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a b s t r a c t

Ductile deformation is ubiquitously found in the shrinkage of geomaterials. The existence of ductility
requires elastoplastic mechanics when analyzing the structure deformation under external stress.
In this work, we explore the physics of ductile fracturing based on the results from desiccation
experiments and triaxial tests. By using the digital image correlation (DIC) method to generate the
strain maps of samples undergoing desiccation cracking under different relative humidities, we obtain
results showing the previously postulated Cnoidal Wave ductile failure patterns propagating under
atmospheric condition-controlled crack velocities. We then correlate these observations with rate-
dependent plasticity models calibrated through triaxial tests undergoing several unloading–reloading
cycles and velocity stepping. This work demonstrates the necessity to consider ductility in soil cracking,
indicating that the formation of crack patterns in soil desiccation is a slow and predictable process.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Desiccation is a dehydration process found in almost every
geomaterial, which causes volume shrinkage and may trigger dis-
asters such as nuclear waste leakage and dam failure.1,2 Structure
failure in geomaterials resulting from desiccation is a complex
phenomenon influenced by not only the material properties, in-
cluding mineralogy and porosity but the external conditions, for
instance, relative humidity and temperature.3–8

Different theoretical models have been proposed to describe
soil failures, in which the most pertinent of those deriving from
the theory of linear elastic fracture model (LEFM).9–11 Hallett
pointed out that LEFM can predict the deformation and strength
in the ideal brittle and linear elastic soil.12 And the widely ac-
cepted type of stress-controlled failure in LEFM for the desicca-
tion crack is the tensile failure, in which cracks appear when the
effective tensile stress exceeds the tensile strength,13 which is not
randomly distributed but follows a specific pattern.14

Despite the widely accepted nature of LEFM, when it is applied
to the problem of soil desiccation, LEFM has several shortcom-
ings. These include lacking the information to predict the crack
patterns, predicting a crack propagation velocity of the order of
the speed of elastic sound, and assuming that the soil material
is linear elastic until failure. The latter has been pointed out
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repeatedly since the plasticity of the wet soil is essential and must
be included in the deformation mechanisms.15–17

In this work, we treat the crack as ductile instead of brit-
tle considering the plastic deformation found in soil.11,18 The
ductility in the geomaterials is revealed based on desiccation
experiments at controlled humidities and triaxial tests. The pat-
tern of cracks in the desiccation process is discussed following
the rate-dependent viscoplastic mathematical model developed
recently by Refs. 19, 20. The crack propagation velocity under
different relative humidity is posted and juxtaposed to the frac-
ture mechanics predictions. We show that the introduction of
viscoplastic (ductile) considerations stemming from the evapora-
tion and shrinkage rates can predict the pattern of cracks as the
singularities solutions from the Cnoidal wave equation developed
by Refs. 19, 20.

We are validating our assumptions through digital image cor-
relation (DIC) analysis to obtain a continuous strain field with
the surface images, by which the strain field and the propaga-
tion velocity of cracks can be recorded and visualized without
soil disruption.21,22 The reversible deformation follows the lin-
ear elastic relation with soil Young’s modulus.23 For the plastic
portion, a standard power law including the strain rate and ef-
fective stress to describe the plastic deformation considering
dilatancy property in the soil.19,24,25 The value of the power,
known as rate sensitivity, is influenced by the physical properties
of geomaterials.25 With the strain maps and the strain–stress
relation, the stress can be calculated and used to predict ductile
soil failure and fracturing.
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Table 1

Physical properties of the geomaterial.

Characteristics Specific gravity Liquid limit Plastic limit Young’s modulus Shear modulus Poisson’s ratio

Values 2.892 25.02% 17.15% 8.6 Mpa 3.3 Mpa 0.2857

Young’s modulus, shear modulus, and Poisson’s ratio are calculated from fully-saturated geomaterial.

Fig. 1. 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 controls and monitors the humidity based on three sensors; the sensor next to the sample, sensor A, records atmospheric conditions and sends them to the
connected laptop.

2. Materials and methods

In this work, we have performed two types of experiments on
the same material: desiccation tests in an atmospheric chamber
and triaxial tests. This section details both approaches. In both
campaigns, we have used granite powder with an average grain
size of the order of 50 µm, mixed with distilled water to create
a silt. The properties of the silt used in the tests are shown in
Table 1. The specific gravity, liquid limit, and plastic limit were
measured following the classical soil mechanics tests.26 Young’s
modulus, shear modulus, and Poisson’s ratio were calculated
based on the volumetric strain and pressure in consolidation
tests.27

2.1. Desiccation tests in atmospheric chamber

Desiccation tests were conducted in an atmospheric condit-
ions-controlled chamber shown in Fig. 1. The geomaterial pow-
der was mixed with distilled water and shaped into rectangles
with the help of a mold whose inner dimension is 150 mm
(length) × 50 mm (width) × 14 mm (height). The initial gravity
water content is 33 ± 3%. There are two samples in one test,
one on a polytetrafluoroethylene (PTFE) platform as the refer-
ence group and the other on a 3D-printed 90-degree constraint
platform. The temperature in these tests was set to room temper-
ature, 25 ± 1 ◦C. The relative humidity (RH) was controlled under
the combined effect of silica gel and a water humidifier. Data,
including temperature and relative humidity, were measured and
transited to the desktop every 6 s by Sensor A. Two Canon EOS
4000D were used to capture the surface images every 60 s.

The top surface image series captured by the cameras were
processed by the DIC software developed by Blaber.28 Due to the
capacity of the desktop, the image series starts several minutes
before the crack onsets to the moment that cracks are fully
developed cracks. We used XnView software to rotate and crop
the original images to obtain a rectangle region in which the
sample’s edges are parallel to the edges of the image. The first

image in the series was selected as the reference image, and the
other images were the ‘current’ images at different times.

The sample’s surface in the processed images was selected
as the region of interest (ROI), divided into circular groups con-
taining several pixels called ‘subsets’. Based on the normalized
cross-correlation and the inverse compositional Gauss–Newton
method as the non-linear optimization scheme, the DIC algo-
rithms correlate the subsets in ‘current’ images with the subsets
in the reference image and calculate the deformation.28,29

The Green–Lagrangian strains of the surface were calculated
from the subsets displacement following the DIC analysis de-
scribed in Ref. 30. In these strain tensors, the negative value
represents compression, and the positive value means tension.
The results from the desiccation test with DIC analysis include
the pattern of cracks, the strain map on the sample surface, and
the crack propagation velocity on the macro-scale.

2.2. Triaxial experiment

The triaxial test shows the property of elastoplasticity and
rate sensitivity in the process of soil deformation. 3D-printed
polylactic acid (PLA) tubes, whose height and inner diameter
are 80 mm and 35 mm, were selected to remold the samples.
The sample used in the triaxial test was prepared following the
same preparation step in the desiccation test, and the sample
was transferred into the PLA tubes on a disposal pan with a
spatula. After placing the mixture in the PLA tube, we used a soil
pestle to compact the mixture for a flat surface and a relatively
homogeneous porosity. The tube and pan were left undistributed
till the total mass stopped decreasing, generally one week. Then,
the tube and pan were removed, and the cylindrical sample was
ready for the triaxial test shown in Fig. 2(a).

The water content and porosity of the samples are sought
because the rate sensitivity and void ratio are highly related to
them. Based on the initial water content and mass measured by
the precise laboratory moisture analyzer, RAD WAG MA 50/1.R.,
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Fig. 2. Sample preparation and the triaxial machine. (a) two kinds of membranes, the porous stones, o-rings, cap, prepared sample, and sample with PLA tube and
disposal pan; (b) the sample covered with membranes stands on the base; (c) the assembled triaxial cell on the loading frame.

and laboratory balance, Adventurer Pro AV812C, with a read-
ability of 0.01 g, the water content (ω) and porosity (φ) were
calculated following the formula:

ω =
m3 − (m2 − m1) (1 − ωi)

(m2 − m1) (1 − ωi)
(1)

φ =
Vt − Vs − Vw

Vt

(2)

Vt =
πhd2

4
(3)

Vs =
(m2 − m1)(1 − ωi)

ρs

(4)

Vw =
m3 − (m2 − m1)(1 − ωi)

ρw

(5)

where

m1 = mass of the tube + mass of the disposal pan

m2 = mass of the tube + mass of the disposal pan

+ mass of wet sample

m3 = mass of dried sample

ωi = initial water content

h = height of the sample

d = diameter of the sample

ρs = specific density of the soil

ρw = water density

The fluid used in the triaxial machine to maintain the confin-
ing pressure is silicone-based bath fluid, JULABO Thermal H10.
The sample was sealed by a Latex membrane and a silicon butyl
rubber membrane. Two porous stones were put at the top and
bottom of the sample inside the membranes, and the cap was
installed on the top of the sample. Shown in Fig. 2(b), four o-
rings, two at the top and two at the bottom, were used to seal the
membranes. After the setup of the sample on the platform, the
outer tank was moved to the platform and assembled together.
Then the main body was transported to the loading frame for the
triaxial test shown in Fig. 2(c).

The triaxial test was divided into different stages controlled by
the desktop connected to the triaxial machine. The loading and

unloading processes are controlled by positive and negative axial
displacement velocity, which can be interpreted as controlled
axial strain rate (ϵ̇axial = vi/h) processes. In the first stage, the
confining pressure, which is the radial stress, increased to the
desired value and stayed constant till the end of the test. In
the next stage, the loading frame lifts the sample at a constant
velocity, vref . Then the sample went through three unloading–
loading cycles. After these cycles, the loading process continues
to the ultimate stress stage. When the deviatoric stress reaches
the ultimate value, different loading velocities (vi) are applied to
the samples. The loading velocity was again set to vref in the final
stage.

3. Results

3.1. Morphology

In the desiccation process, the samples experienced different
shrinkage stages, including normal, residual, and no shrinkage
stages. The cracks appeared only on the constraint platform ex-
periment in the normal shrinkage stage, while no cracks were
observed on the PTFE platform. In the constraint experiment
where the constraint direction is parallel to the y-direction, the
sample can freely shrink in the y-direction but has resistance
from basal constraint along the x-direction. The cropped surface
images, which are sprayed with black paint to increase the con-
trast for the accuracy in DIC analysis, are shown as (a1),(b1), and
(c1) in Fig. 3, where the white line represents the middle line of
the sample.

The image series (a2), (b2), and (c2) shows the magnitude
development of ϵxx and ϵyy along the middle line. (a2) indicates
a smooth flat curve representing the normal shrinkage in both x-
and y-direction on the surface before the appearance of cracks.
The sign of ϵxx and ϵyy are opposite at the location of prospective
crack with a magnitude of 10−4 as shown in the zoom-in figure
in (a2). At the initiation of the first failure, the positive peak of
ϵxx is surrounded by two symmetry negative concaves shown in
(b2), while the ϵyy distribution is still flat. In the following stage,
the second crack appeared and developed, and the two positive
ϵxx peaks in (c2) represented the locations of two cracks along the
middle line. Negative ϵxx regions are found near the cracks, and
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Fig. 3. Surface images of 90-degree constraints test with 76% humidity. The reference image was captured at 1212 min, the current image in group (a) was taken
10 min after the reference image, the current image in group (b) was taken 35 min after the reference image, the current image in group (c) was taken 150 min
after the reference image. (a1), (b1), and (c1) are the cropped images captured by the camera; (a2), (b2), and (c2) are ϵxx and ϵyy distribution along the middle line
where 2L1 representing the total length of the sample; (a3), (b3), and (c3) are ϵxx maps on the top surface processed by DIC method; (a4), (b4), and (c4) are the
bifurcation images of crack existence with the threshold (0.009).

ϵyy stays stationary along the middle line. The strain distribution
shows that ϵxx ≫ ϵyy, and the magnitude difference between
the strains permits to use of ϵxx to determine the failures in the
samples.

(a3), (b3), and (c3) give the ϵxx on the top surface generated by
DIC method. The crack region in (b3) shows the negative strain
regions only exist at the left and right sides of the cracks. The
upper and lower regions have positive strains with smaller values,
shown as lighter color parts in the image, indicating that the
crack propagates in the y-direction. (c3) gives the strain map with
two fully developed cracks propagating throughout the sample,
and some positive regions at the sample’s left and right sides
represent the curling of the edges.31

The bifurcation maps are used to identify the existence of
cracks. The blue segments are ‘0’, representing the continuous
plain surface, and the yellow segments are ‘1’, representing the
areas of cracks. No failure region is found in (a4). One crack is
found as the yellow region in (b4). And two fully developed cracks
are shown in (c4). The ϵxx strain threshold for the bifurcation is
0.009.

3.2. Crack propagation

The bifurcation maps provide visual failure regions. These
regions’ maximum length and width are treated as the length
and width of cracks. The length is defined as the distance in the
y-direction, while the width is the distance in the x-direction. De-
spite not capturing the dynamics of crack tip propagation because
of the 1 min interval of images, the development of failure region
still provides a comprehensive understanding of the ductility in
the desiccation cracks due to the slow timescale of propagation
of the crack.

The desiccation cracks show up when the water content de-
creases to a critical value.13 As the evaporation rate has a negative
linear relationship with the relative humidity in the first evapora-
tion stage,27 the cracks appeared later with higher humidity than
in the lower humidity experiment because more time is needed
for sample in higher humidity to reach the critical water content.

The first crack appears at 565 min, and the second at 586 min
when the relative humidity is 35%. This sample has developed
along the y-direction as the length reached 49 mm. And the width
of the first crack is 10.8 mm and 10.3 mm for the second crack,
shown in Fig. 4(i). When the humidity is set to 45%, the onset of
the first crack is 633 min, and the second crack is 683 min. In this
test, the length of the fully developed cracks is 50 mm, and the
width is 7.9 mm for both cracks. For a more moist experiment,
where the relative humidity is 90%, the onset of the first crack is
1510 min, and the onset of the second crack is 1806 min. In this
test, the length of the cracks is 50 mm, and the width is 8.4 mm
for these two cracks. The length and width of cracks develop at a
constant velocity, followed by a slow-down stage at the end due
to the edge influence.

3.3. Triaxial tests

The triaxial experiment is the axial velocity-controlled consol-
idated undrained test. The height and diameter of the cylindrical
sample used in Fig. 5 are 75.37 mm and 34.55 mm. The water
content is 12%, and the porosity is 46.56%. The confining pressure
in this test is set to 300 kpa. Three unloading–reloading cycles
were conducted for the unloading–reloading modulus Eur with
vref = 0.5 mm/min. After the sample reached the ultimate
deviatoric stress, the loading velocity was changed into different
values and set back to 0.5 mm/min in the final stage.

The corresponding unloading–reloading modulus is 2.21 Mpa,
2.87 Mpa, and 2.51 Mpa in the first, second, and third cycles.
The zoom-in figure in Fig. 5 shows the ultimate deviatoric stress
in different stages. The loading decreased from 0.50 mm/min to
0.05 mm/min by four steps and increased to 1.00 mm/min in five
steps. In stage 1, the loading velocity is 0.50 mm/min referring
to 0.663%/min as the axial strain rate, where the ultimate stress
is 1290 kpa. In stage 2, the loading velocity is 0.25 mm/min
referring to 0.331%/min as the axial strain rate, where the ul-
timate stress is 1280 kpa. In stage 3, the loading velocity is
0.10 mm/min referring to 0.133%/min as the axial strain rate,
where the ultimate stress is 1262 kpa. In stage 4, the loading
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Fig. 4. Width and length development with different relative humidity.(i) are the results from 35% relative humidity, (ii) are the results from 45%, and (ii) are the
results from 90%.

Fig. 5. Results from the triaxial experiment with three unloading–reloading cycles and different loading rates.

velocity is 0.05 mm/min referring to 0.066%/min as the axial
strain rate, where the ultimate stress is 1253 kpa. In stage 5, the
loading velocity is 0.10 mm/min referring to 0.133%/min as the
axial strain rate, where the ultimate stress is 1266 kpa. In stage
6, the loading velocity is 0.25 mm/min referring to 0.331%/min
as the axial strain rate, where the ultimate stress is 1280 kpa.
In stage 7, the loading velocity is 0.50 mm/min referring to
0.663%/min as the axial strain rate, where the ultimate stress
is 1282 kpa. In stage 8, the loading velocity is 1.00 mm/min
referring to 1.33%/min as the axial strain rate, where the ultimate
stress is 1293 kpa.

4. Discussion

The results from DIC and triaxial tests offer some insights into
the geomaterials’ ductility. This section will provide the pattern
of cracks with viscoplasticity, a discussion on the propagation
velocity, the elastoplastic deformation in the triaxial test, and the
rate sensitivity.

4.1. The pattern of cracks

Our experiments were conducted on the constraints plat-
form, providing shrinkage resistance from the bottom in the
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Fig. 6. Locations of cracks on the constraint experiments with different relative humidity, and the singularity solutions from Eq. (6). The relative humidity is 45% in
(a) and 90% in (b). (c) is cited and adjusted from Ref. 20, which shows the numerical stress distribution in the x-direction for m = 3 and λ = 60.

x-direction. The resistance generated extra stress along the x-
direction, contributing to the increment of total stress. The mag-
nitude difference of strain in the x and y-direction shown in Fig. 3
allows treating the sample as an idealized one-dimension tension
model along the x-direction.

The stress peaks in the simplified model distribute following
the solutions from the Cnoidal wave equation, which is a peri-
odic pattern. Veveakis proposed the mathematical model of the
Cnoidal wave equation in the viscoplastic geomaterial,32 and the
simplified 1D equation is shown as:

∂2σ ′
xx

∂x2
− λσ ′

xx
m = 0 (6)

where σ ′
xx is the nondimensional effective stress along the x-

direction, x = X/2L1 is the normalized distance in the x-direction,
λ is a dimensionless parameter from the combination of the
sample’s physical characteristics and loading velocity, and m is
the rate sensitivity that is larger than 1 for geomaterials. For the
periodical model, the wavelength and number of peaks, referring
to the distance between cracks and the number of cracks, are
determined by a combination of λ and m. The analytical (3 >

m > 1) and numerical (m ≥ 3) solutions of the equation with
different m are calculated (one example is shown in Fig. 6(c)),
which symmetrically distribute along the x-direction.19

Experiments with different relative humidity were conducted,
and different relative humidities give different shrinkage rates,
which change the λ. All the cracks in the experiments were found
parallel to the constraint direction and distributed at the locations
of stress peaks in Eq. (6). The cracks divided the rectangle samples
into three parts, and the left and right parts are symmetrical, with
the spacing influenced by relative humidity instead of randomly
distributed, as shown in Fig. 6(a) and (b).

Though only two cracks were observed in our experiment,
the morphology of cracks from other researchers provides the
pattern where more cracks are found in the rectangle sample
shown in Fig. 7.33 The difference in geomaterial characteristics
and sample dimension causes the difference in crack number
in the 1D constraint experiments. Still, the location of cracks
distributed following the Cnoidal wave format is consistent in all
the experiments.

The extension of 1D equation to 2D equation is given by Ref. 32
as the following formulation:

∂2σ ′

∂x2
+

∂2σ ′

∂y2
− λσ ′m = 0 (7)

with the assumption that the sample is homogeneous, symmet-
rical, and under isotropic extension in x- and y-directions. The
numerical finite element solutions of the equation suggest that

the location of stress singularities appears in a periodic pattern
in both directions. And the singularities split the sample into
symmetrical sub-regions with the shape of polygons, including
triangles, squares, and hexagons.32,34 Angles of the intersection
for these shapes are 90◦ and 120◦

Based on the test produced by Peron shown as the right image
in Fig. 7, the cracks in the 2D constraint square have three or four
intersections except for the boundary.33 The range of angles is 90◦

to 150◦, with the angle of circled intersections is 120◦. Regions
formed by these cracks are polygons, from triangles to hexagons.
The bias between the mathematical model and experimental
results may come from the influence of discontinuity. After the
formation of the primary cracks, the error exists when using con-
tinuous equations to describe the discontinuous sample. Though
the porosity singularities have the same location as stress singu-
larities, which allows treating samples with cracks as continuous,
the stress relief and energy dissipation need to be included in the
prediction of secondary cracks.20,35 The superimposed stress from
the viscoplasticity model and stress relief gives the pattern of the
secondary cracks and is responsible for the deviation between the
shape of secondary cracks with the predicted polygons.

The other point is that the stress wave inside the sample
has preferred peak locations. In idealized purely brittle mate-
rials, the stress could fully transmit in the material.36 In this
circumstance, the crack should randomly distribute on the surface
without any patterns as no preferred stress peak locations exist,
which contrasts with the experimental results. The explanation
for contrast is the existence of viscoplasticity in the geomaterial,
with which proposed the stress wave can only partially transmit
in the material.36 And the portion of stress transmission can be
conceptualized as the ratio between external deformation and
inner melt phase movement. The superposition of stress in elastic
and viscoplastic waves leads to the stress peaks on the samples,
which are shown as parallel cracks following the Cnoidal wave in
the 1D constraint experiment and the polygons regions in the 2D
constraint experiment.

4.2. Crack propagation velocity

The evaporation causes volume shrinkage and water content
decrement, generating resistance from basal constraint and suc-
tion increment. The superposed stress leads to the initiation of
cracks once exceeding the tensile strength. Once cracks appear,
the crack tips develop along the y-direction till reaching the edges
of the sample, contributing to the length change. The average
velocity, which is the total length of the crack divided by the time
of the propagation period, is underlined in this section.

The ductility of desiccation cracks first appears in the rate-
dependent characteristic of the geomaterial. The atmospheric
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Fig. 7. The morphology of cracks produced by Peron.33 The left image is the result of the one-dimensional constraint experiments. The right image is from the
two-dimensional constraint experiment.

Fig. 8. Length propagation velocity in different relative humidity. The upper
image is the average velocity of the first cracks; The lower image is the average
velocity of the second cracks.

conditions, which is the relative humidity in this work, changed
the volumetric strain rate. The negative linear relationship be-
tween the relative humidity and volumetric strain rate in the
constant rate evaporation stage.27 At the same time, crack length
propagation velocities exhibited a negative power relation with
relative humidities shown as the fit lines in Fig. 8 in both the first
and second cracks. This rate-dependent propagation also provides
the necessity to include the ductility of the geomaterial when
analyzing the mechanics.

Another appearance of ductility is the magnitude of velocity.
All propagation velocities locate in the same magnitude instead
of being the rapid opening found in the brittle materials, which
is 200 m/s−350 m/s.37 The first cracks develop faster than the
second groups in three groups when relative humidities are 35%,
35%, and 74%. The maximum difference is 2.68 mm/min in the
experiment with 35% humidity. When the relative humidity is
76%, the propagation velocities are exactly the same for the first
and second cracks. For the other experiment with 40%, 45%, 55%,
60%, 67%, 90%, and 94% humidity, the second cracks develop
faster than the first cracks, with the maximum difference being
1.90 mm/min in the 60% test. The velocity competition between
the first and second cracks does not show a clear preference in

the experiments conducted in this research. Besides, the results
in Fig. 4 contain a linear portion during the initial portion of crack
development, but the propagation slows down when the cracks
are about to reach the edges. This means the length of cracks does
not change the velocity, while the boundaries of samples have a
significant influence.

The development of crack tips is discussed through fracture
mechanics to interpret the power law relationship between prop-
agation velocity and relative humidity. Desiccation cracks ob-
tained from experiments are designated as Mode I failures. The
crack tips velocity is described as38:

v = A(
KI

KIc

)
n

(8)

in which v is crack tip velocity, KI is the stress intensity factor,
KIc is plane strain fracture toughness, A and n are material co-
efficients. The variable that changes in different groups is KI . In
our desiccation experiment, which can be simplified as a finite
plate with uniform uniaxial stress that comes from evaporation,
the adjusted KI is39:

KI = σ ′
xx ·

√
πa · f (

a

w
) (9)

where a is the length of crack, and w is the width of the sample.
The velocities in Fig. 8 are calculated based on linear portions
with the same crack length, same a. Meanwhile, the geomaterial
and the sample dimension are the same in all the tests. The
correlation between the only variable in different tests, σ ′

xx, with
volumetric strain rate is revealed with the help of the power law
rheology20,40:

σ ′
xx = Bϵ̇v

1
m (10)

where B is nondimensional reference stress, and ϵ̇v is the nondi-
mensional volumetric strain rate, which is irreversible once the
crack generates, that linearly relates to relative humidity. The
influence of relative humidity on the propagation velocity is
found by substituting Eqs. (10) and (9) into Eq. (8) as:

v = C1ϵ̇v

n
m = C2RH

n
m (11)

in which C1, C2, and n are combinations of sample properties, in-
cluding geomaterial characteristics and sample dimension, while
m is the rate sensitivity. Eq. (8) explains the power law fit line
shown in Fig. 8, also shows the velocity for the 1st and 2nd cracks
should be the same in the test under the same relative humidity.
The velocity deviation from experimental results may come from
the stress relief once the 1st crack appears, causing the change of
σ ′
xx. The velocity difference between the 1st and 2nd cracks results

from the variation of dimension, as the ratio between the width
and length of samples changes.
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Table 2

Reversible and irreversible strain in the unloading–reloading cycles.

Unloading–reloading cycle sequence Reversible strain Irreversible strain Total strain Portion of irreversible strain Modulus Axial loading velocity

1 0.18% 1.08% 1.26% 85.7% 2.21 Mpa 0.5 mm/min
2 0.29% 2.39% 2.68% 89.2% 2.87 Mpa 0.5 mm/min
3 0.42% 3.62% 4.04% 89.6% 2.51 Mpa 0.5 mm/min

Fig. 9. The nondimensional ultimate deviatoric stress in the triaxial test with different non-dimensional axial loading rates.

4.3. Triaxial test

The deformation in the triaxial test is a combination of re-
versible and irreversible displacement, which requires elastic and
viscoplastic analysis during the constant loading velocity stage.41

This combination can be shown as:

ϵt
v = ϵr

v + ϵ ir
v (12)

and the strain rate is:

ϵ̇t
v = ϵ̇r

v + ϵ̇ ir
v (13)

where t, r, ir in the headers means total, reversible, and irre-
versible. Based on the results before the ultimate deviatoric stress
shown in Fig. 5, Table 2 exhibits the value and portion of re-
versible and irreversible strain in three unloading–reloading cy-
cles. The elastic part is the difference between strain at the
unloading and reloading onsets in each cycle, while the leftover
strain is irreversible. The unloading–reloading modulus, Eur , has
an average value of 2.53 Mpa in the process of the triaxial exper-
iment before the stress reaches the ultimate value. Meanwhile,
the portion of irreversible strain increases.

A linear relation between reversible strain and stress is applied
with the unloading–reloading modulus. And the irreversible part,
which is rate sensitive, is shown as the adjusted Eq. (10).20,42 Then
the strain-stress relation in the triaxial test has the following
formulations:

ϵ̇r
v =

q̇

Eur
(14)

ϵ̇ ir
v = (

q

B
)
m

(15)

ϵ̇t
v =

q̇

Eur
+ (

q

B
)
m

(16)

where the strain rates and deviatoric stress are non-dimensional.
As the loading velocity is constant before different velocities
stages, the summation of reversible and irreversible strain rates
is constant. So the stress acceleration becomes lower when stress
becomes higher, as shown in Eq. (16). This relation also ex-
plains the increment portion of irreversible strain when the stress

increases. The elastic reversible stain rate decreases when the
stress acceleration becomes lower. Meanwhile, the irreversible
plastic strain rate increases due to stress increases. And the strain
softening was observed the ultimate stress was larger than the
residual stress with the same loading velocity.43,44 Due to the
lack of microscale experiments on the geomaterial, our interest
focuses on the different ultimate stress with various velocities
instead of the softening process.

The ultimate stress in the stress–strain curve shown in Fig. 5
represents the point where the stress rate becomes zero. When
q̇ is zero, total strain change equals the irreversible strain, which
provides a method to evaluate the rate sensitivity of the geoma-
terial by comparing the ultimate stress under different loading
velocities. When loading velocity changes, lower stress was found
at lower loading velocities.45 The curve in Fig. 9 clearly shows
the viscoplastic behavior in this sample with the rate sensitivity
m = 94.1.

5. Conclusion

Desiccation cracks were shown in this contribution not to obey
the properties expected by the theory of linear elastic fracture
mechanics for brittle cracking. It was shown that the cracks are
driven and propagate under the combined influence of evapo-
ration and shrinkage rates of the soil. And the patterns forming
are not random but predictably repeatable. All these results were
discussed and revealed the need to account for rate-dependent in
shrinking geomaterials. With the help of these experiments and
analysis, the main conclusions are drawn as follows:

• 1D constraint experiments have cracks parallel to the con-
straint direction,46 while polygons cracks are found in the
2D constraint experiment.31 As the crack locations represent
the stress peaks, the pattern of cracks in both 1D and 2D
experiments indicates the stress peaks distribution, which is
consistent with the singularities in the viscoplasticity model.
Besides, instead of the random probability of generating
failure on the surface in the purely elastic brittle material,
the preferred pattern of failure requires researchers to treat
geomaterials as ductile and consider the stress wave transfer
in elastoplastic materials.
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• Based on the DIC method, the crack propagation velocity
in the 1D constraint experiment shows a relation with rel-
ative humidity which controls the volumetric strain rate.
Instead of rapid fracture, the magnitude of crack propaga-
tion velocity is relatively small. The influence of humidity is
interpreted through the fracture mechanics with the mode I
fracture and the rate-dependent strain-stress relation from
the viscoplasticity.

• The portion of irreversible deformation in the strain-
controlled triaxial experiment increases during the loading
process. The unloading–reloading modulus from three cy-
cles stays at the constant value. At the constant strain rate,
the irreversible strain rate increases due to the deviatoric
stress increment. The reversible strain rate decreases as
the deviatoric stress rate decreases. When the deviatoric
stress reaches the ultimate value, the deviatoric stress rate
becomes zero, and all the deformation is irreversible.

• The ultimate deviatoric stress increases when the axial
strain rate increases following a power-law relationship. The
rate sensitivity of the sample is 94.1, and the reference stress
is 1357 Kpa. This rate-dependent relationship indicates the
viscoplastic property of the sample, and provides evidence
to include the ductility in the desiccation cracks.

Rate sensitivity, a significant parameter inside the geomate-
rials, is exhibited in this paper’s triaxial and desiccation test as
a sign of ductility in the geomaterials. Instead of analyzing soil
desiccation in a linear elastic fracture mechanics way, elastoplas-
ticity, including a linear elastic portion and another power-law
plastic portion with rate sensitivity, needs to be adopted. Such
an approach is presented in our companion paper.47
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