduced shrinkage rate. In this context, we examine data
of the pore system evolution as represented by the mercury porosimetry experimental results. The process
is then modeled as a two-stage process of deformation and evacuation of a two-tube vessel system driven
by the external evaporation flux. In the first stage, Poiseuille flow occurs through the vessels. The amount
of water evaporated in this stage equals to the reduction of volume of the vessel through the deformation
of its walls. This stage ends when a negative water pressure (suction) required to further deform the vessel
reaches a critical value at which air enters the pore space. Two physical interpretation of such threshold are
discussed. In the subsequent stage, evaporation proceeds with a receding liquid/vapor interface starting from
the open end, incrementally emptying the vessel but with a marginal water flow and vessel deformation. The
leading variables of the process are identified, and a quantifiable multiphysics meso-scale scenario of models
is established. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

A proper understanding of the mechanisms associated with desiccation shrinkage is a key to the
prediction and possibly prevention or at least reduction of a potential for soil cracking during drying.
Shrinkage is a major cause of soil desiccation cracking when kinematic constraints are imposed, either
at the boundaries, or via internal inhomogeneities of all kinds (e.g. [1, 2]). Desiccation cracking of
soils is of critical importance in a variety of circumstances, from hydraulic barriers, road building,
to agriculture practice (e.g. [3, 4]).

However, mechanisms and variables associated with drying and especially with desiccation
shrinkage and cracking are far from being fully comprehended. A number of possible phenomena
involved, that is, evaporation, liquid and gas flow, diffusion, surface tension, cavitation, capillarity,
meniscus evolution, and deformation of the porous solid present an array that is both complex and
inherently coupled.

The aim of this paper is to organize models of the previously listed phenomena in a coherent
scenario of a cause-and-effect sequence that could bring about a better understanding and provide
better prediction tools for engineering practice in many applications.
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Majority of the efforts in modeling the phenomena linked to soil dewatering deal with macroscopic
models, on the basis of a phenomenological assumption of emergence of a volumetric strain component
proportional to a measure of the moisture loss, in analogy to thermal expansion strain [5–7]. At a micro-
scale level, phenomena linked with unsaturated soil deformability are often connected to the evolution
of capillary bridges between grains inducing intergranular forces of cohesion [8]. Capillary bridges are
indirectly related to suction arising at the phase interfaces.

A major drawback of the macroscopic models is that they require an ad hoc macroscopic criterion
to mark the air penetration into the porous body independently of its deformation, as the onset of
desaturation, and hence of the three-phase soil behavior. No macroscopic threshold criteria of the air
entry are formulated, as the surface tension phenomena to which it is linked, can in general be identified
only at a lower scale.

Also, a major drawback of inter-granular capillary bridge theory is that it refers to a much more
advanced stage of dewatering, and certainly is not applicable to the saturated stage, when most of
drying shrinkage is generated.

This paper explores an alternative approach, which is both microscopic and physics based. Instead
of considering intergranular interactions, it focuses on a somewhat larger meso-scale structures, which
are interconnected pore conduits forming deformable flow channels. This approach is supported by
the presented experimental data on the evolution of pore size distribution. Intentionally, the chosen
soils were chemically inert, either pure silt or mainly silt with a minor clay fraction. This way, the
electro-chemical effects, typical of clay, that alter but do not drive the drying process are taken out
of the picture at the first approach. The objective of this paper is to identify leading variables of
the process, establish a quantifiable multiphysics meso-scale scenario of models and formulate the
corresponding relationships.

2. PHENOMENOLOGICAL BACKGROUND

It has been observed in macroscopic room temperature desiccation experiments that there are two
distinctly different stages of the drying process of the initially saturated soils (e.g. [9, 10]). In our
experiments, flat silt slabs initially near the Liquid Limit were subjected to isothermal drying in the
constant relative humidity environment at Hr D 40% revealing (i) an extended, fully saturated stage
and (ii) a subsequent partially saturated stage. Most of the shrinkage occurs during the saturated stage
(Figure 1(a)) and is largely irreversible, as seen in a suction test performed on the same material, at a
lower initial water content (Figure 1(b)). The subsequent desaturation stage is associated with a much
smaller amount of shrinkage, which in turn is largely reversible. The associated suction-shrinkage
response is much stiffer (Figure 1(b)) than in saturation stage. This is in agreement with a general
perception that unsaturated soils have a much higher stiffness than saturated soils, hence deform less.

Figure 1. (a) Shrinkage curve for a rectangular-shaped slab of Bioley clayey silt, (b) void ratio versus suction
performed on the same material, at a lower initial water content.
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The previously described behavior appears to be quite universal [11, 12] and independent of the
type of soil and type of pore fluid, as we shown recently in Hu et al. [13, 14]. To understand the
relevance of different phenomena, Hu et al. [13, 14] examined two mineralogically different silts with
three different pore fluids. The phenomena considered as possibly involved in soil drying are: evapora-
tion occurring at a fixed or mobile (either continuous surface/front or dispersed/intergranular menisci)
interface between the phases; surface tension forces acting at a liquid/gas/solid interface (meniscus);
possibly a thin adsorption film that coats the surface of the solid walls as an extension of menisci;
hydraulic, diffusive, osmotic or thermally induced transport of liquid and its vapor, and air; deforma-
tion (elastic or plastic) of the solids of the vessel walls in response to the changes in the liquid/gas
pressure; tensile stress in pore water (negative pressure/suction) reaching tensile strength (including
cavitation of water). In clayey soils, the vessel size is of the order of 10�9 m, and the transport of
liquids is affected by liquid adsorption phenomena [15]. In this study, the adsorption is neglected as
we intentionally focus on soils with a minimal clay content.

The main conclusion from these experiments is that the total amount of deformation during the
saturated drying and the Shrinkage Limit in terms of void ratio correlate with the deformability of the
solid and surface tension, but do not correlate with the fluid’s saturation vapor pressure and fluid
viscosity. Moreover, the rate of fluid loss and rate of shrinking were found to correlate with the
evaporative and hydraulic conductivity properties of the fluid. These findings are reinforced by the
measured gradient of water content across the sample showing as expected a wetter interior of the body
compared with its boundaries [10]. Given a one-to-one relationship between the negative pressure and
water content (e.g. [16]), similar evolution of water suction can be inferred.

The aforementioned correlations suggest that solid stress-strain relationship plays a primary role in
defining the amount of shrinkage in the saturated stage. However, as the driving force (and therefore
variable) of the process is an external boundary vapor flux, it is concluded that mass balance of the
fluid and transport mechanism must play a role in generating fluid pressure and stress in the solid, and
hence deformation of its pore space. With that in mind, experiments were undertaken to investigate the
evolution of the pore size distribution during the drying process.

In the experiments with different pore fluid [14], the Shrinkage Limit and the onset of desaturation
occur very closely, often within a margin of experimental error. This leads to a consideration whether
there is a cause–effect link between the two and if yes, what is its nature (e.g. [16,17]). It is interesting
to note also that drying shrinkage practically stops when soil is still saturated, whereas its fluid content
is relatively high (above 20% in the quoted experiments).

The air entry appears to be linked to, or at least, occurs near the Shrinkage Limit. The existing
theories (e.g. [16,18–20]) connect the air entry to the size of the pores at the external soil body surface
or water cavitation, dependent on the same variables. The two latter hypotheses are verified against
the experimental porosimetry evolution data for water filled soils. Finally, cracking appears to occur
only in kinematically constrained specimens and has been preceded in all cases by the air entry and
shrinkage limit [10, 21].

Both macroscopic and microscopic data appear to indicate that the second (unsaturated) stage of
drying occurs without much of deformation of the soil mass as a whole, and with a much reduced pore
structure change.

3. PORE SPACE EVOLUTION

The evolution of the pore size distribution was tracked during the unconstrained soil slab drying
described by Peron et al. [10] using Mercury Intrusion Porosimetry (MIP) (Thermo Fisher Scien-
tific, Waltham, MA, USA) for Bioley clayey silt initially saturated with water [9]. These tests were
performed at different stages of drying (at different water content) by collecting and testing specimens
from drying replica samples. At each stage of air-drying the sample, the pore structure is captured by
freeze-drying [22]. The pore size distribution is obtained as shown in Figure 2. It is presented with
relatively sparse pore size values for a better visualization of the distribution.

The mercury intrusion was performed at the values of the water content of 33.1% [near the liquid
limit, (LL)], 24.8% [near the shrinkage limit, (SL)], and at 0.8% (after the completion of the drying).
It is noted that: (1) while the initial pore size distribution does not have a distinctive clear
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Figure 2. Pore size distribution evolution during isothermal drying of Bioley silt, free shrinking specimens.

Table I. Porosity obtained by MIP, WRC and isothermal drying.

Water content (%) 33.1 24.8 0.8
Total pore volume (mm3=g) 292 251 194
Void ratio (MIP) 0.81 0.69 0.54
SP - void ratio 0.37 0.49 0.41
LP - void ratio 0.31 0.08 0.01
SP - porosity (%) 21 29 27
LP - porosity (%) 17 5 0.5
Porosity (MIP; %) 45 41 35
Porosity (WRC; %) 48 40 36
Porosity (Def; %) 46 38 30

WRC, water retention curve; MIP, Mercury Intrusion Porosimetry; Def, deformation;
SP, Small Pore; LP, Large Pore.

modal structure, its evolution is very clearly bi-modal. Evolution of two classes of pores: larger
(vigorously evolving) and smaller (much less evolving) is distinctly different. The two classes of pores
are identified as undergoing different modes of evolution. They will be referred to as Large Pores
(LPs), that range in the virgin state between 0.628 and 2.5 �m, occupying initially 17% of the volume
of the medium, or Small Pores (SPs), ranging between 0.098 and 0.628 �m that occupy initially 21%
of the volume of the medium. The identification of LP and SP has been made following findings by
Delage and Lefebvre [23] (Appendix A). In other terms, it appears that slightly less than a half of the
volume of pore water resides initially (at LL) in the LPs, whereas slightly more than a half in the SPs;
(2) during drying, the LPs are drastically reduced in their total volume and at the SL occupy less than
5% of the volume of the medium, whereas the total volume of SPs at that moment grows to 29%.
Finally, (3) near the completion of drying, the LPs almost completely disappear, constituting less than
0.5% of the volume of the medium, whereas the volume of SPs amounting to 27% decreases slightly
from its value at the SL. There is a slight shift toward smaller values of the size of the largest fraction
of the SPs and a drop between SL and dry state in the volume fractions of the largest of the SPs.

The numerical values characterizing the whole population of the pores are presented in Table I that
also includes the comparison in terms of porosity with the results of total macroscopic porosity derived
from the modified Richards cell test [water retention curve (WRC)] and from the total deformation
(Def) measurements of (isothermal) drying soil slabs [10]. The data from Table I suggest that about
7% of volume in terms of porosity resides beyond LP and SP range, but still within mercury intrusion
range. Porosity changes measured by WRC and calculated from the deformation may include the pore
space in the clay fraction that is beyond the mercury porosimetry range. The tested soil has the clay
content of 27%. The pore space of this fraction may include the inter-platelet space in the smectitic
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clay fraction, which could only be detected via gas porosimetry. However, the present analysis does
not include the evolution of possible trapped or adsorbed water residing in that space. Trapped water
has been extensively discussed by Simms and Yanful [24]. The presented porosimetry results suggest
that the overall volumetric deformation is predominantly due to the reduction of the fraction of the
LPs. It indicates that the LPs’ average size as well as their cumulative volume shrink across the entire
process to eventually disappear at the end of drying. This suggests that LPs at the end perhaps partially
become incorporated into the increased SP populations. To the contrary, the original size of the SPs
changes only slightly during the entire process, both in the average size and in the total volume they
occupy. In fact, near the SL, this population most likely includes the volume of some former (shrunk)
LPs. MIP does not allow one to distinguish between the original SPs that did not change much and the
former LPs that shrunk into SP size.

The observed evolution of the pore size distribution appears to be fairly characteristic. Similar results
were obtained during suction driven tests by Simms and Yanful [24], Cuisinier and Laloui [25], and
Koliji et al. [26]. It has been known for sometime that during purely mechanical consolidation of
bi-modal porosity soils, most of the volumetric deformation is accommodated by LPs, whereas the SPs
remain virtually unchanged (e.g. [23]). A similar evolution of pores during desiccation implies that in
the saturated phase most of the evacuated water comes from LPs, and hence most of the shrinkage is
produced by the volume loss of water originally contained in LPs.

4. MICROSCOPIC MODEL FOR A DEFORMABLE PORE SPACE EVOLUTION
DURING DRYING

4.1. A model of the initial pore space

In the quest for quantifiable physical mechanisms of desiccation shrinkage of soil through both
saturated and unsaturated stages, we propose and investigate a micro-scale model of the medium
represented by 1-D fluid filled deformable vessels.

The most distinctive feature of the model is its connection to the evolution of the actual, even
if simplified pore system, and to mechanics of the deformable vessels associated with such pore
evolution. More commonly, models in unsaturated soil mechanics area are based on the response of
capillary inter-grain bridges. The idea of using a diversified pore structure model to quantify observed
changes in soil structure during shrinkage test has been explored before by Braudeau et al. [27] and
by Simms and Yanful [24]. Models based on idealized porosity with different evolution modes are
becoming more and more articulated and offer an enhanced credibility as linked to experimentally
verifiable data [26, 28, 29].

The initial pore system is envisioned as a bundle of parallel straight thick-walled vessels with
cylindrical cavity of two initial sizes, called in what follows Small Vessel (SV) and Large Vessel (LV).
Their internal diameters are assumed as equal numerically to those of the soil pores of modal evolution,
SP and LP, identified at the values of respectively 0.5 and 1.5 �m. The external size of the vessels is
obtained to match the total void ratio of all the pores for a representative elementary volume (REV)
as follows. A REV is chosen as a single cylindrical thick-walled prismatic tube of a unit length with a
single cylindrical (circular) LV located centrally and a series of parallel cylindrical SVs, as shown in
Figure 3. The total initial volumes of the vessels for a unit length are set as equal to the initial value
of the pore space of the corresponding modal pores. This means, that for this REV containing one LV
and 12 SVs, the LV occupies 17% of the total volume, whereas the corresponding SVs contained in
this volume occupy its 21% (Figure 4). In this sense, Figure 3 is a bi-modal replica of the pore system
shown in Figure 2. The unaccounted fraction of the pore space of 6%–8% is attributed mostly to the
space of pores smaller than 0.1 m visible in the MIP and even smaller clay pores that are not detectable
via MIP.

4.2. A model for the evolution of the pore space during drying

The evolution of the pore space idealized as the previously presented system of vessels is first simulated
for the saturated drying stage under the assumption that the vessels remain filled with water and are
unconstrained kinematically. Subsequently, an unconstrained desaturation stage is examined.
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Figure 3. Schematics of a pore system in a cylindrical REV (a) and a BVP for a Small Vessel (b) eventually
approximated via (d) and for a Large Vessel via (c). A single deformable tube with a suction driven outflow

(e). Inset: stress–strain law adopted in simulation.
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Figure 4. Modal pore representation of the evolution of the pore system during drying. The width of the bar
does not bear any meaning.

The solid part of the tube is considered as a deformable (compressible) porous material, assumed
as rigid-plastic-hardening, with an infinitesimally small initial yield locus. Specifically, a linear stress-
strain law is adopted for the loading phase, whereas the unloading (perfectly rigid) is not considered.
To take advantage of numerical simplicity of axial symmetry boundary value problems, the external
perimeter of the tubes is approximated as circular with the equivalent external radius of 3.6 �m,
calculated in a way to preserve the initial relative volume of solid. Hence, the solution for the response
of the entire REV is envisioned as a superposition of solutions for a series of cylindrical vessels with
a single cylindrical cavity at the center. These are solutions for one LV and for a series of identical
SVs also located centrally (Figure 3(c, d)). The superposition is admissible because of the geometrical
similarity of the boundary value problems (BVPs) considered and linearity of the stress-strain law.
Clearly, the location of all the pores at the center introduces a bias, justifiable hopefully by the ran-
domness of the actual pore distribution. Computationally, the problem is then reduced to that of a single
tube with a single cylindrical cavity, to be applied both to LVs and SVs (Figure 3(e)). Note that in all
cases, the solid of the pore walls around an individual pore-vessel (Large and Small) is a porous solid
because of the presence of other pores (12 SV for the LV, and 11 SV and 1 LV, for the SV). In the first
approximation, it will be assumed that the compressibility of that material is the same for the LV and
SV alike. No other assumptions on the nature of the wall material (cohesive, or granular) are needed.

Two comments are due, regarding the choice made of the model topology. First, the pore size
distribution as in Figure 2 obviously says nothing about the pore shape, configuration and/or their
connectivity. Hence, by postulating that the pores form vessels with parallel walls, arranged as parallel,
and non-communicating except at their ends, we are making a strong simplifying assumption with
several side effects. A natural alternative, that of a series connection of the different size vessels,
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has a number of distinctly different characteristics (both hydraulic, e.g. [28], and deformational [30]).
The concept of series connected vessels has been pursued in the past in connection to the capillary
effects [17, 31], as well as water removal [32], and is expected to reveal a different response in
desiccation shrinkage, which is not pursued in this paper. Clearly, the actual pore systems in natural and
remolded soils are more involved, and it is realized that the articulated hypothesis may oversimplify
the phenomenon. Our goal, however, is to test basic mechanisms involved in drying.

4.3. Scenarios of the physical phenomena involved

4.3.1. Desiccation at the stage of uninterrupted saturation. Drying process of soil is understood
as evacuation of the liquid from the porous matrix, driven by evaporation because of a difference
in chemical potential of liquid across an interphase interface within and at the boundary of the
porous body of soil. There were several successful attempts to understand and establish theories and
mathematical models of drying process of moist porous materials, or liquid motion in capillaries in
general, starting with [18, 20, 33–47], and many others, either in a general or specific material context.
The applications of such models range from capillary flow in plants xylem and roots, in industrial and
pharmaceutical powders, silica gels, electronic ceramics, paper printing, to oil-bearing sediments and
agricultural and foundation soils. In most of the models developed, the deformability of the porous
solids is ignored, as many materials are indeed very rigid. This is not the case of drying of soft fine
grained soils, for which shrinkage plays an important role.

The drying process can be viewed in a number of ways and at different scales. In this paper, the
scale of choice is meso-scale of a water conduit. Although we will make often reference to micro-scale
and submicro-scale phenomena related especially to menisci, these scales are not the ones at which
our variables are defined.

In what follows, we examine a particular mesoscopic scenario of a series of some of the phenomena
listed in Section 2 that may affect the system of soil vessels during desiccation. The cardinal
observations (mainly macroscopic) to guide us in building such a scenario are summarized as follows.
Shrinkage is clearly a time dependent process characterized by a rate that is variable [48]. The rate is
initially nearly constant (this stage is often called Constant Rate Period), but experiences an abrupt
decrease, in correspondence to SL, as identified first by Sherwood [34]. In our experiments, the
shrinkage rates for different soils with different pore fluids correlate with the fluid viscosities and
saturation vapor pressures [13, 14]. Moreover, the same experiments suggest that the total amount of
shrinkage correlates with the compressibility of the porous material and fluid surface tension, but not
with the fluid viscosity or saturation vapor pressure. In the proposed model, these correlations are taken
into account.

For further considerations, it is essential to define the reference state. To be consistent with the
experimental procedure [10], the reference state refers to a porous material in a fluid saturated state at
mechanical and chemical equilibrium (no evaporation). This implies that at the boundary surface no
stress (gravity being neglected) is applied, and a vapor concentration equals (macroscopically) to the
saturation vapor concentration in the ambient air. To avoid ambiguity, let us assume that the medium is
originally covered with a thin film of liquid, so no menisci are formed at this stage. The menisci arise
when the thin film at the body external surface evaporates to the point that the water surface enters
in contact with the walls of the pores perpendicular to it, so that the contact angle tilts the liquid free
surface, which therefore assumes a curvature according to the Kelvin’s law. This stage is considered
an initial state of the drying shrinkage process.

In the above sense, drying starts when the chemical equilibrium at water/gas interface is perturbed by
reducing the vapor concentration in the ambient (external) air. That gives rise to the water molecule flux
across the boundary, which can only (for a 1-D problem, air flow eddies excluded) be accommodated
by a water/vapor phase transition at the boundary, under the water molar balance. Theoretically, not far
from equilibrium states, the rate of isothermal evaporation per unit area is equal to the vapor flux, Jv ,
usually assumed as driven by a vapor pressure (Hertz–Knudsen equation [49]) or alternatively, by a
chemical potential difference between the phases, as follows:

Jv D Lpv.T /.pvs � pv/, or Jv D L�v.T /.�l ��v/ (1)
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where Lpv and L�v are evaporation rate coefficients, pvs and pv being respectively, the pressure of
saturated vapor and that of the vapor above the free surface of the liquid being vaporized, whereas �l
and�v are chemical potentials between the liquid and its vapor. In both cases, these are step differences
(not gradients). Flux driven by a temperature difference is discussed by Ramon and Oron [50]. When
simulated via molecular dynamics, the resulting evaporation rate coefficient is overestimated by several
orders of magnitude [51]. Hence, practically, the formula’s coefficient is found (often highly variable,
see e.g. [41,52]) via solutions of boundary value problems of a diffusive off-surface moisture transport,
which are calibrated against the experimental results [14, 53, 54].

It needs to be noted that evaporation of water requires (latent) heat supply in the amount of approx-
imately 2.40 MJ/kg at room temperature, which results in cooling of a direct environment of the
evaporation site, which in turn reduces the vapor pressure as observed in soils [55] as well as in plants
[42]. In the present isothermal model, this effect is neglected.

It is important indeed to clarify the role of capillary forces in soil desiccation shrinkage. The capillary
forces per se do not remove the fluid. In fact, they keep it attached to the solid at the contact angle along
the tri-phase interface. However, in the presence of surface tension, the equilibrium within a (small)
capillary produces a vapor pressure, pvc , which for water is lower than the saturated vapor pressure
value, as defined via Kelvin equation by the radius of curvature of the interface surface, r , assuming a
spherical meniscus, temperature T , and the fluid surface tension �s , as follows:

pvc.r ,T /D pvs exp

�
�

2�s

ajxDL

�0

RT

�
(2)

where ajxDL D r cos � is the radius of the cylindrical vessel at the exit, pvs is the saturated vapor
pressure, �0 is the molar volume, R and T are respectively the universal gas constant and absolute
temperature. For the purpose of the subsequent developments the water pressure on the other side
of meniscus results from the requirement of equality at the (chemical) equilibrium of the chemical
potentials of pore water and that of air and vapor mixture immediately above the surface and equals

p D pa C
RT

�0
ln
pvc

pvs
D pa �

2�s cos �

ajxDL
(3)

where pa is the air pressure and � is the contact angle.
Evaporation, per definition arises in response to the lack of chemical equilibrium (Equation (1)).

Therefore, it is a transient process to which the equilibrium relationships (Equations (2) and (3)) do
not apply. Instead, during the phase transition, the conditions of the momentum balance at the interface
can be readily established (e.g. [33,56–59]), often including the effect of thin film, which coats the tube
above the meniscus. The thin film coating is of relevance for capillaries smaller than 10 nm [60, 61],
and hence beyond the current interest.

In the theories of drying, there is a controversy about the driving force of water transport in
the saturation phase of drying, water pressure, concentration (diffusion), ion concentration (osmosis
arising during drying), temperature and even water content gradients being considered [34, 37, 38, 62].
There is an experimental evidence of a (negative) pressure gradient, supporting indirectly in soils
and explicitly in plants (e.g. [63]) the hypothesis of a fluid transport. Most importantly, numerous
macroscopic observations indicate that over an extended phase of drying, there is no motion of the
interphase interface or drying front [44, 64]. Instead, a substantial shrinkage of porous solid phase
occurs, such that it compensates for the volume of the evaporated liquid. That implies that on the
micro-scale, the menisci (i.e. evaporation sites) remain attached to the pore-vessel extremities. Thus,
there are no phase interfaces and no vapor within the body. The persistence of the meniscus at the
boundary is explained by Scherer [20] on energetic grounds by the fact that a meniscus displacement
would expose the solid walls, and hence a solid/liquid interface would be replaced by a solid/vapor
interface, which is more energetic than the solid/liquid one. The overall fluid mass balance implies that
all liquid that is evaporated during that stage is delivered from the inside of the vessel via a Poiseuille
flow assisted by a squeezing action of the converging vessel walls subjected to internal negative liquid
pressure. This is at difference for the problem of evapotranspiration in plant vessels, in which there is
more or less continuous circulation of water from roots via xylem to the stomata of leaves, where it
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evaporates. The root supply in normal conditions is significantly larger than the volume change of the
vessels, which therefore is usually neglected.

In what follows, a kinematic approach is considered for the microscopic deformable cylindrical
vessel model described in Section 4.1. In this approach, an external vapor flux, or more precisely the
equivalent liquid water flux, is imposed at both ends of the vessel. Assuming that the evolution of
the water flux is known experimentally, such approach not only avoids complex considerations of the
momentum balance, but also allows to include the vessel deformability in a straightforward manner.

During the saturation stage, the negative water pressure (suction) along the vessel continuously
grows in its negative value. As customary, the shape variation and forces of the meniscus may
be neglected for the purpose of the flow analysis [33, 57, 58]. The flow process is dependent on
compressibility of the soil matrix and viscosity of the fluid alone. Kinematics of a thick-walled tube
is such that it yields a locking behavior at the advanced radial strains (Appendix A). This means that
at an advanced displacement of the inner cavity wall, the suction increase required to produce further
convergence of the cavity is very high. As a result, the first stage terminates when one of the constitutive
or governing equations of the saturated phase is no more valid. Continuation of the evaporation process
requires the air entry within the porous body. The criterion of the critical point is far from being well
understood and agreed upon as discussed in the succeeding text.

4.3.2. Mathematical meso-scale modeling of drying shrinkage in saturated conditions. As mentioned
earlier, the assumptions of the constitutive linearity of stress–strain relationship of the material of the
solids, of the linearity of the flow-pressure gradient law, as well as of the central location of the pore in
the vessel make it possible to take advantage of the principle of superposition of the solutions obtained
for LVs and SVs. Hence, it is sufficient to find a solution for the problem for one single, centrally
located cylindrical pore tube, and applying different geometrical parameters use it for both LVs and
SVs. An individual tube is considered as axisymmetric and also symmetric with respect to its central
mid-plane. At the tube mid-length, a no-flow condition is imposed. During the saturated stage, the tube
is entirely filled with water, evaporating only at the tube ends. For the boundary conditions for fluid,
one can envision either a known (negative) water pressure history at the tube exit or an evaporation
flux. The time evolution of the negative fluid pressure may be reconstructed from the experimental
data. The experiments suggest (e.g. [21, 65]) that the mass loss is a nearly linear function of time
(constant flux) until the water content of 5% is reached. This is beyond the validity of the simulation
for the Bioley silt that has 7% of water content residing in the clayey fraction.

During the saturated stage, the removal of water from the pore tube implies that the pore volume
changes is entirely compensated by the deformation of the tube. Viscous (Poiseuille) flow in a single
tube is driven by the externally applied negative pressure (linked to the evaporation flux) as follows:

@p

@x
D�

8�

�a4
PQD�

8�

a2
F (4)

where PQ is the volume-flow rate, F is the fluid volume flux, p is water pressure, � is fluid viscosity
and a.x, t/ is the variable inner radius of the pore tube. We assume that flow is solely attributed to the
loss of volume of the inner conduit, that is, because of the change in radius a. The fluid mass balance
requires (in 1D) that
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Then the volume change, �, of the cavity of an infinitesimal tube element per volume of REV is
expressed as
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Substituting the flux in Equation (4) into Equations (5) and (6), an approximate Poiseuille’s equation
for the flow in the deforming tube is obtained as
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(7)
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The strain–stress relationship adopted for the irreversible deformation of the material of the solid is
linear. Adopting a simplification of Fung [66] that Poisson effect is negligible, while the axial stress is
zero, the variable tube radius a can be expressed as a function of fluid pressure. In what follows, we
adopt a simplification of Fung [66] who derives the change in radius of a deformable tube as a function
of the inner fluid pressure by ignoring the radial strain,

a.x/D a0

�
1�

a0p.x/

Hh0

��1
(8)

whereH (Pa) is a 1D stiffness modulus of the solid material of pore walls, a0 is the initial value of the
inner radius a, h0 is the initial thickness of the tube. Fung [66] has also shown that this approximation
is very good, indeed especially for low values of Poisson coefficient. Substituting Equation (8) into
Equation (7) produces the second order partial differential equation for fluid pressure p.x, t/,
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The initial condition is: at t D 0, p D p0 D 0. The boundary conditions are as follows: x D 0,
@p=@x D 0, and x D ˙L, p D p.t/. Equation (9) is a parabolic PDE. Its solution has been obtained
by using MATLAB (Mathworks, MA, USA).

4.3.3. Desaturation onset: air entry. All the precedent considerations are strictly limited to the stage
in which the pore tubes are fully saturated with water, with the water-vapor exchange occurring only
at the external boundary .x D L/. Eventually, air does enter into the pore space of the tube. Air
incursion into a saturated soil mass may occur via various specific mechanisms. Classically, it has been
linked to the evolution of meniscus at the external surface pore entry. Zsigmondy [18], Terzaghi [19],
Scherer [20], and Fredlund and Rahardjo [16] suggest that the air entry takes place when a meniscus
radius undergoing shrinking because of the increase in water tension (suction) becomes small enough
to fit a throat of the largest external pore of the porous medium. This concept implies that the meniscus
has (and maintains) its spherical shape and that its radius shrinks faster than that of the pore vessel. Its
relationship to the pressure difference is controlled by the surface tension via Young–Laplace equation,

� p�c D p � pa D�
2�s cos �

r
I r D ajxDL (10)

where ajxDL is a pore size at the sample surface, which is at the vessel’s end. On the other hand, the
relationship of the inner radius of the pore vessel at any point of its length to the water pressure is
controlled by the pore vessel wall compressibility and the fluid viscosity. When the capillary pressure
pc rises above that value, pc > p�c , equilibrium is violated and a breakthrough of air is postulated to
take place.

Indeed, more recent studies show that a hemi-spherical shape of meniscus, which is a critical part
of the hypothesis, is a substantial over simplification [67]. In addition, it requires that the wetting
angle reaches the value of zero at the very moment of air entry (e.g. [16, 68]) for all fluids, and all
minerals, implying in turn existence of a thin film extension reducing the wetting angle to zero above
the meniscus (e.g. [69]). In reality, such thin film has an effect on meniscus for very small pores, with
a characteristic size of the order 10 nm [70]. In experiments with non-clayey soils, the thickness of the
film is estimated at 10�8 m, with no effect on the contact angle (e.g. [71]).

An alternative mechanism of air entry into the vessel filled with evaporating water is based on water
tensile fracture concept [72,73]. According to the previous observations, because of the locking nature
of the vessel closure problem, at an advanced stage of the vessel closure, quite high values of suctions
are needed at the ends of the vessels to continue to dewater the tube at the same rate. It is likely that
suction in water approaches at this location, the tensile strength limit of water. Water tensile fracture
in isothermal conditions is estimated from a p � V � T equation of state to be as high as at -230 MPa
[42, 74]. However, maximum heights of water columns suspended under menisci in soils and in plants
suggest much smaller values of -1 MPa up to -25 MPa tension. It is widely believed and supported by
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observation of water in capillaries that a much lower value liquid tensile strength is reached as a result
of cavitation, associated with the existence of microscopic air bubbles at solid impurities suspended
in the liquid, or by nucleation of the new ones via evaporation (e.g. [72]). Such gas bubbles can grow
without limit, if they first overcome an energy barrier of the bubble surface tension after reaching a
critical size, via temperature increase or pressure decrease. The critical size, above which the bubble
growth is unstable, reads

rbc D
2�s

pa � p
(11)

Changes in vapor pressure affect the radius below only 0.1 �m. Therefore, the water tension increase
in the vessel practically controls the bubble’s critical size for the onset of the growth. Upon tension
reaching a value corresponding to the bubble size ‘equal or smaller than the pore size, a bubble of
water vapor could spontaneously form and grow without being suppressed by pore walls’ [75]. Such a
situation is most likely reached where the water tension (suction) is the highest, which is near a vessel
exit. Note that at such location, the cavitating bubble, which is filled with pressurized vapor instantly
reaches the free surface of the water vessel, as its pressure is sufficient to break the surface tension,
dissolves in the external gas, in analogy to boiling water. Also, the pre-existing bubbles attached to
the solid walls or in soil crevices may lead to cavitation resulting in what is called heterogeneous
nucleation [76].

Water cavitation concept is not a stranger in soil mechanics and physics [77]. It is believed to arise in
porous stones at high suction values [25]. Gawin et al. [78] postulated that pore water cavitation arises
because of suction increase in soil water at a site of a dilatant strain localization. It was observed
experimentally by Mokni and Desrues [79] and Loret and Khallili [80] (see also [81]). Recently,
Mielniczuk et al. [82] observed a micro-scale water body failure as a precursor of macroscopic air
entry into a capillary bridge of a granular cluster.

The aforementioned two alternative mechanisms of air entry take place initially at the external
boundary of the drying body; and in both cases, the direct driving variable is the negative water
pressure, which attains a threshold value. Most interestingly, numerically the threshold values for the
two mechanisms are expressed through the same equation (Equation (10) or (11)) at rbc D a. Indeed,
they both relate a surface tension controlled radius of curvature of a liquid-vapor interface to the pore
size. This coincidence did not escape the attention of Scherer and Smith [83]. They underline, however,
that ‘cavitation... within the (drying) front... would be (experimentally) indistinguishable from regular
emptying of pores...’.

In what follows, we treat the air entry criterion (Equation (11)) as a phenomenological one,
invoking also the fact that it has been corroborated to hold for many materials tested by independent
operators [16].

4.3.4. Desaturation mechanism. The removal of the water vapor, occurring initially at the vessel
extremity in the continuous saturation stage is compensated by a liquid water supply provided via
a gradual constriction of the vessel. However, at difference to a similar problem in the evaporation
from the plant xylems (see e.g. [42,63]), there is no flux from an outside source at the other vessel end
(like from roots).

In the post air entry stage, the mechanism of the supply of a needed water volume to satisfy the
continuity with the evaporation flux is a combination of two components: the continuing, even if
much reduced, shrinking of the pore walls because of the internal suction in the central portion of the
vessel and the removal of water from the vessel by converting an incremental volume of water inside
the vessel near the interface into vapor. The latter causes a commensurate recess of the water/vapor
interface inward of the vessel. A complete evaporation of water at the interface is assumed, that is, with
no residual (capillary) water effects scattered across the unsaturated zone. The two mechanisms are
independent, and the first of the two dies away very quickly [84]. The transition between the saturated
and unsaturated stage is hence consistent with the criterion of the air entry cavitation occurring at a
progressively greater depth of the tube.

At a generic state in the second stage of desiccation, a single tube is only partially filled with the
liquid up to the moving interface, whereas the rest of the vessel is occupied by the air-vapor mixture.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
DOI: 10.1002/nag



L. B. HU ET AL.

At the interface, the critical (cavitation) pressure condition (dependent in general on the variable local
vessel radius) is maintained, Figure 5. The liquid filled part is still in the regime of Poiseuille flow,
whereas, the ‘unsaturated’ portion hosts a relatively fast flowing (for the porous media standards) gas
that exerts a minimal pressure. In fact, the gas flow is considered as instantaneous. Hence, the gas filled
portion beyond the air entry point undergoes rigid unloading, that is, there is no further deformation
change in that zone.

The results of the already mentioned macroscopic drying experiments [21] on flat silt bars show
that the rate of average fluid loss from the sample over most of the process is constant, down to the
fluid content of the order of 5%. This is very characteristic for water and ethanol-water mix; and to a
large degree for glycol-water mix, more for the pure silt and somewhat less for the clayey silt [13, 14].
This is also consistent with many prior data [35, 62]. Although these observations suggest a constant
evaporation rate in terms of the macroscopic variables, in what follows, this is postulated to be true also
at the meso-scale, that is, as a boundary value condition for the fluid flux, at the point of the interface.

Finally, it needs to be added that the proposed scenario is far from being universal. In clays that not
only are affected by the dominating presence of ions, but as a consequence of that by large volumes of
strongly adsorbed water, additional factors need to be modeled such as ion concentration increase as a
result of evaporation, ion transport and possibly osmosis, and their effects on the mechanical behavior
of solids [85, 86] and fluids [15]. Neither, the mechanism unsaturated evaporation by far addresses
a complete list of phenomena in play (see e.g. [32]). For instance, Mainguy et al. [87] assume in a
macroscopic analysis that the phase transition takes place continuously between liquid water and water
vapor-dry air mixture interface existing at every point within the REV. In our experiments (which all
initiated at full saturation), it has been observed that only after the air entry a sharp interphase interface
forms at the external boundary surface and migrates inwards from the boundaries (see Figure 6).

4.3.5. A mathematical model for evaporation from a partially filled vessel. In what follows, the
criterion for the critical water pressure is adopted not only as a condition for the formation but also
for the displacement of the interphase boundary within the tube. This interphase boundary motion
can be interpreted both as a further sinking of the meniscus, or as a cavitation occurring at a location
incrementally below the water surface in the tube. In particular, it is postulated that once the pressure
in water at a point in the pore vessel drops so that the capillary pressure is at the critical (equilibrium)
value, p D pa � p�c , a new interface forms between the liquid phase and gas phase at an infinitesimal
distance, ds, from the current gas/water interface in a process of isothermal evaporation. Evolution of

Figure 5. A schematic of the progress of the interphase interface.

Figure 6. A drying soil slab with an interface separating wet and dry parts.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. (2012)
DOI: 10.1002/nag



DESICCATION SHRINKAGE OF NON-CLAYEY SOILS

the pore vessel pressure during the saturated stage indicates that this condition is met first at the vessel
extremity, where the pressure has an algebraic minimum.

We assume that at a generic time, t , a sharp interface within a pore vessel separates a liquid water
phase and an entirely gaseous phase consisting of dry air and water vapor. As the water is removed
in the form of vapor across the interface, the latter progresses toward the center of the vessel in the
axial direction. Extending the simulation from the preceding sections, we assume a continuous water
evaporation at the moving interface, at x D s.t/, that is, imposing the condition that the negative pore
pressure reaches at this location and maintains a critical (negative) value (cavitation) p�c determined
by Laplace law equation (10).

x D s.t/ W p D p�c (12)

In general, the value of p�c depends on the variable pore radius. Hence, the formulation is a
generalization of Stefan problem in which the water mass conservation (Equation (7)) only holds for
the domain 06 x 6 s.t/:
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	 DHh0a0=16� (14)

	 can be interpreted as a vessel hydraulic conductivity coefficient to simplify Equation (9). The
kinematics of the interface s.t/ is governed by the phase transition mass balance, which requires that
the molecular amount of water enclosed between the positions of the interface before and after the time
increment equals to the molecular amount of vapor produced over the corresponding increment of time
plus that of liquid flowing out of the volume
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The left hand side of Equation (15) is the rate of water mass exchange per unit area as a result
of interface movement, the first term of the right hand side represents the water mass flux, as
� D 
wa

2=8� is the modified Poiseuille constant (to refer to specific mass). The second term of
the right hand side represents the vapor flux coming out of the interface and entering the gas phase, as
c is the water vapor mass concentration in the gas and � is the diffusion coefficient of the vapor. All
masses are expressed as mol quantities.

It is therefore assumed that gas pressure in the gas filled part of the vessel equals to the atmospheric
pressure, whereas the deformation of the vessel remains constant at the value developed during the
saturated part of the process. As the material is assumed rigid-plastic, this part of the vessel undergoes
unloading and the stress in this part of the solid of the vessel remains in the rigid domain. Hence,
strain is constant and irreversible. Transport in the water filled part of the vessel and its deformation
are described by the same equations as in Section 4.3.2.

In addition to Equation (12), another boundary condition remains unchanged

x D 0 W
@p

@x
D 0 (16)

The initial condition of the water pressure at t D 0 (taken as the moment of desaturation onset) is
the pre-cavitation water pressure distribution, p�.x, t�/, obtained as a solution for the saturated stage
(Section 4.3.2), in which the water at the boundary x D L reaches p�c :

t D 0 W p D p.x/D p�.x, t�/ (17)

4.3.6. Strain induced by surface tension forces. In all the preceding consideration, the driving force
for deformation has been assumed to be the evaporation flux. The evaporation flux induces forces and
the corresponding deformation of the soil skeleton in general in two principal ways: first, via suction
of the liquid acting along the vessel walls and second via an associated change in stress because of
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surface tension forces at the meniscus contact with the solids (capillary forces). The latter ones in the
saturated stage of desiccation are limited to the external boundary of the drying body, that is, to the
location, to which the fluid/vapor/solid interface is restricted.

The initial state in terms of the capillary forces is an equilibrated system of forces of surface tension,
water, and air pressure acting at the curved interface. These forces are determined by the wetting angle,
and the vessel radius, as well as the amount of the surface tension. Notably, if the gravity is not a part
of the force equilibrium (say, for horizontal vessels), capillary forces at two ends of the vessel provide
the required balance. As mentioned earlier, during the transient process of drying, the equilibrium is
perturbed; and transient capillary forces in the presence of the variable radii and wetting angle need to
be determined from a linear momentum balance condition [50], which is beyond the scope of this paper.

Nevertheless, capillary forces are associated with tensile stress in water, and induce the reaction
forces acting in the opposite direction to the surface tension forces, Ts , transmitted to the grain struc-
ture encircling the tubular pore exit (see Figure 7(a)). Notably, the value of the surface tension is
constant, as it depends only on fluid, whereas its position depends on the contact angle, which is a
property of the fluid and solid interface geometry.

In terms of the cylindrical pore-tube model, the reaction of the solids of the tube to the surface
tension forces can be decomposed into the radial forces applied at the inner perimeter edge, and the
axial compression forces applied parallel to the axis of the tube. Hence, the radial forces act on the
tube orthogonally to the axis, and only locally, at the ends. In contrast, the axial force component
creates axial stress in the tube across the entire length and in the model is equilibrated by the surface
tension forces at the vessel’s other end, compressing and shrinking the tube axially, Figure 7(b). This is
obviously valid with the assumption that the vessel runs from one boundary to another. The eccentricity
of the application site of the latter forces is to be ignored.

Most importantly, the capillary pressure and hence the components of surface tension forces arise
at the moment of the formation of the meniscus, which in natural conditions is induced by a change
in the humidity or temperature conditions of the atmosphere. Hence, the deformation caused by the
generation of the surface tension forces occurs prior to the onset of desiccation shrinkage. Only the
decrease of the diameter of the deformable tubes induced by evaporation, and hence the decrease in
the length of the perimeter of the vessel at which the surface tension forces are attached, as well as
possibly the change in the wetting angle produces an increase in surface tension stress, and that increase
does contribute to the axial drying shrinkage of the tubes.

Figure 7. (a) Forces acting on pore water and (b) forces of reactions on the solid of the pore vessel.
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The strain, as a result of surface tension induced stress, is neglected as small compared with the
primary mechanism of the suction induced pore collapse, and hence the latter mechanism is addressed
here alone. It needs to be emphasized that these two mechanisms, while coupled through the vessel
diameter change, have distinctly different physical origins: evaporation mass removal and surface
tension. They also are consequential: without the water mass removal and vessel shrinkage, there is no
change in axial component of surface tension induced stress.

Interestingly enough, Terzaghi [19] describes a similar scenario of soil desiccation using a soil
representation by a system of tubular ‘imperfectly elastic’ (meaning inelastic) vessels. However, he
describes a process that starts from a different (‘earlier’) initial state. It appears that his initial state is
that of a submerged soil, or at least soil covered by a liquid film (which often is the case) [17]. Hence,
initially there is no meniscus, and when water starts to evaporate it makes the initially flat end-interface
to evolve into a meniscus, with its final form at the maximum surface tension. Terzaghi postulates that
the evolution of the meniscus generates tensile stress in water column in the pore vessels and a tensile
(radial) stress in the tube, as well as tube’s compression (probably axial). In other words, he suggests
that the entire saturated shrinkage is linked to the process of the meniscus evolution. He then infers that
the amount of desiccation shrinkage is directly proportional to compressibility. The latter supposition
has been confirmed by our experiments with a set of different silts filled with different pore fluids [13].

However, even if the application of the entire surface tension forces to the soil skeleton were to be
included in calculating shrinkage strain, their effect is minor. As shown for the case of silts discussed in
[84], the axial surface tension stress component is only 32 kPa, against that of 400 kPa of suction. The
corresponding ratio of macroscopic (averaged) strains in LP because of surface tension to that because
of suction is even smaller: 1/104. This is under the assumption that the axial surface tension stress is
considered as an axial pressure against the tube on both ends. It can also be considered as a shear stress
distributed along the solid–fluid interface, that is, the inner tube wall, yielding an even smaller value,
1 Pa, with the tube length of 0.15 m. The shortening ratio (as shear strain outcome would be compared
with that of normal strain) is even smaller.

5. PRINCIPAL QUANTITATIVE FINDINGS

A complete numerical assessment of the proposed mechanisms of shrinkage drying process requires
the solutions for the individual (Large and Small) vessels in the continuous saturation stage;
identification of the air entry threshold for the individual vessels, initiating then the second drying
stage; the solution for each vessel type of the second, combined flow-internal evaporation (unsaturated)
stage for the individual vessels, weighted averaging of the results for the individual vessel types and
finally an overall assessment of the behavior of the entire assembly.

The complete numerical results and a parametric study for a drying soil idealized in the presented
model calibrated on the basis of the laboratory experiments provided by Peron et al. [10] are amply
discussed elsewhere [84]. In this paper, we limit ourselves to two key results in both meso-scale and
macro-scale, which provide an opportunity to assess the functioning of the postulated mechanisms.

The solutions are obtained for large and small pore vessels separately. Both types of pores are
subjected simultaneously to the same external negative pore water pressure evolution. The numerical
value of the deformability modulus of the solid (H D 125 kPa) and water viscosity are chosen the
same for the analyses of the LV and SVs. The length of the tubes is also the same and equal to 30 cm.

The most significant difference between the two types of pores is in the amount of closure of the
inner cavity, see Figure 8: in 5 h needed for reaching the critical pressure (suction), the LV closure
amounts to 0.33 �m from 1.5 �m, whereas the SV closes over 0.08 �m from the original 0.5 �m at
the exit (external boundary). At the terminal stage, the LVs are of the diameter of 0.6 �m, and hence
are very near the average SV size. This evolution is very consistent with the actual porosimetry results.
Notably, SVs cavitate much later than LVs, as their cavitation threshold depends on the pore size.

Further water removal from the body after the LV air entry occurs through the same mechanisms,
but this time applied to the SVs. The post air entry stage consists of two processes: an incremental
water removal through evaporation localized at the now migrating liquid/vapor interface, and continu-
ing suction driven water transport towards the interface in the water filled portion of the tube. At some
point, the water pressure gradient disappears in the latter, and in further stage, water is removed only by
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Figure 8. Evolution of the inner radii in large vessel (LV) and small vessel (SV) at x D L.

Figure 9. Evolution of the pressure profile in Large Vessel (LV) during unsaturated phase. � is a
dimensionless time variable, � D T 	=L2.

evaporation causing the corresponding interface displacement, as shown in Figure 9 until all water is
extracted form the LVs. Remarkably, the stage after the cavitation generates no further deformation of
the vessels, hence macroscopically, almost no shrinkage. Further water removal from the body occurs
through the same mechanisms, but this time applied to the SVs. However, a simultaneous closing of
all 12 SVs produces much less (practically unnoticeable) deformation of the medium than that of one
single LV. The pressure gradient disappearance in the LVs in an early phase of the non-saturated stage
in those vessels is manifested as what we know as SL of the medium as a whole. Hence, in practi-
cal terms, it may be stated that the air entry into LVs is a precursor for an imminent cessation of the
shrinkage, or in other terms, the SL.

It is interesting to see that the timed sequence of individual deformation and air entry in LVs and SVs,
integrated over the representative volume, yields a result that is remarkably close to the experimental
macro-scale findings. Figure 10 presents the time evolution of the averaged void ratio response to
drying, in which the air entry events are marked for both LVs (a) and SVs (b), together with the instants
of disappearance of water pressure gradients marked (a’) and (b’) in the respective vessels. The latter
event practically terminates the deformation associated stage of a given vessel dewatering. Notably, the
void ratio change between the cessation of gradient in the second stage of LV dewatering, event (a’),
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Figure 10. Evolution of void ratio for simulation based on LVs+SVs (solid line); result calibrated from
experiments in [21] (triangles).

and the air entry in SVs, event (b), marks the deformation associated with deformation of the SVs. The
segment b-b’ practically results in no overall deformation. Detailed analysis of the evolution of the two
sets of vessels is provided by Hu et al. [84].

6. DISCUSSION AND CLOSURE

The developments presented thus far are centered around the evolution of the pore system and two
major physical hypotheses: of Poiseuille flow and air entry criterion in terms of a critical water
pressure. This scenario of phenomena is different from the traditional one, in which the driving force
of shrinkage is capillary force system , whereas the corresponding microstructural model for shrinkage
is centered around the liquid bridges between the individual grains.

Two alternative mechanisms of air entry: that of sinking of the meniscus and that of water cavitation
lead to the same criterion in terms of a critical value of water pressure. There seems to be a quantitative
support for the hypothesized mechanisms triggered by drying. The model appears to capture properly
several elements of the shrinkage behavior, starting with a linear character of the void ratio change. It is
postulated that the driving force at the initial stage is Poiseuille water flow in pore conduits induced by
the flux of the liquid water removal via phase transition at the boundary. The water removal generates
a negative water pressure, and its gradient along the pore vessels generates water flow. Deformation of
the porous vessels compensates for the mass removal of water from the vessels. The pressure (suction,
to be exact) and pressure gradient are controlled by the evaporation rate, and by the deformability of the
solids alone. The shrinkage rate is controlled by the fluid viscosity, evaporation rate and experimentally
measurable variable pore radii. A predicted value of the critical water suction, equivalent to water
tensile strength, corresponds well to the related integrated deformation at the SL.

One way to confirm or to dismiss the aforementioned scenario is to perform a detailed numerical
(and parametric) study, also to provide instruments for an experimental verification. This is undertaken
in the companion paper by the same authors (‘Desiccation shrinkage of non-clayey soils: a numerical
study’, this Journal, this issue). The study provides a strong indication that the proposed combination
of the phenomena involved is realistic quantitatively and reveals interesting information about their
role and timing in the whole process. An assessment of the evolution of the void ratio, suction, water
content, and saturation degree during drying is provided in that paper.
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Figure B.1. Negative pressure required to close a thick-walled tube according to Fung’s solution is a
nonlinear function of the vessel internal radius.

APPENDIX A: PORE CLASSES

A procedure is described for identification of the LP and SP populations, following the original findings
of the pore system evolution by Delage and Lefebvre [23]. These authors studied pore system in a
Champlain Sea sensitive clay from St. Marcel, Quebec, Canada. This is a finer soil (and with a higher
clay content) than the one studied in this paper. Nevertheless, a two-lass pore population structure was
identified, including ‘larger pores’ or inter-aggregate pores of 0.25–1.0 �m pore entrance and ‘smaller
pores’ or intra-aggregate pores. An eminent characteristics of that division is a distinctly different
evolution of the two classes of pores. The ‘larger pores’ incrementally close during consolidation under
any mechanical stress, whereas the ‘smaller pores’ are not affected by the loads as large as 1.4 MPa.

We follow the same principle in regard to our silts. It can be seen from Figure 2 that volume fraction
of pores originally larger than 0.628 �m decreases nearly to zero during drying, suggesting that they
either close or at least reduce to the size of SPs. Pores originally smaller than 0.628 �m increase in
their volume fraction, either through deformation, or, more likely, through adherence of the former
LPs, but for sure do not decrease in size. The threshold of 0.628 �m divides the entire pore population
between 0.098 and 2.5 �m of entry diameter into the two above-mentioned classes.

APPENDIX B: DEFORMATION OF A THICK-WALLED TUBE

Thick-walled cylinders exhibit under internal radial suction a locking behavior. Fung’s approximate
solution expressed through the relation between the internal relative radius change vs normalized
pressure p/H is described by Equation (8) and shown in Figure B.1. Especially for the LP, the vessel
pressure (negative) needed to produce the same increment in the flux change is significantly higher at
20% of radius closure than at 0%. The effect of locking is enhanced when a more realistic, logarithmic
pressure-volumetric strain constitutive relationship is used.
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