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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.
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I. INTRODUCTION

Pattern formations of cracks are common phenomena in
daily life and are well studied in various fieldsf1g. The el-
ementary process is, however, fracture, which has high non-
linearity and irreversibility and is not well understood.
Among these fracture phenomena, gradients of external field,
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
made by such a fracture process often show regular structure.
Dynamics and morphology of directional crack propagation
in a pseudo-two-dimensional system are well studied for
cooled glass platesf2–4g or the drying process of colloidal
suspensionf5g. For the three-dimensional case, on the other
hand, besides cooling glass experimentsf6g or mathematical
modelsf7g, the most intriguing example iscolumnar joints, a
spectacle polygonal columnar structure found in cooled ba-
saltic lava. Most of them, however, are reports based on the
observations and theoretical modelingsf8–11g. Difficulties in
realization of physical condition and visualization prevents
us from experimental study.

Recently a prismal structure similar to that of the colum-
nar joint is demonstrated in the drying process of a starch-
water mixturef12–16g. Analyses, however, such as morphol-
ogy of cross section, time development of crack pattern, and
relation between them, are not performed in detail. In this
paper, we report visualization methods of pattern-formation

phenomena of shrinkage crack during the drying process of a
starch-water mixture system. First, we study the static pat-
tern of a crack after the drying process by the resin solidifi-
cation planingsRSPd method. Second, real-time measure-
ment of water content distribution is reported. Finally, we
present a model of water transportation considering a bulk
diffusion in porous media and a drainage effect of cracks.

II. STATIC PATTERNS

The experimental procedure is typically as follows: As a
sample, starchscornd and water of the same mass are mixed
and poured into a glass or acrylic container of which the
upper side remains open. The sample is dried in an electric
furnace or air-conditioned room in which the temperature is
controlled by a feedback circuit. Drying causes local volume
contraction in the sample and stress concentration accompa-
nied with the shrinkage process is released by crack forma-
tion. About the starch-water system, the following results are
observed typicallyf1,12–15g. If the sample is thin, e.g., the
aspect ratio is larger than 10, two types of cracks are ob-
served as shown in Fig. 1. The smooth cracks are called type
I and sinuous ones are called type II, which have the follow-
ing differences in morphological and dynamical properties:
sid Type I is formed before type II emerges.sii d Type I shows
uniform structure along vertical direction except a micro-
scopic plumose pattern on the surface. Type II, on the con-
trary, shows obvious three dimensionality and prismal struc-
ture with polygonal cross sections are observed, as will be
described later.siii d The dynamical process of each type is
different; each type I crack is formed sequentially, i.e.,*Electronic address: gutchi@ms.osakafu-u.ac.jp
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“branch” ran after “trunk”f17g. On the other hand, the for-
mation process of type II is considered that the pattern
emerges at the surface simultaneously and it propagates in-
wardly. sivd About the origin of the stress concentration, type
I is made by the difference of contraction ratio between the
mixture and the container and frictional force between them
f18–21g. Type II is considered to be made by the nonunifor-
mity of the local shrinkage in the mixture.

We now focus on the visualization of type II cracks. Be-
sides breaking the sample manually or by x-ray computer
tomography, the three-dimensional structure of type II cracks
is visualized by the resin solidification planingsRSPd
method. RSP method is as follows: after the drying process
the sample is solidified with an epoxy resinsSTYCAST
1266d with a few drops of ink for visualization, and the cross
section is observed by planing away by a lathe. Each cross
section is recorded by a scanner with 600 dpi and 256 gray
scale. Corn starchsNacalai Tesqued is used and the aspect
ratio of the sample is taken to be,1 in order to decrease the
number of type I cracks by considering that typical spacing
of type I is proportional to the sample thicknessf18,19g.
Figure 2 shows typical cross sections. The vertical section
shows that several cracks stop to propagate at some depth,
and spacing between cracks widens as it deepensfFig. 2sadg.
The horizontal sections visualize the clear polygonal struc-
ture. The deeper section shows a similar pattern with increas-
ing characteristic size compared to the shallower one, as
shown in Figs. 2sbd and 2scd. Rearrangement of crack net-
works is observed in the form of cell fusion or an edge-
shortening process. Both sections show that the characteristic
size of polygons is the increasing function of depthz from
the surface. This tendency is quantified by measuring the
total crack length at each depth. The crack lengthLszd is
determined by the total area of the image after thresholding
and skeletonizing raw data of that depthz. Lszd is a decreas-

ing function, and it has a form~z−0.79±0.4 if we try to fit for
the deep regionfFig. 2sddg. Assuming the geometric relation
that the polygonal cell has the same shape and same size in
the horizontal section, the size of cellb is related toL in the
form b,L−1. Thereforeb increases with the depth. The dis-
tribution function of the angle between cracks has a single
peak near 120° as in Fig. 2sed f22,23g.

III. DYNAMICAL BEHAVIOR

To clarify the mechanism of crack formation we perform
direct measurement of water content distribution, which is
considered to cause the stress concentration. From the results
of preliminary experiments, the following three stages are
observed during the drying process.Stage 1: Water content
decreases uniformly.Stage 2: A sudden change of water con-
tent occurs and type I cracks are formed mainly between the

FIG. 1. Visualization from the top with transparent light. Bar
denotes 10 mm. The depth of sample is 5 mm.

FIG. 2. sad Vertical section parallel to thez axis. Horizontal
sections at 6.25 mmsbd and 11.60 mmscd depth from the surface.
Each bar denotes 5 mm.sdd Depth vs total crack length. The line
shows the result of fitting for the deep region.sed Distribution of
angle between cracks in horizontal slices.
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mixture and the side wall of the container. An influence on
the side wall of the container, such as friction, can be negli-
gible for the later process because they detach from each
other at this time. The distribution remains approximately
uniform. Stage 3: The water content decreases slowly. The
distribution is not uniform but it exhibits “front,” which
sweeps the sample from the surface to inside as shown later.
We focus on the stage 3, which is considered to be the for-
mation process of type II cracks.

MR experiments were performed on a 4.7 T horizontal
spectrometersCSI-II-Omega, Bruker, Germanyd equipped
with a shielded gradient coil of 65 mm in diametersID
=65 mm, SR-65, Brukerd. Three sets of multislice Gradient-
echo sGEd images, vertical plane, horizontal plane without
slice offset, and horizontal plane with slice offset, were se-
quentially obtained during the drying process. The image of

vertical plane was measured using the following parameters:
pulse repetition time sTRd=100 ms, echo time sTEd
=2.9 ms, matrix size=1283128, flip angle=90°, field of
view sFOVd=40 mm, slice thicknesssSTd=6 mm, number
of slices=1, number of averagessNAd=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=1283128, 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
T1-weighted image was 69 min. The acquisition were re-
peated 87 times for,100 h continuously during the drying
process. Finally, 87 sets ofT1-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 longT1 relaxation time, such as free water, is estimated
low using this sequence; it has a small contribution at the
sample after predryingsdata not shownd. 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 sMRVision Co., MAd, NIH Image sNIH,
MDd, and ImageJsNIHd. Data are presented as mean plus or
minus standard deviationsSDd.

Figure 3 shows typical snapshots in stage 3. TheNth ac-
quisition, i.e.,N369 min later from the beginning of stage 3
is numbered asN. Vertical slice atN=83 shows the water
content distribution, which has a frontfFig. 3sadg. Several
snapshots of vertical distribution of water content by averag-
ing the gray scale over horizontal direction are plotted for
N=13, 48, and 83 as shown in Fig. 3sbd. Following proper-
ties are worth noting:sid The front of water content propa-
gates inwardly with decreasing its velocity.sii d The distribu-
tion functionCsz,td has a concave regime, i.e.,d2C/dz2.0
above the front.siii d The gradient of water content at the
front decreases with depth and time. Horizontal slices, Figs.
3scd–3sed, are snapshots of the same time as 3sad. To improve
the signal-to-noise ratio, seven sets of horizontal images
were averaged, retrospectively. Therefore, temporal resolu-
tion of horizontal images was 3.5 h. This averaging was not
applied for the vertical images. Polygonal structures, which
well coincide with those of cracks observed by the RSP
method, are observed at and above the front, as shown in
Figs. 3scd and 3sdd. Below the front, on the contrary, the
distribution is uniformfFig. 3sedg. At the different time, the
same structures are observed, except for the position of the
front and the characteristic size of polygons. From these ob-
servations it is suggested thatsS1d cracks are formed at the
front andsS2d cracks play role as drainage for water trans-
portation. It should be noted that the images do not visualize
the crack itself because the signal reflects the water content
and it expresses neither stress nor strain.

IV. MODEL OF WATER TRANSPORTATION

We now give an interpretation about the data taken from
the experiments and consideration on the crack-forming

FIG. 3. sad MR image of vertical section of the sample atN
=83. White bar represents 5 mm length. Arrows with S and B de-
note the position of the surface and the bottom, respectively. Water
content shock locates near the white triangle. The symbolsscd, sdd,
andsed represent the position of horizontal slices, which is indicated
by the same symbol.sbd Snapshots of signal intensity along vertical
direction. The vertical axis corresponds to the depth from the sur-
face and horizontal axis represents the intensity. Horizontal images
scd, sdd, andsed are averaged snapshots aroundN=83 at the position
indicated by the symbol insad.
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mechanism. First, we refer to dependence among crack,
stress, and water content, which is the main driving factor.
As the same in the general fracture phenomena, crack and
stress have mutual influence and must be solved as order
parameters or boundary conditions depending on space and
time. As for the three-dimensional case as in this experiment
sand the columnar jointd, the external field should be solved
as another order parameter. Especially, if the cracks play role
of drainage as suggested by Figs. 2 and 3, water content
distribution is affected by the cracks made up to that time
and is not solved independently.

So we discuss the evolution of water content distribution.
The change of water content distribution consist of various
elementary processes, such as transportation of liquid water;
vapor and heat, and evaporation in porous media. Standard
theory contains a lot of coefficients, depending on the mate-
rials f24g. Here, we focus on two effects, i.e., transportation
in bulk porous media and drainage effect through the cracks.
The former is a water transportation process in nonuniform
unsaturated porous medium and generally depends on the
temperature gradient and gradient of water volume fraction
C. Assuming that the temperature is almost constant,C
obeys Richardson’s diffusion equation by applying extended
Darcy’s law, the latter depends on the configuration of crack
networks at that time and the differenceCo−C, whereCo is
a saturated water volume fraction at which a net evaporation
flow disappearf25g. Therefore, an evaporation speed per unit
area through the crack is considered to belsCo−Cd, wherel
is the coefficient of mass transfer. Note thatCo is a function
of z because it depends on the water vapor pressure in the
crack.

Now, we consider the one-dimensional problem. Let the
vertical distribution function of water volume fraction aver-

aged in the horizontal direction beC̄sz,td, i.e., C̄sz,td
;eeCsx,y,z,tddx dy/A, where Csx,y,z,td is a three-
dimensional distribution function of water volume fraction
andA is an area of base of the sample. Next, let the length of

type II crack per unit area at depthz and timet be L̃sz,td
;Lsz,td /A, whereLsz,td is a total length of type II crack.
Then the evaporation through the crack is represented as

lsCo−C̄dL̃. We obtain the evolution equation forC̄sz,td

]C̄

]t
=

]

]z
SD

]C̄

]z
D + lsCo − C̄dL̃. s1d

In general, the diffusion coefficientD and saturated volume
fraction Co are not constant, i.e.,D is a function ofC while
Co depends onz. Unless the spatiotemporal pattern of crack

L̃sz,td is given, the evolution equation cannot be solved.
Here, we consider two extreme cases. If the second term of
Eq. s1d is negligible, then the water transportation is mainly
carried by the diffusion in the bulk porous media. In this case

the concaveness ofC̄ shown in Fig. 3sbd is considered to

originate from theC dependency of the diffusion coefficient
DsCd, i.e., nonlinear diffusion. On the contrary, if the first
term is negligible, then the evaporation through the cracks
governs the evolution. Especially, ifCo is constant, then the
outside of the crack is as dry as it is above the surface. In this
case, there is a steady propagating solution in which the
stress distribution by the local shrinkage holds a definite
shape relative to the crack tip. This is a kind of “self-driven

crack” f26,27g and it is expected thatL̃ does not depend onz.
From the experimental results that the cellular structure is
observed in the water content distributionfFigs. 3scd and

3sddg andL̃ is decreasing function ofz as shown in Fig. 2sdd,
the actual water content distribution is considered to evolve
with C dependency of diffusion coefficientDsCd or z depen-
dency of water vapor pressureCoszd or a composition of both
effects.

V. CONCLUSION

We study the formation process of columnar structures by
the directional crack propagation phenomena observed in the
drying process of a starch-water mixture. The three-
dimensional structures are visualized by two different meth-
ods. The RSP method clarifies the static pattern of the crack
network with polygonal cross section after the drying pro-
cess. The MR experiments exhibit the dynamical behavior of
the sweeping front of the water content at which the polygo-
nal structures are formed during drying by real-time mea-
surement. Finally, we suggest a model for the water transpor-
tation in the sample that consists of two effects,snonlineard
diffusion in the bulk porous media and the drainage through
the crack networks.

To obtain a closed form of the averaged water contentC̄

and the crack densityL̃, we need an evolution rule forL̃. In
the stage 3, the water content of the sample is small and the
sample is supposed to be elastic for stress with the time scale
of crack formingsat most 102 hd f28g. If the fracture process
is quasistatic, Griffith criterion can be adopted. Numerical
computations will be useful to estimate the elastic energy
because it depends on both the geometry of crack networks
and the stress distribution. It will be also useful to handle a
full three-dimensional model usingCsx,y,z,td.
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