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ABSTRACT 

 Naturally occurring soils exhibit swelling and shrinking behavior induced by moisture 

changes. For example, soils tend to swell upon wetting and shrink during drying. This behavior 

leads to stresses changes that may exceed the soil strength leading to crack formation, which may 

in turn close during infiltration phases when the soil becomes wetter and expands. Several 

geotechnical engineering problems, such as foundations and embankments, are strongly affected 

by the presence of cracks. The study of crack formation and propagation in porous media is a very 

complex problem and possesses several challenges. Fracture propagation in this research will be 

modeled using the mesh fragmentation technique (MFT), which consists in introducing finite 

elements (FE) with high aspect ratio in between the standard (bulk) elements of the FE mesh. In 

this dissertation, the Saint-Alban clay excavation-drying case is studied in details and used to 

validate the MFT. The test site is located in Saint-Alban, 80 km west of Québec City in the Saint 

Lawrence Valley. Numerical simulations were performed in order to achieve a better 

understanding of the phenomena behind the formation and propagation of desiccation cracks in 

soils under natural conditions. 
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1. INTRODUCTION

1.1 Motivation 

The numerical modeling of desiccation cracks has been drawing more attention in past 

years. Several geotechnical engineering problems, such as foundations and embankments are 

strongly affected by the presence of cracks.  Meanwhile, the mechanical, hydraulic and thermal 

properties of the geo-material are also tremendously influenced by the desiccation cracks. It is 

important to carry out more research on the mechanism behind this influence.  

Desiccation cracking in soils has a wide spectrum of environmental, agricultural, and 

hydrological impacts. The movement of moisture and solutes into and within the soil increases due 

to the presence of cracks that act as preferential pathways for rapid water movement to deeper 

layers (Greve, Andersen and Acworth, 2010; Kosmas et al., 1991; Harris et al., 1994). This rapid 

movement reduces the effectiveness of irrigation and causes fast seepage of nutrients and 

pesticides away from the plants into deeper layers. This may reduce residence time of contaminates 

in the unsaturated zone where they are usually absorbed by the plants and degraded by bacteria. It 

may increase the probability of ground water and/or surface water contamination as well, 

depending on the relief. Thus, soil scientists proposed some applications to model cracks. The bulk 

apparent electrical conductivity of the soil is a useful measurement that is commonly used to map 

the spatial variability of soil salinity, water content, and clay content, especially as they relate to 

agriculture and land management. It can be used as a proximal sensing tool to map changes in 

cracking potential across these landscapes. These maps will be useful for predicting soil cracking 

potential in spatially distributed hydrology models (Neely, Morgan, Hallmark, McInnes, & 

Molling, 2016). Experimental efforts are also applied to measure cracks propagation. Dr. Neely et 
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al. (2014) proposed an instrumentation to measure soil subsidence and water content in a single 

borehole to measure soil shrinkage with loss of water. It provides more accurate relationships 

between soil water loss and soil shrink-swell due to the elimination of horizontal variability. This 

method provides higher-quality data on in situ soil shrinkage, providing valuable information on 

the behavior of shrink-swell soils (Neely, Ackerson, Morgan, & McInnes, 2014).   

Desiccation cracks also have engineering and geotechnical effects with potentially very 

serious environmental and public safety issues. For example, desiccation cracks may trigger the 

onset of a landslide because its development at the surface of a slope. If they develop in the core 

of an earth dam, cracks act as flow paths. This would increase the moisture content of the dam and 

the pore water pressure which eventually leads its failure.  

Nowadays, computational techniques offer the ability to model the formation and 

propagation of cracks in several geo-mechanical problems based on the governing and constitutive 

equation that describe the interactions between solids and fluids. However, the modeling of this 

type of problem is very challenging. The mesh fragmentation technique (MFT) was recently 

developed (Sánchez et al., 2014) to simulate this type of problem. The numerical approach has 

been implemented in the finite element program CODE_BRIGHT and it has been applied to 

simulate synthetic and theoretical cases, but it has not been validated against field data yet. Thus, 

the field test results from Konrad (Konrad & Ayad, 1997) is used to validate our code. 
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1.2 Objectives 

   In this work, the cracks are modeled by considering finite elements with high aspect ratio, 

which are introduced between the bulk elements of the mesh during the pre-process. The soil 

behavior is mimic by using the Barcelona Basic Model (BBM). The MFT is very promising for 

THM (Thermal-hydro-mechanical) modeling of problems involving discontinuities. However, 

only fully coupled hydro-mechanical problem is considered in this research. Whatsmore, the MFT 

does not require the use of re-meshing algorithms or any kind of special integration scheme. Based 

on these features, the MFT can be adopted to represent desiccation cracks in soils, which strongly 

affect the permeability and strength, which may cause geotechnical problems in infrastructure and 

building.  

Thus, the primary objectives of the proposed research are: 

• Gain a better understanding of key concepts that influence the formation and propagation

of discontinuities in geo-materials;

• Capture the key hydro-mechanical properties and features of the case study reported in

Konrad and Ayad (1997) and incorporate them into a finite element model

• Develop an advanced model able to reproduce the main characteristics of the case under

study with the aim of capturing the evolution and trends of main variables reported in

Konrad and Ayad (1997), including cracks network characteristics.
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1.3 Organization of this dissertation 

      In this dissertation, 7 chapters are introduced to explain basic theory and process of this 

research. 

In Chapter 1, the motivation and objectives of the research were introduced. This part 

explains the influence of desiccation cracks on geotechnical engineering and agricultural. Some 

experiment efforts have been made to predict propagation of cracks and computation techniques 

are published to model the formation of cracks as well. This research uses the MFT to mimic 

cracks propagation in field test and several objectives are supposed to achieve in this research.  

In Chapter 2, several publications are reviewed to introduce the theory of desiccation 

cracks. The mechanism of cracking and analytical solutions of depth of cracks are explained in 

this chapter. Experimental methods to capture propagation of cracks, as well as the numerical 

applications intended to capture cracks propagation in field are proposed in this chapter. 

Background of Damage model is introduced in this chapter as well because damage model is used 

to mimic cracks propagation in this research.  

In Chapter 3, the theoretical formulations used in CODE_BRIGHT which is the FEM 

code we use in this research are described. Constitutive equations of hydraulic and mechanical are 

summarized. These equations connect different properties in hydraulic and mechanical properties. 

In Chapter 4, the Mesh Fragmentation Technique and damage theory which is adopted in 

the high aspect ratio interface element are introduced. The IMPL-EX integration scheme is 

explained as well.  
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In Chapter 5, details of the field test in Konrad and Ayad (1997) are described. Instruments 

of the field test, crack propagation mechanism, hydraulic and mechanical properties of the clay 

deposit in the field are emphasized to validate the model. The mechanical properties of the clay 

deposit that may influence the model are explained in this chapter.  

In Chapter 6, an advanced model is developed to capture the evolution and tendency of 

main features in field test. Matching results of hydraulic and mechanical properties and formation 

of cracks of the model are shown in this chapter. The proposed framework is able to approximately 

predict the formation of cracks.  

Chapter 7 is a summary of the dissertation. Some improvements in future are mentioned 

as well. 
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2. LITERATURE REVIEW

2.1 Desiccation cracks 

          Even though the mechanisms of cracking are very complex, numerous publications have 

sought to find out what influence the formation of cracks. The tensile forces induced by drying 

shrinkage must exceed the tensile stress of the soil to crack. The suction may induce soil 

contraction and cracking, which leads to vertical cracks below horizontal drying surface. The depth 

of cracks increases because of the desiccation of the soil (Miller, Mi, & Yesiller, 1998). Towner 

(1987) find out the water content and corresponding suction would influence the tensile stress and 

the tensile strength. The change of soil-water suction for isotropic shrinkage directly connect to 

induced stress of shrinkage (Towner, 1987). Speed of desiccation influence cracks formation as 

well. Rapid desiccation creates more widely spaced cracks than those produced by slow 

desiccation. The composition of the soil affects spacing of cracks as well. Cracks polygons created 

in soil with addition of sand are much smaller than those formed in clay mud. Degree of salinity 

of water is another important factor. High degree of salinity delays the formation of drying cracks. 

It results in margins of crack polygons downward as well (Kindle, 1917).  

          Morris et al (1992) provide analytical solutions to predict the depth of cracks propagate 

based on suction distribution from ground surface to water table. The max suction was assumed at 

ground surface because of most evaporation while suction at water table was zero because it is 

fully saturated (Morris, Graham, & Williams, 1992). Fredlund and Rahardjo (1993) presented 

another analytical solution. It is a function of depth to water table, soil density, suction, Poisson's 

ratio, and soil elastic moduli. A linear suction profile from the water table to the ground surface is 

assumed (Fredlund, Rahardjo, & Fredlund, 1993). Kodikara et al illustrate a different analytical 
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solution to predict the maximum tensile stress. The tensile strength develops in a clay layer for a 

given reduction in moisture content. When maximum tensile stress exceeds the tensile strength of 

soil, cracks would be assumed to propagate through layers (Kodikara & Choi, 2006).  

 There is a large body of measurements from digitized images to quantify soil structure, and 

many corresponding papers were published in the last three decades (e.g, RINGROSE‐VOASE 

and BULLOCK 1984; Moran et al. 1994). Crack Intensity Factor (CIF) was introduced to explain 

geometric features of cracks, such as width, depth and surface area. CIF is defined as the time 

variable ratio of the surface crack surface area to the total surface area of the clay. Image processing 

with a computer is used to determine CIF values from scanned photos of desiccation procedures 

(Miller et al., 1998). Fig 1 illustrates formation of cracks captured by image processing method. 

But there are some limits for image processing experiment. These experiments are time-consuming 

and demanding testing time of weeks or longer; Complex requirements for measurement and 

control of suction in failure-based tests; Limits in the ranges of suction or hydraulic conductivity; 

Limits under drying condition; Limits to certain type of soils. To improve experiment method, the 

transient water release and imbibition (TWRI) method, was introduced by Wayllace and Lu 

(2012). The TWRI method addresses all four aforementioned limitations and combines a simple, 

fast, accurate water-content-change measurement for the SWRC, HCF, and SSCC of all types of 

soils under drying and wetting conditions (Lu, Şener-Kaya, Wayllace, & Godt, 2012). Besides, Lu 

(2013) proposed the drying cake method applied with the PIV technique (White et al., 2003) to 

acquire time-sequence displacement fields of a drying cake and a linear elasticity solution of the 

displacement field to infer suction stress as a function of drying cake’s moisture content (Lu & 

Kaya, 2013). Fig 2 presents the procedure of PIV technique.  
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Even though field work provides reliable results to get soil properties and propagation of 

cracks, numerical modeling, which are needed in this research, are still important. In order to get 

more accurate results, many efforts to improve numerical methods of simulating drying cracks 

have been made. 

Figure 1. Cracks network captured by image processing method 

(reprinted from Miller et al., 1998) 
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Figure 2. Illustrations of procedure of PIV technique (reprinted from Lu and Kaya, 2013) 

2.2 Numerical modeling of desiccation cracks 

 The model to simulate damage and fracture of porous media has been proposed for years. 

The coefficient of linear extensibility (COLE) is one of model theories. It can be used to 

parameterize soil shrinkage models by defining the slope of vertical shrinkage with loss in water 

content (Kishné et al., 2009; Neely, 2014).  It is interesting because it is different from finite 

element method, which is popular among engineers to do simulation. COLE combined 

mathematical thinking and experiment data base to predict soil shrinkage volume, on the other 

hand, soil cracks propagation. For finite element method, smeared cracking is adopted to represent 

cracks propagation based on stress strain relations in continuum mechanics approach (Cervera, 

Oliver, & Manzoli, 1996; Rots, Nauta, Kuster, & Blaauwendraad, 1985). However, the formation 

of macro-localized cracks cannot be simulated in the model and the simulation results 

tremendously depend on the mesh. On the other hand, discrete constitutive relationships between 
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stresses and relative displacement are suitable to capture the cracking process as well. The 

relationship is presented by the faces of adjacent finite elements (Hillerborg, Modéer, & Petersson, 

1976). The interaction between these faces is established with constitutive model (Ingraffea & 

Saouma, 1985). As the crack propagation is unknown before the analysis, a remeshing strategy is 

required to adapt the discontinuity into the finite element mesh. To avoid this issue, embedded 

cracks are developed to capture the effects of crack (O. L. Manzoli & Shing, 2006; Moës & 

Belytschko, 2002; Moës, Dolbow, & Belytschko, 1999; Oliver, 1996; Simo, Oliver, & Armero, 

1993).   

Meakin (1987) propose a two-dimensional heterogeneous network, in which all the 

elements of the model have the same elastic behavior, but their breaking thresholds are randomly 

assigned. Each site of the system is connected by an elastic bond to a network where a uniform 

deformation is applied. All the coupling bond are identical to breaking (Meakin,1987).  Colina et 

al. (1993) simplify the model by considering an electrical analog. Fig 3 presents the electrical 

analog model. The system is an L×L square lattice at 45 ° of electrical fuses having equal unit 

conductance and randomly assigned breaking threshold. The fuse network is coupled to the 

substrate by electrical resistors of conductance (Colina, De Arcangelis, & Roux, 1993). By 

inspiring by these two models, So Kitsunezaki (1999) proposed the thin-film model. Fig 4. Shows 

the thin-film model. The coating is a network of springs with elastic constants, forming a triangular 

lattice. The film is attached to the substrate elastically so that the surface layer can move relatively 

to the bulk. Each spring can break under stress (Kitsunezaki, 1999). These models are all based on 

elastic theory to simulate cracks.   

          Parks et al. (2008) proposed a different model based on Peridynamics (PD) which is a 

continuum theory that employs a nonlocal model to describe material properties. Nonlocal means 
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that continuum points separated by a finite distance may exert force upon each other (Parks, 

Lehoucq, Plimpton, & Silling, 2008). This model is interesting because models established before 

are based on “local force” which means that only continuum points in direct contact can exert a 

force on each other. But for PD theory, it is implemented with “nonlocal force” which is defined 

by generalizing the local force assumption to allow force at a distance. Jabakhanji et al. (2015) 

present a peridynamic model for transient moisture flow in unsaturated, heterogeneous, and 

anisotropic soils. Fig 5. clarify the peridynamic medium. Point x is influenced by all points within 

its horizon. ℋ𝑥 is the horizon of x, and δ is radius of the horizon. The model is an alternative to 

the classic Richard’s equation and is based on Silling’s reformulation of the theory of elasticity for 

solid mechanics. The flow is driven by the hydraulic potential field instead of the gradient of the 

hydraulic potential field (Jabakhanji & Mohtar, 2015).   

Figure 3. Electrical analog model coupled by two-dimensional lattice of fuses 

(reprinted from Colina, De Arcangelis, & Roux, 1993) 
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Figure 4. The two dimensional thin-film model. Blank triangular represents cracks 

(reprinted from Kitsunezaki, 1999) 

Figure 5. Illustration of peridynamic medium (reprinted from
Jabakhanji & Mohtar, 2015) 
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2.3 Damage model 

Even though drying cracks is a very common phenomenon in geotechnical engineering, 

most work of crack mechanism is applied in structure engineering. Damage model used in this 

research is developed in structural engineering. The internal damage can be connected as the 

presence and evolution of microscopic voids and this may eventually lead to cracks. In many 

engineering problems, cracks influence service life of engineering material and may trigger 

significantly problems like landslide or collapse of earth dam. In a number of practical situations, 

the ignorance of material degradation leads to consequences that are related to economic losses.  

The cracking process changes the elastic properties of the material and decreases its 

effective area. This loss of effective area gradually increases because of voids. Even though 

damage and plasticity are complementary phenomena, cold material can fracture even before it 

reaches plastic mechanisms (Oller, Oñate, Oliver, & Lubliner, 1990). When material is subjected 

to loading cycle, the damage can be influence by shape fatigue as well. When metal experience 

high temperature, it may also make metal in viscous plastic deformations. Thus, the damage is not 

only on the nature of the material, but also on the type of loading and temperature (Jean Lemaitre, 

1992). The concepts of mechanics of continuous medium allowed the development of constitutive 

equations which is able to model the evolution of cracks. This is known as Continuous Damping 

Mechanism (MDC). Theories of continuous damage are based on irreversible thermodynamic 

processes and the state of the internal variable (Simo & Ju, 1987).  
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3. HM THEORETICAL FORMULATION

A complete description of the THM formulation adopted for the analysis is presented in 

Olivella et al., 1994 (Olivella, Carrera, Gens, & Alonso, 1994), only a brief description is included 

here. This formulation considers the main thermal, hydraulic and mechanical phenomena. The 

problem is approached using a multiphase, multi species formulation that expresses 

mathematically the main THM phenomena in terms of the governing equations that can be divided 

into three groups: balance equations, constitutive equations and equilibrium restrictions. In this 

research, temperature is not considered. Only hydraulic and mechanical properties are observed.  

3.1 Balance equations 

The compositional approach has been adopted to establish the mass balance equations. This 

approach consists of balancing the species (mineral, water and air) rather than the phases (solid, 

liquid and gas) as Figure 6 shows. In the notation, the subscript is used to identify the phase (s for 

solid, l for liquid and g for gas) and the superscript to indicate the specie (w for water and a for 

air). 

Figure 6. Scheme representation of the phases in the porous medium. 

3.1.1 Solid mass balance equation 

The balance of the solid phase can be expressed as: 
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where 𝜃𝑠 is the mass of solid per unit volume of solid and 𝐣𝑠 is the flux of solid. From this equation, 

an expression for porosity variation was obtained as: 
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The equation above has been developed using the material derivative with respect to the 

solid that can be defined as: 
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Equation (3.3) expresses the variation of porosity caused by volumetric deformation and solid 

density variation.  

3.1.2 Water mass balance equation 

Under unsaturated conditions, water is present in two phases: liquid and gas. The total mass 

balance can be written as: 

( ) ( )w w w w w

l l g g l gS n S n f
t
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where f𝑤 is an external supply of water. An internal production term is not included because the 

total mass balance inside the medium is performed. The use of the material derivative leads to: 
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3.1.3 Air mass balance equation 

Once the other mass balance equations have been written, it is straightforward to obtain 

the mass balance of air taking into account that air is the main component of the gas phase and that 

it may be also present as dissolved in air in the liquid phase. 

( )
( ) ( )( ) ( )' '

a a

s l l g g a a a a a a as
l l g g l l g g l g

D S S D n d
n S S S S n f

Dt Dt dt

 
   

+
+ + + +  + + =

u
j j

 (3.6) 

3.1.4 Momentum balance equation 

If the inertial terms are neglected, the momentum balance equation reduces to the 

equilibrium of stresses: 

 + =b 0           (3.7) 

where  is the stress tensor and b is the vector of body forces. 

3.2 Constitutive equations 

The constitutive equations establish the link between the independent variables (or 

unknowns) and the dependent variables. There are several categories of dependent variables 

depending on the complexity with which they are related to the unknowns. The governing 

equations are finally written in terms of the unknowns when the constitutive equations are 

substituted in the balance equations. The constitutive equations for the thermal, hydraulic and 

mechanical problem are presented next. 

3.2.1 Hydraulic 

Regarding the hydraulic problem, the general Darcy’s law can relate the unsaturated flow 

with the fluid pressures with the following expression: 
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( )   = −  −q K gP
(3.8) 

where the subscript 𝛼 refers to the phase as 𝛼 = l for the liquid phase and 𝛼 = g for the gas phase. 

𝑃𝛼 is the phase pressure, 𝜌𝛼 is the phase density and g is the gravity vector. 𝑲𝛼 is the permeability 

tensor that depends on fluid viscosity, degree of saturation and pore structure. The permeability 

tensor is not constant. However, it depends on other variables: 






=


K k rk     (3.9) 

where k is the intrinsic permeability tensor, and kr  are the dynamic viscosity and relative 

permeability of the phase, respectively.  

The intrinsic permeability depends on the pore structure. This dependence is considered in 

terms of porosity. Two laws are being used in the analysis. In the first law, the intrinsic 

permeability of the bentonite is a function of the porosity: 

( )

( )−
=

−

23
0

0 2 3

0

1

1

nn
k

nn
k I (3.10)    

where k0 is the reference permeability at the reference porosity n0. The second approach 

corresponds to an exponential law, presented as follows: 

( )= −0 0exp[ ]k b n nk I

  

(3.11)   

where k0 is the intrinsic permeability for a reference porosity n0, b is a model parameter and I is 

the identity tensor. The model parameters (k0 = 5.0 x 10-20 m2; n0 = 0.14 and b = 50) have been 

determined from back calculations of the results of permeability tests under isochoric conditions 

(Figure 7). 
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Figure 7. Variation of saturated permeability with porosity. Experimental data and 

adopted models for the intrinsic permeability law 

The relative permeabilities for the liquid and gas phase depend on the degree of saturation 

and can be expressed as: 

) n

rl ela k S= ( )) 1rg rlb k k= − (3.12) 

where: 

l lr
el

ls lr

S S
S

S S

−
=

−
(3.13) 

𝑆𝑙𝑟 , 𝑆𝑙𝑠 and n are model parameters. Equation (3.13) considers the decrease in hydraulic 

permeability as the degree of saturation decreases. This variation is very difficult to determine 

directly and it is necessary to resort to indirect ways of estimation. 

To establish the link between the degree of saturation and suction, the retention curve 

(Figure 8) was used with the following expression: 
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  = +      




(3.14) 
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1


 

= − 
 

d

d

d

s
f

P
(3.15)   

where s is the suction, 𝑃𝑜 is the air entry value and 𝜆𝑜 is a model parameter. The function 𝑓𝑑 is 

used to obtain more reasonable values at high suctions.  

Figure 8. Retention curve adopted in the analyses, together with the experimental 

data of FEBEX bentonite (symbols) 

The Fick’s law has been used to explain the diffusion process occurring in the system. This 

law describes the water vapor diffusion in the gas phase and air diffusion in water. In addition, 

with this expression the non-advective fluxes of species inside the fluid phases can be computed. 

It also expresses them in terms of gradients of mass fraction of species through a hydrodynamic 

dispersion tensor that includes both molecular diffusion and mechanical dispersion (Antonio Gens, 

2000; Olivella et al., 1994):  

  = − i Di i i

       
, ; ,=  =i w a l g (3.16)   

where Di is the dispersion tensor of the medium. 

For vapor diffusion, the following expression for the hydrodynamic dispersion tensor is 

adopted (Olivella et al., 1994): 
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( )= −  = −   + 'w w w w w

g g g g g m g g gn S Di D I D (3.17) 

where 𝐷𝑔
𝑤  is the dispersion tensor, τ is the tortuosity, 𝐷𝑚

𝑤  is the dispersion coefficient

corresponding to molecular diffusion of vapor in air and 𝐷𝑔
′  is the mechanical dispersion tensor. 

The molecular diffusion coefficient is given by (Antonio Gens, 2000; Olivella et al., 1994):   

( )
23

12 273.15
5.9 10w

m

g

T
D x

P

− +
=

 (3.18) 

where 𝐷𝑚
𝑤 is in m2/s, Pg is in MPa and T in ºC.

The mechanical dispersion can be defined with the following expression(Antonio Gens, 

2000; Olivella et al., 1994): 

( )' = − + −
q q

D q I
q

t

g g

g g l t

g

d d (3.19) 

where dt and dl are the transversal and longitudinal dispersivities, respectively. 

Finally, the diffusion of air in the liquid phase can be written as: 

( )= −  = −   + 'a a a a a

l l l l l m l l ln S Di D I D (3.20) 

3.2.2 Mechanical 

The mechanical constitutive law adopted is the Barcelona Basic Model (BBM). The BBM 

is an elasto-plastic strain hardening model which extends the concept of critical state for saturated 

soils to unsaturated conditions and it is capable to reproduce the behavior observed under these 

conditions. This model takes into account two independent stress variables: the net stress (σ), 

defined as the excess of the total stresses over the gas pressure (𝜎𝑡 − 𝑰𝑝𝑔) and the matric suction 

(s), defined as the difference between gas pressure and liquid pressure. The BBM was created in 
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terms of the three stress invariants (𝑝, 𝐽, 𝜃), suction and temperature. The stress invariants are 

defined as follows: 

( )
1

3
x y zp

 
=  + + 
 

      (3.21) 

( )
2

2

1

2
J

trace s
=   (3.22) 

( )1 31
sin 1.5 3 det

3
s J− = − (3.23) 

s pI=− (3.24) 

where 𝑰 is the identity tensor. In this model the yield surface depends also on the matric suction.

The trace of the yielding function on the p-s plane is called the LC (Loading-Collapse) curve. This 

curve represents the position where the activation of permanent deformations due to loading 

increments or wetting takes place. The position of the LC curve is given by 𝑝0
∗ , the pre 

consolidation yield stress for saturated conditions. Preconsolidation pressure is affected by the 

temperature assuming that temperature increases reduce the size of the yielding surface and the 

strength of the material. This is a common behavior for saturated soils as established in Hueckel 

and Borsetto, (1990) (Hueckel & Borsetto, 1990) and can also be extended to unsaturated 

conditions as recent experimental studies show. The BBM yield surface can be expressed as: 

( )

( )
( )( )

2

2 2

03 0
30

LC s

g
F J M p p p p

g

 
 = − + − =

−  

(3.25) 

where 𝑀 is the slope of the critical state, 𝑝0 is the unsaturated isotropic pre consolidation stress at 

a specific value of suction and 𝑝𝑠 takes into account the dependence of shear strength on suction 
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and temperature. In addition,  𝑔(𝜃) represents the Lode’s angle function. When yielding takes 

place, the increment of plastic deformation is defined as: 

p

LC LC

G





 =


         (3.26) 

where 𝜆𝐿𝐶 is the plastic multiplier and 𝐺 is the plastic potential determined as follows: 

( )

( )
( )( )
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 = − + − =

−  

 (3.27) 

𝛼𝐺  is determined according to (Alonso, Gens, & Josa, 1990). 

The hardening law is expressed as a rate relation between the volumetric plastic strain and 

the saturated isotropic pre consolidation stress 𝑝0
∗ according to:  

( )

( )( )

*

0

*

0 0

1 pep

p


 

+
= 

−
      (3.28) 

where 𝑒 is the void ratio, 𝜀𝑣
𝑝
 is the volumetric plastic strain, 𝜅 is the elastic compression index for

changes in 𝑝 and 𝜆(0) is the stiffness parameter for changes in 𝑝 for virgin states of the soil in 

saturated condition.  

Due to the high compaction to which the bentonite has been subjected, the description of 

the behavior of the material inside the yield surface is relevant. According to the model parameters, 

it is expected that the stress path will lie inside the BBM yield surface. The variation of stress-

stiffness with suction and the variation of swelling with stress and suction have been taken into 

account. The elastic model can be expressed as follows: 

( ) ( ) ( )
( )0 2

1 1 0.1
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where 𝜅𝑠 is the macrostructural elastic stiffness parameter for changes in suction, 𝐺𝑡 is the shear

modulus; 𝛼0 and 𝛼2 are model parameters related to temperature. 𝜅, 𝜅𝑠 and 𝐺𝑡 can be determined 

according to: 

( )1i ss  = +   (3.31) 

( )0 1 lns s sp refp p  = + (3.32) 

( )
( )

3 1 2

2 1
t

K
G





−
=

+

           

where 𝜇 is the Poisson’s coefficient, 𝛼𝑠 and 𝛼𝑠𝑝 are model parameters and 𝐾 is the bulk modulus. 

3.3 Equilibrium restrictions 

Another type of relationships that relate dependent variables with unknowns are 

the equilibrium restrictions. They are obtained assuming chemical equilibrium for dissolution of 

the different species (air and vapor) in phases (liquid, gas). 

The vapor concentration in the gaseous phase is governed by the psychometric law, 

which can be defined as (Antonio Gens, 2000):   

( )
( )

0

exp
273.15

 
 =   

+  

w w w
g g

l

M

R T
(3.34) 

where 𝜃𝑔
𝑤 is the vapor concentration in the gas phase; (𝜃𝑔

𝑤) 0 is the vapor concentration in the gas

phase in equilibrium with a liquid at the sample temperature; Ψ is the total water potential of the 

water, in this case it is related to suction (Ψ = Pl - Pg); Mw is the molecular mass of the water 

(0.018 kg/mol) and R the gas constant (8.314 J/mol/ºK). The gases law relates vapor density and 

vapor pressure (Olivella et al., 1994):  
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(3.35) 

(3.33)
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For pure water, the vapor pressure has been approximate as (Olivella et al., 1994):  

( )

5239.7
136075exp

273.15

− 
=  

+ 
v TP

T (3.36)  

To define the amount of air dissolved in water, Henry’s law is adopted. This law expresses a linear 

relationship between the concentration of air in dissolution and the partial pressure of air (Pa ) in 

the gaseous phase:

´

 =   = a l a a
l a l l

w

P M

H M

where Ma is the molecular mass of the air (0.02895 kg/mol), and H is Henry’s constant (1000 

MPa). 

(3.37)
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4. MESH FRAGMENTATION TECHNIQUE AND DAMAGE THEORY

4.1 Mesh fragmentation process 

          The mesh fragmentation technique was proposed by Sanchez et al., (2014) for modeling the 

process of crack formation and propagation in soils during drying. It was used by Manzoli et al 

(2018)  (O. Manzoli, Sánchez, Maedo, Hajjat, & Guimarães, 2018) to model drying in soils using 

orthotropic mechanical models.  Fig. 9 illustrates the main steps involved in the mesh 

fragmentation techniques for 2D problems which can be summarized as follows: 

1. Generation of the standard finite element mesh.

2. Separation of the regular finite elements (bulk elements) by inserting gaps between them.

3. Introduction of interface high aspect ratio finite elements (HAR-FE) in between the bulk

finite elements of the original mesh. 

It is significant to note that the gaps in Fig. 9 are illustrated in exaggerated scale. The gaps 

are actually very small. As it has been pointed out by Manzoli et al.  (O. L. Manzoli, Maedo, 

Bitencourt, & Rodrigues, 2016), a ratio of 1% between the size of the smallest bulk element and 

the HAR-FE thickness may be considered. 1% of the typical size of the regular elements seems to 

be a very reasonable recommendation, because the size of the regular elements has been chosen to 

accurately capture the stress field prior to the crack formation. (O. L. Manzoli et al., 2016) 

Figure 9. 2D mesh fragmentation  process (reprinted from O.L. Manzoli et al., 2016) 
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4.2 Damage theory 

4.2.1 Damage variable 

For the one-dimensional and homogenous case, the damage is calculated on the basis of 

the reduction of cross-sectional area. Damage variable (d) is a variable to measure the level of 

damage. The definition of damage variable is given by: 

d =
𝐴𝐷
𝐴

 (4.1) 

where AD  is area of damage and A is total cross-sectional area (Fig 10). There is a range for damage 

variable which is [0,1]. If damage variable is 0, it means no damage exists in this cross-sectional 

area (i.e., the material is intact) while 1 means the material is fully degraded.  

Figure 10. Fracture body (reprinted from Lemaitre, 1996) 

4.2.2 Elastic stress 

To clarify at first, the definition of elastic stress is based on structural engineering, which 

is extended to geotechnical engineering recently. The elastic stress is associated with effective area 

while total force is being applied to the total area of cross section. Thus, 

σ =
𝐹

𝐴
 (4.2) 

and 
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σ̅ =
𝐹

�̅�
 (4.3) 

where the effective area is expressed as, 

�̅� = 𝐴 − 𝐴𝐷 (4.4) 

Similarly, 

𝜎

𝜎
=
�̅�

𝐴
=
𝐴 − 𝐴𝐷
𝐴

= 1 − 𝑑  (4.5) 

Thus, 

σ = (1 − d)�̅�                                                              (4.6) 

Equation (4.6) represents the relationship between the total stress and effective stress based 

on the damage level. It is clear from this equation that σ = 𝜎  when material is in its original state 

(i.e., 𝑑 = 0). On the other hand, σ = 0 when the material is completely degraded. This makes 

sense because there would be no stress if material is totally damaged. 

4.2.3 Hypothesis of strain equivalence 

Based on the hypothesis of the equivalence of deformation (J. Lemaitre, 1984), the 

deformation of cracked material is calculated by the stress applied to the material. Fig 11 illustrates 

the deformation of different material. According to the hypothesis mentioned above, deformation 

of damage material and intact material can be written as 

𝜀1 = ε =
𝜎

𝐸𝐷
 (4.7) 

𝜀2 = ε =
𝜎

𝐸
 (4.8) 
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where 𝜀1  is the deformation of damaged material, ED is damaged young modulus, 𝜀2  is the

deformation of whole material where E is intact young modulus. It is possible to establish a 

relationship between damaged and intact young moduli. The relationship can be written as follows, 

ε = 𝜀1 = 𝜀2 =
𝜎

𝐸𝐷
=
𝜎

𝐸
⇒ 𝐸𝐷 =

𝜎

𝜎
𝐸  (4.9) 

Substituting equation (4.5) into equation (4.9) gives 

𝐸𝐷 = (1 − 𝑑)𝐸                                                          (4.10)

Based on relationship established above, it is possible to develop the concepts of damage 

criterion, explicit evolution for the damage variable, hardening/ softening law and Kuhn-Tucker 

relation. These are fundament of damage theory, which will be described in following sections. 

Damaged material                                                        Intact material 

Figure 11. Material constitutive relation (reprinted from Oller 2001) 

4.2.4 Damage Criterion 

          The damage criterion (𝜙)  establishes the limits in which the solid behaves as an elastic 

material. It represents the process of degradation of material. In other words, it illustrates limits of 

elastic domain.  
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ϕ(σ) = τ − q ≤ 0                                                            (4.11) 

where 𝑞 is sa tress-like internal variable which establish the size of domain and 𝜏 is the equivalent 

stress. Fig 12. shows some examples of damage criteria for one-dimensional problems.  

Figure 12. Illustration of damage criterion in one dimension (reprinted from 
Maedo, Manzoli, & Rodrigues, 2014) 

The damage criterion can be rewritten in terms of effective stress as following, 

�̅�(𝜎) = 𝜏̅ − 𝑟 ≤ 0                                                        (4.12) 

where  𝑟 = 𝑞/(1 − 𝑑) is strain-like internal variable, which is always increasing, and its tangent 

will never be smaller than zero. 

4.2.5 Explicit evolution for the strain like internal variable 

Figure 13. Diagram of axial strain 
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Fig 13. Illustrates the relationship of stress and strain in a whole loading cycle. As we can 

see, this material exhibits a linear elastic behavior at initial stage (OA), which means no damage 

occurs in this stage and �̇� =0, �̅� < 0. After stage of OA, irreversible damage starts to occur in OB 

stage, which means �̇� > 0, �̅� = 0. �̅� = 0 because it reaches the damage criterion. Thus, Kuhn-

Tucker relations can be concluded as following, 

�̇��̅� = 0, �̇� ≥ 0, �̅� ≤ 0                                                     (4.13) 

When in loading plastic stage (AB), we can conclude following relationship based on 

definition of effective damage criterion, 

{�̇� = 𝜏̅
̇ > 0

�̇� > 0
 (4.14) 

Equation (4.14) defines the evolution of the strain-like internal variable. When in 

unloading or reloading stage (OB), �̇̅� < 0  because  ofno evolution of elastic damage. Thus, 

following relationship can be included, 

{
�̇� = 0
�̇� = 0

 (4.15) 

In conclusion, 

If �̅� < 0 ⇒ �̇� = 0 

If �̅� = 0 ⇒ {
�̇� < 0   {

�̇� = 0
�̇� = 0

�̇� > 0  {
�̇� > 0
�̇� > 0

 

Since r = 𝑞0  at initial stage and considering the Kuhn-Tucker loading-unloading relation, the 

evolution of the strain-like internal variable can be expressed as follows 

r(t) = max
𝑠∈[0,𝑡]

[𝑞0, 𝜏̅(t)]                                                        (4.16)
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This means the internal strain variable equals the maximum stress value reached in the loading 

process.  

4.2.6 Softening law and fracture energy 

In this work, the softening law is described by an exponential function given by: 

q(r) = 𝑞0 exp [𝐴 (1 −
𝑟

𝑟0
)]  (4.17) 

where 𝐴 is the softening parameter related to the fracture energy. 

Table 1 contains all the ingredients needed for the continuum tensile damage model. 

In order to define fracture energy in model I, let us assume a continuous body submitted to 

a force (F), as shown in Figure 14. The constitutive relation in this case is, 

𝜀̇ =
�̇�

𝐸
> 0 ⇒ �̇� = 𝐸𝜀̇ > 0  (4.18) 

�̇� > 0 ⇒  �̅� = 𝜏̅ − 𝑟 = 0 ⇒ 𝜏̅ = 𝑟  (4.19) 

Figure 14. Solid body under continuous force (reprinted from Maedo 2015) 

According to equation (4.18) and (4.19), equation (4.20) can be captured, 

𝜎 = �̇� = 𝐸𝜀̇̇  ⇒ 𝜀̇ =
�̇�

𝐸
 (4.20) 
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Considering a region (dΩ) of localized deformation zone with cross section S and thickness ℎ, one 

can write 

dΩ = hdS       (4.21) 

Assuming the application of a monotonic load, the external power can be described by the 

integration of the strain energy in the body, 

𝑝𝑒𝑥𝑡
Ω = ∫𝜎𝜀̇𝑑Ω

𝛺

=∫(1 − 𝑑)⏟    
𝑞
𝑟

𝐸𝜀⏟
𝑟

𝜀⏟̇
�̇�
𝐸

𝑑Ω

𝛺

= ∫𝑞
�̇�

𝐸
𝑑Ω

𝛺

= ∫𝑞
�̇�

𝐻𝐸
𝑑Ω

𝛺

  (4.22) 

where 𝐻 = 𝑞 ̇/(𝑟 ̇ ) = −𝐴 exp𝐴(1 − 𝑟/𝑟0). Based on exponential law in equation (4.20), equation 

(4.22) can be rewritten as 

𝑝𝑒𝑥𝑡
Ω = ∫

𝑞0 �̇�

𝐻 𝐸
𝑑Ω

𝛺

  (4.23) 

According to equation (4.17), equation (4.23) is transferred to 

𝑝𝑒𝑥𝑡
Ω = −∫𝑞0

�̇�

𝐴𝐸
𝑑Ω

𝛺

  (4.24) 

Taking equation (4.21) into consideration,  

𝑝𝑒𝑥𝑡
Ω = ∫−𝑞0

�̇�

𝐴𝐸
ℎ𝑑𝑆

𝑆

= − 
𝑞0ℎ

𝐴𝐸
∫ �̇�𝑑𝑆

𝑆

  (4.25) 

           The cracking process of the material occurs in the time interval tϵ[0, 𝑡∞]. Total work of 

cracking process is integration of external power input over time. Thus, total work can be 

calculated as, 

𝑊Ωℎ = ∫ 𝑝𝑒𝑥𝑡
Ω

𝑡∞

0

𝑑𝑡 = ∫ [−
𝑞0ℎ

𝐴𝐸
∫ �̇�𝑑𝑆

𝑆

 ]
𝑡∞

0

𝑑𝑡  (4.26) 

Applying Fubini’s theorem, one can rewrite the previous equation as follows 
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𝑊Ωℎ = ∫[
𝑞0ℎ

𝐴𝐸
∫ �̇�
𝑡∞

0

𝑑𝑡]

𝑆

𝑑𝑆 =  ∫
ℎ𝑞0

2

𝐴𝐸

𝑆

𝑑𝑆  (4.27) 

where 

𝐺𝑓 = ℎ
𝑞0
2

𝐴𝐸
 (4.28) 

is the fracture energy representing the energy spent in the form of a fracture per unit area. In this 

work, 𝐺𝑓 is property of material associated with 𝑞0, A and E.  

Table 1. Summary of damage theory for 1D 

Constitutive relation 

σ = (1 − d)𝜎 

𝜎 = 𝐸𝜀 

Damage criterion �̅� = 𝜏̅ − 𝑟 ≤ 0 

Evolution law for internal damage variable r(t) = max
𝑠∈[0,𝑡]

[𝑞0, 𝜏̅(t)] 

Damage evolution d = 1 −
𝑞

𝑟

Hardening/Softening law q(r) = 𝑞0 exp [𝐴 (1 −
𝑟

𝑟0
)] 

4.2.7 Extension to 2D and 3D problem 

The damage theory used in 1D problem can be extended to 2D and 3D problems. The 2D 

and 3D models are more complex because they required sophisticated operations. However, the 

main ingredients are very similar. In this section, the isotropic continuous damage model for 

multidimensional problems will be considered.  

For 2D and 3D, second order tensors are adopted rather than scalar tensor. Thus, 



34 

𝛔 = (1 − d)�̅�                                                             (4.29)          

where the second order stress tensor is expressed by 

𝛔 = 𝐂: 𝛆                                                                  (4.30) 

where C is a forth order elastic tensor and ε is strain tensor. The damage criterion can also be 

generalized for 2D and 3D analyses. Equation (4.31) exhibits the damage criterion in term of the 

elastic stresses, 

�̅� = 𝜏(�̅�) − 𝑟 ≤ 0  (4.31) 

𝜏(�̅�) = 𝜎𝑛𝑛 = 𝒏 ∙ 𝝈 ∙ 𝒏  (4.32) 

where n is unit vector normal to the base of the HAR-FE  and  𝜎𝑛𝑛 is the component of the stress 

tensor that is normal to the base of the interface element.  

The studies developed in this section illustrate the constitutive relations which can be used 

for the analysis of solid. They are the fundamental of CODE_BRIGHT which is used in this 

research.  

Table 2. Equations for the continuum tensile damage model 

Constitutive relation 

𝛔 = (1 − d)�̅� 

�̅� = 𝐂: 𝜺 

Damage criterion �̅� = 𝜎𝑛𝑛 − 𝑟 ≤ 0 

Evolution law for internal damage variable r(t) = max
𝑠∈[0,𝑡]

[𝑞0, 𝜎𝑛𝑛(t)] 

Damage evolution d = 1 −
𝑞

𝑟

Hardening/Softening law q(r) = 𝑞0 exp [𝐴 (1 −
𝑟

𝑟0
)] 
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4.3 High aspect ratio interface element 

Since Barcelona basic model (BBM) is only for constitutive relation in soil, a damage 

model is required to capture propagation of cracks. High aspect ratio interface element is recently 

established to simulate propagation and formation of cracks (Marcelo Sánchez, Manzoli, & 

Guimarães, 2014b).  

      Let us consider the linear triangular element with base b and height h (Fig 15) so that h is 

the distance between node 1 and its projection on the base of the element. The strain tensor (𝝐) of 

this element can be split into two parts:  

Figure 15. Three nodes solid interface element (reprinted from Manzoli et al 2014) 

𝝐 = �̃� + �̂� (4.33) 

where �̂� corresponds to the tensor with components associated with the height ℎ and �̃� is the tensor 

containing the remaining terms.  Therefore, equation (4.33) can be rewritten as  

𝝐 = �̃� −
1

ℎ
(𝒏⨂⟦𝒖⟧)𝑆

⏟ 
�̂�

(4.34) 
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where (∙)𝑆  denotes the symmetric part of the tensor in (∙), 𝒏 is the unit vector normal to the

element base, ⟦𝒖⟧ is the relative displacement between node 1 and its projection on the base of the 

element and ⨂ is a dyadic product.  

In the limit situation in which ℎ  tends to zero (ℎ → 0) , equation (4.34) is almost 

exclusively defined by the tensor �̂�. In other words, the discontinuity of the linear triangular 

element with high aspect ratio can be expressed by the relative displacement between node 1 and 

its projection on the element base (1’). Hence, the relative displacement ⟦𝒖⟧ can be considered as 

the measurement of displacement discontinuity.  

4.4 Discrete constitutive relation of interface element 

The damage model explained before is adopted to represent the formation and 

propagation of cracks in solid materials. The present work uses the damage criterion based on the 

component of stress tensor which is normal to the base of the HAR-FE. Thus, the model is capable 

of mimic fracture in Mode I. Moreover, since the damage variable degrades all components of the 

elastic stress, it is also possible to reproduce the crack process in mixed mode. 

In order to show that the stress-strain continuum constitutive relation tends to the discrete 

traction-separation relation as the aspect ratio increases, let us substitute equation (4.34) into 

equation (4.29), 

𝛔 = (1 − d)𝐂: 𝛆 = (1 − d)𝐂: [
1

ℎ
(𝒏⊗ ⟦𝒖⟧)𝑆 + �̃�]=

(1−d)

ℎ
𝐂: [(𝒏⊗ ⟦𝒖⟧)𝑆 + �̃�ℎ]     (4.35)

When ℎ tends to zero, equation (4.35) becomes the following cohesive law relating traction to 

discontinuity 
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𝒕 = 𝝈 ∙ 𝒏 =  
(1 − d)

ℎ
(𝐧 ∙ 𝐂 ∙ 𝐧)

⏟  
�̂�

⟦𝒖⟧𝑆 = �̂�⟦𝒖⟧ (4.36) 

The previous equation shows that the HAR-FE used in this work are able to emulate discrete cracks 

in solids by considering a continuum damage model. 

4.5 IMPL-EX integration scheme 

The Implicit-explicit integration scheme proposed by by Oliver et al. (2008) (Oliver, 

Huespe, & Cante, 2008) was used to compute the stresses from the damage model. This method is 

very robust, and it always converges with 2 Newton-Raphson iterations IMPL-EX algorithm 

addresses the update of the internal variable 𝑟 to explain the limit of degradation. With the help of 

𝑟 value, the level of current damage and the tensor of current stresses can be obtained.  

Table 2. shows the scheme for the implicit-explicit integration technique for equivalent 

stress 𝜏̅ = 𝜎𝑛𝑛 . This integration technique ensures convergence to the cost of a consistency 

violation. The algorithm may lose precision, and therefore, small load increments may be required 

in order to address this issue. The main advantage of this technique is its stability and 

computational robustness, because the IMPL-EX keep the convergence of every time step (Maedo 

et al., 2014). 
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Table 2. IMPL-EX integration scheme for damage model 

Input: 𝑟𝑖, Δ𝑟𝑖, 𝜎𝑛𝑛(𝑖), 𝜀(𝑖+1)

(1) Calculate the elastic stress tensor in step i+1:

�̅�(𝑖+1) = 𝑪: 𝜺(𝒊+1)

(2) Calculate equivalent stress:

𝜏(̅𝑖+1) = 𝜎𝑛𝑛(𝑖+1) = 𝒏 ∙ �̅�(𝑖+1) ∙ 𝒏

(3) Verify the status of loading and unloading:

If       𝜎𝑛𝑛(𝑖+1)  ≤  𝑟𝑖

Then    𝑟(𝑛+1) = 𝜏(̅𝑖+1) 

Else        𝑟(𝑛+1) = 𝑟𝑛 

(4) Calculate the internal variable increment:

 Δ𝑟(𝑛+1) = 𝑟(𝑛+1) − 𝑟(𝑛) 

(5) Calculate the linear extrapolation of r:

�̃�(𝑖+1) = 𝑟(𝑖) +
Δ𝑡(𝑖+1)

Δ𝑡𝑖
 Δ𝑟(𝑖) 

(6) Update the value of internal variable q based on exponential law and damage variable d

�̃�(𝑖+1)(�̃�) = 𝑞0 exp [𝐴 (1 −
�̃�(𝑖+1)

𝑞0
)]; �̃�(𝑖+1) = 1 −

�̃�(𝑖+1)

�̃�(𝑖+1)

(7) Update stress tensor:

�̃�(𝑖+1) = (1 − �̃�(𝑖+1))�̅�(𝑖+1),  if    𝜎𝑛𝑛(𝑖) > 0

�̃�(𝑖+1) = �̅�(𝑖+1),  if  𝜎𝑛𝑛(𝑖) < 0

Output: 𝑟(𝑖+1), Δ𝑟(𝑖+1), 𝜎𝑛𝑛(𝑖+1), �̃�(𝑖+1)
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5. CASE STUDY

5.1 Introduction of field test 

   The field test reported by Konrad & Ayad, 1997 is implemented to validate MFT. The 

test site is located in Saint-Alban, 80 km west of Québec City in the Saint Lawrence Valley. The 

Saint-Alban clay is a part of the Champlain Sea Clay deposits. The typical soil profile consists of 

0.4 m of top soil, 1.2 m of weathered clay crust and the rest is the Saint-Alban clay which called 

intact clay in the case. A longitudinal cross section of the excavations is shown in Fig. 16. The 

study mainly concentrates on the upper intact clay layer, which had never been experienced to any 

freeze-thaw or wetting-drying cycles. Fig 17. Illustrates soil properties of upper 12 m.  The deposit 

has not been subjected to any preconsolidation. According to properties shown in Fig 17., the intact 

clay deposit was in overconsolidate condition because current stress applied on soil is smaller than 

its history stress (Konrad & Ayad, 1997). Even though the soil is very sensitive clay, the sensitive 

behavior only appears when you at normal consolidation state. This means the deposit shows 

elastic property based on elastic-plasticity theory. Thus, elasticity is mainly used in model to 

simulate soil behavior in this research. Since no external stress applied to the field test, change of 

mean stress in soil unit is small.  

The first cracks occur after about 17 hours from the beginning of evaporation. This was 

the first observation made during the following field test and does not necessarily correspond to 

the actual time of crack initiation. After 27 h of evaporation, the average gap between cracks was 

about 5 mm while it changes to 4 mm after 48 h of evaporation, which indicating the soil volume 

shrinkage. After 96 h of evaporation, most of the soil polygon showed new cracks and the opening 

of cracks was about 5 mm. After 192 h, differential shrinkage, which leads to subhorizontal shear 
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planes, became noticeable in the upper 5 to 7 cm. Fig 18 presents the cracks formation after 182 h 

of evaporation. At that time, the opening of secondary cracks below the desiccated crust was only 

about 2 mm and reaching to 4.5 mm after 249 h of evaporation. Primary cracks at the surface were 

observed at about 17 h and secondary cracks formed at around 70 h. It appears that after the 

formation of secondary cracks, the rate of crack opening increased a little, which is possibly due 

to three-dimensional effect on moisture loss. The secondary cracks were initiated after about 150 

h of evaporation according to extrapolation of observed data. Cracks and settlement occurred in 

the field test are mainly because of soil shrink based on moisture content change. This makes 

measurements of hydraulic properties significantly important.  

5.2 Measurements of hydraulic properties   

    In Konrad paper, several important soil properties are measured during the experiment in 

separate time step which are 0 hours, 18 hours, 24 hours, 42 hours, 65 hours, 73 hours, 97 hours, 

145 hours, 193 hours and 241 hours. The volumetric moisture content is measured by the TDR 

technique from which the gravimetric water content profiles inferred. Seven thermistors were 

installed at depths of 2, 4, 10, 20, 32, 46 and 69 cm. The validation of TDR is presented in detail 

in Konrad paper. High quality 200 mm diameter samples are retrieved to measure volumetric 

moisture content for the validation. The agreement is excellent, indicating the TDR is suitable to 

measure moisture content in the field test. Water content profile is shown in Fig. 19. After 18 h of 

evaporation, the water content at 2 cm below the ground surface decreased from 103 to 94 % while 

that below around 30 cm remained unchanged. With evaporation going, the moisture content keeps 

decreasing especially in the upper 40 cm. After a close examination of water profile in Fig 19, a 

change in the shape of water content profile can be noticed taken at 73 h evaporation. It suggests 



41 

an increased water content loss and maybe a transition from one-dimensional to three-dimensional 

evaporation.  

The soil-water characteristics curve of Saint-Alban clay retrieved from a depth of 2 m is 

provided in Fig 20.  Suction profile is measured by tensiometer, but some errors were observed 

after suction reaches approximately 30 kPa. It happened probably because of the presence of air 

in the tubes. Thus, the extrapolated suction is inferred based on the soil water retention curve 

shown in Fig 20. 

Evaporation flux has important influence on the propagation of cracks. However, no 

direct measurements are available till now.  The rate of moisture loss per unit area is calculated 

based on the porosity profiles shown in Fig 21. Porosity of the clay in field test was changing along 

with different time step and depth. After crack formation at the soil surface, moisture loss is 

associated with three-dimensional instead of solely to one-dimensional evaporation. Thus, the rate 

of moisture loss is expected to increase with time after crack formation but also decrease 

subsequently because of a reduction in hydraulic conductivity in upper soil layer based on the 

water content decreases.  

5.3 Measurements of mechanical properties 

Vertical settlement and horizontal shrinkage are results of soil volume change induced by 

capillary based on evaporation. Vertical settlement is measured by eight settlement gauges placed 

at the periphery of the excavation. Fig 22 illustrates the evolution of vertical settlement at depths 

of 2, 4, 7, 10, 16, 25 and 40 cm. A maximum settlement of 4 mm was observed at the surface of 

the soil, while soil at 40 cm depth never displayed any settlement during the whole test period. 

Vertical settlements were only observed in the first 5 to 7 cm of the clay deposit while the water 
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content remains to change across the first 30 cm. This is because when the vertical cracks 

developed into around 5 to 7 cm, further moisture change induced essentially a volume change in 

the lateral direction associated with crack opening. After lateral cracks appear, three vertical cracks 

formed within each polygon and propagated to a depth of about 4 to 6 cm, which corresponds to 

the length of the stem of the observed protuberances in each polygon. In the central part of a 

polygon, the vertical cracks form along a cylindrical surface. Continued moisture loss in each 

polygon leads to crack opening as shrinkage increases. Fig 23 shows the volume decrease of the 

stem creates a spherical cap in its lower part. Fig 24 illustrates protuberances figured out in test 

field.  

5.4 Crack propagation mechanisms during desiccation 

   Reason of cracks propagation is because of stress concentration in the vicinity of the crack 

tip. The depth of cracks is controlled by both the intrinsic soil properties and the stress field. Three 

modes are introduced for cracks propagation before. Mode Ⅰ explains propagation of cracks 

because of opening of material. Model Ⅱ or an in-plane fracture mode regards cracks propagation 

based on shear strength and mode Ⅲ takes torsion into consideration for cracks initiation. In this 

field test, primary cracks, which formed short of 17 h of evaporation, propagation is explained 

with Model Ⅰ. The probable depth of primary cracks is around 5 cm according to settlement profile. 

Secondary cracks didn’t begin to propagate until 70 and 80 h. With process of evaporation, 

subhorizontal shear planes appear at depth of 5 and 7 cm.  

  Three-dimensional effects of soil lead to shear plane due to differential shrinkage. The 

shear plane, which can be explained refers to mode Ⅱ fracture mechanism, is horizontal in this 

case and the cracks propagate horizontally as well. The length of the crack propagation is 
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controlled by the magnitude of shear stress. According to the observed data, the vertical secondary 

cracks propagated below the shear plane after about 150 h of evaporation. Two mechanisms are 

introduced in Konrad et al. (1997) paper to explain sudden crack propagation below the horizontal 

shear plane.  

The first method is regarding the existing cracks subjected to increasing total horizontal 

tensile stresses propagate suddenly to the ultimate depth when the stress intensity factor reaches 

the critical value 𝐾𝐼𝑐. However, the 𝐾𝐼𝑐 is related to the moisture content of the soil and increase

as moisture content decrease. This explains the tensile stresses required for cracks formation in 

this stage is higher than that required for original crack initiation.  

The second option is to assume the mechanism of crack propagation below the 

subhorizontal shear plane is the horizontal total stress reaches the tensile strength of the soil to 

crack soil, as illustrated in Fig 19. The second stage of the crack propagation starts at around 150 

h after evaporation. At that time, the water content is was lower than the original value of 103%. 

Therefore, the tensile strength is higher than that of the soil at its original water content.   

To summary, there are six events to describe the suggested mechanisms during the first 250 

h of evaporation. First, the initiation of primary cracks leading to a crack depth of 5 cm and a 

spacing between 20 and 24 cm before 17 h of evaporation. Secondly, cracks keep propagating due 

to moisture change. Thirdly, the initiation of secondary cracks after 70 h when tensile stress 

reaches the tensile strength of desiccating soil. Fourth, horizontal strains induced in a plane at a 

depth of about 6-8 cm. This leads to a subhorizontal crack. The fifth stage is about the initiation 

and propagation of new cracks below the horizontal crack. Finally, continued evaporation and 

volume change creates the observed protuberance in each polygon.  
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Based on test results from Konrad paper, a simulation model is established to match the 

results. Most important part is to match settlement result and get cracks formation. This is 

significantly important for validating the MFT.  

Figure 16 Characteristics of test sections (reprinted from Konrad & Ayad, 1997) 

Figure 17. Soil profile at the field test (reprinted from Konrad & Ayad, 1997) 
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Figure 18. Crack network at the surface of clay after 182 h of evaporation 

(reprinted from Konrad & Ayad, 1997) 

Figure 19. Water content profile at different elapsed time (reprinted from 
Konrad & Ayad, 1997) 
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Figure 20. Soil-water retention curve for intact clay (reprinted from 
Konrad & Ayad, 1997) 

Figure 21. Porosity profiles at different elapsed times of evaporation 

(reprinted from Konrad & Ayad, 1997) 
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Figure 22. Settlement with time at different depths below the excavation floor 

in intact clay (reprinted from Konrad & Ayad, 1997) 

Figure 23. Description of mechanisms leading to vertical cracks below shear 

plane and formation of a protuberance (reprinted from Konrad & Ayad, 1997) 
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Figure 24. Polygon removed from the desiccated intact clay after 2 h 

(reprinted from Konrad & Ayad, 1997) 
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6. NUMERICAL ANALYSIS

6.1 Introduction 

          This research is operated in the finite element program CODE_BRIGHT(Olivella, Gens, 

Carrera, & Alonso, 1996). This computer code is established to solve coupled Themo-Hydro-

Mechanical (THM) problems in porous media. The main THM phenomena and their mutual 

interactions are expressed mathematically based on constitutive equations; momentum, mass and 

energy balance equations and equilibrium restrictions. The main phenomena considered are water 

flow, air flow, gas phase, air solution in water, dissolved air diffusion, energy transfer, elastoplastic 

mechanical behavior of soil. Equilibrium restrictions associated with the amount of dissolve air in 

water in terms of the partial pressure of the air while the amount of vapor water on gas phase 

depending on pressure and temperature. This formulation has been widely validated in geological 

media(A. Gens et al., 2009; Pereira, Guimarães, Horowitz, & Sánchez, 2014; M. Sánchez, Gens, 

& Guimarães, 2012). 

          CODE_BRIGHT was not developed originally to simulate the crack propagation in porous 

media. The model was established based on Mesh Fragmentation Technique (MFT). MFT is based 

on the usage of interface solid finite elements with a high aspect ratio (O. L. Manzoli et al., 2016) 

which are inserted in between standard (bulk) finite elements of a finite element mesh. The MFT 

was implemented in CODE_BRIGHT based on ideas published by Sanchez et al. (Marcelo 

Sánchez et al., 2014b). By using the technique, it is possible to include the formation and 

propagation of cracks in the numerical analysis. CODE_BRIGHT uses GID and gmsh to generate 

mesh and shown results from simulation. The behavior of the regular elements of the mesh is 

introduced with the Barcelona Basic Model (BBM). The tensile damage model is adopted to 
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reproduce the behavior of the interface element. In following sections, two different mesh is 

produced for different aim of simulation. Simple mesh is created for parametric studies which are 

helpful to understand how different parameters influence propagation of cracks and theses 

parameters can subsequently be used into excavation case. Excavation case is established for 

simulation formation of cracks in filed test. The mesh is in bigger scale than simple case and is 

important to validate MFT.   

6.2 Parametric studies 

    Parametric studies are processed with mesh of simple case. A simple and fast case is 

created for parametric study which shown in Fig 25. Fig 26 presents the inter face element inserted 

between the bulk element. Scale of the mesh is present in Table 3. Table 4 presents mechanical 

parameters used in reference case. Fig 27 is formation of cracks in reference case. Other cracking 

results of cases are compared with reference case. Cracks depth in reference case varied from 29 

cm to 68 cm while space between cracks varied from 32 cm to 100 cm.   

Figure 25. Mesh of simple case 
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Figure 26. Interface element in simple case 

Figure 27. Formation of cracks in reference case 

Table 3. Scale of the simple mesh 

Scale of the simple mesh 

Length (m) 8 

Depth (m) 2 

Number of total nodes 29,071 

Number of total elements 57,584 

Number of interface elements 24,520 

Table 4. Mechanical parameters for reference damage model 

Mechanical parameters for reference damage model 

Gf (N/m) q0 (kPa) ki0  ks0 

25 10 0.01 0.005 
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After inputting different damage parameters into this model, cracks propagation 

influenced by different parameters can be observed. Fig 28. illustrates how fracture energy 

influence cracks propagation. As we can see, the less fracture energy it needs, the more fractures 

initiate. Fracture energy not only influences the depth of cracks but also the distance between 

cracks. It shows that less fracture energy is going to make more spread and deeper cracks. It totally 

makes sense because fracture energy is energy spent in fracture unit, which means it is easier to 

overcome small amount of fracture energy to get cracks.  Fig 29 presents how tensile strength 

influence cracks propagation. Because tensile strength is the criterion to estimate whether soil 

would open, it would be hard for cracks to open if you have high tensile strength. Results in Fig 

25 prove this hypothesis. The more tensile strength, the harder it is to open cracks. According to 

Fig 30, 𝑘𝑖0 doesn’t have much influence on the crack propagation. However, 𝑘𝑠0 have a significant 

impact on formation of cracks. According to Fig 31, more 𝑘𝑠0 leads to more cracks in soil. Reason 

is simple. For this model, no external stress except for gravity is loaded on the soil, which means 

cracks initiate because of suction. In this research, suction most influence mechanical properties 

of the model. 𝑘𝑠0 is parameter in suction part of mechanical constitutive model so it is reasonable 

that 𝑘𝑠0 has more influence on cracks than 𝑘𝑖0.  

Since suction has more influence on cracks propagation in this case, the simple case is still 

used to study hydraulic and mechanical properties in model and comparing them with results 

captured in field test. Following part will introduce simulation in simple case in details 
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Figure 28. Cracks deformation according to fracture energy 

Figure 29. Cracks deformation according to tensile strength 
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Figure 30. Cracks deformation according to ki0 

Figure 31. Cracks deformation according to ks0
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6.3 Simple case 

6.3.1 Hydraulic properties of simple case 

Hydraulic properties of the soil needed to match with that provided by Konrad (1997). 

Hydraulic properties are very important because it is directly related to water content of soil which 

significantly influences suction in soil. Suction have important impact on behavior of soil 

shrinkage because of capillary phenomena. As degree of saturation decrease, the radius of the 

meniscus decreases, which results in increase of surface tension based on capillary effect. The 

surface tension is named suction in geotechnical engineering. Suction provides source of tensile 

stress to drag soil material apart. When tensile strength exceeds tensile stress that soil can afford, 

cracks start to propagate in soil. In this case, soil-water retention curve is adopted to establish a 

relationship between suction and hydraulic properties (eg. water content, degree of saturation). 

Thus, the soil-water retention curve (SWRC) is checked first during this research. Fig. 32 shows 

result of SWRC match. The point line presents SWRC in field test while continuous line present 

analytical solution of SWRC used in model. Usually van Genuchten analytical solution is used to 

fix with field water retention curve, but in this case original van Genuchten analytical solution 

can’t give a good fix result. So a modified analytical solution of the expression proposed by van 

Genuchten (1978) is adopted in this research (van Genuchten, 1978). The equation of modified 

analytical solution is: 

𝑆1 = [1 + (
𝑠

𝑃0
)
1/(1−𝜆0)

]

−𝜆0

𝑓𝑑 

𝑓𝑑 = (1 −
𝑠

𝑃𝑑
)
𝜆𝑑

(6.1) 
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  where S1 is degree of saturation, s means suction, P0 means atmospheric pressure and λ are 

different model parameters. By choosing reasonable parameters in the analytical solution of 

SWRC, the relatively perfect match result is shown in Fig. 32. Table 5 shows parameter values in 

SWRC analytical solution.  

Figure 32. SWRC match result 

Table 5. Parameters value in retention curve 

Retention Curve 

P0 (MPa) 0.05 

λ0 0.19 

Pd (Mpa) 1200 

λd 400 

          After comparation of SWRC, hydraulic properties are checked with that in Konrad Paper. 

Most of hydraulic properties are published by Konrad et al (1993). They make some tests of soil 
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in same field to get void ratio and hydraulic permeability (Konrad & Seto, 1993). It is important 

because hydraulic permeability influence how water content varies with depth. This can cause 

different influence on suction profile with the soil.  

         To get a reasonable permeability result, permeability equation is checked in the research. 

There is two common permeability in Geotechnical engineering. One is Kozeny’s based model 

equation which is shown below: 

κ = κ0
𝑛3

(1 − 𝑛)2
(1 − 𝑛0)

2

𝑛03
 (6.2) 

          where κ is permeability, n0 is reference porosity, κ0 is permeability associated with n0 and 

n is porosity. 

          Another equation is modified based on Kozeny model, 

κ = κ0𝑒𝑥𝑝[𝑏(𝑛 − 𝑛0)]                                                     (6.3)

          where b is modified parameter to make equation more flexible to fix with field data. 

 In this research, reference porosity is chosen by calculating average value of porosity data 

shown in Konrad paper (Konrad & Seto, 1993).  Matching result is shown in Fig 33.  

Figure 33. Hydraulic conductivity match results 
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In Fig 33, triangular points present data in field. Square points illustrate data from Kozeny 

basic model equation while circle points show data from modified equation. Parameters used in 

these two equations are shown in Table 6. Based on results shown in Fig 9, modified equation best 

fit with data in field test. Thus, parameters in modified equation are adopted and input to model in 

this research. 

Table 6. Permeability value in model equation 

Kozeny basic model equation 

n0 0.7 

κ0 (m
2) 1.5E-16 

Exponential equation 

n0 0.69 

κ0 (m
2) 1.3E-16 

b 28 

          Since water content is measured in field test, hydraulic properties in model can be verified 

based on matching results of water content. Fig. 34 illustrates matching results of the gravimetric 

water content depends on depth of different elapsed time between results from model and that from 

field test of Konrad in which circle point line presents data from model and square line means data 

from field test. From Fig 34, water content decreases with procedure of evaporation. Model 

provides good results in water content at different elapsed time and different depth. It proves the 

hydraulic properties of this model is good to go. Next step is to check mechanical properties. 
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(a)18 hours after evaporation

(b) 24 hours after evaporation

Figure 34. Matching results of the gravimetric water content depends on depth 

between simple case and field test 
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(c) 42 hours after evaporation

(d) 65 hours after evaporation

Figure 34 continued 
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(e) 73 hours after evaporation

(f) 97 hours after evaporation

Figure 34 continued 
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(g) 145 hours after evaporation

(h) 193 hours after evaporation

Figure 34 continued 
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(i) 241 hours after evaporation

Figure 34 continued 

6.3.2 Mechanical properties of simple case 

For this simulation, the most valuable result is the settlement. The Barcelona Basic Model 

(BBM) is adopted to describe the behavior of the bulk elements of the mesh in order to estimate 

the amount of settlement.  The following equation is to calculate settlement based on BBM: 

𝑑𝜀𝑣
𝑒 =

𝑘𝑖(𝑠)

1 + 𝑒

𝑑𝑝′

𝑝′
+
𝑘𝑠(𝑝

′, 𝑠)

1 + 𝑒

𝑑𝑠

𝑠 + 0.1
+ (𝛼0 + 2𝛼2∆𝑇)𝑑𝑇

where 

𝑘𝑖(𝑠) = 𝑘𝑖0 (1 + 𝛼𝑖𝑠)
𝑘𝑠(𝑝

′, 𝑠) = 𝑘𝑠0exp (𝛼𝑠𝑠𝑠) (6.4) 

where 𝜀𝑣
𝑒 is volumetric elastic strain which is settlement in geotechnical engineering, s

denotes suction, e is the void ratio in soil, T is temperature, p’ is mean stress and pref refers to the 
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atmospheric pressure, and α goes to different scalar variables in different function. A parametric 

study will be conducted in order to find a reasonable value for α.   

In order to get reasonable settlement, relation of different parameters in mechanical 

constitutive model is studied. From the mechanical constitutive model, three parts included to 

influence elastic strain. They are mean stress, suction and temperature. For now, temperature is 

not considered because suction is most influence settlement in this research. Thus, the equation 

can be simplified as following, 

𝑑𝜀𝑣
𝑒 =

𝑑𝑝′

𝐾
+
𝑑𝑠

𝐾𝑠

where: 

K =
𝑝′(1 + 𝑒)

𝑘𝑖(𝑠)

𝐾𝑠 =
(𝑠+0.1)

𝑘𝑠(𝑝′,𝑠)
(1 + 𝑒) (6.5) 

Since differential change of mean stress and suction are same at every time step, K and Ks 

is most influence differential elastic strain.  From the equation, relation of elastic strain and 

parameters is clear. With Ks increasing, elastic strain decrease, which means the soil becomes 

loose and vice versa. K has same relation with elastic strain as Ks does. As suction has more 

influence on settlement in this research, parameters in Ks are studied mainly. Because we need 

stiffer soil as settlement goes, differential change of elastic strain is decreasing which means Ks 

should increase. Relation between Ks and suction is illustrated in Fig 35. Parameters value in this 

relation curve is shown in Table 7. Table 8 illustrates mechanical variables of interface element 

which is used to simulate crack propagation. Based on these parameters, settlement can be mimic. 

Fig 36 illustrates settlement results from model and field test at 2 cm depth. It gives a good 

matching result at the end part of settlement.  
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Figure 35. Relation of suction and Ks 

Figure 36. Settlement matching results at 2 cm depth with different elapsed time 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

0 0.5 1 1.5 2 2.5

K
s

Suction

Ks vs Suction

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 50 100 150 200 250 300

Se
tt

le
m

en
t 

(m
m

)

Time (h)

Field

Model 12



66 

Table 7. Mechanical properties of bulk element 

Elastic parameters of BBM 

κi0 κs0 αi αss pref υ 

0.05 0.025 0 -1.5 0.10 0.42 

Table 8. Mechanical properties for interface element 

Mechanical properties of interface element 

E (MPa) υ Gf (MN/m) q0 (MPa) 

4 0 3.50E-7 0.01 

Fig 37 presents cracks propagation and formation of the simple case.  But the depth and 

space of cracks are different from field test. Cracks depth of model varied from 8 cm to 27 cm 

while that of filed test varied from 6 cm to 11 cm. Space between cracks in model in the range of 

58 cm and 239 cm while that in field test is between 10 cm to 12 cm. Maybe the reason is the scale 

of the mesh. A larger scale mesh (excavation case) is introduced in following section to find out if 

scale of the mesh influences the propagation of cracks.  

Figure 37. Example of drying cracks obtained with the MFT simulator 
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6.4 Excavation case 

To simulate cracks propagation in field test, a mesh coupled with excavation process is 

created. Two procedures are created in this mesh to reproduce the field condition. One is the mesh 

before excavation starts, which is shown in Fig 38. Another is the mesh after excavation, which is 

illustrated in Fig 39. This process repeat the excavate procedure in field test. Interface elements 

are inserted into the mesh to capture formation of cracks (Fig.40). Because depth of cracks in the 

field varied from 6 cm to 11 cm, small scale mesh named ‘cracks section’ (dark brown part in Fig 

39) with magnitude shown in Table is chosen at excavation surface to reproduce the propagation

of cracks. Different parameters are used in different soil in the mesh. In this research, intact clay 

is mainly observed in field test. Thus, in the simulation, results in intact clay (cracks section and 

pink part below the cracks section) are captured to match with results in field test.  

Figure 38. Mesh before excavation 
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Figure 39. Mesh after excavation 

Figure 40. Interface element in excavation case 

Table 9. Scale of the excavation mesh 

Scale of the excavation mesh 

Length of intact clay (m) 20 

Depth of intact clay (m) 7 

Length of mesh of cracks section (m) 3.5 

Depth of mesh of cracks section (m) 0.4 

Number of total nodes 58,680 

Number of total elements 118,014 

Number of interface elements in cracks section 26,886 
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6.4.1 Hydraulic properties of excavation case 

Since water content profile is matched in simple case, same water retention curve and 

permeability are used in excavation case to match water content profile. Fig 41.  illustrates 

matching results of the gravimetric water content depends on depth of different elapsed time 

between results from excavation case and that from field test of Konrad in which circle point line 

presents data from model and square line means data from field test. It provides good results of 

gravimetric water content at different elapsed time. Then mechanical properties (e.g. settlement) 

are validated. 

(a)18 hours after evaporation

Figure 41.Matching results of the gravimetric water content depends on depth 

between excavation case and field test 
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(b) 24 hours after evaporation

(c) 42 hours after evaporation

Figure 41 continued 
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(d) 65 hours after evaporation

(e) 73 hours after evaporation

Figure 41 continued 
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(f) 97 hours after evaporation

(g) 145 hours after evaporation

Figure 41 continued 
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(h) 193 hours after evaporation

(i) 241 hours after evaporation

Figure 41 continued 
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The method to get water content profile in this research is as following, 

1. Plotting line graph of degree of saturation between depth from 2 cm to 69 cm, which is

same as the depth of TDR probes inserted in field test 

2. Extracting data of degree of saturation of different elapsed time at depth where water

content measured in field test in GID 

3. Calculating water content of different elapsed time at same depth in step 2 with help of

void ratio, specific gravity. 

Even though the porosity have influence on formation of cracks(Stewart, Rupp, Abou 

Najm, & Selker, 2016), in this research, cracks are taken into consideration based on the data 

extraction prosses shown above. Thus, water content profile shown in Fig 41 is able to present 

hydraulic properties in field test.  

6.4.2 Mechanical properties of excavation case 

Based on BBM, settlement is checked in cracks section at depth of 2 cm. Fig 42 presents 

the matching results of settlement in excavation case. Circle point line is settlement data from field 

test while rhombus point line represents that from excavation model. Parameters used to input in 

this model is shown in Table 10 and 11. The trend of settlement data is similar even though there 

is difference between results of filed test and model. This difference maybe produced by 

temperature or three-dimensional effect. This model will input temperature and fracture model of 

shear in future to get a better settlement matching result.   
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Figure 42. Settlement matching results at 2 cm depth with different elapsed time in 

excavation case 

Table 10. Elastic parameters of BBM in excavation case 

Elastic parameters of BBM 

κi0 κs0 αi αss pref υ 

0.05 0.04 0 -1.5 0.10 0.42 

Table 11. Mechanical parameters of interface element in excavation case 

Mechanical parameters of interface element 

E (MPa) υ Gf (MN/m) q0 (MPa) 

4 0 3.50E-7 0.01 
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6.4.3 Cracks formation and stress distribution in excavation case 

After validating hydraulic and mechanical properties, cracks formation is observed in 

cracks section. Fig 43 illustrates cracks formation in cracks section. Space of cracks between 

cracks is varied from 9 cm to 29 cm while that in field test is 10 cm to 12 cm. Depth of propagated 

cracks is between 2 cm to 139 cm while that in field test is between 4 cm to 6 cm. It shows the 

model is able to approximately predict cracks propagation. And the scale of mesh is able to 

influence formation of cracks comparing the cracks formation in excavation case with that in 

simple case.  

Figs. 44 and 45 presents the stress distribution before and after excavation, respectively. 

Stress distribution reorganize at top of the mesh, which makes it close to the field condition Fig 

46 shows the stress distribution around cracks. It gives evidence that stress concentration at vicinity 

of cracks.  

Figure 43. Cracks formation in cracks section 
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Figure 44. Stress distribution before excavation 

Figure 45. Stress distribution after excavation 
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Figure 46. Stress distribution in cracks section 
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7. CONCLUSION AND FUTURE WORK

The Mesh Fragmentation Technique (MFT) was recently proposed by Sanchez et al. 

(2014) to simulate the formation and subsequent propagation of drying cracks in soils. It was 

shown that the MFT is capable of reproducing typical cracks morphologies typically observed in 

desiccated soils and the crack patterns obtained in small scale plate tests in the laboratory. Then 

this methodology was implemented by Maedo (2019) in the finite element code CODE_BIRGHT. 

In this research a fully coupled version of the MFT was used for first time to simulate and actual 

drying tests conducted under real environmental conditions and at large scale. The test selected 

corresponds to an excavation and drying experiment conducted in Canada and reported in Konrad 

(1997). The simple case and excavation case are used to validate the proposed framework. The 

simulation of this experiment has shown that the proposed framework is able to reproduce the 

reported variation of water content at different depths and also the settlements observed in this 

experiment. The model was also able to approximately predict the cracks depths and the spacing 

between cracks. However, the present study was not able to exactly reproduce the crack process 

in the field, and therefore, more research is needed to address this problem.  

More parametric studies will finish in future to understand mechanism of BBM and HAR-

FE. Temperature would be considered to get more accurate propagation of cracks. In addition, 

temperature may influence on this cracks propagation. After finishing the simulation on 2D stage, 

formation of cracks in 3D will be taken into consideration.  
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