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ABSTRACT: The prediction of the possibilities for the desiccation cracking is important for the building
construction because they could cause damages to the foundation structures. While the experimental and
numerical researches were performed with various materials and conditions, the mechanism of the
desiccation cracking is still not clear. In this research, the desiccation cracking is modeled by the coupling of
the desiccation governed by the diffusion equation, the deformation, and the fracture. We perform the weak
coupling analysis of the finite element analysis for the desiccation and the analysis of Particle Discretization
Scheme Finite Element Method (PDS-FEM) for the deformation and the fracture. The simulation is carried
out with the different thickness of the desiccation layer under various boundary conditions. The simulation
results show the satisfactory agreement with the experimental observation in terms of the crack pattern with
net-like structure, pattern formation process, and the change in size of the cells framed by the cracks
depending on the thickness of the desiccation layer. This agreement between the simulation results and the
experimental observations indicates that the coupling of desiccation, deformation, and fracture is a
fundamental mechanism of the desiccation cracking.
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1. INTRODUCTION

The prediction of the possibilities for the
desiccation cracking is important for the building
construction because they could cause damages to
the foundation structures. While the experimental
and numerical researches were performed with
various materials and conditions, the mechanism
of the desiccation cracking is still not clear.

The results of the previous experimental
researches show that the desiccation cracking has
geometric features conserved in various materials
and conditions [1]-[4]. For instance, the
desiccation cracking has a net-like structure and
forms polygonal cells framed by the cracks. The
size and the shape of the cells change depending
on the constraint conditions and the thickness of
the specimen.

In the previous numerical approaches, some
models and numerical methods are proposed to
reproduce these geometric features of the
desiccation cracking [5]-[8]. While these models
and methods can reproduce the net-like crack
patterns, they cannot reproduce the increase of the
cell size depending on the thickness of the
specimen or the change in crack pattern depending
on the constraint conditions.

In this paper, the desiccation cracking is
modeled by the coupling of the desiccation
governed by the diffusion equation, the

deformation, and the fracture. This model can
reflect the inhomogeneous water distribution due
to desiccation on the problem of the deformation
and the fracture. We perform the weak coupling
analysis of the finite element analysis for the
desiccation and the analysis of Particle
Discretization Scheme Finite Element Method
(PDS-FEM) [9], [10] for the deformation and the
fracture. The simulation results are compared with
the experimental results qualitatively.

2. MATHEMATICAL MODEL OF
DESICCATION CRACKING

The desiccation process in the mixture of the
powder and the water is described by the diffusion
equation in terms of the volumetric water content 9
when the moisture diffusion coefficient D is
assumed as constant and the gravitational effect is
neglected. Consider a permeable and linearly
elastic body Q with external boundary I't. When
the water evaporates from the boundary I'%, the
water distribution in Q is given by the next initial
boundary value problem:
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6(x,0)=6 XxeQ (1c)

where Q%(6) is a water flux due to the evaporation
from the boundary I'* and 6 is a function of the
position x and time t . Here, only the liquid water
movement is considered.

For the coupling of the desiccation and the
fracture, the effect of the cracks should be
embedded in the desiccation problem. In this
research, the crack surface I'? is considered as a
newly created evaporation surface and a shield for
the permeable flow. The evaporation from the
crack surface I'? can be introduced as an additional
Neumann boundary condition of the initial
boundary value problem for the desiccation
process Eq. (1):

D%:
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where Q%(9) is a water flux from the crack surface
I'? due to the evaporation.

The shield for the permeable flow can be
expressed as the elimination of the water flux
normal to the crack surface I'. The Darcy’s low in
the orthonormal coordinate system {ei} is

J=-DVé ®3)

where J is a water flux vector in the coordinate
system {ei}. We define the orthonormal coordinate
system {ei’} with e3’ in the normal direction of the
crack surface T'2. The projection of J on I?
(denoted as J° in the coordinate system {ei} is
expressed as

J ic = Tji ijTkI ‘]l 4)

where the coordinate transform matrix T; and the
projection matrix which eliminates the water flux
normal to I'? are

Tij Zei"ej (5)

1ifi=j=12
P, = _ (6)
' |0 otherwize.

The introduction of J° in the place of J
corresponds to the introduction of the anisotropic
moisture diffusion coefficient in the initial
boundary value problem Eg. (1) and the Neumann
boundary condition Eq. (2) on the crack surfaces.
We solve this initial boundary value problem for
the water movement Eq. (1) with the Neumann
boundary condition Eq. (2) on the crack surfaces

by the ordinary FEM with the linear tetrahedral
elements.

For the coupling of the desiccation and the
deformation, the volume shrinkage corresponding
to the change in the volumetric water content 4
should be embedded in the deformation problem.
The relationship between the change in volumetric
water content ¢ and the volumetric drying
shrinkage strain &' is

£t =2 a(x 0)—O(x )} ()
a

d

where « is a moisture shrinkage coefficient of the
powder, pw is @ mass density of the water, and pq is
a dry bulk density of the powder. When Q is
homogeneous and isotropic, the drying shrinkage
strain &;° is

lé‘v if i=]
& =13 = ®)
0 ifi=j.

In the case of the desiccation crack phenomenon,
the total strain &;j can be divided into the elastic
strain g;® and the drying shrinkage strain &;°. The
shrinkage strain &;° does not contribute to the
generation of the stress and the strain energy.
Therefore, the stress-strain relationship and the
strain energy | for the deformation problem
become

Oy = Cijkl (gkl - gksl) 9)

= IQ %(gij -&; )Cijk, (gk, —-&, )dV (10)

where o is a stress tensor and ci is an elastic
tensor.

In this paper, the analysis of the deformation
and the fracture is performed by PDS-FEM. For
the evaluation of the functional I in Eq. (10), PDS-
FEM applies the particle discretization for the field
variables with a pair of the conjugate geometries;
Voronoi tessellations {®“} and Delaunay
tessellations {¥#}. The Delaunay tessellation is a
tetrahedron on the three-dimensional problem. The
detailed discretization scheme is shown in Oguni
et al. [10]. Then, the discretized strain energy | is

A 1
=3t e Jetalet - )Y

where M is the number of Delaunay blocks and ¥#
is the volume of the S-th Delaunay blocks. The
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displacement ui# minimizing the discretized strain
energy Eq. (11) is satisfying the equation of the
force equilibrium:

z Ko u/ (12)
where
M
K = Z B¢y, B/"¥’ (13)
N
&l =Z (B/“uf +B/"u?) (14)
a’\:/ll
fe :Z e (c;fk, Bﬂ“)\Pﬂ (15)

Here, N is the number of Volonoi blocks. Once the
traction on the boundary of Voronoi blocks
reaches to the tensile strength, the interaction
between the VVoronoi blocks is lost. This loss of the
interaction is introduced by changing Bi#* (and
thus stiffness matrix Ki?).

3. NUMERICAL ANALYSIS

We perform the weak coupling analysis of the
finite element analysis for the desiccation and the
analysis of PDS-FEM for the deformation and the
fracture. The FEM analysis for the desiccation
process is carried out with a constant time step
At=0.1 hour. Then, the analysis for the
deformation and the fracture is performed by PDS-
FEM at each time step. When the maximum
traction among all elements reaches to the 97% of
the tensile strength, the time step is reduced to
At=0.01 hour to capture the effect of the fracture
surfaces on the desiccation and the deformation
promptly.

3.1 One-dimensional Crack Pattern

In the case of the desiccation test on bars in
Peron et al. [4], the mixture of water and clayey
silt is shaped in a thin rectangular bar and the bar
is dried on the plate. The bottom surface of the bar
is constrained in the long side direction only by the
notches on the plate. In this test, the cracks formed
on the top surface are parallel to each other and
normal to the long side.

In this paper, we perform the simulation to
reproduce this experimental result. The model size
and the parameters for the simulations are
determined from the experiments of Peron et al.
[4]; see Table 1. The water evaporates from the top
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surface and the sides of the model. The initial
volumetric water content is 72.1% (constant) and
the desiccation proceeds until the averaged
volumetric water content reaches to the 32.4% (the
averaged volumetric water content at which the
crack propagation terminated in the desiccation
test of Peron et al. [4]). The nodal displacement of
the bottom surface of the model is constrained in
the long side direction and the vertical direction.
We prepared the finite element model with the
unstructured mesh (the number of the elements is
56,597 and the number of nodes is 11,822).

Table 1 The model size and the parameters for the
simulation of one-dimensional crack pattern

Model size 300 x 50 x 12 mm
Soil dry densitypq 2.77x10% kg/m? hour
Evaporation speed on I' 2.0x10* m/hour
Evaporation speed on I"2 1.0x10"* m/hour
Mmsturg s_hrlnkage 0.64
coefficient «
M0|stur_e filffusmn 3.6x10° m2/hour
coefficient D
Poisson’s ratio 0.3
Young’s modulus 5.0 MPa
Tensile strength 0.45 MPa

A

Fig. 1 Simulation result of the one-dimensional
crack pattern

The simulation result (Fig. 1) shows the final
crack pattern formed in the analysis model. The all
cracks are parallel to each other and normal to the
long side. The geometric feature of the cracks and
the number of cracks formed on the top surface of
the analysis model coincide with the experimental
observation of Peron et al. [4].
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3.2 Two-dimensional Crack Pattern

3.2.1 Drying tests for the comparison with
simulation results of two-dimensional crack
pattern

We perform the drying tests of calcium
carbonate slurry to observe the crack patterns
corresponding to the thickness of the specimen and
to measure the parameters for the simulation of
two-dimensional crack pattern. The calcium
carbonate slurry was prepared at volumetric water
content 72%. The slurry was poured into the
rectangular acrylic container (100x100x50 mm).
The thickness of the specimen was set as 5 mm, 10
mm, 20 mm, and 30 mm. The slurry was dried in
the air (20 °C temperature and at 50 % relative
humidity) until the specimen dried out completely.
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Fig.2 Final crack pattern on the top surface of the
specimen formed in the drying tests. (a) 5 mm, (b)
10 mm, (c) 20 mm, and (d) 30 mm

The excessive water layer disappeared at the
volumetric water content 56.0% and the crack
initiated at the volumetric water content 22.4%.
The crack propagation terminated at the volumetric
water content 20.4%. Figure2 shows the final
crack patterns on the top surface of the specimen
with different thickness. The cracks with net-like
structure form the polygonal cells framed by the
cracks and the averaged size of the cells increases
with the increase of the specimen thickness. As
shown in Fig. 3, in the crack pattern formation
process, some long cracks initiate on the edge of
the specimen and traverse the specimen at the
initial stage of the desiccation cracking. Then,
relatively short cracks appear to tessellate the lager
cells. These cracks often branch and terminate
when they meet the existing cracks.
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Fig.3 Crack propagation process of the drying test
in the case of 10 mm thickness

3.2.2 The simulation of two-dimensional crack
pattern

We perform the simulation to reproduce the
two-dimensional crack pattern observed in the
drying test of calcium carbonate slurry. The width
and the height of the model is set as 100 mm and
the depth was set as 5 mm, 10 mm, 20 mm, and 30
mm. The parameters for the simulation of two-
dimensional crack pattern are shown in Table 2.
The water evaporates from the top surface of the
model and the nodal displacement on the sides and
bottom surface of the model is constrained. The
initial  volumetric water content is 56.0%
(constant) and the desiccation proceeds until the
averaged volumetric water content reaches to the
20.4%. We prepared the finite element model with
the unstructured mesh; the mesh sizes are shown in
Table 3.

The final crack pattern on the top surface
model with different thickness is shown in Fig.4.
The cracks have a net-like structure and form
polygonal cells. The cell sizes are almost constant
on each thickness and the averaged cell size
increases with the increase of the model thickness.
These geometric features of the crack patterns and
the increasing tendency of the averaged cell size
qualitatively coincide with the observation of the
drying experiments of the calcium carbonate slurry
shown in Fig.2. In the crack pattern formation
process, some long cracks extend traversing the
top surface. Then, relatively short cracks propagate
to tessellate the lager cells. This hierarchical
sequence of the cell formation can be also
observed in the drying tests of calcium carbonate
slurry.
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Table 2 The parameters for the simulation of two-
dimensional crack pattern

Soil dry density pq 800 kg/m? hour
Evaporation speed on I' 8.8x10"° m/hour
Evaporation speed on I" 1.0x10°° m/hour

Mmsturer s_hrmkage 0.69

coefficient «

Mmsturg gllffusmn 3.6x10° m2/hour

coefficient D

Poisson’s ratio 0.3
Young’s modulus 5.0 MPa
Tensile strength 1.6 MPa

Table 3 The mesh sizes for the simulation of two-
dimensional crack pattern

model size number of number of
[mm] nodes elements
100x100x5 253,930 50,355
100x100x10 278,337 51,726
100x100x20 309,509 55,304
100x100x30 347 551 61,146
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Fig.4 The final crack pattern on the top surface of
the specimen formed in the simulation. (a) 5mm,
(b) 10mm, (c) 20mm, and (d) 30mm
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Fig.5 The crack propagation process of the drying
test in the case of 10 mm thickness

4. CONCLUSION

In this paper, the coupling model of desiccation,
deformation, and fracture is proposed. The
simulation for the one-dimensional crack pattern
and two-dimensional crack pattern is performed
based on this model and the results of the
simulation of the two-dimensional crack pattern
are compared with the results of the drying test of
calcium carbonate slurry. The simulation results
show the satisfactory agreement with the
experimental observation in terms of the crack
pattern with net-like structure, pattern formation
process, and the change in the size of the cells
framed by the cracks depending on the thickness of
the desiccation layer. This agreement between the
simulation  results and the experimental
observations indicates that the coupling of
desiccation, deformation, and fracture is a
fundamental mechanism of the desiccation
cracking.
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