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Abstract The study of drying process in soils has received

an increased attention in the last few years. This is very

complex phenomenon that generally leads to the formation

and propagation of desiccation cracks in the soil mass. In

recent engineering applications, high aspect ratio elements

have proved to be well suited to tackle this type of problem

using finite elements. However, the modeling of interfaces

between materials with orthotropic properties that gener-

ally exist in this type of problem using standard (isotropic)

constitutive model is very complex and challenging in

terms of the mesh generation, leading to very fine meshes

that are intensive CPU demanding. A novel orthotropic

interface mechanical model based on damage mechanics

and capable of dealing with interfaces between materials in

which the strength depends on the direction of analysis is

proposed in this paper. The complete mathematical for-

mulation is presented together with the algorithm sug-

gested for its numerical implementation. Some simple yet

challenging synthetic benchmarks are analyzed to explore

the model capabilities. Laboratory tests using different

textures at the contact surface between materials were

conducted to evaluate the strengths of the interface in

different directions. These experiments were then used to

validate the proposed model. Finally, the approach is

applied to simulate an actual desiccation test involving an

orthotropic contact surface. In all the application cases the

performance of the model was very satisfactory.

Keywords Drying cracks � Mesh fragmentation �
Orthotropic interphase elements � Orthotropic shear

strength � Shrinkage 3D FE modeling

1 Introduction

The use of interface elements in the context of finite ele-

ment (FE) simulations is based on the idea of introducing

special elements in between the standard (bulk) ones of a

FE mesh [10, 21–23, 27, 32, 33, 40, 43]. For example,

zero-thickness interface elements have been used to

explicitly include the presence of discontinuities when

modeling fractured rock masses [12]. This type of interface

element has also been used in the meso-scale-level mod-

eling of cracks and fractures in concrete [6, 7, 9, 19, 20].

Approaches based on similar concepts, as, e.g., cohesive

zone models, have also been used in geo-engineering

applications [26].

The formation and propagation of discontinuities in

solids and porous media is a very challenging problem that

is driving the development of both experimental

[16, 18, 28, 34, 38, 39] and advanced numerical techniques

[2, 3, 14, 31, 42]. In this context, the mesh fragmentation

technique (MFT) in conjunction with high aspect ratio

(HAR) elements has been used with success to model the

problem of formation and grow of drying cracks in soils

[40], as well as the problem of fracture generation and

propagation in concrete structures [22, 23, 37]. Some

advantages of this technique are discussed in Sect. 2.

The proper modeling of the contact between materials

generally plays a critical role for a successful simulation of
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several problems, as for example, the shrinkage behavior of

soils subjected to drying. Drying experiments show that the

contact between the soil and the underlying (rigid) surface

controls the formation of drying cracks, impacting in the

spacing between them, their orientation and other charac-

teristics of the crack network. For example, Peron et al.

[34] reported that a clayey soil upon drying and under free

shrinkage conditions did not crack. However, the same soil

under identical environmental conditions, but with dis-

placement restrictions at the soil–plate contact (rigid) sur-

face did develop desiccation cracks. To reproduce free

shrinkage conditions the soil sample was prepared in a

rectangular Teflon plate, whereas metallic rectangular

notches were included at the contact between the soil and

the plate to impose the restriction in the longitudinal

direction. The numerical analysis of this experiment pre-

sented in Sánchez et al. [40] also shows that the adhesion

between soil and the (no-deformable) surface controls the

spacing between drying cracks. Furthermore, to properly

simulate the shrinkage-restricted test discussed above it

was necessary to discretize every single notch present at

the soil–plate contact surface.

An orthotropic interface mechanical model capable of

distinguishing between strengths in different directions

would highly facilitate the modeling of this type of prob-

lem. For example, it will minimize the time-consuming

process of developing the meshes incorporating all the

details of the contact surfaces that generally impact on

directional adhesions and strengths. Furthermore, it will

reduce the number of degree of freedoms of the problem

(and therefore the associated CPU time), because the

orthotropic characteristics of the contact surface(s) will be

incorporated in the orthotropic mechanical model, and

therefore, the fine mesh generally necessary to explicitly

represent textured contact surfaces will not be necessary

when the directional properties are implicitly contemplated

into the interface constitutive model. The benefits of an

orthotropic constitutive model do not limit to the simula-

tion of the laboratory tests discussed above, because sev-

eral engineering problems are affected by the presence of

orthotropic interfaces. For example, some authors sug-

gested the term ‘unsaturated soil interface’ [13] to identify

the contact surface between the more superficial and

degraded soil (i.e., the one subjected directly to climate

variations) and the underlying ground. A proper modeling

of this type of interface would contribute to realistic pre-

dictions of relevant engineering problems involving this

condition, such as landslides, foundations, and slope sta-

bility. The application of the orthotropic interface model

does not limit to soil mechanics only, because the presence

of orthotropic surfaces has been reported in other engi-

neering problems. For example, the study of orthotropic

properties is very common in rock mechanics problems

dealing with joints and discontinuities. The fracture

roughness coefficient is based on an evaluation of the

surface geometric properties, which generally varies with

the direction of the analysis. In this context, Misra [25]

proposed a micromechanical model for anisotropic dis-

continuities, and Li et al. [17] conducted an experimental

research to study the anisotropic shear behavior of frac-

tured rocks. Orthotropic models could also be useful for

problems involving the analysis of indentation and

microindentation in concrete [1].

A discrete anisotropic constitutive model was proposed

by Ferrara and Pandolfi [10] and Pandolfi and Weinberg

[33] to simulate the formation of cracks at interelemental

surfaces of FE models dealing with anisotropic materials.

The model was developed in the context of the zero-

thickness finite element theory. Although this discrete

model shares some characteristics with the orthotropic

continuum damage model presented here, that one [i.e.,

10, 31] was designed to describe mixed-mode crack for-

mation (with normal opening displacements), being not

totally applicable to model contact and friction phenomena.

Aspect that is required for describing the presence of

interfaces between materials with orthotropic properties, as

it occurs in the cases studied in this work.

This paper focuses on the formulation and application of

a damage orthotropic interface constitutive model devel-

oped in the framework of the MFT for dealing with

problems involving contact surfaces with orthotropic

strength properties, and it is organized as follows. A brief

review of the mesh fragmentation method is introduced

first. Then, the mathematical framework of the proposed

model is presented in detail together with the numerical

algorithm suggested for its implementation in a FE code.

Afterward, the model is checked by means of a number of

synthetic benchmarks aimed at exploring the performance

of the proposed approach under typical loading conditions.

The validation of the orthotropic model against direct shear

tests conducted to study the strength properties between

soils and plates with different textures is discussed after-

ward. The final numerical analysis is related to the study of

the drying process of soil subjected to orthotropic shrink-

age restrictions. The paper closes with the main conclusion

of this work.

2 Mesh fragmentation technique

A MFT based on the inclusion of solid HAR interface

elements was recently proposed to model the formation and

propagation of drying cracks in soils [40]. The high aspect

ratio elements [22, 23] are incorporated in between the

standard finite elements of a mesh. The main stages asso-

ciated with the adaptation of a traditional FE mesh into a
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fragmented one are presented in Fig. 1. The regular ele-

ments of a standard FE mesh (Fig. 1a) are first separated by

introducing gaps between them (Fig. 1b). These gaps are

relatively small (typically around 0.01 mm). As demon-

strated in Manzoli et al. [22], the size of the gaps does not

affect the numerical results. In Fig. 1b the spaces between

elements are exaggerated to illustrate better the method. To

complete the transformation of the standard FE mesh, HAR

elements are placed to fill the gaps between regular ele-

ments (Fig. 1c). These interface solid elements control the

interaction between adjacent regular elements of the mesh.

Different strategies can be adopted in relation to where and

when to include the interface elements. For instance,

interface elements can be introduced in the whole mesh

(i.e., at the contact between all the bulk elements of the

model) at the beginning of the analysis. To reduce the

number of interface elements, they could be included in

some regions of the mesh or materials only, where the

formation of cracks is anticipated. This strategy will lead to

a reduction of the computational effort, but it is necessary

to have reliable beforehand information about the

zone(s) and/or material(s) where cracks may be formed. It

can also be possible to start the analysis with a standard

mesh (i.e. with bulk element only) and, as the problem

evolves, enhance the mesh with interface elements in those

zones where the stress field indicates that cracks are prone

to form. For this last option, techniques similar to the ones

typically used in re-meshing strategies for the densification

of meshes in critical zones can be adopted [11, 15, 35].

This paper focuses on the proposal of an orthotropic

mechanical constitutive model for describing the behavior

of the HAR elements between distinct materials with

orthotropic interface characteristics. Isotropic mechanical

models for HAR can be found elsewhere [22, 40].

Sánchez et al. [40] discussed in detail the main advan-

tages of the MFT with respect to other methods based on

the inclusion of special elements between standard FE,

such as cohesive zone models and zero-thickness interface

elements [5, 27, 32]. One key characteristic of the MFT is

that the numerical analysis is entirely conducted in a

continuum approach, with no need to define discrete

mechanical models, or distinct integration rules and inter-

polation functions (as it is necessary for zero-thickness

elements). Manzoli et al. [21, 22] demonstrated that the

implementation of HAR elements in conjunction with

proper strain-softening constitutive models allows simu-

lating the kinematics associated with the formation of

displacement discontinuities according to the continuous

strong discontinuous approach [8, 29, 36, 41]. These ele-

ments can also be used to model discontinuities related to

the degradation of the union between distinct materials.

As for the interface elements, we adopted two nonlinear

constitutive models based on the damage theory. To rep-

resent the shear interfaces necessary to simulate the

potential slip of the soil with respect to the boundary (e.g.,

soil–plate interphase in a drying test in the laboratory), we

adopted a model defined in terms of the cohesion bond

strength. To describe the interface between soil elements

related to crack opening (i.e., soil–soil interface), we

selected a damage model which damage criterion and

softening laws are defined in terms of both, soil tensile

strength and soil fracture energy. Both models are intro-

duced in detail in the next Sects. 3.2 and 3.3. As for the

bulk elements, any appropriate constitutive model can be

adopted when using this technique. For the sake of sim-

plicity, we have chosen an elastic model for the analyses

presented hereafter. However, more advanced models can

be adopted, if deemed convenient. No coupled diffusion

processes are included in the modeling, and we simulated

the shrinkage process by imposing a deformation field in

the soil (bulk) elements. We considered compressive

stresses and strains as positive.

Fig. 1 Mesh fragmentation technique: a original FE mesh composed by standard (bulk) elements only, b separation of the bulk elements of the

mesh, creating small gaps between them (note that only a region of the mesh is fragmented), c introduction of the finite elements with high aspect

ratio (i.e., interface elements) in the gaps
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Sánchez et al. [40] showed the capability of the MFT

to simulate the formation and propagation of desiccation

cracks observed in drying soils in the laboratory by using

samples of different shapes (i.e., circular, slab and rect-

angular plates) and also in the field. The proposed tech-

nique was able to explain and reproduce satisfactorily the

effect of several factors affecting the drying behavior of

soils, including (among others) influence of the specimen

thickness on crack pattern, effect of sample size on crack

morphology and relevance of the contact between the soil

and plate on crack spacing and orientation. The strong

influence of the contact surface between materials on the

final crack pattern was observed in both experimental

tests available in the literature (e.g., [34]) and numerical

modeling [40]. This particular aspect is analyzed in detail

in Sect. 4.3 using both isotropic and anisotropic

mechanical models for representing the soil–plate contact

surface.

3 Interface mechanical models

Two nonlinear orthotropic constitutive mechanical

models for the interface elements based on the damage

theory are presented in this section. Section 3.1 dis-

cusses general aspects and presents the basic equations

related to the interface solid elements typically used in

the MFT. A Mohr–Coulomb-type orthotropic damage

model is proposed in Sect. 3.2 to represent the ortho-

tropic shear interfaces necessary to simulate the poten-

tial slip between materials (e.g., soil–plate interfaces in

drying tests involving orthotropic characteristics). A

damage model (similar to the one described in [40]) is

introduced in Sect. 3.3 to describe the interfaces

between soil elements related to crack opening (i.e.,

soil–soil interface). An elastic model was adopted for

the bulk elements; more advanced constitutive laws can

be incorporated if necessary. Finally, Sect. 3.4 describes

(very briefly) the algorithm used for implementing the

suggested interface mechanical models into the FE

computer code.

3.1 Interface solid finite element

Figure 2 shows the 4-node tetrahedron FE adopted as an

example hereafter. The total strain (e) can be split into:

e ¼ ~eþ 1

h
n � u½ �½ �ð Þs

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

ê

ð1Þ

where the tensor ê is associated with the strain components

that depend on the element height (h), while ~e contains the
rest of the components. The symmetric part of ð�Þ is

represented by ð�Þs; n is the unit vector normal to the ele-

ment base; � denotes a dyadic product; and u½ �½ � is the

relative displacement vector between node 1 and 10 (i.e., its
projection on the element base, Fig. 2). As shown in

Manzoli et al. [21], when h tends to zero the tensor ê is

related almost exclusively to the relative displacement

between node 1 and 10, and the relative displacement u½ �½ � is
a measure of the displacement discontinuity (strong

discontinuity).

Considering that the local axis n is perpendicular to the

element base (Fig. 2), the unbounded part of the strain

tensor can be written as

ê ¼
ênn êns ênl
êns êss êsl
ênl êsl êll

2

4

3

5 ¼ 1

h

u½ �½ �n 1
2
u½ �½ �s 1

2
u½ �½ �l

1
2
u½ �½ �s 0 0

1
2
u½ �½ �l 0 0

2

4

3

5 ð2Þ

where u½ �½ �n, u½ �½ �s and u½ �½ �l are the components of the dis-

placement jump according to the local (n, s, l) coordinate

system. More details can be found elsewhere [21–23].

3.2 Orthotropic interface model

To reproduce the orthotropic character of interface sur-

faces, a model that considers two damage criteria is pro-

posed hereafter in terms of the shear components of the

stress tensor parallel to the base of the interface element, as

follows:

/s ¼ rnsk k þ asrnn � qs rsð Þ� 0 ð3Þ
/l ¼ rnlk k þ alrnn � ql rlð Þ� 0 ð4Þ

where qs and ql are stress-like internal variables, rs and rl
are strain-like internal variables, and as and al are the

model parameters that control the influence of the com-

ponent of the normal stress tensor rnn � 0.

The model is expressed by the following constitutive

equation relating the components of the stress tensor ðrÞ
and the strain tensor ðeÞ according to the local coordinate

system (n, s, l):

Fig. 2 Tetrahedron finite element with high aspect ratio
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5

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

�rnsl

þ ð1� dsÞ
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5

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

�ss

þð1� dlÞ
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|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

�sl

ð5Þ

where ds 2 0; 1½ � and dl 2 0; 1½ � are the scalar damage

variables,

�rnn �rns �rnl
�rns �rss �rsl
�rnl �rsl �rll

2

4

3

5 ¼ C:
enn ens enl
ens ess esl
enl esl ell

2

4

3

5 ð6Þ

where �r is the elastic stress tensor (i.e., the stresses related

to the intact, undamaged, cross section, also known as

effective stress in damage models) and C is the isotropic

fourth-order elastic tensor.

Dividing Eqs. (3) and (4) by ð1� dsÞ and ð1� dlÞ;
respectively, the damage criteria can be expressed in terms

of the elastic stresses, as:

�/s ¼ �rnsk k þ as �rnn � rs � 0 ð7Þ
�/l ¼ �rnlk k þ al �rnn � rl � 0 ð8Þ

where rs ¼ qs � dsas �rnnð Þ=ð1� dsÞ and rl ¼ ql � dlal �rnnð Þ
=ð1� dlÞ. �rns and �rnl are the shear components of the

elastic stress tensor, which is evaluated from the strains by

linear elastic relationship (6). They are related to the stress

components rns and rnl by means of constitutive Eq. (5), so

that rns ¼ 1� dsð Þ � �rns and rnl ¼ 1� dlð Þ � �rnl: The

corresponding strain-like internal variables, rs and rl, are

obtained (after some algebra) from the following explicit

evolution laws:

rs ¼ max
s2 0;t½ �

�rns sð Þk k þ as �rnn sð Þ; qs0½ � ð9Þ

rl ¼ max
s2 0;t½ �

�rnl sð Þk k þ al �rnn sð Þ; ql0½ � ð10Þ

where t is the pseudo-time associated with the loading

process. According to Eqs. (9) and (10), the variables rs
and rl will adopt the maximum value associated with the

corresponding elastic stresses (i.e., �rnsk k þ as �rnn, and

�rnlk k þ al �rnn, respectively) to be reached during the

loading process, starting from the initial values (i.e., qso
and qto, respectively), which are regarded as material

properties. Note that these variables are explicitly

evaluated, since they depend on the components of the

elastic components only, which are obtained explicitly

from the strain components, via linear elastic relationship

(6). Once these internal variables are obtained for each

time step during the loading process, the damage variables

can be evaluated from the following damage evolution

rules in terms of the internal variables rs and rl:

dsðrsÞ ¼
rs � qs

rs � as �rnn
ð11Þ

dlðrlÞ ¼
rl � ql

rl � al �rnn
: ð12Þ

Then, the stresses can be calculated by Eq. (5).

The Kuhn–Tucker relations can be expressed as:

�/s;l\0; _rs;l [ 0; _rs;l �/s;l ¼ 0: ð13Þ

The constitutive model is completed with the

consistency condition, as follows:

Fig. 3 a Schematic representation of the orthotropic model with the option to define different strengths in two orthogonal directions, b plot

showing the sliding at the interface between materials, with the corresponding displacement jumps in two orthogonal directions
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_rs;l
_�/s;l ¼ 0 if �/s;l ¼ 0: ð14Þ

To represent the soil–plate interface, the stress-like

variables are assumed to be constant:

qs rsð Þ ¼ qs0 ¼ bs ð15Þ
ql rlð Þ ¼ ql0 ¼ bl ð16Þ

where bs and bl are the cohesive bonding strengths of the

soil–plate interface in directions s and l, respectively.

Figure 3a presents a schematic representation of this

model.

3.3 Tension damage model

The tension damage model used to describe cracks for-

mation in the soil has the same structure as the previous

model and other ones published before (e.g., [10, 33]). The

constitutive equation in this case is given by:

r ¼ ð1� dÞ�r ð17Þ

and the damage criterion is written in terms of the

component of the stress normal to the element base:

/ ¼ rnn � q rð Þ� 0 ð18Þ

or in terms of the elastic stress as:

�/ ¼ �rnn � r� 0: ð19Þ

The evolution of the stress-like variable is given by an

exponential softening law of the form:

q rð Þ ¼ fte
f2
t

GfE
h 1� r

ft
ð Þ ð20Þ

where E is the Young’s modulus, ft is the tensile strength,

and Gf is the mode I fracture energy of the soil. More

details can be found elsewhere (i.e., [22, 40]).

3.4 Implicit–explicit integration scheme

The implicit–explicit (IMPL–EX) integration algorithm

proposed by Oliver et al. [30] was adopted in this work to

update the stresses using the new orthotropic law. The

IMPL–EX is a robust, efficient and stable numerical

scheme to integrate mechanical models. A similar

approach to the one suggested in Manzoli et al. [22] was

followed in this paper. Table 1 summarizes the main stages

associated with the update of the stresses at a pseudo-time

step t(n?1) using the orthotropic damage models with the

IMPL–EX method. Note that any other algorithm (i.e.,

implicit or explicit) could be adopted for the integration of

the proposed constitutive model. However, based on our

experience, the IMPL–EX method is very appropriate to

deal with this type of problem.

4 Application cases

This section is related to the application of the proposed

model to different cases involving orthotropic interfaces.

The first case consists of a series of ‘synthetic benchmarks’

based on theoretical cases aimed at checking the capability

of the proposed model to reproduce different possible

orientations of the orthotropic interface with respect to the

loading direction. The second application focuses on the

validation of the orthotropic mechanical model by using

laboratory tests involving the shearing of soil specimens

against plates especially grooved in different directions.

Finally, the suggested model is applied to solve the slab

test reported in Peron et al. [34].

All the examples were modeled using four-node tetra-

hedral finite elements. The Mohr–Coulomb-type ortho-

tropic damage model was used to describe the behavior of

the interfaces between different materials. Following the

MFT, interface elements with high aspect ratio were

introduced between regular elements, which were modeled

assuming a linear elastic behavior.

4.1 Synthetic benchmarks

The theoretical cases are based on two square blocks with

an interface between them (Fig. 4). One block (i.e., block

A) is fixed to a wall with displacements restricted in all

directions. In the other block (i.e., block B) a displacement

field is imposed simultaneously on the four ‘free nodes’ in

the vertical plane with an inclination of 45�, as shown in

Fig. 5a. It is assumed that the interface between blocks is

grooved in one direction, restricting the relative movement

between blocks in the orthogonal direction to the grooves.

Four different cases are study to explore the capability of

the proposed technique to reproduce the orthotropic

behavior of the interfaces. The different cases are gener-

ated by placing the grooves in different orientations with

respect to the direction of the imposed displacement field.

The orthotropic model can simulate this type of problem by

assigning different strengths related to the two dominant

directions existing in this problem. In all the cases con-

sidered below it is assumed that the strength in the direc-

tion perpendicular to the grooves is much higher than the

one related to the direction of the grooves. Table 2 lists the

material properties of the blocks and interface. A total of

16 nodes and 30 elements were used to simulate this

problem, 24 of them are 3D bulk elements (i.e., to model

the 2 blocks), and 6 are HAR interface elements. They

were placed at the interface between the 2 blocks only to

simulate the contact behavior.

In the first case the grooves coincide with the direction

of the imposed displacement (Fig. 5b). Under this
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condition, the relative movement between blocks is not

restricted, this implies that block A does not deform, while

block B freely slides along the grooves at 45� (i.e., without
deforming). In the second case the grooves are placed

perpendicular to the direction of the imposed displacement

field (Fig. 5c). This implies that the relative movement

between the two blocks is fully restricted and the two

blocks deform as a monolithic body. The third case cor-

responds to the grooves oriented in the vertical direction

(i.e., at 45� with respect to the imposed displacement field).

In this case both blocks deform as a single piece in the

x direction, while sliding occurs in the y direction (Fig. 5d).

In the last case the grooves are oriented in the x direction

(Fig. 5e), therefore the blocks deform as a single body in

the y direction, and the adopted interface enables the

sliding in the x direction.

The top drawings in Fig. 5b–e show the orientation of

the grooves adopted in the different cases. The bottom ones

show the deformed blocks after applying the displacement

field (i.e., solid line), alongside their initial positions before

loading. It can be observed that the orthotropic model

manages to reproduce very satisfactory the anticipated

behavior under these different conditions, allowing sliding

between blocks in the direction along the grooves only.

Once the capability of the orthotropic model to quali-

tatively reproduce the behavior of orthotropic interfaces

through these challenging synthetic benchmarks was

checked, the ability of the model to simulate the experi-

mental behavior of this type of problem was investigated,

as explained in the next section.

4.2 Experimental validation of the orthotropic

model

A conventional direct shear apparatus was adapted to study

the shear strength between soil–plate interfaces. The

modification basically consisted of placing a square plate

between the top and the bottom portions of the direct shear

box device. Figure 6a shows a front view of the modified

apparatus with the acrylic plate placed in between the two

portions of the shear box. Figure 6b corresponds to a top

Fig. 4 Geometry and boundary conditions related to the proposed

synthetic benchmark

(a) (b) (c) (d) (e)

Fig. 5 a Frontal view of the synthetic benchmark, b grooves parallel to the imposed displacement field, c grooves perpendicular to the imposed

displacements, d grooves in the y direction and e grooves in the x direction. In figures b–e the top drawing shows the orientation of the grooves

for the different studied cases, and the bottom ones show the deformed blocks (indicating with arrows the direction of the block movement)

Fig. 6 Modified direct shear box for testing soil–plate interface

strength: a front photograph, b top photograph
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view of the adapted box. The study of soil interfaces of

unsaturated soils was conducted before by Miller and

Hamid [24] and Hamid and Miller [13] using a similar

approach.

Acrylic square bases (88.9 mm side) and 6 mm high

were grooved to study the effect of different interface

textures on the shear strength. Triangular grooves 1 mm

deep and spaced every 1.5 mm were machined following

two main patterns: (1) spiral and (2) straight. Three sets of

direct shear tests were conducted with these two plates: (1)

using the circular indentations (Fig. 7a); (2) orienting the

straight grooves perpendicular to the shearing direction

(Fig. 7b); and (3) placing the straight grooves parallel to

the shearing direction (Fig. 7c). The orientation of the local

coordinate system (s, l) depends on the direction of the

grooves, where ‘s’ coincides with the direction of the

Table 2 Properties of the blocks and interface used to study the synthetic benchmarks

Element E (GPa) m as al bs (MPa) bl (MPa) Constitutive model

Blocks (bulk) 30 0.0 – – – – Elastic

Block–block interfaces 30 0.0 0.00 0.00 90 300 Orthotropic damage

(a) (b) (c) (d)

Fig. 7 Different types of plate surfaces: a spiral grooves, b grooves oriented orthogonal with respect to the shear direction, c grooves oriented

parallel to the shear direction and d smooth surface

Soil-shear box interface

Soil-plate interface
Plate

Soil-plate interface

PlateShear box

Soil

Soil-shear box interface

(a) (b) (c)

Fig. 8 Modeling of direct shear tests, main components: a interfaces formed with HAR FEs, b interfaces, shear box, plates and soil and c final

FE mesh with all the components to simulate the test
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grooves and ‘l’ is perpendicular to them. Note that for the

circular case, the coordinate system depends on the point

under consideration and therefore ‘l’ corresponds to the

radial direction and ‘s’ to the tangential one (Fig. 7a). Two

additional sets of direct shear tests were conducted, one of

them using a smooth plate (Fig. 7d) and another one to

study the soil–soil–shear strength, without interface (i.e., a

standard direct shear test).

(a) (b) (c)

Fig. 9 Modeling of the direct shear test of soil–plate interfaces: a before testing, b deformed specimen after applying the vertical load Fn at the

top and c deformed specimen after shearing

Fig. 10 Shear force against horizontal displacements when load is applied perpendicular to the grooves (i.e., Fig. 7b): a experimental results and

b numerical outputs

Fig. 11 Failure envelopes related to the direct shear tests: a experimental and b numerical results

1180 Acta Geotechnica (2018) 13:1171–1186

123



The test protocol was the usual one for the direct shear

test [4]. The shear tests were conducted for the four sets of

experiments (i.e., circular indentations, straight grooves

parallel and orthogonal to the shearing direction, smooth

plates and soil–soil strength) at three different normal

stresses: (1) 0 kPa, (2) 6.2 kPa and (3) 15.5 kPa. The

specimens were sheared at a very low rate (i.e., 0.018 mm/

min) to emulate drained conditions. Shearing was contin-

ued until the peak value of the shear force was clearly

obtained or until it becomes almost constant. The tests

were conducted up to a maximum displacement of around

9 mm.

The tests were simulated using the MFT incorporating

the orthotropic mechanical model to account for the dif-

ferent textures of the soil–plate interfaces discussed above.

Figure 8 presents the main components incorporated in the

modeling of these tests, i.e., interfaces (Fig. 8a), shear box,

plates and soil (Fig. 8b). Figure 8c shows all the model

components together. The total number of nodes is 3928,

with a total number of elements of 12,154, where 8542

corresponds to bulk elements and 3612 to interface ele-

ments, which were placed at the plate–soil and (shear)

box–soil contacts only. A mesh convergence study was

conducted to investigate the effect of the mesh size on the

model outputs. It was observed that the adopted mesh yield

results are (almost) identical to the ones obtained with finer

ones. Figure 9a shows the geometry of the problem and the

adopted mesh before loading. Figure 9b presents the

deformed mesh after applying the vertical load (Fn), and

Fig. 9c shows the mesh after shearing the sample. Fig-

ure 10a presents the evolution of shear stress against the

horizontal displacements for two experiments carried out

under two different loading conditions, as follows: under a

vertical stress of 15.5 kPa and without a vertical load. In

both cases the grooves were placed orthogonal to the shear

direction. In both tests the shear stress increased (almost)

monotonically until reaching the maximum value and then

remained (approximately) constant as the specimen con-

tinued deforming. As expected, the maximum shear

depends on the applied vertical stress. Similar patterns of

behavior were observed in the other experiments per-

formed in the context of this study.

Figure 11a presents a summary in terms of failure

envelopes of all the shear tests conducted under the

Table 3 Material properties of soil, plate, shear box and interfaces used in the numerical analysis of the interface shear test

Element E (kPa) m as al bs (kPa) bl (kPa) Constitutive model

Soil (bulk) 40 0.2 – – – – Elastic

Plate 210 9 106 0.2 – – – – Elastic

Shear box 210 9 106 0.2 – – – – Elastic

Soil–shear box interfaces 40 0.0 0.00 0.00 0.00 0.00 Orthotropic damage

Soil–plate interfaces (soil–soil) 40 0.0 0.19 0.19 1.67 1.67 Orthotropic damage

Soil–plate interfaces (smooth) 40 0.0 0.11 0.11 0.00 0.00 Orthotropic damage

Soil–plate interfaces (perpendicular) 40 0.0 0.11 0.19 0.50 1.67 Orthotropic damage

Soil–plate interfaces (parallel) 40 0.0 0.11 0.19 0.50 1.67 Orthotropic damage

Soil–plate interfaces (circular) 40 0.0 0.11 0.19 0.50 1.67 Orthotropic damage

Fig. 12 Drying tests on saturated clay samples prepared in slab plates (Peron et al. [32]): a detail of the soil slap contact showing the 2-mm

notches, b typical examples of crack formation in 3 different soil samples (� 2009 Canadian Science Publishing or its licensors. Reproduced with

permission)
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different conditions discussed above. As it could be

anticipated, the higher strength is obtained for the soil–soil

experiments and the lower one for those tests involving the

smooth plate. The soil–plate strength for the base with the

grooves oriented perpendicular to the direction of shearing

is very high, similar to the soil–soil case, indicating that

(under these conditions) the soil is strongly bonded to the

plate and the shearing takes place between soil and soil

particles mainly. As it could be anticipated, the strength for

the case of indentations oriented parallel to the shear

direction is lower than the orthogonal one discussed above.

As expected, the results involving the circular plate are in

between the ones obtained for the parallel and orthogonal

cases. It is also observed that the different interfaces affect

mainly the interception (i.e., b) of the linear envelope

adopted to define shear strength, and the impact on the

envelope inclination (i.e., a) is relatively minor.

The following strategy was adopted to model the

experiments involving grooves: two of them were used to

obtain the model parameters, and the third one was

reserved for the model validation. The available experi-

mental data (i.e., Figure 11a) were used to determine the

strength parameters (i.e., b and a) for the case in which the

shearing direction is perpendicular and parallel to the

grooves. Afterward, the circular case was used to validate

the model using the same parameters adopted for the plates

with straight grooves. As for the soil–soil and smooth

cases, the parameters were adjusted based on the test

results presented in Fig. 11a. The material properties of the

soil, plate, shear box and interfaces are listed in Table 3.

Figure 11b presents the results of the numerical sim-

ulations using the MFT together with the orthotropic

mechanical model. It can be observed that the proposed

orthotropic model is able to reproduce very satisfactorily

the global experimental trends. In particular, the model

manages to simulate that the strength of the case

involving the circular grooves (acting as a benchmark

case in this modeling) is in between the strength obtained

for the grooves parallel and orthogonal to the shearing

directions.

Fig. 13 3D modeling of the drying tests on saturated clay samples prepared in slab plates discretizing the indentation at the soil–plate interface

Fig. 14 Modeling the slab specimen using an isotropic interface model for the soil–plate contact surface, a 3D and b top views (respectively)
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4.3 Modeling a slab desiccation tests

with orthotropic characteristics

The desiccation tests conducted by Peron et al. [34] were

selected to show the capabilities of the proposed approach

to simulate the formation of cracks when orthotropic con-

ditions at the soil–plate contact prevail. The experiments

were based on slab samples prepared from clay slurries.

Two types of contact surface were investigated:

1. smooth contact between soil and plate;

2. longitudinal restricted displacement induced by the

inclusion of notches at soil–plate the contact surface

(Fig. 12a).

As for the free shrinkage case (i.e., type i above), a base

made of Teflon was used in combination with the appli-

cation of a hydrophobic substance to prevent any dis-

placement constrains at the soil–plate contact. Peron et al.

[34] reported that all the specimens subjected to this drying

condition did not crack. Sánchez et al. [40] modeled this

experimental behavior using the MFT in conjunction with

an isotropic constitutive model for the soil–plate interface

that allows free displacements. As expected, tensile hori-

zontal stresses in the soil did not develop and drying cracks

did not form. Similar behavior (i.e., shrinkage without

cracking) has been observed in other investigations

involving smooth contact soil–plate surface (e.g., [44]).

In relation to the tests conducted under constrained

desiccation conditions (i.e., case ii above), the slurry

samples were prepared in a similar manner as in the free

drying tests, but the Teflon base was replaced by a metal

surface with 2-mm spaced parallel notches (Fig. 12a).

These notches created a constraint at the bottom surface, in

the longitudinal direction only. Samples subjected to dry-

ing under these conditions experienced one-directional

cracks only and in the direction parallel to the constraint

(Fig. 12b). In the following sections this test is modeled

using two different approaches: (1) first the simulation of

the experiment is conducted including the actual geometry

of the notches in the mesh discretization, together with the

adoption of an isotropic constitutive model for the soil–

plate interface; (2) then, a planar plate surface is assumed

in conjunction with the proposed orthotropic mechanical

model to account for the orthotropic characteristic of this

problem.

In both cases the drying process is simulated by

imposing an increasing uniform volumetric strain field to

the bulk elements of the soil, which is equivalent to the

shrinkage induced during water evaporation in the soil

mass. There is not an external load in addition to the self-

weight. It is further assumed that the plate is fixed to the

Fig. 15 Modeling the slab specimen using an orthotropic interface model for the soil–plate contact surface (structured mesh)

Fig. 16 Modeling the slab specimen using an orthotropic interface model for the soil–plate contact surface (unstructured mesh)
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ground and therefore cannot move in any direction during

the drying process, as indicated in Fig. 13.

4.3.1 Modeling the contact between materials

with an isotropic mechanical model

The MFT technique was successfully applied to model this

test by exactly replicating the geometry of the base used in

the experiments including the 2-mm notches, as indicated

in the zoom of Fig. 13. No noticeable moisture gradients

were measured in those experiments [34]. Therefore, an

uniform deformation field was imposed to simulate the

shrinkage process. As in the experiments, the model

reproduces one-directional cracks only, which are parallel

to the direction of the constraint with no longitudinal

cracks (Fig. 13).

To successfully model these experiments, it was nec-

essary to explicitly include the indentations in the simu-

lations. There are two main drawbacks associated with this

type of solution: (1) it is very laborious and time-con-

suming to discretize the exact geometry of the interface

(i.e., 2-mm indentation in this case); and (2) a quite dense

mesh is required to capture all the details associated with

this particular soil–plate contact. Denser meshes are related

to an increase in the degrees of freedom of the problem,

resulting in more expensive numerical analyses in terms of

CPU time. Note that the simulation of this problem without

including the notches and using an isotropic mechanical

model for the interface (as the one described in [40]) leads

to unrealistic results with the formation of transversal and

longitudinal cracks (Fig. 14), which do not correspond to

the observed behavior in this experiment or in similar ones.

4.3.2 Modeling a slab desiccation test using

the orthotropic interface model

The last application case is related to the modeling of the

drying of the slab specimen discussed before, but now

using the orthotropic mechanical model to implicitly con-

sider the displacement restriction imposed by the notches

present at the soil–plate interface. Therefore, a planar

surface at this contact surface was assumed and the

parameters of the orthotropic mechanical model are such

that the longitudinal relative displacements are restricted

and the soil can slide (almost freely) in the transversal

direction only. This arrangement induces the formation of

transversal cracks only as shown in Fig. 15, and as it was

observed in the experiments.

After a quick inspection of Figs. 13 and 15, it can be

concluded that the results obtained with the mesh that

includes a detailed geometrical representation of the

orthotropic soil–plate contact surface (i.e., Fig. 13) are

(almost) identical to the ones obtained with a model that

combines a (simple) planar plate surface and the ortho-

tropic mechanical law proposed in this work (i.e., Fig. 15).

The implicit discretization of the orthotropic characteristics

of a contact surfaces between different materials through a

mechanical model that includes the dependence of the

materials strength in terms of the direction of the analysis

has two main advantages: (1) requires a simpler mesh

(reducing therefore the time associated with its prepara-

tion) and (2) yields a mesh with less number of nodes with

the associated reduction in the degree of freedom of the

problem (saving therefore CPU time).

If we now compare the results obtained with these two

different approaches (i.e., Figs. 13, 15) against the exper-

imental observations (i.e., Fig. 12b), it is evident that the

perfectly straight vertical cracks simulated by these two

models are not totally realistic. This outcome is related to

the adoption of structured meshes to model this problem,

which tend to induce the propagation of cracks through the

well-defined, regular and straight (vertical) contacts

between elements. A more realistic simulation of drying

cracks can be achieved by using an unstructured mesh to

model this problem. Figure 16 presents the 3D view of a

model based on an unstructured mesh of 73,048 nodes and

128,853 elements, where 24,741 corresponds to bulk ele-

ments and 104,112 to interface elements (which were

placed at the plate–soil contact and between standard bulk

soil elements, i.e., all the domain but the plate). Table 4

lists the model parameters adopted in the simulation. This

model output resembles quite accurately the actual cracked

Table 4 Material properties of soil and plate used in the simulations of desiccation cracks

Element E (MPa) m as al bs (kPa) bl (kPa) ft (kPa) Gf (N/m) Constitutive model

Soil (bulk) 4 0.2 – – – – – – Elastic

Plate 210 9 103 0.2 – – – – – – Elastic

Soil–soil interfaces 4 0.0 – – – – 4.0 0.4 Tensile damage

Soil–plate interfaces 4 0.0 0.00 0.00 3.20 3.2 – – Isotropic damage

Soil–plate interfaces 4 0.0 0.00 0.00 0.96 3.2 – – Orthotropic damage
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soil. As shown in Sánchez et al. [40], no noticeable

dependence of the crack pattern on the adopted mesh size is

observed when using the MFT. The difference in the aspect

of the crack networks observed between the perfectly

regular one, shown in Fig. 15 (i.e., obtained with a struc-

tured mesh), and the apparently more realistic crack net-

work presented in Fig. 16 (i.e., obtained with an

unstructured mesh) is because cracks tend to be aligned

with the main orientations generally present in structured

meshes, while in the case of an unstructured meshes there

is not a predominant direction for the crack to propagate.

5 Conclusions

The difference in directional strengths at the contact

between materials generally arrives from the presence of

textures at the interfaces. The incorporation of these

interface characteristics between materials is instrumental

for a realistic solution of several engineering problems.

However, the explicit discretization of these textures in the

modeling is generally time-consuming (as sometimes rel-

atively small structural details need to be represented), and

also the associated meshes are very dense (with the cor-

responding demand in CPU time).

In this work, an orthotropic mechanical model for soils

developed in the framework of the mesh fragmentation

technique was proposed. The full mathematical framework

alongside the suggested numerical algorithm for its

numerical implementation in a FE code was discussed in

detail. The capability of the model to reproduce different

plausible loading conditions involving orthotropic inter-

faces was checked by means of tailored synthetic bench-

marks. A very good performance of the model was

observed in the four cases analyzed. This paper also deals

with the experimental validation of the suggested model.

Direct shear tests involving soil and plates with different

textures were conducted to study the dependence of the

interface strength properties on orthotropic characteristics.

The comparisons between the proposed model and exper-

imental results were very satisfactory, proving the ability of

the model to capture the observed response of orthotropic

interfaces involving shearing directions perpendicular and

parallel to straight grooves, as well as soil shearing with

respect to a plate grooved following a circular pattern and

also a smooth plate. Finally, the model was applied to

analyze a boundary value problem related to the drying

behavior of a soil subjected to shrinkage with restriction of

displacement in one direction. Also in this case the model

was able to reproduce very well the developments of dry-

ing cracks observed in the experiment.
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