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Directional crack propagation of granular water systems
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Pattern dynamics of directional crack propagation phenomena observed in drying process of starch-water
mixture is investigated. To visualize the three-dimensional structure of the drying-fracture process two kinds of
experiments are performed, i.e., resin solidification planing method and real-time measurement of water con-
tent distribution with MR instruments. A cross section with polygonal structure is visualized in both experi-
ments. The depth dependency of cell size is measured. The phenomenological model for water transportation
is also discussed.

DOI: 10.1103/PhysReVvE.71.056122 PACS nunider62.20.Mk, 46.50+a, 81.40.Np

[. INTRODUCTION phenomena of shrinkage crack during the drying process of a
starch-water mixture system. First, we study the static pat-
Pattern formations of cracks are common phenomena ifern of a crack after the drying process by the resin solidifi-
daily life and are well studied in various fields]. The el-  cation planing(RSP method. Second, real-time measure-
ementary process is, however, fracture, which has high norment of water content distribution is reported. Finally, we
linearity and irreversibility and is not well understood. present a model of water transportation considering a bulk
Among these fracture phenomena, gradients of external fiel@iffusion in porous media and a drainage effect of cracks.
such as temperature or water content, cause directional
propagation of cracks along the gradient with low tip veloc-
ity compared to the sound velocity of the material. Cracks Il. STATIC PATTERNS
made by such a fracture process often show regular structure. The experimental procedure is typically as follows: As a
!I)ynamics and morphology of directional crack prOp"’}g""tionsample, starclicorn) and water of the same mass are mixed
in a pseudo-two-dimensional sys_tem are well St“d'?d forand poured into a glass or acrylic container of which the
cooled glass platef2—4] or the drying process of colloidal oo side remains open. The sample is dried in an electric
suspensiofi5]. For the three-dimensional case, on the othe

hand. besid i | ) h cal furnace or air-conditioned room in which the temperature is
and, besides cooling glass expenme{ﬁlﬂsor mathematical o irojled by a feedback circuit. Drying causes local volume
models[7], the most intriguing example lumnar joints a

. contraction in the sample and stress concentration accompa-
spectacle polygonal columnar structure found in cooled baniqy with the shrinkage process is released by crack forma-
saltic lava. Most of them, however, are reports based on th

flon. About the starch-water system, the following results are
observations and theoretical modeling§s-11]. Difficulties in y ! 9

i 7ati ¢ ohvsical giti 4 visualizati observed typically1,12-19. If the sample is thin, e.g., the
realization of physical condition and visualization preventsaspeCt ratio is larger than 10, two types of cracks are ob-
us from experimental study.

. - served as shown in Fig. 1. The smooth cracks are called type
Recently a prismal structure similar to that of the colum-| 504 ginyous ones are called type II, which have the follow-
nar joint is demonstrated in the drying process of a starchg, g giterences in morphological and dynamical properties:
water mlxture[12—_1(i. Analyses, however, such as morphol- i) Type | is formed before type Il emergd) Type | shows
ogy of cross section, time development of crack pattern, an

) . ) . uniform structure along vertical direction except a micro-
relation between them, are not performed in detail. In th|sSCOpiC plumose pattern on the surface. Type I, on the con-

paper, we report visualization methods of pattern-formatloqrary’ shows obvious three dimensionality and prismal struc-
ture with polygonal cross sections are observed, as will be

described later(iii) The dynamical process of each type is

*Electronic address: gutchi@ms.osakafu-u.ac.jp different; each type | crack is formed sequentially, i.e.,
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FIG. 1. Visualization from the top with transparent light. Bar

denotes 10 mm. The depth of sample is 5 mm. 10000 I

“pranch” ran after “trunk’[17]. On the other hand, the for- @ _5 1

mation process of type Il is considered that the pattern @ g :

emerges at the surface simultaneously and it propagates ir & =

wardly. (iv) About the origin of the stress concentration, type % 'H %’

| is made by the difference of contraction ratio between the &

mixture and the container and frictional force between them <§

[18—21]. Type Il is considered to be made by the nonunifor-

mity of the local shrinkage in the mixture. (e)

We now focus on the visualization of type Il cracks. Be- 1000 0 90 180
sides breaking the sample manually or by x-ray computer ! depth(mm) 10 angle(degree)
tomography, the three-dimensional structure of type Il cracks

is visualized by the _reSIn SOlld'_ﬂcatlon plann_’lg?SF) FIG. 2. (a) Vertical section parallel to the axis. Horizontal
method. RSP method is as follows: after the drying ProCeSSections at 6.25 mrtb) and 11.60 mnic) depth from the surface.

the sample is solidified with an epoxy resi8TYCAST  gach bar denotes 5 mrid) Depth vs total crack length. The line
1266 with a few drops of ink for visualization, and the €ross ghows the result of fitting for the deep regide) Distribution of

section is observed by planing away by a lathe. Each crosgngle between cracks in horizontal slices.
section is recorded by a scanner with 600 dpi and 256 gray
scale. Corn starckiNacalai Tesqueis used and the aspect

; . . ing function, and it has a formrz 0-79*04if we try to fit for
ratio of the sample is taken to bel in order to decrease thg the deep regiofiFig. 2(d)]. Assuming the geometric relation

%hat the polygonal cell has the same shape and same size in

Figure 2 shows tvpical cr tions. The vertical i the horizontal section, the size of célis related toL in the
9 ypical Cross sections. The vertical Sectiofy, ., 1, | -1 Thereforeb increases with the depth. The dis-

shows that several cracks stop to propagate at some dep bution function of the angle between cracks has a single

and spacing between cracks widens as it deeffeigs 2(a)]. PO —
The horizontal sections visualize the clear polygonal struc—peak near 120° as in Fig(@ [22,23.

ture. The deeper section shows a similar pattern with increas-

ing characteristic size compared to the shallower one, as IIl. DYNAMICAL BEHAVIOR

shown in Figs. &) and Zc). Rearrangement of crack net-

works is observed in the form of cell fusion or an edge- To clarify the mechanism of crack formation we perform
shortening process. Both sections show that the characteristiirect measurement of water content distribution, which is
size of polygons is the increasing function of deptirom  considered to cause the stress concentration. From the results
the surface. This tendency is quantified by measuring thef preliminary experiments, the following three stages are
total crack length at each depth. The crack length) is  observed during the drying procestage 1 Water content
determined by the total area of the image after thresholdinglecreases uniformlystage 2A sudden change of water con-
and skeletonizing raw data of that deth_(z) is a decreas- tent occurs and type | cracks are formed mainly between the

of type | is proportional to the sample thicknelsks,19.
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vertical plane was measured using the following parameters:
pulse repetition time (TR)=100 ms, echo time(TE)
=2.9 ms, matrix size=128128, flip angle=90°, field of
view (FOV)=40 mm, slice thicknes$ST)=6 mm, number

of slices=1, number of averagédlA)=32, and acquisition
time of vertical plane was-7 min. The images of horizontal
plane with and without slice offset were detected using the
following parameters: TR=320 ms, TE=2.9 ms, matrix
Size=128< 128, flip angle=90°, FOV=40 mm, ST=2 mm,
slice gap=2 mm, number of slices=8, slice offset=0 or
2 mm, NA=46, and acquisition time of horizontal plane was
~31 min for each. Therefore, the total acquisition time of
T;,-weighted image was 69 min. The acquisition were re-
peated 87 times for-100 h continuously during the drying
process. Finally, 87 sets of;-weighted images were ac-
quired in all. The signal detected by GE sequence with
short-TE and short-TR mostly reflects proton distribution of
water in the sample. However, the contribution of proton that
has a longdr, relaxation time, such as free water, is estimated
low using this sequence; it has a small contribution at the
sample after predryin¢data not shown Therefore, one can
say that the signal intensity of the MR images depends on the
proton distribution of water at this imaging parameter and
sample condition. The temperature of the sample are regu-
lated to 25 °C by an electric dryer with feedback from the
thermometer near the sample. Image analysis was performed
using MRVision (MRVision Co., MA), NIH Image (NIH,
MD), and ImagedNIH). Data are presented as mean plus or
minus standard deviatiofSD).

Figure 3 shows typical snapshots in stage 3. Wiie ac-
quisition, i.e.,N X 69 min later from the beginning of stage 3
is numbered ad. Vertical slice atN=83 shows the water
content distribution, which has a frofiFig. 3(a)]. Several
snapshots of vertical distribution of water content by averag-

FIG. 3. (8 MR image of vertical section of the sample Mt  ing the gray scale over horizontal direction are plotted for
=83. White bar represents 5 mm length. Arrows with S and B deN=13, 48, and 83 as shown in Fig(b3. Following proper-
note the position of the surface and the bottom, respectively. Watdiies are worth noting(i) The front of water content propa-
content shock locates near the white triangle. The symiopl€d),  gates inwardly with decreasing its velocitii) The distribu-
and(e) represent the position of horizontal slices, which is indicatedtion functionC(z,t) has a concave regime, i.e2C/dZ>0
by the same symbolb) Snapshots of signal intensity along vertical above the front(iii) The gradient of water content at the
direction. The vertical axis corresponds to the depth from the surfront decreases with depth and time. Horizontal slices, Figs.
face and horizontal axis represents the intensity. Horizontal image3(c)—3(e), are snapshots of the same time é&.3To improve
(), (d), and(e) are averaged snapshots aroiw83 at the position  the signal-to-noise ratio, seven sets of horizontal images
indicated by the symbol ia). were averaged, retrospectively. Therefore, temporal resolu-

tion of horizontal images was 3.5 h. This averaging was not
mixture and the side wall of the container. An influence onapplied for the vertical images. Polygonal structures, which
the side wall of the container, such as friction, can be negliwell coincide with those of cracks observed by the RSP
gible for the later process because they detach from eadmethod, are observed at and above the front, as shown in
other at this time. The distribution remains approximatelyFigs. 3c) and 3d). Below the front, on the contrary, the
uniform. Stage 3 The water content decreases slowly. Thedistribution is uniform[Fig. 3(e)]. At the different time, the
distribution is not uniform but it exhibits “front,” which same structures are observed, except for the position of the
sweeps the sample from the surface to inside as shown latdront and the characteristic size of polygons. From these ob-
We focus on the stage 3, which is considered to be the forservations it is suggested the&1) cracks are formed at the
mation process of type Il cracks. front and(S2) cracks play role as drainage for water trans-

MR experiments were performed on a 4.7 T horizontalportation. It should be noted that the images do not visualize
spectrometer(CSI-1-Omega, Bruker, Germapyequipped the crack itself because the signal reflects the water content
with a shielded gradient coil of 65 mm in diametdD and it expresses neither stress nor strain.
=65 mm, SR-65, Bruker Three sets of multislice Gradient-
echo (GE) images, vertical plane, horizontal plane without IV. MODEL OF WATER TRANSPORTATION
slice offset, and horizontal plane with slice offset, were se- We now give an interpretation about the data taken from
guentially obtained during the drying process. The image othe experiments and consideration on the crack-forming

(b) Signal Intensity
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10
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mechanism. First, we refer to dependence among craclkyriginate from theC dependency of the diffusion coefficient
stress, and water content, which is the main driving factorD(C), i.e., nonlinear diffusion. On the contrary, if the first
As the same in the general fracture phenomena, crack andrm is negligible, then the evaporation through the cracks
stress have mutual influence and must be solved as ordgobverns the evolution. Especially, @, is constant, then the
parameters or boundary conditions depending on space amditside of the crack is as dry as it is above the surface. In this
time. As for the three-dimensional case as in this experimerntase, there is a steady propagating solution in which the
(and the columnar joint the external field should be solved stress distribution by the local shrinkage holds a definite
as another order parameter. Especially, if the cracks play rolehape relative to the crack tip. This is a kind of “self-driven

of drainage as suggested by Figs. 2 and 3, water conteRiack’[26,27 and it is expected that does not depend an
distribution is affected by the cracks made up to that timerrom the experimental results that the cellular structure is

and is not solved independently. ~_ observed in the water content distributiffigs. 3c) and
So we discuss the evolution of water content dlstr|but|on.3(d)] andL is decreasing function afas shown in Ei a)
The change of water content distribution consist of variou g 9- @),

. N he actual water content distribution is considered to evolve
elementary processes, such as transportation of liquid wateWith C dependency of diffusion coefficieRt(C) or z depen-

vapor and heat, and evaporation in porous media. Standar f wat 2 iti f both
theory contains a lot of coefficients, depending on the mateC SNCY ot water vapor pressu@i(z) or a composition of bo

rials [24]. Here, we focus on two effects, i.e., transportation€/TeCts:
in bulk porous media and drainage effect through the cracks.
The former is a water transportation process in nonuniform V. CONCLUSION

unsaturated porous medium and generally depends on the \ye study the formation process of columnar structures by
temperature gradient and gradient of water volume fractione directional crack propagation phenomena observed in the
C. Assuming that the temperature is almost constéht, qrying process of a starch-water mixture. The three-
obeys Richardson’s diffusion equation by applying extendeqjimensional structures are visualized by two different meth-
Darcy’s law, the latter depends on the configuration of crackyds. The RSP method clarifies the static pattern of the crack
networks at that time and the differenCg—C, whereC, is  npetwork with polygonal cross section after the drying pro-
a saturated water volume fraction at which a net evaporatiogess The MR experiments exhibit the dynamical behavior of
flow disappeaf25]. Therefore, an evaporation speed per unitihe sweeping front of the water content at which the polygo-
area through the crack is considered taW€,~C), whereX | siructures are formed during drying by real-time mea-
is the coefficient of mass transfer. Note tmﬂs a function surement. Fina”y, we Suggest a model for the water transpor-
of z because it depends on the water vapor pressure in thgtion in the sample that consists of two effectmnlineay

crack. . . . diffusion in the bulk porous media and the drainage through
Now, we consider the one-dimensional problem. Let thehe crack networks.

vertical distribution function of water volume fraction aver-

iQEd in the horizontal direction bé:(z,t),. le., C(zy and the crack density, we need an evolution rule fdr. In
=JJC(x,y,z,)dx dy/A, where C(x,y,z,1) is a three- o 00 3 the water content of the sample is small and the
d|men_3|onal distribution function of water volume fraction ample is supposed to be elastic for stress with the time scale
andA is an area of base of the sample. Next, let thg length of¢ ~rack forming(at most 18 h) [28]. If the fracture process
type Il crack per unit area at depthand timet be L(z,t)  is quasistatic, Griffith criterion can be adopted. Numerical
=L(z,t)/A, whereL(z,t) is a total length of type Il crack. computations will be useful to estimate the elastic energy
Then the evaporation through the crack is represented dsecause it depends on both the geometry of crack networks

To obtain a closed form of the averaged water con@nt

M(C,-C)L. We obtain the evolution equation f@(z,t) and the stress distribution. It will be also useful to handle a
- . full three-dimensional model using(x,y,z,t).
ﬁ—i<0£)+>\(c -C)L (1)
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