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a b s t r a c t

This paper extends the experimental results of our companion paper by modeling and predicting
the onset and pattern formation of desiccation cracks in geomaterials (Ruoyu et al., 2023). Thin-
layer silt samples in controlled atmospheric conditions were tested to obtain the surface strain
maps with the digital image correlation (DIC) method during dehydration. Support experiments,
including consolidation and displacement-controlled triaxial tests, were conducted for the properties
of geomaterials. These experimental results were used to validate a viscoplastic theoretical model
by comparing cracks and singularities locations that distribute following the Cnoidal wave pattern.
A critical value exists in the viscoplastic model that determines the number of singularities, which
accurately predicts the number of cracks in the experiment. The critical values contain two crucial
parameters: rate sensitivity and λ. Rate sensitivity describes the rate-dependent stress–strain relation,
while λ shows the ability of pore pressure redistribution under the external mechanical loading rate.
These results provide a new view to analyze the desiccation cracks considering the rate-dependent
viscoplasticity.

© 2023 Elsevier Ltd. All rights reserved.
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1. Introduction

The shrinkage caused by desiccation is essential in many
nfrastructures, from road building and tunnel construction to
uclear waste disposal.1–4 The reduction of cracks, or at least
itigation, is the key to reducing the potential damage. However,

he mechanism of cracking during desiccation is still far from fully
omprehended.
One of the most common failure methods in desiccation crack-

ng is tensile stress failure, in which cracks appear when effec-
ive tensile stress overcomes the tensile strength.5 Three origins
ikely caused the exceedance of effective stress to the tensile
trength, including the friction caused by boundary conditions,
tress concentration inside the geomaterials, and inhomogeneous
tructure.6,7 As the effective stress in the geomaterial is hard to
easure directly, the surface images were captured and analyzed
y the DIC method to discuss the desiccation cracks.8 Based on
he strain map generated by DIC, a strain-rate-dependent model,
hich indicates the plastic strain changes with the stress in the
heology relationship, is given to describe the plastic deforma-
ion in the geomaterials.9,10 One crucial criterion to validate the
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E-mail address: ruoyu.chen@duke.edu (R. Chen).
 c

ttps://doi.org/10.1016/j.gete.2023.100489
352-3808/© 2023 Elsevier Ltd. All rights reserved.
theoretical model is the prediction of failure patterns in which
the distribution of surface cracks is easy to obtain. Peron showed
cracks were parallel distributed along the surface for the long
thin layer samples and cracks intersecting between 90◦ and 150◦

on the square slabs.7 Similar results were found with different
geomaterials and dimensions by other researchers.11,12 Another
criterion is the correlation between the existence and number of
cracks from experiments and theoretical models, which requires
more analysis.

Motivated by the consistency between the theoretical pattern
from the viscoplastic model and the experimental dehydration
tests presented in our companion paper,13 the atmospheric con-
itions controlled experiments were conducted on a thin layer
asal constraint platform to obtain the parameters and check
he accuracy of the theoretical model proposed by Ref. 14. The
ontrolled atmospheric conditions, temperature and relative hu-
idity, provide the reference stress and background volumetric
train rate. And the consolidation and triaxial tests give the con-
olidation coefficient and rate sensitivity. The theoretical model
sed the parameters from the experiment to predict the pattern
nd number of failures, which was compared with desiccation
racks in the experiment.

https://doi.org/10.1016/j.gete.2023.100489
https://www.elsevier.com/locate/gete
http://www.elsevier.com/locate/gete
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gete.2023.100489&domain=pdf
mailto:ruoyu.chen@duke.edu
https://doi.org/10.1016/j.gete.2023.100489
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Fig. 1. The mold and different types of basal platforms. On the water content
distribution platform, point A is the corner, point B is the mid-length, point C
is the mid-width, and point D is the center.

2. Methodology

2.1. Materials and setup

The geomaterial used in the experiments is granite silt pow-
er, whose characteristics are shown in Table 1. The powder
nd distilled water mixture were thoroughly stirred by a spatula
nd left undistributed on the table for 30 min for the homo-
eneous water content. The initial water contents, which are
ravimetric in this paper, of the saturated samples in the tests
re 33 ± 3%. Shown in Fig. 1, a mold was used to shape the
aterial to the desired dimensions: 150 mm × 50 mm × 14 mm

length × width × depth). The inside of the mold was covered by
olytetrafluoroethylene (PTFE) strips and coated with lubrication
il for minimal friction during the molding process. The bottom of
he samples is located on a 90-degree angular constraint platform.
eanwhile, another group was processed on a PTFE platform
oated with lubrication oil in the same atmospheric conditions
o determine the crack generation conditions. And the sample
urfaces were sprayed with black paint to increase the contrast,
ncreasing the accuracy of the results from the DIC.

All experiments were conducted in an atmospheric condition-
ontrolled chamber shown in Fig. 2. Four sensors were installed
o monitor the temperature and relative humidity in the chamber.
he values from three sensors, except sensor A, were shown on
he outside panel, whose average values were compared with
he desired value. When the humidity in the chamber is higher
han the set value, the fans located at the silica gel and the tube
ntrance activate to reduce the humidity. In contrast, when the
umidity value on the panel is lower than the set value, the
umidifier in the water tank is activated in conjunction with the
ans at the water tank and entrance of the tube to increase the
umidity. The air conditioner controlled the temperature set to
5 ± 1 ◦C in the tests. The initial atmospheric conditions converge

to the desired value based on these humidity and temperature
adjustments during the test, which were monitored and recorded
by sensor A.

Two Canon EOS 4000D cameras were installed on the alu-
minum framework inside the chamber, one above the constraint
plates and the other above the PTFE plate. These cameras capture
the samples’ surface images every 1 min. DIC software is used to
process these surface images.15 The original photos were rotated
and cropped in XnViewMp software to obtain rectangle surface
images shown in Fig. 3. The image series was selected from the

processed surface images, starting from several minutes before

2

Table 1
Physical properties of the geomaterial.
Specific gravity Liquid limit Plastic limit Poisson’s ratio

2.892 25.02% 17.15% 0.2857

Young’s modulus Shear modulus Consolidation coefficient

8.6 MPa 3.3 MPa 1.82 mm2/s

crack onset till the end of cracking. The region of interest (ROI)
on the surface images meshes into circles. And the movements
of circle centers between the reference image (first image) and
the ‘‘current’’ image (image at each minute) were determined and
used to calculate the strain development on the surface.

A highly sensitive moisture analyzer, RAD WAG MA 50/1.R.,
measures the initial water contents with the leftover geomateri-
als right after molding. A precision mass balance, Adventurer Pro
AV812C with 0.01 g readability, is installed under the test samples
to record the weight changes during the desiccation test every
10 s in the atmospheric chamber.

The difference in surface areas between each side may cause
the inhomogeneous water content distribution inside the thin
layer samples. So, the water content distribution experiments
were conducted to determine the water contents at different
locations on the surface. Six samples were molded and laid on
the same none-constraint platform in one group. For one sample
in the group, we picked pieces (2 ± 1 g) located at the corner,
mid-length, mid-width, and center to measure the water con-
tent values as shown in Fig. 1. The sensitive moisture analyzer
measured the water contents of these pieces. And six samples
were measured at different times. The time intervals between
each measurement vary from 2 to 10 h, depending on different
evaporation stages and relative humidity.

The odometer test was conducted to obtain the consolidation
coefficient of geomaterials.16 In the consolidation test, five differ-
ent pressures (54, 107, 214, 429, and 858 kPa) were applied to the
sample. And the value shown in Table 1 is selected as the average
value of the consolidation coefficient calculated from t90.

Beyond the desiccation and consolidation test, the displace-
ent-controlled triaxial test was conducted to obtain the rate
ensitivity of the geomaterial. The diameter of the cylinder sam-
le is 34.55 mm, and the height is 75.37 mm. The initial axial
oading rate is 0.5 mm/min. Once the stress reaches the ultimate
tress, different loading rates are applied for the changes in the
ltimate stress, which gives the rate sensitivity based on the
heology relation between strain rates and ultimate deviatoric
tress.

.2. Mathematical modeling

The top surface images of thin layer samples were captured
nd selected as ROI (Fig. 3). In the model formulation setup, we
reat the sign convention of the static and kinematic fields as in-
ariant and analyze the sample as purely volumetric compaction
nd dilatational bars.
The stress equilibrium between effective stress and fluid pres-

ure in this 2D problem is

∂p′

∂xi
=

∂pf

∂xi
(1)

where p′ is effective stress, pf is fluid pressure, x1 is the X
direction and x2 is the Y direction. Then the momentum balance
equations are

∂σxi
= 0 (2)
∂xi
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Fig. 2. The atmospheric chamber with humidity controllers. The left sample lies on the PTFE plate; the right sample lies on the platform with constraints; the panel
ontrols and monitors the humidity based on three sensors; the sensor next to the sample, sensor A, records atmospheric conditions and sends data to the connected
aptop.
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Fig. 3. The setup of the dimension (2L1 × 2L2 × H)used in the discussion.

where σxi is orthogonal normal stress along xi direction. The
concept of partial density in a bi-phasic material gives us the
density for solid phase, ρ1

= (1 − θ )ρs and fluid phase density,
ρ2

= θρf , which provides the mass balance as:

∂ρα

∂t
+

∂ραvα
xi

∂xi
= 0 (3)

n which ρs, ρf are solid skeleton and fluid density, θ is porosity,
nd vα

xi is the barycentric velocity (α = 1 for solid phase;
= 2 for fluid phase) in xi direction. With the assumption that

the solid and fluid are incompressible, ρs and ρf are treated as
constant.17,18 Then the mass balance for solid and fluid phases
can be shown as follows:

∂ (1 − θ)

∂t
+

∂ (1 − θ) v1
xi

∂xi
= 0 (4)

∂θ

∂t
+

∂θv2
xi

∂xi
= 0 (5)

Superposing the mass balance equations in different phases.
he mass balance equation for the geomaterial sample is

∂θ (v2
xi − v1

xi )

∂xi
+

∂v1
xi

∂xi
= 0 (6)

here (v2
xi − v1

xi ) is the relative velocity of the fluid to the
atrix.19 We followed the relation between the relative velocity
3

nd compaction rate and Darcy’s law17:

(v2
xi − v1

xi ) = −
kπ

µf

∂pf

∂xi
(7)

where kπ is the permeability, and µf is the fluid viscosity. As the
ermeability and viscosity are hard to measure without distur-
ance samples during the desiccation experiment, the reference
onsolidation coefficient equals:

′

v =
kπ

µf
(8)

And volumetric strain rate is defined as:

ϵ̇v =
∂vs

xi

∂xi
(9)

The volumetric strain rate in the geomaterial has two parts: a
linear elastic part, which is reversible (ϵ̇r

v), and a plastic part fol-
lowing standard power-law rheology, which is irreversible (ϵ̇ i

v):

v̇ = ϵ̇r
v + ϵ̇ i

v (10)

ṙ
v =

ṗ′

K
(11)

ϵ̇ i
v = ϵ̇n

[
p̄′

p′
n

]m

(12)

where ṗ′ is the rate of effective stress, K is the soil elastic bulk
modulus, ϵ̇n is the reference volumetric strain rate (background
loading rate), p̄′

=
⟨
p′

− p′
y

⟩
is the effective overstress, p′

y is the
yield stress, p′

n is the reference stress, and m is the rate sensitivity
exponent for geomaterials.20,21 As the paper searches for the
crack distribution method instead of the propagation process, the
steady-state equation is deduced instead of transient equations,
where ṗ′ = 0.20,22 The steady-state allows treating the volumetric
strain rate as pure plastic. Substituting Eqs. (7)–(12), the Eq. (6)
can be rewritten as:

c ′

v

∂2p′

∂x2i
= ϵ̇n

[
p̄′

p′
n

]m

(13)

which has the dimensionless form:
∂2σ ′

2 − λσ ′m
= 0 (14)
∂zi
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Fig. 4. Water content and evaporation rate development on the 90-degree constraint platform with 85% humidity. The crack initiated at 1170 min (the black marker).
tage I is the constant evaporation rate stage; Stage II is the falling evaporation rate stage; Stage III is the residual evaporation rate stage.
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ith dimensionless parameters:

′
=

p̄′

p′
n

zi =
xi
2Li

λ =
ϵ̇n

p′
nc ′

v

(2Li)2 (15)

here Li is half length (i = 1) or width (i = 2) of the sample.
he boundary conditions are σ ′

= 1 when zi = 0 and zi = 1,
ndicating the value of reference stress equals the effective stress
n the side surfaces.

. Results

.1. Sample homogeneity

The deformation in desiccation is the shrinkage mechanically
enerated by the effective stresses. The fluid pressure, specified
s suction here, is caused by the molecular scale’s Laplace and
apillary pressure, whose value is highly related to the water
ontent.23–25 As one predominant factor used to interpret ef-
ective stress, the water content needs to be discussed in the
esiccation process. Meanwhile, the water content distribution is
equired to ensure the inhomogeneity of water content does not
rigger failure and check the permission to treat the sample as
omogeneous in the theoretical model.
The desiccation process is split into three stages based on the

ariation of evaporation rates: (I) constant rate stage, (II) falling
ate stage, and (III) residual rate stage.26,27 Fig. 4 shows the results
rom the test with 85% relative humidity and 25 ◦C temperature
n the 90-degree constraint platform. In Stage I (0 min–3650
in), the water content decreases from 32.5% to 9.5%, while the
vaporation rate is a constant that equals 9.3 mg/min. In the sec-
nd Stage (3650 min–6365 min), the evaporation rate decreases
rom 9.3 mg/min to 0.1 mg/min while the water content jumps
o 0.78%. In Stage III (6365 min - end), the change of evaporation
ate ceased, and the value is less than 3 × 10−4 mg/min2. In this
tage, water content stays around 0.78%. Two cracks appeared
nd propagated during the first evaporation stage (constant rate
tage) in all constraint experiments.
As the evaporation happens at the fluid–vapor contact surface,

he difference in contact surface area at four points on the sample
urface can influence the water loss mass rate as follows:
ṁγ

evap = J · ∂Sγ

lv

SAlv = ∂x∂y + ∂x∂z + ∂y∂z

SBlv = ∂x∂y + ∂x∂z

SClv = ∂x∂y + ∂y∂z
D

(16)
Slv = ∂x∂y
4

here ṁγ
evap is the evaporation rate at different points, J is flux,

γ

lv is liquid–vapor contact surface area, and γ is A, B, C, D respec-
ively correspond to the points A, B, C, D on the samples shown in
ig. 3. The thin layer samples used in these experiments provided
simplification,

∫
∂z ≪

∫
∂x, that provided a uniform water

ontent distribution with constant flux. Water contents at four
ifferent points on one sample were simultaneously measured.
nd the times of measurements in the test with 75% relative
umidity were at 0, 300 min, 1200 min, 1560 min, 1800 min,
580 min, and 2940 min (see Fig. 5).
The initial water contents at all points are 31.29%. At 300 min,

he average water content is 29.19% and the maximum water
ontent difference is 0.55% between point A and point D. At 1200
in, the average water content is 23.65%, and the maximum
ater content difference is 1.15% between point A and point
. At 1560 min, the average water content is 18.81% and the
aximum water content difference is 0.4% between point B and
oint D. At 1800 min, the average water content is 16.76%, and
he maximum water content difference is 0.86% between point A
nd point D. At 2580 min, the average water content is 9.16% and
he maximum water content difference is 1.15% between point C
nd point D. At 2940 min, the average water content is 8.86%,
nd the maximum water content difference is 0.75% between
oint A and point B. The maximum water content variation is
2.5% at 2580 min, which is in the residual rate stage. In the
eriod from start to the crack onsets, 0–1560 min in this test, the
aximum water content variation is 4.86%, which allows treating
ater contents in the geomaterial as homogeneous distribution
uring our interest period (from the start of the test till the end
f cracking).

.2. Reference volumetric strain rate and reference stress

The shrinkage volume goes through three stages in dehydra-
ion: normal shrinkage stage, residual shrinkage stage, and no
hrinkage stage.28 Cracks initiate in the normal shrinkage stage,
here the volume changes at a constant velocity. Fig. 6 shows the
ovement of the edges in the 90-degree constraint test by the
IC method in 76% relative humidity, and temperature is 24 ◦C.
he series of images in the DIC method starts at 1212 min and
nds at 1380 min, during which one crack was discovered.
Cracks paralleling the Y direction are found in the desiccation

ests. In the image series, the edges in the Y direction shrank
onstantly and were not disrupted by the appearance of the crack.
nd the edge movement in the X direction initially had a linear
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Fig. 5. Average water contents development and maximum water content variation between different points in the water distribution test;.
Fig. 6. Edge displacement in X and Y direction from 1212 min to 1380 min in basal constraint test with 76% humidity.
w

tage till a jump caused by the crack generation, followed by
nother linear part.
The total shrinkage volume is the summation of the product

etween edge movement and corresponding surface area with
ifferent side surfaces. The linear portion from 1212 min to 1232
in in Fig. 6 was select to calculate the background loading rate,
hich is the volumetric strain rate in Eq. (9). This period avoids
he rapid volume changes caused by the generation of cracks and
ives the rate in the normal shrinkage stage.
In the X direction, the edge movement velocity is 1.20 ×

10−3 mm/min, and the corresponding surface area is 1400 mm2.
n the Y direction, the edge movement velocity is 6.02 × 10−4

m/min, corresponding with a surface area equal to 4200 mm2.
he summation of the shrinkage volume rate in the X and Y
irections is 0.0701 mm3/s, referring to the volumetric strain rate

from sides as 6.68 × 10−7/s.
Meanwhile, the mass change caused by evaporation was mea-

sured by the precise mass balance. And the evaporation volume
rate can be calculated based on the mass changes following the
formulation:

ϵ̇w =
ṁevap

ρwvt
(17)

here ρw is water density, vt is total volume, 105 cm3, and ṁevap
s 1.64 × 10−4 g/s in the test with 76% relative humidity. Then
he total evaporation volumetric strain rate is 1.55 × 10−6/s.
 r

5

The correlation between the shrinkage volume in X and Y
directions from the DIC method and the total evaporation volume
from the balance exists a gap: the lack of deformation in the Z
direction in the DIC method. The evaporation mass through side
surfaces in X and Y directions is invoked to cover this gap. In
a stable atmospheric condition, the evaporation flux is constant,
meaning the evaporation mass from each surface depends on
the surface areas. As water cannot evaporate from the bottom
surface, the ratio of evaporation mass from the side surface to
the total evaporation mass equals the side surface area to the
side surface areas plus the top surface area, which is 0.4275.
Then the evaporation volume rate only from the side surface is
6.63 × 10−7/s.

The deviation of the volumetric strain rate calculated from
DIC and the value calculated based on mass changes is 0.75%,
which confirms the accuracy of using the evaporation rate to cal-
culate the volumetric strain rate. This proves the volume changes
in the normal shrinkage stage are water evaporation volume.
The evaporation rates with different humidities are shown in
Fig. 7, illustrating the volumetric strain rates change with relative
humidity following Eq. (18).

ϵ̇n = −4.4 × 10−9
× RH + 4.97 × 10−7 (18)

hich gives the reference volumetric strain rates in different

elative humidities.
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Fig. 7. Evaporation rates in different relative humidities. The evaporation rates
were obtained from the constant evaporation rate stages. The negative linear
relation between evaporation rate and relative humidities provides a way to
calculate reference volumetric strain rates.

The reference stress in Eq. (15) equals the effective stress on
he side surfaces, which is determined by the relative humidity
or simplification. The definition of relative humidity is the ratio
f the partial pressure of water vapor in the air to the saturation
apor pressure.29 With the constant saturation vapor pressure,
he effective stress on the sides in different relative humidity has
he following empirical formula:
′

n = −0.9506 × RH + 110.4 (19)

.3. Consolidation coefficient and rate sensitivity

The consolidation coefficient from the odometer test provides
reference value for the c ′

v in different experiments. As shown
n Eq. Eq. (8), the consolidation coefficient changes based on the
ermeability and fluid viscosity of the geomaterial. In desiccation
ests with different relative humidities, the type of fluid and
emperature are the same indicating a constant viscosity in all the
xperiments. However, the permeability has fluctuation resulting
rom different void ratios as30:

π = k0
e3

1 + e
(20)

here k0 depends on the specific surface area and the shapes of
ores, and e is the void ratio at crack onsets. The solid volume

can be calculated from the mass of the solid. The void volume in
the normal shrinkage stage is the initial total volume minus the
shrinkage volume and solid volume. And the shrinkage volume
is obtained from the evaporation rate and crack onsets. The
calculated values of the void ratio are shown in Table 2. Then the
consolidation coefficient is adjusted as follows:

c ′

v = c0
e3

1 + e
(21)

here c0 is the consolidation coefficient from the odometer test
shown in Table 1.

The rate sensitivity, as a property of the material, is measured
rom the triaxial test. Different ultimate deviatoric stresses are
ound with varying loading rates with the same confining stress.
esults from the triaxial tests are shown in Fig. 8. When the axial
train rate increases from 0.000663/s to 0.0133/s, the ultimate
eviatoric stress increases from 1253 kPa to 1293 kPa. Based
n Eq. (12), the rate sensitivity of this geomaterial used in the
iscoplastic model is 94.

.4. Morphology

The morphology of the cracks in the desiccation is discussed,
ncluding the pattern of and distance between cracks. The cracks
6

Fig. 8. The nondimensional ultimate deviatoric stress in the triaxial test with
different non-dimensional axial loading rates.

are only found in the surface images from the constraint experi-
ment, while no cracks are observed on the PTFE platform. Fig. 9
(a1), (b1), and (c1) show the original surface images respectively
correspond to the sample without cracks, with one and two
cracks. The image at 1212 min is selected as the reference image
(the first image in the image series) in the DIC analysis, and the
strain maps (a2), (b2), and (c2) are images taken at 1222 min,
1247 min, and 1362 min.

The 90-degree constraint platform prevents shrinkage in the
X direction, while the sample can still freely shrink along the
Y direction. As a result of the constraint, cracks are found per-
pendicular to the X-axis. After the initiation of instability, the
crack develops along the Y direction and suspends when the
cracks develop to the edges. Strain distributions along the mid-
white lines are selected to determine the singularity locations
considering the symmetry along the Y direction. Two positive
peaks of ϵxx in Fig. 9.(c3) represent the locations of two cracks,
and the horizontal distance between peaks is the distance of
cracks.

Before the generation of crack (Fig. 9.(a3)), both ϵxx and ϵyy is
in the magnitude of 10−4 at the location of the potential crack. As
shown in (b3), the magnitude of ϵxx increases to 10−2 with ϵyy in
the magnitude of 10−4. With further development found in (c3),
ϵxx at first and second cracks has the same magnitude of 10−2

ith corresponding ϵyy have value of 10−3 at the first crack and
0−4 at the second crack. The magnitude difference between ϵxx
nd ϵyy gives the simplification only to consider the strain along
he X direction, which simplifies Eq. (14) into a 1D formulation.

Different signs of the strain were found in the strain maps,
here the positive sign represents expansion and the negative
eans shrinkage. ϵyy has a negative sign along the middle line

n the whole period in the image series, indicating continuous
hrinkage in the Y direction. Meanwhile, ϵxx has both positive and
egative values. In the X direction, one positive strain concentra-
ion point appears at the crack initiation location, surrounded by
wo negative strain concentration areas at the left and right sides,
hich is the typical pattern of tensile failure.

. Discussion

The experimental results and theoretical prediction were com-
ared to check the accuracy of the viscoplastic model. Instead
f focusing on the value of stress, the spacing between and the
umber of stress peaks is discussed. The number of cracks is the
umber of singularities in Eq. (14), while the spacing between
racks can be found as the distance of different singularities from
he viscoplastic model. The equidistant distance between cracks
rom the model is shown as follows14:

cal = m−
1
4

√
λ0 (22)

λcal
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Fig. 9. Surface images from the desiccation process on the 90-degree constraint platform with 76% relative humidity. The reference image is taken at 1212 min, and
∆t with reference image is 10, 35, and 150 min for the images in groups (a), (b), and (c); (a2), (b2), and (c2) are ϵxx strain maps from DIC analysis; (a3), (b3), and
c3) refer the ϵxx , ϵyy along the mid white line.
Table 2
Details of the experimental results.
Exp ID Relative

humidity (%)
Void ratio at
crack onset

Number of cracks Water content at
crack onset (%)

Experimental crack
distance (dexp)

Theoretical crack
distance (dcal)

1 35 0.896 2 25.3 0.331 0.299
2 35 0.864 2 24.4 0.246 0.286
3 40 0.973 2 24.8 0.330 0.333
4 45 0.882 2 24.7 0.342 0.294
5 55 0.817 2 24.0 0.276 0.268
6 67 0.883 2 23.3 0.317 0.298
7 74 0.981 2 25.8 0.312 0.342
8 76 0.907 2 24.4 0.268 0.311
9 90 0.867 2 23.9 0.290 0.301
10 94 0.904 2 26.3 0.366 0.321
F
v
c
i
w
b
a
b
t
m

d
v
r
t
c

λ

t
l
i
o

where dcal is distance between cracks, λ0 = 12.7 is constant, and
cal is calculated from Eq. (15). The reference volumetric strain
ate is derived from Eq. (18), the reference stress on the sides
omes from Eq. (19), and the consolidation coefficient is adjusted
ased on different void ratios.
Fig. 10 compares the distance from the theoretical model and

he experiments. The deviation between predicted and exper-
mental results may come from the void ratio variation. As a
ime-independent model, Eq. (14) is able to describe the stress
istribution along the surface as a stationary state, where the
oid ratio is treated as constant. When cracks appear, the void
olume sharply increases, and the evaporation rate can no longer
epresent the shrinkage volume rate. Despite the deviation from
he void ratio, the distance between cracks by prediction is in
ccord with the experimental space. This consistency suggests
hat the pattern of cracks is, instead of randomly distributed
n pure elastic materials, following the Cnoidal wave distribu-
ion. When stress is applied to the boundaries, a portion of the
tress homogeneously transfers the whole sample as the elastic
tress wave, and the leftover stress only partially transmits in
he sample due to the viscoplasticity.31,32 The superposition of
iscoplastic and elastic waves gives the preferred Cnoidal wave
attern of crack distribution.
One question emerges in the Cnoidal wave analysis: how to

etermine the number of peaks. For the simplified 1D desiccation
est in this paper, the critical values (λcr ) are introduced to predict
he number of cracks, which are shown as14:

= λ N 2e−0.0175m (23)
cr 0 s c

7

where Ns is the number of cracks. For the sample with n cracks,
λ should be above the λcr (Ns = n) and below λcr (Ns = n + 1).
ig. 10 shows λcal from Eq. (15). λcal locate above 9.81 (critical
alue for two cracks) and below 22.1 (critical value for three
racks). To prevent the generation of failure, λexp needs to locate
n the narrow range of critical values between Ns = 0 and Ns = 1,
hich can be realized by a shorter sample. When the length
ecomes smaller, the boundary influence needs to be considered,
nd the samples cannot be treated as the simplified 1D model
ut 2D tensile model where polygonal cracks will be found.14 On
he contrary, the sample with a bigger length may be found with
ore cracks.
We do perform experiments on the same geomaterial with

ifferent dimensions (300 mm×50 mm×14 mm). However, the
oid ratios were not obtained due to the lack of initial mass, and
elative humidities were not recorded in these old generations of
ests. Due to the drawback, λexp were calculated inverse from the
rack distance as:

exp =
λ0

dexp2m
1
4

(24)

The median value of crack distances was selected to calculate
he λexp for the tests with more than two cracks. When the
ength-to-width ratio increases from 3 to 6, the crack numbers
ncrease as well and become 4 to 7. Fig. 11 shows that values
f λexp calculated from the experiment are precisely in the range

between the critical value from n cracks and n + 1 cracks. The
ritical values indicate the existence of the maximum number
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Fig. 10. Distance between cracks from experiment results and theoretical prediction(left); λcal from the viscoplastic model and the critical values with different
umbers of cracks(right).
Fig. 11. λexp calculated based on crack distance and critical values with different numbers of cracks.
of cracks in the simplified 1D sample in desiccation. Based on
the property of the samples and the atmospherical conditions,
the maximum of λ can be calculated, which locates between the
critical values from Nmax and Nmax + 1.

Now the physical meaning of λ needs to be discussed. Re-
alling the formulation from Eq. (15), λ describes the mechanical
olumetric deformation rate (ϵ̇n · 2L1 · 2L2 · H) under the redistri-

bution of external force on the side surfaces and the shrinkage
ability along the middle line ( p

′
n·c′v ·2L2·H

2L1
), where the shrinkage

bility is replaced by consolidation coefficient.14 And the bifur-
ation between λ and λcr can be interpreted as a competition
etween external mechanical loading rate and internal matrix
edistribution. Once the loading rate exceeds the capacity of the
eomaterials, cracks are formed, resulting in the increment of the
oid ratio. Then the sample has the ability to adjust the external
echanical shrinkage rate, and the cracking process is suspended.

. Conclusions

Constraint desiccation experiments in different relative hu-
idities were performed with thin-layer samples. Valuable in-

ormation on geomaterials, including the shrinkage rate, rate
ensitivity, and consolidation coefficient, were obtained from the
IC test, triaxial experiment, and consolidation tests. These fac-
ors were applied to the viscoplastic theoretical model proposed
y Veveakis,14 and the primary outcomes are drawn as follows:

• Desiccation has three evaporation rate stages, and crack
onsets appear in the constant rate stage. Meanwhile, the
8

shrinkage volume rate is constant from the start to crack
onsets, known as the normal shrinkage stage. The consis-
tency between the shrinkage volume calculated from the
DIC method and the evaporation volume measured by the
balance confirms the accuracy of using the evaporation rate
to calculate shrinkage volume in the normal shrinkage stage.
The evaporation rate shows a clear negative linear relation-
ship with the relative humidity, representing the volumetric
strain rate changes with the relative humidity.

• The viscoplastic model describes the stress distribution
along the surface, where singularities represent crack loca-
tions. In the simplified 1D model, the locations of stress sin-
gularities distribute following the Cnoidal wave formation
for the rate-sensitive materials (m > 1). The crack distance
can be predicted based on the geomaterials’ properties (rate
sensitivity, void ratio, permeability, and dimension) and ex-
ternal conditions(relative humidity). The predicted distance
between cracks shows an agreement with the experimental
results, proving the validity of the viscoplastic model.

• Critical values of λ were found corresponding with different
numbers of cracks and the type of geomaterial. Ns cracks
will be observed if λ from experiment locates in the range
of critical values with Ns and Ns + 1 cracks. For the same
geomaterials under the same atmospheric conditions, more
cracks are found with longer samples as a result of λ incre-
ment. On the contrary, when the length decrease, two types
of results exhibit: one is fewer cracks, and the other is crack-
ing in polygon shape instead of parallel distribution when
the geomaterial cannot be simplified as the 1D sample.
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