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Alternating Crack Propagation during Directional Drying
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The propagation of fractures during the drying of a colloidal silica suspension confined in a vertical microtube is
investigated. During the drying process, the particle concentration increases until gel formation. In the gelled region,
the tensile stresses increase and lead to the formation of two vertical perpendicular cracks propagating in the drying
direction, dividing the tube into four equivalent regions. Throughout the drying process, these two fractures do not
propagate at the same velocity. The top crack inhibits the propagation of the crack that is left behind, and the slow
propagation of a fracture is followed by the rapid propagation of the other.

Introduction o, \
Understanding the formation and the dynamics of cracks is %

of fundamental and practical interest. On one hand, cracks can B
invade a surface with an apparent hieraréRCrack patterns
induced by a drying process are common in muds and paints
where successive generations of cracks divide a plane into
polygonal domaindCracks appear in many coatings and material
elaborations and generally need to be avoided. Also, crack
morphologies have recently been investigated with the aim of
both restoration and judging the authenticity of paintifi@n

the other hand, cracks can propagate simultaneously into the ,
volume of the medium, as is the case in many phenomena of jed
geological interest such as the generation of basalt coldfns. ([ | HR=Cst
Because stresses induced by drying are similar to stresses that SRR
appear in the solidification of flow due to coolirfighe drying Figure 1. (Left) Vertical glass capillary of diameterl mm filled

of corn starch is used to model columnar joints that appear in with a colloidal suspension; the single open edge allows for the
certain lava flows or basalt columAs® However, most of the evaporation of the solvent in surroundings maintained at a constant
studies on crack morphology deal with 2D problems such as the humidity rate (HR). On the two sketches corresponding to instants
drying of layer&®2or suspensions confined between two parallel tandt + At, schematic illustrations of both cracks in vertical planes

15 - a and b that are perpendicular and intersect alongz theis are
plates close to each oth€r>In these experiments, crack surfaces ¢ (Right) Corresponding digitized images, taken by CCD

are not observable. In this letter, the 3D problem of drying cameras|and I, ofthe planar surfaces of these cracks (crack growth
dynamics and crack formation in a vertical capillary tube is direction is given by the arrow; each image width is 1 mm).
studied. A colloidal gel exhibiting transparent, well-controlled

physicochemical properti&sis used, allowing us to study both  cracks, each one following the direction of drying with an
the dynamics of cracks and their surface patterns. Figure 1 showsalternation of low and high velocities, yielding an alternation of
aself-organized structure composed of two vertical perpendicularrough and smooth crack surface patterns. The description and
measurement of this alternating crack propagation scheme are
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tubes of diameter varying betwedn= 0.9 and 1.1 mm, 9 of them
gave the observations described below. The failing of the other three
to reproduce the same crack pattern may be due to the high sensitivity

of the experiments to any manipulation during the drying process

and to any bending of the tube.

As the sample loses solvent, one can notice the formation of two
vertical cracks at the bottom of the tube that propagate upward.
They expand in perpendicular planar surfaces (a and b), defined in
Figure 1, and are therefore denoted cracks a and b. Observations
using transmitted light allow a clear visualization of their motion.

Figure 1 shows two images, taken by cameras | and I, of the vertical
faces of cracks a and b, respectively. Each crack face displays an
intriguing structure consisting of an alternation of smooth and rough
appearance zones. These zones are shifted with half a period between
cracks a and b. Qualitatively, the crack-growth process is the y
following. Cracks a and b nucleate in two perpendicular vertical
planes containing the tubeaxis. To understand the dynamics of
propagation of these cracks, consider the situation where the two
crack fronts are nearly at the same position alongties but one

of the two, for instance, a, is slightly in front of crackbCrack

a then propagates at a slow velocity, and it inhibits the propagation g
of crack b that is left behind, until this last one propagates rapidly =~ &
and finally reaches and slightly passes the original crack (i.e., a). '
Then, crack b takes the place of crack a in the previous description.

This process is repeated all along the capillary tube, leading to the
fracture surfaces depicted in Figure 1. Rough surfaces correspond

to the prints left by the slow velocity of the leading crack, and
smooth ones correspond to the fast velocity of the crack catching A .
up to the leading one. 0 43h

To describe these patterns quantitatively, the dynamics of the
process was studied by building spatio-temporal diagrams (Figure

2). Each spatio-temporal diagram corresponds to the time evolutlonternlooral diagrams describe the position of the crack tip onabes

of the light intensity of a single vertical line along the tube. Then, L 4 function of time for cracks a and b. The propagation of a planar

each describes the position of the crack tip inzagis as a function crack is characterized by three stages: slow (1)s8p (2 or 1)
oftime. The advance displays a jerky motion whose average velocity, anq fast (3 or 2 expansions. '

given by the dotted red line in Figure 2, is on the order of 40 nm/s.
More precisely, suppose that at tihe= 0 both crack fronts lie at 3
z = zy. Crack a then advances at the average rate following arrow
1in Figure 2a, whereas crack tips b, setting back, do not propagate :;
(arrow 1 in Figure 2b). After a while, crack tips b reinitiate and 2,5 o 1
propagate continuously and rapidty4 xm/s) 100 times faster than o8
the average velocity until catching up to the top crack. This process 06
is described by the vertical arrow'J2n Figure 2b. Crack tips b 2 04
reach thez position of crack tips a and then pass it. At this point, e 02 [oiBE
crack b expands following the average rate: this is described by g 5 0
arrow 3 in Figure 2b. At the same time, crack tip a, setting back, 5 ~
is stopped (arrow 2 in Figure 2a). This process is repeated with
further reinitiation and then fast and slow propagation events. 1L : : ! 4
This two-step, slow and fast, rough and smooth propagation set : :
yields a quasi-periodic spatial structure along the crack faces. Figure :
3 displays the evolution of its wavelengtti (vertical length of a 05 3¢ & b
period) versus the distaneef the top of the period to the bottom
of the tube (see Figure 2a for the definitions/ofnd z). These 0 . . .
measurements are made in a portion of the tube where the diameter 0 5 10 15 20
is almost constant (less than 1% variation). One can notice that the
wavelength increases before abruptly decreasing and then increasing z (mm)
again and so on. The decreasing parts coincide with the formationFigure 3. Typical wavelength evolution as a function of position
of secondary cracks perpendicular to cracks aand b. Such a horizontay at the top of the period. In the inséty (d is the tube diameter) is
transverse secondary crack is visible in Figure 2a and appears eaclplotted versus the distance< z)/d to secondary transverse cracks
for several tubes, (see Figure 2a for definitionsipg, andz).

@’ | /seconda:y crack . }_’ @

Figure 2. (Left) Digitized images taken in the final stage of the
propagation of planar cracks a and b. (Right) Corresponding spatio-

1.6

(17) Boeck, T.; Bahr, H. A.; Lampenscherf, S.; Bahr,Rhys. Re. E 1999
59, 1408-1416. four to seven periods. The location of the topmost secondary crack

Acéage)m(?goggf&rgéﬂ:?ﬁ;“ﬁemzflg?]'&'gslcggtgna and Applicationkluwer along thez axis is denoted. In the inset//q is plotted versus the

(19) Hofmann, M.; Bahr, H. A.; Linse, T.; Bahr, U.; Balke, H.; Weiss, H. F. nhondimensional distance ¢ z)/d of the top of the period to the
Int. J. Fract. 2006 141, 345-356. uppermost secondary crack. One can notice a good linear collapse
(20) Because crack a divides the tube along the diameter into two parts, planar of the points.
surface b undergoes two independent cracks, one on each side of crack a. However,
to lighten the writing, these two cracks are denoted as crack b here and in the . .
sequel. Discussion
(21) Because this length is not constant, one shall rather speak about a :
pseudowavelength, but the term wavelength is kept in the text to lighten its The experiments presented by Dufresne et'and those

discussion. presented above are both directional drying experiments across
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Dz @'z B iz @iz compaction front advances. On the other hand, at fixed stored

I : : b : energy, the energy release rate of the leading crack is higher than

12 : ' L o ; atthe rear crack because the loading of the rear crack is diminished
Q i ascending i ! by the presence of the traction-free surfaces of the leading crack
z ' near its front. Hence, the energy release rate evolves as the distance

compaction L--- 7y L -2y : :
....... front ez between the two cracks changes: it decreases or increases at the
SL;]]W“I a l;, [l rear crack when the distance between the two cracks increases
oW - b
A
bI b /i

or decreases, respectively. These two statements can be coupled
to understand the propagation pattern. The more loaded leading
J crack reaches the threshold and follows the compaction front (it
cannot advance further because of the liquid region), but because
[ L . of the increase in the distance between the cracks, the release
ryv v / rate of the crack left behind decreases. Meanwhile, the energy
¥ stored by drying increases enough that the propagation threshold
of the rear crack is finally reached and the crack propagates.
Now the geometric effect is in the other sense: the distance
"pc oc - yir between the two cracks decreases so that the energy release rate
Figure 4. Underlying mechanism. (1) Coexistence of a suspension of the rear crack increases and stays above the threshold until

and gelled region delimited by the compaction front. (2) Vertical the crack catches up to the leading one. Thus its propagation is

variation of the pressure in the gelled phase at tin{8) At time fastgrthan theleading one’s. Then, the rear cracks_lightly bype_lsses
t' > t, the pressure gradient decreases, hence the wavelength increasetbie first and takes the place of the leading one in the previous

(4) After the formation of a secondary horizontal crack forming a discussion. This whole procedure of competition between the
new air-water interface, the pressure gradient abruptly increases, jncrease in stored energy due to drying and the phase of unloading/
hence the wavelength abruptly decreases. loading due to the geometry is repeated, leading to alternating

: L atterns.
one end of a capillary tube; only the geometry used is different: P

aflattube inthe first case and a circular tube used here. Therefore, bThe (cjrack.kp))a;[jtern gf IouFr. e>t<ptehr|ments 'z con3|ster:.t W'thf tthhe
let us adapt the mechanism that they validated for a colloidal above-gescribed model. FIrst, the upward propagation ot the

suspension drying in flat capillary tubes to the drying in the cracksisthe signa}ture (_)fthe upward formation of a gel adhering
cylindrical tubes used in our experiments. For this, suppose the!© the '_[ube waI_I, In which fracture oceurs. By gel, we mean,
existence of acompaction front, denoteid Figure 4, delimiting according to Brinker ar_ld Scheréfthe fprmat_|on ofa spanning

the bottom gelled region and the top still liquid region. Suppose, cluster across the section of the tube in which elasticity appears
moreover, that the gelled region is composed of a randomly by tlhe_ cre?trl]on of I?' SOI'g netwo_rk. Second, the wavele_ngth
packed monodisperse spheres matrix of constant porosity, filled evoc|> ut:jon 0 th e crackis coherentwith the proposed mechanisms.
with solvent. Because of the nanometric size of the particles, the Indeed, as the compaction front grows up, the pressure gradient

solvent forms nanomenisci at the bottom-agel interface (Figure ~ decreases (Figure 4.3). Hence, the distance between the same
4). The pressurg. at this interfac&1%is P, — Py 0 — y/r, where pressure conditions increases so that the distance between similar

ris the radius of the particleg/f ~ 5 x 10° Pa for the airwater fracture initiation condi_tions increases, Ieading to an increasing
interface ifr = 15 nm), but the top of the gelled region is at the Wavelengthasthe leading crack progresses (Figure 3). However,
atmospheric pressuRe ~ 10° Pa. This pressure gradient drives at Io_ng time, secondary cracks (one of_such acrackcan be_guessed
the solvent flow through the porous medium accordingly to " Figure 2a) appear gnd are perpend_lcular to the tube axis. They
Darcy’s law. This flow carries silica particles to the compaction 9enerate new airgel interfaces submitted to capillary pressure
front so that the gel progressively invades the tube during the PeSO thatthe pressure is né¥z) ~ Pe(z- — 2)(z — 2). Therefore,
advancement of the compaction front. Supposing that the fluid the pressure difference acts over a shorter distance, and the
flow resulting from this difference in pressure is uniformin each Pressure gradient increases abruptly (Figure 4.4). This explains
horizontal section and that the porosity of the gel is uniform, that the wavelength decreases when a secondary crack appears

using the law of mass conservation for the fluid phase and Darcy’s (Figure 3). The inset of Figure 3 presents the evolution of the
law, one realizes th@(2) ~ Pu(z= — 2)/z= (Wherepgh~ 10° Pa wavelength as a function of the distance to the secondary cracks

< Py < P has been used). (new interfaces), showing that, between two decreases in Figure
To explain the crack formation, let us propose the following 3 the wavelength increases linearly, with the same slope, as the
explanation based on continuum mechanics. In the gelled region,compaction front rises that is the cracks grow up, in agreement
the depression is not only responsible for the solvent transport With the previous picture.
through the porous network but also leads to high shrinkage To assess the model fully, further experimental investigations
stresses. However, shrinking is constrained by strong adhesiorand numerical calculations are necessary. In particular, the
on the tube wall. This growing misfit results in increasing the influences of the diameter of the tube and of the suspension used
internal tensile stresses. When the stresses exceed a thresholgolvantand particulé® 1219 have to be studied. The compaction
value, they are released by the formation of cracks that invadefront also has to be visualized. Unfortunately, probably because
the gel. The dynamics of crack propagation shall be understoodof the geometry of the tube, it cannot simply be observed as in
in the framework of linear elastic fracture mechanics using the drying experiments in flat tubé%:'> The brittle fracture
Griffith’s criterion based on simple energy balance arguments: mechanics proposed model has to be assessed by fully 3D finite
17.18the crack propagates when the energy release rate (energglement calculatiod8 of the mechanical fields (displacements
released per unit of crack surface creation) exceeds a criticaland stresses) of the problem. All of these developments are under
value. This release rate, which is specific to each crack, dependsstudy and will be the subject of another paper but are beyond
on the geometry and the energy stored in the solid matrix. On the scope of this letter, which is mainly to present a new self-
one hand, at fixed geometry, the stored energy increases as therganized fracture pattern.
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Conclusions geometry. It has been shown that the observations can be

Crack dynamics have been investigated in 3D geometry. The INtérpreted using the picture of drying and cracking driven by
arrangement of cracks reveals a self-organized structure consistiné:ap'lll"jry pressure on the aigel !nterfaces proposed by Dufresr!e
of two cracks taking place in two perpendicular planes. The €t a@*in 2D geometry and linear elastic fracture mechanics
dynamics of these cracks exhibit the alternating propagation of &rguments. Nevertheless, further experimental and theoretical
aslow and a fast crack, and this dynamics leads to aband structurém,“':'s'[_'ga'“Ons are necessary to quantitatively assess and complete
of alternating rough and smooth regions. This may explain the thiS Picture.
alternating rough and smooth face formation in basaltic columnar
joints 5 In this letter, attention has been focused on the description
of the peculiar macroscopic fast and slow, smooth and rough
aspects of the dynamics of fracture obtained in this 3D drying LA063702W
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