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Abstract

Crack patterns observed in nature have attracted the interest of researchers in
various fields, and the mechanism of the pattern formation has been investi-
gated. However, the phenomenon is very complicated, and many factors af-
fect the process. Therefore, we are motivated to construct a general simula-
tion code with a simple algorithm. In this study, crack pattern formation due
to shrinkage caused by the drying of a wet material was simulated. The
process was simplified as follows: tensile force is generated in the model, and
a crack is generated when the tension exceeds a critical value. The tensile
forces in the x and y directions are independently evaluated. A crack propa-
gates perpendicular to the tension until it reaches another crack or a boun-
dary. Based on this modeling, simulations with a two-dimensional square
domain were performed. Consequently, a cross-divided pattern was generat-
ed. Assuming zigzag crack propagation, more realistic patterns were ob-
tained. The effects of the boundary and domain size were also considered,
and various characteristic patterns were obtained. Furthermore, the orienta-
tion dependency was simulated, and 45° declined patterns and rectangularly
divided patterns were generated. The model presented in this study is very
simplified and is expected to be applicable to various objects.
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Desiccation Crack, Tensile Force, Crack Initiation, Crack Propagation,
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1. Introduction

Various crack patterns are observed in nature, for example, those that appear
when wet clayey ground dries up, a fragile glass is broken, and some kinds of

plants, such as a melon, are grown up. Each crack has a unique pattern, and al-
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though not two cracks are identical, they share many common features. For ex-
ample, divided subregions have almost the same surface area regardless of the
overall size of the region. Every subregion has mostly a polygonal shape; the
edges are straight, zigzag, or slightly curved, but never circular or highly curved.
In most cases, cracks in a material are caused by tensile force, except for cases
caused by an impact load such as broken glass. Mechanically, the difference in
the growth rates of the inner and outer surfaces, the external tensile force, and
the shrinkage of the media in a fixed container are all potential sources of ten-
sion. However, these situations are relatively reduced to the shrinkage of the
material without loss of generality, and the desiccation pattern is the representa-
tive case. The physical or chemical origin of cracking is the breaking of bonds in
the material, which is sometimes caused by chemical bonding in the atomis-
tic/molecular level and sometimes by macroscopic defects and continuum me-
chanical stress concentration. Another important factor is irregularity. These
crack patterns are not typically observed in crystalline materials, which indicate
that inhomogeneity plays a key role in cracking resistance.

In this regard, desiccation pattern formation is a very complicated phenome-
non and has attracted the interest of researchers in various fields. Miiller, for
example, conducted experiments using a starch-water mixture to model the pat-
tern formation in basalt columns and reported their similarity [1]. Nakahara and
Matsuo conducted intensive experiments using calcium carbonite paste and
found that these patterns are controllable by providing flow and vibration [2] [3]
[4]. Geology is one of the most enthusiastic fields related to this problem, and
the mechanism of the cracking process has been clarified through the measure-
ments of the tensile stress and strain [5] [6]. The characterization of a crack pat-
tern and divided cell morphology has also been investigated, and not only sur-
face patterns but also three-dimensional morphology have been explored [7] [8].
In addition to laboratory-based studies, large-scale and long-term experiments
have been conducted [9], and the introduction of information technology such
as deep learning has been in progress [10]. Concerning the modeling and me-
chanism of crack formation, the effects of material properties and geometry of
the specimen correlated with tensile stress and strain have been investigated [11]
[12], and these studies have been performed not only in geology but also in other
fields such as chemical engineering [13]. Based on this knowledge, numerical
analyses and simulations have also been performed. Sima et al applied a dis-
crete-element method and successfully obtained the crack pattern in a clay layer
[14]. Hasebe and Oguni also developed a simulation model using a particle dis-
cretization scheme finite element method by coupling the diffusion and fracture
and effectively reproduced the hierarchical pattern in the desiccation cracking
[15] [16] [17]. Vo et al. investigated cracking using a cohesive fracture method
and demonstrated numerical simulations [18].

The modeling and simulation of the desiccation pattern formation have been
performed, as mentioned above. However, these models are focused on a specific

material, and their simulation algorithms are very complicated. Thus, the appli-
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cation field is limited to a specific area. Therefore, in this study, we are moti-
vated to construct a general simulation model with a simple algorithm [19] [20],
so that it can be applied to a wide range of fields. The modeling method is very
simplified, but we accept it to ensure generality, and the theoretical validations

are expected for individual study.

2. Simulation Method

2.1. Fundamental Equations

In this study, a simple algorithm is considered according to a conventional me-
chanics of materials. The model material shrinks as drying progresses. The de-
gree of drying (dryness) of the material is represented by D, and the time varia-

tion is expressed as

- c(D,-D)
D——D , (1)

e

where D, represents the equilibrium value in the dryness, and c¢ represents a
constant corresponding to the drying speed. The volumetric change is assumed
to be proportional to the dryness, and the shrinkage strain is expressed as

e=kD, (2)

where k represents a constant. In this study, tensile force, rather than stress, is
considered a trigger for cracking to account for the scale dependency, ie, a
larger segment is easier to crack. The amount of shrinkage d'is represented as

d=le, (3)

where /represents the length of the divided subregion in which the crack is gen-
erated. Tensile force T'is induced according to the shrinkage and is expressed by
Hooke’s law as

T =Ed =Ele, (4)

where E represents a constant corresponding to Young’s modulus. Here, an ad-
ditional assumption is introduced. The tension near the border of the cracking
subregion is set lower and large tension is assumed in the central area of the
subregion, using a function T (X) = 4X(| - X)T0 , where x represents the relative
position in the subregion with values between 0 and 1, /represents the length of
the subregion, and 7; represents the tension calculated using Equation (4).

The critical value in the tension 7. for the crack initiation is provided as a
computational parameter. The tensile force is calculated in the xand y directions
independently, and the generated crack progresses perpendicularly to the cor-
responding force direction until it reaches the boundary of the calculation area
or other existing cracks. The crack is thought to propagate in two ways: in a
straight line or randomly zigzag manner. When a crack is generated, the tensile
force in the relevant direction is released in the entire subregion, while the per-
pendicular force is released only beside the crack in a thin width, as is explained

later using the standard results in Section 3.
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2.2. Simulation Conditions

A two-dimensional square region is considered. In a situation of lab-based expe-
riment, wet material, such as a slurry starch dissolved in water, is placed in a
shallow container. The generated cracks not only create a two-dimensional pat-
tern but also progress from the surface to the bottom. However, in this model,
the effect of thickness is neglected for simplicity, which is acceptable because the
crack pattern generated on the surface can be characterized as a planar pattern.

Drying is assumed to proceed uniformly in the entire region following Equa-
tion (1), with coefficient c as a constant. The material properties are also consi-
dered homogeneous, and hence, the coefficients kand Ein Equations (2) and (4)
are also constant. The critical value in the tensile force, 7, will be affected by the
state of the surrounding boundary. In this study, this value is varied as a para-
meter in the following three cases: 1) a constant in the entire region (referred to
as condition B1), 2) a high value near the boundary owing to the strong connec-
tion with the container wall (B2), and 3) a low value near the boundary because
of the irregularity of the contact face (B3). The size dependency of the created
pattern is expected to appear, because the generated tensile force depends on the
size of the region. To achieve this, the lengths of the calculation domain are va-
ried to be 200 x 200 (referred to as L200 model), 300 x 300 (L300), and 400 x
400 (L400). The values of the parameters are listed in Table 1. Note that all pa-
rameters have nondimensionalized values. Time increment At is used to calcu-
late dryness, and lattice interval Ax multiplied by the number of lattices (200,
300 or 400) corresponds to the model size. In addition, slight variations are pro-
vided for the initial conditions in dryness and tension using random numbers,
considering the microscopic inhomogeneity in the material.

The results using a standard model with straight or zigzag cracking and their
dependency of the model size and effects of boundary are presented in the fol-
lowing section. Then, the criteria for the crack initiation and propagation are

modified as extended models, and the results are presented in Section 4.

3. Results and Discussion for Basic Model

3.1. Basic Results with Straight Cracks

As the most simple and typical case, the simulation result for the L300 model
with a straight crack without a boundary effect is presented in Figure 1. The
dryness develops monotonously and saturates to 1.0, as depicted in Figure 1(a).
The final crack pattern obtained is presented in Figure 1(b), and the progress in
the domain division in the early stage is exhibited in Figure 1(c), where the col-
or indicates the identification number of the subregions. The first crack is gen-
erated vertically, and the domain is divided into two subregions. Then, a hori-
zontal crack appears in the lefthand-side subregion, followed by the righthand-
side cracking. This process yields four square-like subregions, even though they
are not completely square because the cracking position is not at the very center

due to the random deviation in the initial condition. The blue curve in
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Table 1. Simulation parameters.

Drying rate coefficient, ¢ 0.005 Elastic constant, £ 100.0
Equilibrium dryness, D, 1.0 Time increment, At 1.0
Strain coefficient, & 0.0167 Lattice interval, Ax 1.0

1 500
(14
08 | 1 400 Z
2
o
0O o6 {300 @
] : ‘ : 5
& 04 ‘ : 200 %
a M/ 1 ;
; —NR
02 ‘ 1100 E
=
0 \ i i i
o 200 400 600 BOD 1000
Time step k
(a) Dryness (red) and number of subregions(blue) (b) Final pattern

(c) Dividing process

Figure 1. Standard result. Calculation size is L300 with straight crack under condition B1:
(a) variation of dryness D and number of subregions N, (b) final crack pattern obtained
at the 1000™ time step, and (c) the early process of subregion division, where the color in-
dicates the subregion number.

represents the variation of the number of subregions, N,. At this point, the value
reaches N, = 4, and here, we refer to this as the Rank-1 division. Tension is re-
leased at this moment and increases again as drying progresses. When the value
reaches the threshold, the second division occurs. Then, each of the four subre-
gions is divided into four smaller subregions, and 16 subregions in total are gen-
erated as Rank 2. This series of processes, ie., crack generation, tension release,
and increase in tension, is repeated two more times, and the final pattern de-
picted in Figure 1(b) is Rank 4 with N; = 4* =256 .. No additional cracks are
generated, because the dryness at the Rank-4 division has reached near satura-
tion, and the subsequent increases in tension do not raise the value to the crite-
rion.

The crack formation process in relation to the tensile force is depicted in Fig-
ure 2. The second and third rows represent the distributions of lateral (x direc-
tion) and vertical (y) tension, respectively. As explained in Section 2, the tensile
force is generated to enable the generation of large tension in the middle and
small tension at both ends in each region. When the lateral tension reaches the
critical value at the 12th time step, a vertical crack is generated. Then, the lateral

tension is released to zero, whereas the vertical tension is released in only a small
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2a) Vertical 4a) Lat
crack

Lateral tension

4b) Relepse of
veriticall gension.

Vertical tension

12 step 13a step 13b step 13c step 41a step

Figure 2. Crack genertion and subregion division in relation to tension distribution. The
second and third rows represent the lateral and veritical tension distributions, respective-
ly, where red represents a high value.

area along the generated crack. Subsequently, the vertical tension reaches the
threshold, and a lateral crack is generated in the left and righthand-side regions
in succession. The order of these events (cracking), ie., vertical/lateral and lef-
thand/righthand-side orders, leading to the generation of four subregions is
ideally simultaneous but fluctuates because of the random variation in the initial
condition. Similar processes are repeated in each subregion, resulting in the

Rank-2 division and further pattern formation.

3.2.Zigzag Cracking

In the simulation of the previous section, the crack was assumed to progress
straight, but the appearance of the result is rather unnatural because of the high-
ly geometric regularity. In the observed pattern, both in nature and experiments,
the cracks are not completely straight but curved or zigzag and sawtooth-shaped.
Tracking the path with theoretical precision is too difficult and necessitates a
very complicated formulation. Therefore, zigzag progress is implemented using
a random number as follows. In the case of a vertical crack propagating upward
from the crack origin, the choice of the path is either straight above, one lattice
right, or one lattice left. This choice is determined by one-third probability using
a uniform random number.

Figure 3 represents the results under the same conditions as in Figure 1, ex-
cept that the cracking path is set to zigzag. Although the dryness varies in the
same rate, as shown in Figure 3(a), the final pattern displayed in Figure 3(b) is
drastically different from that in Figure 1(b). The fundamental process is the
same, as shown in Figure 3(c). The first vertical crack and two subsequent later-
al cracks create four crosswise subregions in the Rank-1 division and 16 subre-

gions in the Rank-2 division. These are obvious in the variation in the number of
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Figure 3. Calculation results with zigzag cracks: (a) variation of dryness D and number of

(c) Dividing process

subregions N,, (b) crack pattern at the 1000™ step, and (c) the early process of subregion
division.

subregions, plotted in Figure 3(a). However, the Rank-3 division and subse-
quent divisions are not as obvious as that in Figure 1; the variation in the subre-
gion number shown in Figure 3(a) is blurred compared with the drastic increase
in Figure 1(a). This is because the zigzag cracks cause the variation in the size of
the divided subregion, and significant difference in tension in each subregion is
induced. As a result, the timing for the maximum value to reach the threshold
does not coincide. The total number of subregions in the final pattern is 220,
which is less than 256 in the ideal pattern. The shape of the subregions is mostly
quadrangle but some of the regions seem triangular, pentagonal, or hexagonal,
resulting in a realistic pattern appearance.

3.3. Size Dependency

In this model, the tensile force instead of stress is used to determine the crack
initiation. This is based on the fact that a large segment is easier to fall apart than
a small segment, and the threshold should be determined by a size-dependent
value such as force instead of a value standardized in the length dimension. Fig-
ure 4(a) and Figure 4(b) show the final pattern calculated using three sizes for
straight cracking and zigzag cracking, respectively. In both cases, the Rank-5 di-
vision occurred for L300 models, as already shown in Figure 1 and Figure 3.
When the size is as small as L200, the cracking is stopped earlier at Rank 3, and
finally, 64 subregions are generated. In contrast, even when the size is increased
to L400, further division does not occur, and the domain division stops at Rank
5. Note that the actual size of the obtained subregion is larger in the L400 model
than in the L300 model, whereas the distribution in both models is similar. Ac-
cording to Equations (2)-(4), the tensile force is calculated as T = (kED)I ,

DOI: 10.4236/0jmsi.2023.111001

7 Open Journal of Modelling and Simulation


https://doi.org/10.4236/ojmsi.2023.111001

T. Uehara

(i) L200 (i) L300
(a) Straight crack ‘ (iif) L400

(i) L200 (ii) L300
(b) Zigzag crack

(iii) L400 o

Figure 4. Crack patterns calculated with different domain sizes
with (a) straight and (b) zigzag cracking by (i) 200 x 200, (ii) 300
x 300 and (iii) 400 x 400 models.

where k and E represent constants, and D is independent of size. Therefore, the
tensile force is smaller in the smaller model for the same dryness, and the crack-
ing is delayed. Consequently, in the L200 model, cracking occurs only by Rank 3.
In contrast, in the larger model L400, larger tension is generated. This can in-
duce a higher cracking rank, but the drying process finishes before the tension
reaches the threshold value for the next-rank cracking. As a result, the same rank
of cracking as that of the L300 model was observed.

3.4. Effect of Boundary

The container wall, corresponding to the boundary of the simulation area, would
affect crack formation and propagation. In this section, the critical value was
modified in the area near the boundary as TCB against TCO in the bulk, and si-
mulations were carried out for Condition B2 for T >T?, and B3 for T° <T..
Simulation conditions, except for 7, are the same as those presented in Section
3.2.

Figures 5(a)-(c) show the results when TCB is set higher than TC0 (Condi-
tion B2). As shown in Figure 5(a) for T° =60 and T =30, subregions
touching the boundary are slightly larger even though the overall pattern is not
so much different. In Figure 5(b), for T.> =40 and T. =20, the overall sub-
regions become small because the critical tension is set lower. Then, the effect of
the boundary is more obvious. The subregions in the boundary area become
rectangular shapes, most of which have longer edges perpendicular to the boun-
dary. When the difference between T° and T is larger, as shown in Figure
5(c), the boundary effects spread farther; the second cells counted from the
boundary are also enlarged, and fine subregions are concentrated in the central

area.
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(@) T = 60,T0 = 30 (b) T = 40,T0 = 20 (©) TP = 60,T = 20

(d)TF =30,T° = 60 () TF = 20,T = 40 () TE =20,T° = 60
Figure 5. Crack patterns calculated considering the effect of boundary; criti-

cal tension values in the boundary area T® and that in the bulk region T
were varied as condition B2 for (a)-(c), and B3 for (d)-(f).

In contrast, when TCB is set lower than TC0 (Condition B3), the subregions
near the boundary are smaller than those in the bulk area, as depicted in Figures
5(d)-(f). When the critical value in the boundary area is set to half of the bulk,
the difference in cell size is moderate, as shown in Figure 5(d) and Figure 5(e),
whereas the distribution is evident when the difference is set larger, as shown in
Figure 5(f). This situation applies when the shrinkage of the material is signifi-
cant and the contact between the wall and material is stiff, which causes strong
constraints. In this study, the effect of mechanical constraints is not considered

explicitly, and instead, these effects are expressed indirectly in the critical value.

4. Results and Discussion for Extended Models
4.1. Critical Force Component

In the simulations thus far, the initiation of cracks was determined by the normal
components of the tensile force, £, and F,, independently. Here, the criterion was
modified to the mean stress (F, + £)/2. Then, the direction of crack propagation
should be modified to the perpendicular direction to the force. For simplicity, the
crack direction was fixed to +45° directions. Their sign, corresponding to top-
right to bottom-left or top-left to bottom-right, is selected randomly.

Simulation results are shown in Figure 6, in which Figure 6(a) and Figure
6(b) show the results for 7. = 20 and 10, respectively, without boundary effects.
Oblique patterns are obtained as expected, and a finer division is generated for
T. = 10 because the critical tension is set smaller. Figure 6(c) shows the result
when the boundary effect was considered as T, =30 and T =10. Large re-
gions are generated in the boundary area, and the effects are validly reflected.
Theoretical support from the mechanical viewpoint is necessary, but the charac-

teristic pattern formation will broaden the application field of this model.
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(@) T. =20 (b) T, =10 () TE =30,T? =10

Figure 6. Crack patterns calculated by criterion based on the mean stress with-
out boundary effect (a), (b), and with the boundary effect (c).

4.2. Anisotropic Properties

In this section, based on the previous model with an independent evaluation by
the xand y components, the critical values in tension are set separately in the x
and y directions, as T, and T, respectively. Figure 7(a) shows the crack
patterns obtained by T =20 and T =40. Divided subregions have a verti-
cally long shape. This is because the threshold for the lateral tension in the x di-
rection is set smaller than that in the vertical direction, and the cracking occurs
more frequently in the lateral direction. This tendency is more obvious when the
difference is significant, as shown in Figure 7(b). In contrast, laterally long sub-
regions are generated for T =40 and T =20, as shown in Figure 7(c), fol-
lowing the same manner, and the anisotropic pattern formation was successfully
simulated. These patterns have been experimentally observed and reported by
Nakahara et al. [2]: When an external vibrative motion is applied in one direc-
tion, rectangular divisions similar to those shown in Figure 7 are generated. The
external vibration creates an anisotropic distribution in the density and induces
a difference in the strength or resistance to cracking along and across the vibra-
tion direction. This tendency is reflected in the difference in the critical values

T and T in this study, and the effects on the cracking are validly reflected.

4.3. Shortened Cracks

In crack patterns observed in nature, some cracks do not always reach the
boundary or other cracks and sometimes terminate in the middle. To regenerate
this feature, an algorithm for crack propagation was modified. The basic proce-
dure from the crack origin is the same as zigzag progress, but an additional cri-
terion was imposed to determine whether the crack continues to propagate or
terminates in the middle: when the tension of the preceding point is higher than
a critical value TCP , the crack propagates, but it stops if the tension is below TCP .
This criterion becomes considerable when the crack tip comes close to the edge
because of the reducing tensile force distribution, as shown in Figure 2. It may
seem worrisome that if the crack does not reach the existing crack or boundary,
the original region is not completely divided into subregions. However, in this
algorithm, the subregion is not included in the main flow of the program but is
only used to explain the results. Therefore, this modification of the condition is

not crucial in the simulation scheme.
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(@) TX = 20,TY = 40 (b)TZ = 20,7 = 80 (€)TX = 40,T) =20

Figure 7. Crack patterns calculated with anisotropic criterion by applying dif-
ferent critical values T and T in the lateral and vertical directions, respec-

tively.

@TF=04T? ) TP =06T0 (c) Generation order
(TF =0.6T7)

Figure 8. Crack patterns considering the termination of crack propagation when
tension on the front is below T . In (c), the cracks in (b) are colored by the

generation order, Ze, light blue represents early stage cracks and red represents
later stage cracks.

Figure 8(a) and Figure 8(b) show the results for T, =0.4T° and T =0.6T”,
respectively. In both cases, most of the cracks terminate before reaching the oth-
er cracks. Figure 8(c) shows the same result as Figure 8(b), but each crack is
colored by the generation order, ie., the cracks in light blue are generated in the
early stage, and those in orange or red are generated in the later stage. The early
cracks propagate a long distance, whereas those generated later terminate within
a short distance. The higher TCP values raise the possibility of the termination
of crack propagation and result in creation of short cracks. These patterns are
frequently observed in nature, and the results also broaden the application area
of this model.

5. Conclusions

In this study, crack pattern formation caused by shrinkage during the drying of a
wet material was simulated. To simulate the complicated phenomena using a
simple algorithm, detailed material behavior and mechanics were omitted, and
the following main points were focused on. Tensile force is generated according
to the dryness of the model material, and a crack is generated when the tension
exceeds the threshold value. The forces in the vertical and lateral directions are
treated independently, and they are released when cracking occurs. Cracks

propagate straightly perpendicular to the tensile force; moreover, zigzag crack
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propagation is also modeled. The influence of the container wall is reflected in
the threshold tension value. As a result, realistic pattern formation was success-
fully simulated. Furthermore, the model is extended to more scenarios: oblique
crack patterns caused by other stress components, anisotropic patterns, and
short crack formation were simulated, and wider variations of patterns were
generated. In this way, the model has great flexibility to adjust to the objective
patterns. These results will broaden the applicability of this algorithm to various
pattens observed in nature.

For further improvements of the model, the following points are considered as
future works. The drying phenomenon in the model material was assumed to be
uniform, in this study; however, in a real material, it proceeds from the surface
and borders to the inner region, in real material. Therefore, the calculation of the
drying process should be coupled with this model. Furthermore, the effect of the
thickness or depth of the drying material is not considered, and three-dimensional
modeling is necessary for more precise regeneration of natural crack patterns.
Mechanical consideration is of course necessary to theoretically validate this
model; nevertheless, the simplified algorithm in this study will offer excellent

potential for a wide range of real phenomena.
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