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Abstract: Formation of basalt columns during cooling of lava may be eted
by the drying of colloidal silica suspension confined in dapy cells (Allain and
Limat 1995, Gauthier et al. 2007). During the drying processticles aggre-
gate at the open edge forming a growing drained gelled paredium. High
negative capillary pressure in the draining fluid (Dufreshal., 2003) and adhe-
sion to the walls of the cells generates high tensile steeissthe gel leading to
crack formation. Depending on the experimental conditems the shape of the
cell (rectangular or circular), several crack morpholsgppear. Here the aim
is to compare the experimental morphologies with the onegdigted by fracture
mechanics. For this purpose, the drained gelled porousumeidi modeled by a
linear elastic medium subjected to tensile prestressethamtacks by the varia-
tional approach to fracture of Bourdin, Francfort and Mar{$998, 2000, 2008).

1 Introduction

The basalt columns are formed during the directional cgobh a lava flow.
Cooling can be simulated advantageously by experimentsyaigl cooling like
drying inducing similar fields of prestresses. Neverthetbg pilot experiments
used until now, on nontransparent materials (cornstarphiiticular, cf Goehring,
Morris al. [11]) do not make it possible to observe the dynamics of faioneof
the fractures. On the other hand, experiments of directidryng carried out
on transparent colloidal suspensions in circular capiltabes (Gauthieet al
[10]) allowed to reproduce and observe some of the stillyoagplained aspects
of the columns: facies presenting a smooth and rough attemalynamics of
propagation by jumps [13]. In this paper, we will considectsdirectional dry-
ing experiments and study the influence of the capillary trbss section shape
on the crack morphologies. The experimental morphologmaioed in circu-
lar, square and rectangular tubes will be retrieved by twaedisional non local



damage model simulations. In the present paper, we will@oinate on a quali-
tative comparison. A more quantitative study is underwayrémains still to be
completed.

Experiments of directional drying of colloidal suspensiofiat rectangular capil-
lary tubes have been performed first by Allain and Lirat [1] #ren by Dufresne
et al. [[7,18]. For thin cells, they observed an array of parallecksaperpendicu-
lar to the flat direction of the cell. In circular tubes, Gaatlet al [10] observed
the formation of two perpendicular cracks containing this ak the cylinder. In
both cases, the cracks grows along the drying directiorhigngaper, some new
experiments on thick rectangular cells and on square ornlebevpresented. In
the thick ones, some cracks parallel to the flat directioreapn addition to the
array of parallel cracks; in the square ones, we observe tagks cutting the
cross-section along the diagonals.

For the numerical analysis, we will use the energetic apgraa brittle fracture
of Francfort and Mariga_ [9], which is able to approach thergimaena of initia-
tion, multicracking and complex crack paths. In order tothgetraditional finite
elements, our work will be based on a regularized versiorefenergetic for-
mulation, which may be mechanically interpreted as a ncatlgradient damage
model [5]. Two dimensional simulations on the cross seatibthe tubes allow
us to retrieve qualitatively the experimental observedphologies.

2 Experiments

Experiments are carried out, at room temperature, us-
ing agueous suspensions of mono disperse silica spher-
ical particles (Ludox HS 40) of radius = 15 + 2
«— suspension nm and volume fractiow ~ 0.2. To investigate uni-
directional drying, vertical glass capillary tubes are
used; the top of the tube is closed and the bottom one
is placed in a surrounding maintained at a constant
humidity rate using a desiccant. The tube is only par-

8 ¢ cyaporation surfae tially filled with the suspension so that the air and sol-
/ \ vent vapor, located above the suspension can expand

& ocs sotion to compensate the loss of solvent during desiccation.
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Figure 1: Experimental yq graining fluid generates high tensile stresses in the

setup gel. This causes crack formation [7] following the
drying direction. Depending on the tube morphology, sevaeeck morphologies
appear (see fidl 2):

e for circular cells (diametex 1 mm), two vertical perpendicular cracks;

e for square cells (diagonal 1 mm), two vertical perpendicular cracks along



the diagonals of the square (see also picture of figure 1);

o for flat rectangular cells (thickness 100 um, aspect ratio- 20), an array
of parallel cracks perpendicular to the largest walls;

e for more thick rectangular cells (thickness200 um, aspect ratic> 20),
two sets of perpendicular cracks: as before, an array oflpbteacks and
some crack parallel to the large walls. For technical reasibiis difficult
for the moment, to determine if this last crack correspondsetamination
between the porous medium and the wall or to a crack that &édanside
the porous medium. Several clues indicates that the crdokased inside:
if delamination occurs at both sides, the medium under leessiesses be-
comes unloaded and cracks shall no more propagate, butsthistithe
case; the dynamics of crack propagation is the same as uaimr square
tubes where the cracks are inside the medium; the numeatallations
predicts the presence of a crack at mid wall (see below).
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Figure 2: Different cells and cracks (in greyscale) morpas

The dynamics of crack propagation undergoes an intriguerkyjcrack motion
described inl[8,_10]. But the analysis of this interestingtiotois not the aim
of this paper. In the sequel, we will focus on the two dimenalgroblem of
the crack morphologies in a cross section; hence we willamgtrieve the crack
patterns depicted on the bottom view of figlte 2.



3 A simplified model of drying during directional
drying

3.1 A simplified mechanical model of drying

For the present qualitative study, the two dimensionalzwootial cross sectiof
problem is considered (bottom of figurke 2). We suppose themaelastic and
isotropic. We replace the loading due to high negative piresthat appears at the
liquid meniscus formed by the particles at the bottom aitéwavaporation inter-
face [7] by a given tensile isotropic prestress> 0 or an equivalent mismatch
strainey > 0, so that:
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where)\ andy are the material Lamé coefficients,is the Young modulus and
is the Poisson coefficient. The gel adheres to the wall, ddltkalisplacement is
zero at the boundary of the sectiam:= 0.

3.2 \Variational approach to fracture

Following the energetic approach of Francfort and Marigjotf®e fracture prob-
lem consists in finding the displacement fieldsatisfying the boundary condi-
tions and the crack pattetfhthat minimizes the total enerdgy defined as the sum
of the potential energy of the system, sgyand the surface energy associated to
the crack, say,:

E(u,T) = &, (u,I) + £,() )

where:

E(u, ') = /S/F {g(tre(u))Q +pe(u): e(u)+optre(u)| dS  (3)

E([) = Glength(l), (4)
(. denoting the energy required to create a unit length crack.

The functionall(R) should be minimized among all admissilidéglacement fields
and crack surfaces. The associated minimization problaefésred tol[2] as a
free discontinuity problem. To solve it numerically by using standard finite ele-
ments we used a regularization technique originally dexetddfor analog prob-
lems in image segmentation [12] and adapted to fracture amech by Bourdin
et al. [4]. The energy functiondll(2) is approximated by tokofving family of
elliptic functional depending on a regularized displacetield « and an addi-



tional scalar fieldv € [0, 1]:

&l (u, a) :/S {(1 — 04)2%(‘51"6(10)2 + pe(u) : €(u) + optre(u) | dS+
2 (5)
+GC/S {% +(Va- v@} ds

For/ — 0, the minimizers of{{(b) are characterized by bands withose to 1 and
high displacement gradients. Those bands, whose thickne$she order of/,

are a regularized approximation of the cracks lines. Matterally, it is possible

to show (see|]6]) that the global minimizers of (5) tends dlobal minimizers

of @) when/ — 0. From the mechanical point of view, the functioridl (2) may be
interpreted as the energy functional of a non-local gradiamage model, where
« stays for the damage field addor the internal length.

For a given value of the loading parametgr we solved the regularized mini-
mization problem for[{5) by using standard linear triangtilaite elements and
the alternate minimization strategy detailed!in [3]. Thegtressr, is assumed
to be constant; the damage fields set equal to zero at the boundary to simulate
perfect bonding.

4 Qualitative comparison between experiments and
numerical simulations
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(c) Squared tube (d) More thick rectangular tube

Figure 3: Non local damage model with gradient. Elastic medwith tensile
prestresses.



Figurel3 reports the results of the numerical simulatiomghe cross sectional
shapes of figur€l2. All the patterns observed experimenthtytom of figure
@) can be retrieved by the numerical model. In the case okthéctangular
cells, a crack at mid distance of the largest walls appedisisimulations. This
leads to interpret the secondary cracks that appears ixgegiments as a crack
inside the medium and not a delamination crack. But this tpmierits further
investigations.

By the moment, we are able to report only qualitative agregrbetween the
numerical and experimental results. The challenge nowpgtform more quan-
titative comparisons. This suppose a large amount of ttieateexperimental
and numerical work. Experimentally, the control paramefethe experiments
have to be varied (temperature, hygrometry, particle eadund size...) and the
material has to be characterized mechanically. Numeyidhié influence of the
small parametef, which may be interpreted as an internal length, has to be an-
alyzed in details. This will demand also a further theosdtgroundwork for the
analysis of the behavior of the underlying non-local damageel. This study is
the subject of ongoing works.

5 Conclusion

By using the regularized formulation of the variational eggeh to fracture me-
chanics proposed by Bourdin, Francfort and Marigo and al#fiegh2D mechan-
ical model of directional drying of colloidal suspensiong are able to retrieve,
at least qualitatively, the crack morphologies. This fitatly is encouraging and
will be completed by more quantitative experimental and etoal results. The
experiments shall shed some new light on the basalt colummafions. The nu-
merical simulations may be complementary to the experimbnthighlighting
the pertinent experimental parameters.
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