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a b s t r a c t

The present work investigates the desiccation effects on a lime-treated silty clay. Original experimental
techniques have been developed to control suction conditions (with osmotic technique), to track
volume variations and cracks occurrence upon drying. Free and constrained desiccations are performed
to evaluate the shrinkage potential (for free drying) and the conditions of desiccation crack triggering
(upon constrained drying). Also, indirect tensile tests and uniaxial compression tests are carried out
to evaluate the strength and stiffness at various suctions. Those investigations have been performed
on natural and lime-treated compacted silty clay in order to emphasize the benefits of the lime
treatment in the triggering and/or mitigation of the cracking process. To simulate the field conditions
of compaction and obtain specimens having geomechanical properties as close as possible of the
real material on site, the particular kneading compaction process in a CBR mould was used, and
the final specimens were cut at required sizes with a milling machine numerically controlled by
computer (CNC). At the end, generalized effective stress framework with an effective stress parameter
χ calibrated according to a power law is used to provide a constitutive interpretation of the occurrence
of desiccation cracks in relation with the water retention properties, the soil stiffness, the tensile
strength and the geometrical constraints of the soil specimens. It is observed that the cracks initiate
under positive (compressive) effective stress. For the used compacted materials, it is demonstrated
that the lime treatment postpones the occurrence of desiccation cracks, that are triggered at higher
suctions. So, lime treatment plays a favourable role in the reduction of shrinkage and crack occurrence
of soft soils subject to drying.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Lime treatment of clayey soil is a well-established technique
o improve the engineering properties of soils that have initially
oor mechanical properties. Lime treatment influences the soil
ehaviour on two different time scales. First, lime quickly re-
cts with clay by modifying its structure, and allowing the clay
inerals to flocculate, merge and form larger aggregates. The
econd effect is a soil stabilization linked to long-term pozzolanic
eactions.1

As detailed in Refs. 2, 3, desiccation cracking mainly occurs
ecause the shrinkage due to drying is partially or totally con-
trained by various effects, such as the presence of a less des-
ccated supporting substrate,4 a non-uniform drying,5 the self-
quilibrating stress concentrations,6 the presence of frictional or
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other traction or displacement boundary conditions7,8 or intrinsic
factors as internal soil texture and structure.9,10 Upon drying, the
suction increases and induces an internal (effective) stress in the
materials that tends to produce shrinkage. In order to restrain
this shrinkage, a tensile stress is developed in the materials,
opposed to the compressive effective stress. Cracks are commonly
considered as the consequence of the overpassing of the tensile
strength by the generated tensile stress.2,11–19 If desiccation can
produce tensile cracks, it also provides a strength increase and so,
an increase of the resistance to crack formation.20

Past researches developing dedicated experimental programs
were achieved in order to study effects of initial soil density,
base adhesion, soil thickness or desiccation rate.5 Corte and Hi-
gashi (1960)11 performed the first series of most comprehensive
laboratory tests on desiccation cracking. While temperature, rel-
ative humidity, soil specimen thickness and base material were
controlled, the effect of initial density (slurry or loosely com-
pacted soil) was investigated. They observed cracks angles inter-
section around 120◦ owing to an energy optimization process.
nstitutive framework for the prediction of desiccation crack in lime-treated soil:
d the Environment (2021) 100265, https://doi.org/10.1016/j.gete.2021.100265.
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Lau (1987)15 performed same kind of test but instrumenting for
the first time the soil specimen with embedded ceramic-cup
tensiometers in order to measure the suction of the soil during
the tests. Dial gauges have also been installed to evaluate the soil
surface vertical deformations. Unfortunately, installation of all
those measures instruments induced weak points development
influencing the cracks triggering. Konrad and Ayad (1997)4 have
lso investigated physical processes and pattern evolution of the
esiccation cracks on an intact clay. Suction increases induce in a
irst step primary cracks forming an orthogonal pattern.5,18,19,21,22
hen suction increases moreover, a secondary cracks networks

nto the blocks of the first pattern. Non orthogonal patterns can
lso occur when the soil thickness is small and leads to a high
oncentration of strain energy.23,24 Sanchez & al. (2013)25 have
lso investigated the evolution of the crack network morphology
sing a 2D profile laser.
Because the lime-treatment of soils affects its shrinkage po-

ential, its stiffness and its tensile strength, the lime treatment
odifies, by the way, the propensity of crack occurrence upon
rying. On one hand, lime treatment reduces the shrinkage po-
ential but on the other hand, it increases the soil stiffness that,
n turn, increases the generated tensile stress induced by defor-
ation constrains. Finally, lime treatment also increases tensile
trength. At the end, lime treatment can play antagonist roles and
he coupled behaviour including shrinkage potential, soil stiffness
nd tensile strength must be evaluated separately in order to
ssess the beneficial or detrimental effects of the lime treatment
n desiccation cracking.
Also, during the desiccation process, the material suction con-

inuously changes leading to a change of the material properties.
onsequently, those properties (shrinkage potential, stiffness and
ensile strength) must be determined, not only as a function
f the soil treatment, but also as a function of suction. In this
tudy, suction is controlled by the osmotic techniques from 0 to
500 kPa.
This paper first presents the constitutive framework using

he concept of generalized effective stress for unsaturated soils.
n such a way the governing parameters are highlighted. In or-
er to determine those parameters, some specific experimental
pparatus have been developed and are presented in the next sec-
ions. Also, in the same section, the procedure for soil specimen
reparation (through kneading compactions and cutting with
NC machines) is introduced. Finally, experimental results, from
ndirect tensile tests, uniaxial compression tests and free and
onstrained desiccations, are presented and interpreted in the
ight of the developed constitutive framework and conclusions
re drawn in regards with the beneficial effect of lime treatment
n the reduction of crack initiation.

. Constitutive framework

In this study, generalized effective stress for unsaturated soil
s used with the effective stress parameter χ expressed according
o a power law of the degree of saturation26:
′
ij = σnet,ij + χ.s.δij (1)

here σ ′ is the generalized effective stress, σnet is the net stress,
is the applied suction and χ is a power law of the degree of
aturation Sr given in Eq. (2).27

= Srα (2)

he saturation degree Sr can be related to suction s through the
ater retention curve for which a Van Genuchthen expression is
sed28:

r =

[
1 +

(
s
)n](1− 1

n )

(3)

Pr

2

where n and Pr are two material parameters.
The stress–strain behaviour is considered elastic:

dεij = Cijkl.dσ ′
kl (4)

where ε is the strain and C the compliance matrix, governed, clas-
sically, by Young modulus and Poisson ratio. The Young modulus
is a function of suction, through non-linear elasticity.

Upon free shrinkage, the deformation is free of external (net)
stress and the strain is fully induced by the variation of effective
stress, linked to the change of suction and degree of saturation.
According to the elastic law, the strain increment vector can be
expressed as:(dε1
dε2
dε3

)
=

1
E (s)

( 1 −υ −υ

−υ 1 −υ

−υ −υ 1

)(d [(Sr)α .s]
d [(Sr)α .s]
d [(Sr)α .s]

)
(5)

For constrained shrinkage, the deformation is fully blocked in
both horizontal directions (directions 1 and 2) while the vertical
direction (direction 3) is free to shrink. Those restrictions induce
an increase of external (net) stress according to the elastic law:( 0

0
dε3

)
=

1
E (s)

( 1 −υ −υ

−υ 1 −υ

−υ −υ 1

)⎛⎝d
[
σnet,1 + (Sr)α .s

]
d
[
σnet,2 + (Sr)α .s

]
d [(Sr)α .s]

⎞⎠ (6)

In Eq. (6), the unknowns are dσnet,1, dσnet,2 and dε3. For a suction-
controlled problem, the materials parameters that must be deter-
mined are the elastic parameters (Young modulus evolving with
suction and Poisson ratio), the α coefficient and the retention
curve parameters (to deduce the degree of saturation for any suc-
tion). Young modulus can be measured on uniaxial compression
tests performed at various suction while the α coefficient is fitted
to fulfil the uniqueness of the shear failure criterion expressed in
this effective stress formalism, whatever the suction level. This
is done from uniaxial compression strength at various suctions
according to the methodology developed by Gerard et al. (2015)27
(see Section 5.1 for more details). The retention curve parameters
are obtained by fitting the Van Genuchten expression (Eq. (3)) on
experimental results obtained from a dewpoint potentiometer.

3. Materials and experimental methods

3.1. Soil properties

A silty clay soil (CL, according to the Unified Soil Classification
System — USCS) that has been used for the construction of a
prototype dike in the South of France has been chosen for this
study. Its index properties are: liquid limit (wL) = 33,6%; plas-
ticity index (IP) = 14.8%. The clayey fraction represents 22%, the
silty one about 60% and the sandy one about 18%. This material
has shown its relevance to be treated with lime, essentially due
to its relatively large clay fraction.

The lime-treated soils are tested with a treatment with 2% of
lime, after 7 days of curing, that correspond to the conditions
of the prototype dike, on site. A quicklime CL 90-Q (according
to standard EN 459-1) from the Lhoist group was used (Particle
sizes: 99,98% < 2 mm and 83% < 80 µm; Available lime content:
91,2%; Reactivity: t60 = 4–6 min).

Optimum normal proctor conditions have been determined at
wopt = 15.5 % and γd,opt = 17.6 kN/m3 for untreated soil and
wopt = 17.8 % and γd,opt = 17.1 kN/m3 for soil treated soil with
2% of lime.

The water retention curves of both treated and untreated
materials are reported in Fig. 1. They have been determined on
small fragments of compacted soils (see compaction process in
Section 3.2). Osmotic technique was used to insure a fine control

of the suction for suctions lower than 1 MPa. For greater suctions,
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Table 1
Van Genuchten parameters for both untreated and treated soils after 7 days of
curing.

Pr [-] N [-]

Untreated soils 120 000 1.18
Lime treated soils 75 000 1.25

Table 2
Skempton coefficient after the last saturation step.

Confining pressure, σ3 [kPa] Skempton coefficient, B [%]

Untreated Treated

50 96,5 99,86
100 94,75 97,5
200 96,67 97,5

specimens are dried under free air conditions during various
lapses of time (from a couple of minutes to several hours) and
then placed 24 h in hermetically sealed containers to obtain a
global homogenization of water distribution in the specimen.
They are then inserted in a dewpoint potentiometer to measure
their total suction.

The experimental points are fitted through the Van Genuchten
odel (Eq. (3)) with the best-fit parameters n and Pr , in the

least-square sense, given in Table 1.
In addition, consolidated undrained triaxial tests, with mea-

surement of pore water pressure, have been performed in order
to obtain the effective friction angle φ′ and effective cohesion
′ for treated and untreated specimens. Three confining pres-
ures have been investigated in both cases (50 kPa, 100 kPa and
00 kPa). After shaping the specimen (as detailed in Section 3.2),
he samples are saturated by increasing the confining pressure
nd the backpressure (water pressure). During this saturation
rocess, a confining pressure of 30 kPa in excess to the backpres-
ure, is kept in order to insure its internal stability. The saturation
s achieved step by step by increasing of 50 kPa the confining
ressure and the back pressure simultaneously. After each step,
he Skempton Coefficient B is recorded in order to evaluate the
aturation condition of the sample. The values of this coefficient
re given for untreated and lime-treated samples after the last
aturation step in Table 2.
Obtained Skempton coefficients being higher or very close

o 0.97 (excepted for the untreated specimen submitted subse-
uently to 100 kPa of confining pressure, for which it was not
ossible to go higher than 0.9475), the samples can be assumed
ell-saturated. When this saturation process is completed, the
onsolidation (drained process) begins in order to obtain the final
esired confining pressure.
After the consolidation, and respecting a curing time of 7

ays for the treated samples, the undrained uniaxial compres-
ion test is performed with a constant vertical displacement rate
f 0.01667 mm/min. In addition to the vertical displacement
ecorded with an LVDT, the load apply on the sample and the
nternal water pressure are also recorded.

The results of these tests are presented in Figs. 2 to 7 through
he evolution of the deviatoric stress q in function of the axial
train ε1, the evolution of the water pressure uw in function of the
axial strain ε1 and the deviatoric stress q in function of the mean
effective stress p′ for untreated (Figs. 2 to 4) and lime treated
(Figs. 5 to 7) specimens after 7 days of curing time.

The failure criterion selected, marked by a red square in Figs. 4
and 7 for each confining pressure, corresponds to the conditions
when the ratio of σ1

′ by σ3
′ is maximum.29,30

From these results, effective friction angle φ′ and cohesion c′

have been deduced as summarized in Table 3.
3

Table 3
Effective friction angle φ′ and cohesion c ′ of treated and untreated specimens
at 7 days of curing.

φ′ [◦] c ′ [kPa]

Untreated soils 32.7 1.8
Lime treated soils 34.9 71.5

3.2. Specimens preparation

For the soil preparation, the dry soil is mixed with the required
quantity of water to reach an initial water content of 16% for
untreated soil and 21.5% for treated soil. After wetting the soil
at targeted water content, wet soil is sealed in plastic buckets
during at least 24 h to achieve homogeneous water content in
the soil. Then, after addition of 2% of lime, the treated soil loose
approximately 1.7% of water content to reach the targeted initial
water content of 19.8%. Treated soil is then sealed in a bucked
during one hour before compaction.

In order to simulate the action of compacting machinery in
the field, the kneading compaction31 has been used for spec-
imen preparation. It is based on the use of a three kneading
feet tool designed to fit with a CBR mould (15.24 cm diameter
and 12.7 cm height) and mounted on a mechanical press. The
total soil volume needed to realize a CBR specimen is divided in
five layers. Each of them is then compacted with an eight steps
compaction sequence. The target values of the dry unit weight
γd are respectively 1,71 g/cm3 and 1,64 g/cm3 for untreated and
treated soil. To achieve this target density, the stress applied on
the layers during each compaction step is equal to 0.45 and 0.65
MPa respectively for the untreated and the treated soil.

Finally, from CBR specimens, three kinds of specimens have
been extracted:

i. Rectangular specimens (for free and constrained desicca-
tions) of 140 mm length, 50 mm width and 15 mm height

ii. Cylindrical specimens (for indirect tensile tests) of 36 mm
diameter and 18 mm height.

iii. Cylindrical specimens (for uniaxial compression tests) of
36 mm diameter and 72 mm height.

In order to avoid soil damaging during specimen extraction
from the CBR model and also to obtain precise specimen dimen-
sions, specimen have been cut with a milling machine numer-
ically controlled by a computer including a CAD step as shown
on Fig. 8. The specimen is first drawn on conventional 3D CAD
software and GCodes are created with specific tools in order to
drive the milling machine. Precision and versatility in the possible
shapes of specimens is a strong asset of the method. At the end,
the specimen size and volume are measured using a 3D scanner
ensuring no strain or damage due to contact with conventional
measurement tools.

3.3. Desiccation system

For our application, suction control by osmotic technique11
has been selected as the most appropriate method to control the
suction of the specimens mainly for two reasons. On one hand,
this technique offers a good precision in the suction control for
the range of applied suction concerned in this study (0 to 2 MPa),
i.e. suction range at which the cracks occur. On the other hand,
the time to reach suction equilibrium in the specimens remains
lower than the 7 curing days selected as a target for all the tests
on treated materials.

The purpose here is to control the suction of the soil specimen

while the specimen is drying upon free or constrained conditions.
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Fig. 1. Water retention curve (WRC) of both treated and untreated soils.

Fig. 2. Deviatoric stress q in function of the axial strain ε1 for each confining pressure of untreated samples.

Fig. 3. Water pressure uw in function of the axial strain ε1 for each confining pressure of untreated samples.

4
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Fig. 4. Consolidated undrained triaxial tests results of untreated specimens. Stress path in the (p′ -q) plane.
Fig. 5. Deviatoric stress q in function of the axial strain ε1 for each confining pressure of treated samples.
Fig. 6. Water pressure uw in function of the axial strain ε1 for each confining pressure of untreated samples.
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onsequently, the osmotic system for the suction application
ust be combined with a constraining frame that blocks any soil
eformation in the horizontal direction. Consequently, a specific
5

smotic device was developed to reproduce the drying process
rom one face of the specimen and possible deformation restric-
ion on the other face. A solution of Poly-Ethylene Glycol (PEG)
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Fig. 7. Consolidated undrained triaxial tests results of treated specimens after 7 days of curing. Stress path in the (p′
−q) plane.
Fig. 8. Milling machine numerically controlled (a) using a CAD step (b) to obtain particular specimens with high definition (c).
n various concentrations circulates in a circuit under a flat semi-
ermeable membrane while the specimens are installed on that
embrane (Fig. 9).
In case of constrained shrinkage, a two-dimensional truss with

22 pines made in a single piece of aluminium is introduced on
he top surface of the specimen. Each pine has a diameter of
.0 mm and a height of 2.0 mm (Fig. 10).
This system allows to constrain the horizontal strain at the

ase of the specimen while the vertical strain is remained free.
he high density of pines allows to minimize the stress con-
entration on the soil around each pine during the constrained
esiccation process. At the end, it was observed that the cracks
nitiate from the opposed side to the pines (the side submitted to
rying) while the pine does not produce crack triggering due to
possible stress concentration.

.4. Experimental program

The objective of the experimental program is to evaluate
he shrinkage or swelling behaviour from as-compacted condi-
ions to various targeted suction levels. Free and constrained

wellings/shrinkages of untreated and lime treated soil specimen

6

are monitored under various target suctions (each 500 kPa from 0
to 1500 kPa and the as compacted suction). Under free conditions,
the specimen dimensions are measured with the 3D scanner
while for constrained conditions, the occurrence of cracks is
monitored visually. Also, compressive and tensile strength are
evaluated respectively through uniaxial compressive tests and
indirect tensile tests.32 In addition of the previous suction levels,
the as-compacted state corresponding to a suction of 120 kPa
is also investigated during these testing procedures. For treated
soils, the behaviour is characterized after 7 days of curing time as
discussed previously. The curing takes place in parallel with the
suction equilibration in the specimen.

In parallel to those free and constrained desiccation, con-
ventional uniaxial compression tests and indirect tensile tests
(i.e. Brazilian tests) have been performed on specimen at vari-
ous suctions. Here again, suction was imposed by the osmotic
technique, by immersing the specimen, surrounded by sealed
semi-permeable membrane in a solution of Poly-Ethylene Glycol
(PEG) in various concentrations, depending on the desired ap-
plied suction. Table 4 summarizes the performed tests and their
respective conditions in terms of treatment and suction.
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Fig. 9. Detail of the desiccation device for the indirect tensile test specimens (a) and free or constrained shrinkage test specimens (b). Global overview (c) and
cutting section (d) of the assembled system.
Fig. 10. Top and bottom view of the constrained shrinkage devise (CSD) (left) and zoom on the pines (right).
able 4
ummary of the experimental program.

Suction [kPa]

0 120 500 1000 1500

Treatment Treated

3 B.T.
1 C.S.
1 F.S.
1 U.C.

3 B.T.1
C.S.1
F.S.2
U.C.

3 B.T.
1 C.S.
1 F.S.
2 U.C.

3 B.T.
1 C.S.
1 F.S.
2 U.C.

4 B.T.
1 C.S.
1 F.S.
2 U.C.

Untreated
3 B.T.
1 C.S.
1 F.S.

3 B.T.
1 C.S.
1 F.S.
2 U.C.

3 B.T.
1 C.S.
1 F.S.
2 U.C.

3 B.T.
1 C.S.
1 F.S.
2 U.C.

4 B.T.
2 U.C.

B.T.: Brazilian tests; C.S.: constrained shrinkage; F.S.: free shrinkage; U.C.:
uniaxial compression.

4. Results

4.1. Indirect tensile tests

The tensile strength, determined from indirect tensile tests, is
trongly affected by lime treatment and suction. Fig. 11 shows
he evolution of the tensile strength as a function of the applied
uction, for treated (after 7 days of curing time) and untreated
pecimen. As expected, tensile strength increases with suction
7

in the case of untreated specimens. However, oppositely, tensile
strength of the treated specimens is not significantly affected by
suction and oscillates around 90 kPa, excepted for saturated spec-
imen exhibiting a much lower tensile strength. We also observe
a spreading of the results due to the variability of dry density
(the kneading compaction process induces a slight heterogeneity
in the obtained density). Fig. 12 shows the same tensile strength
results in function of the applied suction and underlines an im-
portant aspect of the lime treatment. For treated specimens, the
increase of the tensile strength seems to be more linked to an
increase of the dry bulk density rather than an increase of suction.
Specimens subjected to low suction may indeed develop greater
tensile strength than ones subjected to strong suction if their dry
bulk density are greater.

4.2. Uniaxial compression tests

Fig. 13 presents the compressive strength of the treated and
untreated specimens subjected to the same range of suction, from
0 to 1500 kPa. The increase of the suction induces an increase of
the compressive strength for both treated and untreated speci-
mens. The uniaxial compression test of untreated specimen under
saturated conditions was not performed because of the too soft

character of the specimen.
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Fig. 11. Tensile strength σt in function of the applied suction s.
Fig. 12. Tensile strength σt in function of the dry bulk density γd .
Fig. 14 presents the Young modulus obtained at the inflection
oint of the uniaxial compression curve respectively for untreated
nd treated specimens. The start of the curve being affected by
he progressive contact between the piston and the soil specimen,
he slope around the inflection point has been selected as the
ost representative value of the stiffness of the material. Slopes
ave been calculated on each strain interval of 0.1%, the max-
mum value gives the desired Young modulus E. It is obtained
n the same range of strain than the one experienced by the
aterial during drying. We may observe that the suction level has
significant impact on the Young modulus of both treated and
ntreated specimens. The suction increase induces an increase of
he Young modulus.

.3. Free shrinkage

With the 3D scanner, the volume of the specimens was mea-
ured before and after suction application for free shrinkage of
arallelepiped specimens and small cylindrical specimens. Ob-
ained results are shown on Fig. 15 where UCS and TCS mean
espectively Untreated and Treated Cylindrical specimens while
PS, and TPS mean respectively Untreated and Treated Paral-
elepipedal specimens. It underlined first that lime-treatment re-
uces significantly the volume variations (swelling or shrinkage)
f the specimen. Secondly, for each suction level and treatment,
8

volumetric strains εv are in the same range of value. The shape of
the specimen does not affect the volume variation upon drying.
For the ‘‘as-compacted’’ conditions corresponding to 120 kPa
of suction (without any change during 7 days), untreated soils
show no volume variation while treated soils exhibit a slight
endogenous shrinkage, due to lime reaction.

4.4. Constrained shrinkage

For constrained shrinkage, the deformation is restricted with
the two-dimensional truss with pines introduced in the top sur-
face of the specimens. Possible cracks occurrence is observed
visually. As summarized in Table 5, desiccation cracking occurs
for the drying at a suction of respectively 1000 kPa and 1500 kPa
on untreated and treated soils. A single crack develops perpen-
dicularly to the larger direction of the specimen, approximately
in the middle (Fig. 16).

5. Constitutive interpretation

5.1. Calibration of the α parameter

According to the approach developed by Gerard et al. (2015),27
it is possible to deduce the exponent α of the effective stress
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Fig. 13. Compressive strength in function of the applied suction. Experimental measurements (points) and fitted linear evolutions (dotted lines).
Fig. 14. Young modulus in function of the applied suction. Experimental measurements (points) and fitted linear evolutions (lines).
Fig. 15. Volumetric strain εv in function of the applied suction s for both treated and untreated samples. UCS: Untreated Cylindrical Specimens; TCS: Treated
Cylindrical Specimens; UPS: Untreated Parallelepiped Specimens; TPS: Treated Parallelepiped Specimens.
parameter in order to obtain the uniqueness of the failure cri-
terion for any suction. The purpose being to obtain an unique
9

failure criterion, the objective is to find the value of χ , expressed
as a function of S as detailed in Eq. (2), that allows to shift
r
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Fig. 16. Crack observed on the treated sample subject to a suction of 1500 kPa. Right: crack triggering from the dried surface.
Fig. 17. Calibration of the function χ for untreated soil (α = 2.97) from uniaxial compression tests. Left: Mohr circle at failure in the total stress reference; Right:
ohr circle at failure and failure criterion in the effective stress reference.
5

u
i
a
u
s
N

able 5
isual observation of the cracks during the various tests.
Applied suction Treatment

Untreated Treated

0 kPa ✕ ✕

As compacted ✕ ✕

500 kPa ✕ ✕

1000 kPa ✓ ✕

1500 kPa – ✓

horizontally the corresponding Mohr circle at the ultimate stress
state expressed in total stress on the failure criterion, expressed
in effective stress.

The intrinsic strength is given by the effective strength upon
aturated conditions (φ′

= 32.7◦ and c ′
= 1.8 kPa for untreated

oils; φ′
= 35.7◦ and c ′

= 71.9 kPa for treated soils) and the
istance between saturated strength and strengths at different
uctions is compensated by the product χ . s.
The best fit, in the sense of least square, to get the uniqueness

f the failure criterion is obtained for α = 2.97 for untreated soils
nd α = 2.68 for treated soils. Figs. 17 and 18 show the obtained
lignment of the uniaxial compression stress failure circles in the
ffective stress reference.
Fig. 19 shows the obtained relationship between χ and Sr

or treated and untreated soils and compares it with the values
= 2.08 obtained by Gerard & al. (2015) on a similar (untreated)

ompacted silty soil.
According to Alonso et al.26 , the obtained curve between χ

nd Sr is related to the double structure of the soils, induced by
he mode of soil preparation (compaction in this case). Due to
10
this double structure, with two characteristic sizes of pores (large
pores between aggregates and small pores inside aggregates)
upon low degree of saturation, the water is essentially stored
inside the aggregates and this ‘‘intra-aggregate’ water does not
contribute to the macroscopic stress. Upon higher degree of satu-
ration, water floods the ‘‘inter-aggregate’’ voids which contributes
more to the increase of the internal stress. By comparison with
soil compaction in mould that induces a significant aggregation of
particles for treated soils, the kneading effect of the compaction
process used in this work lead to a better homogeneity of the soil
texture without this ‘‘double-structure’’ aspect, as highlighted in
Fig. 20.

In addition, treated samples have been compacted at water
content exceeding 2% of the optimum moisture content (on the
wet side) in order to obtain better grain lubrication and re-
duce macropores. The same process was used for the untreated
samples but using an exceeding water content of 0.5%. This com-
paction on the wet side of optimum of treated soils led to a re-
duced double-structure character of the treated soil correspond-
ing to a smaller value of α.

.2. Free shrinkage

When the expression of effective stress is known, we can
se the elastic stiffness as a function of suction, as determined
n Fig. 14, in order to reproduce the strain upon free shrinkage
ccording to Eq. (3). Results are illustrated in Figs. 21 and 22, for
ntreated and treated specimen, respectively. We assume a Pois-
on coefficient of 0.2 for both untreated soils and treated soils.
ote that for treated soil, an endogenous volumetric shrinkage
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Fig. 18. Calibration of the function χ for treated soil (α = 2.68) from uniaxial compression tests. Left: Mohr circle at failure in the total stress reference; Right:
ohr circle at failure and failure criterion in the effective stress reference.
Fig. 19. Comparison of the effective stress parameters χ with the previous study
of Gerard et al. (2015).

Fig. 20. Difference between soil structure of treated samples obtained by
neading compaction (left) and compaction in mould (right).

due to lime reaction with soil) of 0.5% (as observed experi-
entally for the as-compacted conditions) has been added in all
redicted strains.
The model results are obtained exclusively from blind pre-

ictions. The elastic stiffness, measured on uniaxial compression
ests, is able to reproduce the free shrinkage experienced upon
rying process even if slightly underestimated. This small under-
stimation can be linked to the use of a Young Modulus obtained
t 7 days of treatment and considering as a constant during all
11
the curing time. However, the strains are mainly produced in the
early stages of drying at a curing time shorter than 7 days. In
a sense, this matching confirms the validity of the α exponent
determined independently.

5.3. Constrained shrinkage

Upon constrained shrinkage, Eq. (6) allows to deduce the ten-
sile net stress as a function of suction while the tensile strength
is reported in Fig. 11. The comparison of the generated net stress
and the strength allows to predict the suction leading to the
triggering of desiccation cracking. This is done in Figs. 23 and 24
for untreated and treated soils, respectively.

The zero net stress state corresponds to the as-compacted
suction (i.e. 120 kPa). Then, upon constrained conditions when
suction decreases (due to wetting), the constrained swelling in-
duces a compressive net stress while when suction increases (due
to drying), tensile net stress is induced.

Those developments reveal that, according to this theory, the
tensile cracking induced by a desiccation process of the studied
soil from as-compacted conditions, under constrained shrinkage,
should occur at suctions around 700 kPa for untreated soil and
1200 kPa for treated soil. This is consistent with the experimental
observations where we observed that cracks occurred between
500 kPa and 1000 kPa for untreated specimen and between
1000 kPa and 1500 kPa for treated specimen (see Table 4).

Those comparisons between generated tensile stress and ten-
sile strength are valid in both net and effective stress references
as shown in Figs. 23 and 24. The net stress representation has
the advantage to correspond to the directly-measured tensile
strength (net stress being the controlled stress in laboratory)
while effective stress is more convenient for the prediction of
the generated stress (because the constitutive framework uses
the effective stress). However, the passage from net to effective
stresses can be done easily when suction, degree of saturation and
α exponent are known, according to Eq. (1).

We may also note that the tensile failure occurs upon positive
(compressive) range of effective stress. Even if counter-intuitive,
this feature was already observed by other studies focusing on
desiccation cracking through effective stress analysis.33,34 Inter-
estingly, Hueckel et al.35 proposes a plausible explanation for this
fact. They demonstrate that, even if the effective stress evaluated
at macro-scale is in the compressive range, air entry mechanism
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Fig. 21. Comparison between predicted and measured volumetric strains induced by different suctions under free shrinkage on untreated specimen.
Fig. 22. Comparison between predicted and measured volumetric strains induced by different suctions under free shrinkage on lime treated specimen.
in the pores may generate, at meso-scale, a stress concentration
that produces local tensile effective stress and induces the crack
initiation.

In this methodology, it is to note that the tensile failure condi-
tion is deduced from the indirect tensile test with an encountered
stress state at failure that slightly differs from the stress state
upon cracking during desiccation. However, indirect tensile test
was chosen to characterize the tensile strength of the soil spec-
imen for several reasons. First, it is a test that is particularly
well-adapted for lime-treated soils, experiencing relatively brittle
failure. Secondly, some comparative studies performed by various
authors between tensile strength obtained from indirect tensile
tests and direct tensile tests revealed that the obtained tensile
strengths may differ due to several parameters, not only related
to the different stress states. In particular, Araki et al. (2016)36
shows that the difference on tensile strength of compacted soils,
obtained from direct and indirect methods are more related to
the direction of tensile stress with respect to the layer interfaces.
The directions of tensile stress in the direct tension test and the
splitting test are generally perpendicular and parallel to those
of the layer interfaces, respectively. In the configuration used
during desiccation test, the cracks occur perpendicularly to the
interface (as experienced during indirect tensile test). Finally, in-
direct tensile test has the main advantage of being a conventional
12
geomechanical test, that makes our methodology straightforward.
At the end, the methodology requires three conventional charac-
terizations: the uniaxial compression test, indirect tensile test and
water retention curve.

6. Conclusions

Desiccation cracking occurs when the tensile stress over-
passes the tensile strength of the material. Both parameters de-
pend on suction. The tensile stress is induced by the constrained
deformation upon drying. Consequently, it is a function of the
soil stiffness that evolves during drying. The problem is highly
coupled and the concept of unsaturated soil mechanics must
be used to analyse the observed results. In the present study,
effective stress framework for unsaturated soils is used with the
χ parameter expressed as a power law of the degree of saturation.
The α coefficient (exponent of the degree of saturation to express
the χ parameter) is calibrated to fulfil the uniqueness of the
shear failure criterion expressed in this effective stress formalism,
whatever the suction level.

In order to provide the required material parameters for the
analysis, indirect tensile tests, uniaxial compression tests, free
shrinkages and constrained shrinkages have been carried out on
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Fig. 23. Evolution of tensile stress and strength as a function of suction during constrained shrinkage of untreated specimen (compression is positive).
Fig. 24. Evolution of tensile stress and strength as a function of suction during constrained shrinkage of treated specimen (compression is positive).
ompacted untreated and lime-treated silty clay soil. It is demon-
trated that the constitutive framework, using an effective stress
ormalism for unsaturated soils, is able to reproduce the experi-
nced volumetric strain upon free shrinkage and crack occurrence
pon constrained shrinkage. All the required parameters of this
onstitutive framework are deduced from independent tests and
he blind prediction of strain upon free shrinkage and crack
ccurrence upon constrained shrinkage are in good agreement
ith experimental observations.
For the tested soil, lime treatment (with 2% of lime) postpones

in terms of suction levels) the triggering of desiccation cracks.
or a drying at 1000 kPa of suction, untreated soil exhibits the
evelopment of a clear tensile crack while treated soil remains
n-cracked until 1500 kPa of suction upon the same constrained
onditions. This is well reproduced by the constitutive model.
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