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Abstract

Cracking is a most unwanted development in soil structures under-
going periodic drying and wetting. Desiccation cracks arise in an appar-
ent absence of external forces. Hence, either an internal, self-equilibrated
stress pattern resulting from kinematic incompatibilities, or a stress re-
sulting from reaction forces at the constraints appear as a cracking cause,
when reaching tensile strength. At a meso-scale, tubular drying pores are
considered in the vicinity of a random imperfection, inducing a stress
concentration in the presence of significant pore suction. This approach
allows one to use the effective stress analysis, which otherwise, away
from the stress concentration, usually yields compressive effective stress
and hence a physically incompatible criterion for a tensile crack. Recent
experiments on idealized configurations of clusters of grains provide
geometrical data suggesting that an imperfection as a result of air entry
deep into the granular medium penetrates over 4 to 8 internal radii of
a typical pore could yield a tensile effective stress sufficient for crack
propagation.
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1. INTRODUCTION

Cracking is a highly undesirable occurrence in soil structures subject to dry-
ing, from both mechanical strength and hydraulic points of view, usually de-
grading engineering soil quality. Per definition, drying is a multi-phase
phenomenon, with a quite complex multi-physics, including phase change,
capillarity, flow, deformability, and (perhaps) water cavitation. Drying and
drying cracking require considerations to be made at three scales: macro-
scale continuum, meso-scale of grain and pore clusters, and micro-scale of
individual pore structure or grains with liquid bridges.

Drying cracking has for years been marred with a criterion paradox: the
tensile drying cracks seem to occur at a compressive effective stress state.
The purpose of this paper is to provide a criterion that disentangles the para-
dox.

Similarly to thermal cracking, the desiccation cracking appears in the
apparent absence of external macro-scale forces. Therefore, either an inter-
nal, self-equilibrated stress pattern due to kinematic incompatibilities and
moisture distribution or a stress resulting from reaction forces at the con-
straints (or all the above) should be taken into account in a cracking criteri-
on. The following phenomena and conditions need to be considered for
drying cracks: drying shrinkage, kinematic constraints impeding the shrink-
age and hence inducing reaction forces, and, consequently, tensile effective
stress reaching tensile strength.

An earlier tubular micro-scale model of a drying porous medium can be
considered in several configurations: unconstrained, completely constrained
at the contact with the material matrix, and constrained at restrictive inter-
pore solid contacts. The latter one is addressed in this paper. At the meso-
scale, tubular drying pores are considered in the vicinity of an imperfection,
inducing a stress concentration near its tip, in the presence of significant pore
suction. This approach allows one to use the effective stress analysis, which
otherwise, away from the stress concentration, usually yields compressive
effective stress and hence a physically incompatible criterion. Experimental
results from an idealized configuration of a cluster of grains at micro-scale
provide geometrical data suggesting that an imperfection as a result of air
entry deep into the granular medium penetrates over 8 internal radii of the
typical pore.

2. THEORETICAL AND EXPERIMENTAL BACKROUND

Drying and drying cracking require considerations to be made at three
scales: macro-scale continuum, at which stress, effective stress, and strength
criteria are formulated and soil experiments are conducted; meso-scale of
clusters of grains and pores, where structural of air entry effects can be ex-
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perimentally observed and analyzed; and micro-scale of single pore or grain
water/vapor, where capillary forces can be observed.

Macroscopic experiments with desiccation on wet soil strip bars indicate
that most of the shrinkage during drying takes place when soil is still saturat-
ed. Shrinkage stops practically 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 (Péron et al. 2009, 2010, 2013). The remain-
ing drying process occurs with a much-reduced shrinkage rate, but almost
entirely via desaturation (Corte and Higashi 1964, Fredlund and Rahardjo
1993, Kodikara et al. 2002, Pellenq et al. 2009). However, specific mecha-
nisms of the shrinkage cessation and air entry and their relationships are still
not well understood.

In this context, we examined (Hu ef al. 2013a, b) microscopic data of the
pore system evolution as represented by the mercury porosimetry results and
postulated corresponding alternative mechanisms based on the pressure (suc-
tion) development in the pore-vessels and ensuing water cavitation at a criti-
cal suction.

The event of the air entry in the former mechanism is interpreted as an
external meniscus plunging (Terzaghi 1927), while the latter consists of a
subcutaneous cavitation of water at the boundary (Scherer 1992). The two
are physically undistinguishable phenomena (Brinker and Scherer 1990).
The former suggests a meniscus shrinking until its diameter becomes smaller
than the pore entrance. The latter, implying that water suction reaches tensile
water strength, depends notoriously on the presence of dissolved air or solid
impurities in water. The numerical criteria for both events yield the same
values of a critical suction, given the pore-vessel size.

P ()
a
where p.;; 1s Laplace’s equilibrium capillary pressure at the air entry, a is the
pore radius equal to interface curvature radius, while 7 is the surface ten-
sion, and @ is the contact angle.

The onset of cracking follows shortly the first air entry event. Based on a
stress concentration mechanism previously proposed by Scherer (1992), we
suggest that the imperfection (flaw) of the material at which the stress con-
centration occurs is generated by the air entry (Hu et al. 2013a-d).

Micro-scale experiments with smooth glass grain clusters or pairs
(Mielniczuk et al. 2013, 2014) with capillary water between them imply that
the air entry constitutes a surface instability of the water body, depending
most likely on the local water pressure.
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To bring the above findings together, our multi-scale approach is dictat-
ed by an opportunistic use of experimental possibilities and findings, con-
ceptual hypotheses and numerical models and devices that provide a basis
for a realistic scenario to model this complex set of phenomena.

3. CONCEPTUAL FRAMEWORK
3.1 Pore suction build-up

Experiments with drying silt bars filled with three different fluids (water,
ethanol, and glycol) pointed out that their drying shrinkage mainly depends
on compressibility of the solids and on surface tension of the liquid (Hu et
al. 2013c¢). These findings prompted a micro-scale model (Hu et al. 2013a),
in which shrinkage is viewed as a closure of the mercury porosimetry match-
ing bi-modal pore-vessel system (Fig. 1a) during three stages of the process:
(1) Poiseuille flow induced (negative) pressure in the entire tube, hence con-
trolled by compressibility of the material at the meso-scale; however, the
shrinkage amount and limit is correlated with surface tension of the liquid,
which controls all the capillarity phenomena; this indicates that the capillary
force at the meniscus at the external surface is a limiting factor in the end of
the deformable tube water transport, and the onset of desaturation; (ii) inva-
sion of air followed by the liquid-vapor interface motion with the simultane-
ous Poiseuille flow in the central portion of the tube until the pressure
gradient ceases; followed by (iii) the motion of the liquid-vapor interface as
a sole mechanism of water removal, at a constant liquid pressure and defor-
mation.

Viscous flow through a single (straight) microscopic vessel is described
by Hu et al. (2013a) in terms of the fluid pressure in the pore-vessel, p(x, t),

T+ )
ox Hl{_aop ox) a Hh ot

2 [P
&*p 24, (a_pj leu| HR]op _,
i

The boundary conditions at the tube center and exit are: x=0,
op/ox =0, x=xo, p=po(t), respectively; po(?) 1s the pressure exerted at the
point of evaporation, which is at x =x, at the interface between liquid and
vapor phase, with xo(z =0) = L, L being the tube half-length. H is the inelas-
tic stiffness modulus (1D), u is the fluid viscosity, 4 is the thickness of the
tube, and qy 1s the tube initial inner radius. Equation 2 is a linearized form of
the pressure vessel deformation equation (Fung 1984), under a 1D flow as-
sumption, and of zero Poisson ratio (Fig. 1b). Last displacement limitation
does not apply.



A THREE-SCALE CRACKING CRITERION FOR DRYING SOILS )

-194,700
C) x10°
-194,702 -1.88 T=37299s
* % oy
-194704) ™y Te3o085s
-194,706 F *_ -1.92
*
-194,708 T LS
~
— ! *.-1.96 1
L 0 005 01 015
o -194,712} 5
*
-194714F 1 aoasne X
-19a716f © T e *
L) ~Ou " \*
-194,718} 0.

T=39702s ) L
—194.7201?‘6—0—3 E—ﬂ—a—e_g_g_e_a__,}&e\ N -,
—194,722! . 3

0 0.05 0.1 0.15
Distance x [m]

Fig. 1: (a) Two-mode system of cylindrical pore-vessels; (b) individual vessel de-
formation induced by a pore pressure generated by the external vapor flow; and
(c) evaporation flux induced evolution of pore (negative) pressure in pore vessels
during flow, with a near-exit segment at a critical pressure and hence instantaneous-
ly evaporating. 7 is time from the onset of evaporation.

The most important product of this micro-scale simulation is the evolu-
tion of the pore pressure (Fig. 1¢). Visible in the figure is the suction gradi-
ent, which responds to the vapor flux at the interface, the displacement of
which, starting from the moment of the first entry, becomes the dominant
transport mode, given the fact that suction gradient in the liquid phase seg-
ment decreases very fast.

3.2 Air entry

The above numerical micro-structural studies calibrated against the experi-
mental results of Péron ef al. (2007) yield the value of suction corresponding
to the air entry. A numerical criterion for the air entry is generally accepted
(Terzaghi 1927, see also Lu and Likos 2004) and expressed via critical pres-
sure of the fluid (Eq. 1). The 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. The resulting values of the critical pore
pressure are 194 kPa for the class of large pores of the order of the original
1.5 um that shrunk to 0.78 um, and 280 kPa for the class of small pores of
the order of the original 0.5 um that shrunk to 0.42 um (Hu et al. 2013Db).
The air entry phenomenon, despite that it occurs at the scale of a single
pore, is considered a macroscopic property of soil, mainly based on the as-
sumption of the equality of the fluid pressure at both scales. A suggestive air
entry mechanism in a 2D granular system has been proposed by Childs
(1969) shown in terms of a succession of stages during drying and re-wetting

(Fig. 2).
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Fig. 2. An early 2D model of air entry into soil (after Childs 1969).

Recently undertaken experiments at a meso-scale with drying of model
clusters of smooth glass grains (Mielniczuk et al. 2013) with the funicular
water between them reveal new features of the air entry mechanisms. First, it
appears that there are multiple modes of air entry. The most characteristic
that were identified in all experimental systems tested of 3, 4, 5, 6, and 8
grains were two classes corresponding to a negative or positive local Gaussi-
an curvature (which is a product of the two principal curvatures) of the sur-
face of local meniscus. Most typically, for a negative Gaussian curvature (or
concave/convex meniscus) a non-symmetric mode of the unstable evolution
of the water body constitutes a most common air entry mechanism into the
body of the saturated soil. While the circumstances and numerical criterion
for the event are still an open question, it clearly is an unstable and localized
displacement of the gas/liquid interface in form of a finger, occurring at
a several orders of magnitude higher rate than the preceding process mani-
fested, among others, by a slow evolution of the liquid/gas interface. Fig-
ure 3 shows three of a series of images of a 2D saturated cluster of 8 grains
(Mielniczuk et al. 2013) shot every 60 seconds during natural isothermal
drying (using Canon EOS 500D camera). Grains were 3.5 mm in diameter
ultrafine glass spheres, while the liquid is ultra-pure deionized water. As in-
dicated, it took 10 minutes from the initial configuration to reach the inter-
mediate one, and less than 60 additional seconds to develop the final
configuration with the gas penetration. The depth of the penetration of the
gas finger is about 4 times the average size (diameter) of the pore. For small-
er configurations a fast camera imaging revealed that the unstable process
takes about 1/2000-th of a second to develop a new configuration.
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Fig. 3. Evolution of the water body between 8 glass spheres subjected to evaporation
at a constant temperature and constant ambient vapor pressure. The arrow indicates a
localized non-symmetric unstable mode of the interface evolution (air entry finger).

0 min 20 min 21 min

Fig. 4. Evolution of the water body between 6 glass spheres subjected to evaporation
at a constant temperature and constant ambient vapor pressure. The arrows indicate a
localized symmetric unstable mode of the interface evolution (air entry via thin film
instability).

The images posterior to the air entry show a wave motion over few se-
conds of the water mass displaced from the space occupied by the gas finger.

An alternative, symmetric entry mode takes place at a point with a posi-
tive Gaussian curvature (concave/concave meniscus) between the spheres
and consists of a multi-step process: starting with a convergence of two
gas/liquid interfaces situated opposite one another (at the front and back of
the picture), followed by formation of a suspended thin film of liquid, fol-
lowed by a further thinning of the film, leading to coalescence of the two
surfaces, producing a short cylindrical or spherical gas nucleus, which sub-
sequently propagates symmetrically with a circular projection until its
boundary reaches the solid walls of the sphere. This is shown in Fig. 4 for a
six-sphere cluster. Notably, the non-symmetrical scenario occurs for systems
with higher separations between grains, while for lower separations a sym-
metrical scenario takes place. The unstable part of the process starts at the
point when the thin film of water bifurcates. The bifurcations of thin films
and thin sheets have been known for some time (see, e.g., Taylor 1959), but
for capillary bridges have been observed only recently (Maeda et al. 2003).
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3.3 Drying cracking

As mentioned earlier, modeling of desiccation cracking via macroscopic ap-
proach suffers from a major handicap. Consideration of a 1D drying of a
constrained saturated granular body easily shows that a modest total stress is
generated in reaction to the constraints and that it is tensile, whereas the val-
ues of suction induced by the evaporation flux are significant. Consequently,
the resulting effective stress appears to be compressive. This is counterintui-
tive, as drying failure evidently occurs through tensile cracking.

To address this paradox Scherer (1992) postulated a scenario suggesting
that desiccation cracking is necessarily triggered through crack propagation
from a tip of a pre-existing structural flaw, at which a substantial total stress
concentration occurs. As a result, the remote total stress is substantially
magnified through the stress concentration and becomes larger in absolute
terms than the elevated suction. In turn, the local effective stress becomes
tensile, and hence prone to reach the tensile strength of the material.

Based on the presented results we postulate that a non-symmetric finger
of air entry, as described above, constitutes a sufficient imperfection (flaw)
in the drying granular body to produce a concentration of total stress induced
by the kinematic restraints to the drying shrinkage around the tip of the flaw,
to generate crack propagation, as proposed by Péron ef al. (2010), and Hu et
al. (2013d), following the idea of Scherer (1992).

In this spirit we consider an air finger (flaw) with depth ¢ and curvature
radius at the finger tip of rc at the soil surface, which is surrounded by the
micro-tubes pore system, as shown in Fig. 5. The system of micro-tubes rep-
resenting in the meso-scale the pore system is adapted from the model of Hu
et al. (2013a) to simulate the shrinkage mechanism for silty soil due to water
evaporation. In this model, the soil pore structure is approximated by a net-
work of hollow cylinder tubes. The external radius (R.x) of the tubes is con-
sidered equal to 3.6 um and the current internal radius (Rj) is equal to
0.78 um. These radii are obtained based on the mercury intrusion porosi-
metry data on Bioley silt (Hu ef al. 2013a). Using the principles of linear
fracture mechanics, the stress at the external boundary of the tubes which are

[Flaw: air entry finger

!

Pore systeni 4Pt

e A O ol O o O O

I T 11 L1 1

Fig. 5. Idealized meso-scale pore network in the vicinity of an air finger.
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placed near the flaw tip can be calculated. Following the methodology pro-
posed by Scherer (1992), the far-field (macro-scale) stress at crack initiation
can be found as (stress is positive in tension)

chrit +;p\/ TU"C
" Bdme

where K is the critical stress intensity factor, B is a constant equal to 1.12,
and p is the fluid pressure inside of the pore.

The depth of a flaw (c¢) can be estimated from Fig. 3¢ as 5 times the di-
ameter of the original biggest pore, assessed for Bioley silt as d=1.5 um
(hence ¢=7.5 um for that silt) — Hu et al. (2013a). The flaw tip curvature
radius 7. is found to be of the same order as the internal radius of the biggest
pore (d/2 =0.375 um). A desiccation crack is generally initiated when the
soil suction reaches the suction value at the air entry moment. Considering
the biggest current pore size of 0.78 um, the suction value at air entry for
Bioley silt has been calculated as 194 kPa (Hu ef al. 2013b). Adopting a val-
ue of 0.16 kN/m** for the critical stress intensity factor as measured by
Chertkov (1995) for a sandy silt soil, a value of g, =39 kPa is obtained for
the macro-scale total stress from Eq. 3. This value is close enough to the one
obtained experimentally by Péron (2008) in simulations of the drying exper-
iments on constrained slabs of Bioley silt (25 kPa). The local total stress at
the flaw tip is hence estimated as

o, = 2190')6\/E , (4)
7.

which yields a value of 295 kPa (tension).

We shall now evaluate the stress resulting within the tubes imposed by
the conditions arising at the tip, as calculated at the meso-scale. For that pur-
pose, we employ a finite element representation of the two tubes at the mi-
cro-scale. The tubes are located near the air finger tip in an ideally
symmetrical position, as shown in Fig. 3b. The material of the tubes is as-
sumed as linear elastic, with £ =52 MPa and v=0.3, following Péron’s
(2008) data for Bioley silt.

As shown via the numerical simulations, the effective principal stress at
failure is equal to 236 kPa (tension), however at the macro-scale this value is
—42 kPa (compression). These differences in sign of the effective stress ex-
plain the apparent contradiction of obvious soil shrinkage during the drying
process due to compressive effective stress at macro-scale and observing the
desiccation cracks which originate from micro-scale by a tensile failure
mechanism.

€)

O_x
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4. CONCLUSIONS

The purpose of the paper is to assess whether air entry fingers may constitute
sufficient imperfections in the soil mass to become the cause of a stress con-
centration and hence result into sufficiently high local tensile effective stress
at the air finger-tip. It was found that for the observed geometry of the
model-medium and for the values of the drying generated suction in silt this
is the case. That demonstrates that the air entry eventually induces crack
propagation at the very site of the air entry. The meso-scale linear fracture
mechanics analysis yields the stress values in the plausible range of tensile
strength.
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