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RESUMEN 

Los fenómenos de inestabilidad superficial de taludes en suelos suelen ir 

asociados a degradación de las propiedades mecánicas a partir de su superficie, por 

diferentes procesos (humectación, meteorización, etc.). Su análisis se realiza 

generalmente mediante el empleo de métodos de equilibrio límite, principalmente el 

método de talud indefinido. Dentro de este marco, la presente Tesis Doctoral plantea 

un análisis numérico consistente en simular la degradación del terreno mediante una 

formulación en elementos finitos, con el objetivo de aplicarlo en el análisis de taludes. 

Por otro lado, existen distintos sistemas de prevención y corrección de este 

tipo de inestabilidades, que van desde sistemas como la revegetación, hasta el empleo 

de sistemas flexibles anclados. Actualmente se comienza a emplear un sistema de 

refuerzo basado en mallas de alambre de acero de alta resistencia ancladas al talud, 

cuyo efecto principal es la transmisión de una presión al paramento, al deformarse la 

malla adquiriendo cierta curvatura bajo estado de tracción. Este tipo de sistemas es 

también analizado en la investigación que se presenta. 

Para ello, se comienza con el estudio del efecto del refuerzo, analizando la 

estabilidad de taludes sometidos a presión en su superficie, mediante el método de 

equilibrio límite. 

Seguidamente se realiza una caracterización de la malla de refuerzo, 

prestando especial atención a su comportamiento tensión-deformación, y a su 

anisotropía. 

La investigación continúa mediante el análisis numérico de la interacción 

entre el terreno y el refuerzo, considerando una serie de celdas elementales de 

contorno sencillo. Los resultados obtenidos permiten establecer una serie de factores 

críticos y condicionantes en el análisis de estos sistemas, y también relacionados con 

la forma de cálculo a emplear. 

Sobre la degradación del terreno, se propone una formulación general dentro 

de la Teoría de la Plasticidad, que se implementa en el programa de elementos finitos 

OXFEM de la Universidad de Oxford. Dicha formulación se verifica mediante el análisis 

de una cimentación superficial sometida a una degradación desde la superficie hacia 

el interior del terreno. Finalmente, se analiza el caso de taludes con y sin refuerzo, 

sometidos a distintos grados de degradación en su zona superficial.  





ABSTRACT 

Shallow instabilities in soil slopes are usually related to degradation of 

mechanical soil properties advancing from its surface, and due to different process 

(water infiltration, erosion, etc.) The analysis of this problem is usually carried out by 

limit equilibrium, considering the slope as being of infinite length. This Thesis proposes 

a numerical analysis based on a soil degradation formulation in finite elements. 

On the other hand, there are different systems for preventing and correcting 

these instabilities, as slope revegetation, the use of flexible systems nailed to the slope, 

etc. In the last years, increasing use in made of meshes of high strength steel wire, 

nailed to the slope face. In these systems, the mesh develops some curvature under 

deformation, so that, it exerts a normal pressure to the slope face. 

Limit equilibrium analyses of slopes with pressure acting on their surface are 

presented as part of the investigation. 

After that, characterization of the wire mesh is presented, with particular 

emphasis on its anisotropic stiffness and mechanical behaviour. 

Analysis of the interaction between the soil and the mesh is carried out by 

numerical analyses of some elementary cells. The results allow identifying some 

important factors that need to be taken into account in the analysis of the described 

systems. 

A formulation for soil degradation, based on Plasticity Theory, is proposed. It 

is implemented on the finite element program OXFEM of the University of Oxford. The 

computer implementation of the formulation is checked by the analysis of a shallow 

footing subjected to a degradation starting on the soil surface. 

Finally, this formulation of degradation is used to perform analyses of 

reinforced and un-reinforced slopes subjected to different degrees of degradation on its 

surface. 
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                                                                                                                                               Thesis summary 

A summary of the Thesis is presented following the order of Chapters in the 

general text. 

1. INTRODUCTION 

The aim of the work is the analysis of shallow instabilities in soil slopes due to 

degradation. This is a wide topic, including many aspects to be taken into account. 

From all of them, the Thesis includes the ones dealing with: 

i) Shallow instability analyses 

ii) Soil degradation analyses 

iii) Systems used to prevent and correct shallow instabilities 

The analysis of shallow instabilities in soil slopes are usually carried out by 

limit equilibrium, considering the slope as being of infinite length. This Thesis proposes 

a limit equilibrium analysis for this problem, considering a pressure acting on the slope 

face. This pressure represents the effect of a mesh nailed to the slope, that is one of 

the possible ways to correct or prevent shallow instabilities. 

There is a relatively short number of published numerical analyses related to 

the problem of shallow instabilities. In this sense, a numerical analysis based on soil 

degradation is proposed. Soil degradation is due to different process as water 

infiltration, erosion, seepage, etc. In the presented formulation, the effect of the 

degradation is considered as a reduction of soil strength parameters. 

On the other hand, there are different systems for preventing and correcting 

these instabilities, as slope revegetation, the use of flexible systems nailed to the slope, 

etc. In the last years, increasing use is made of meshes of high strength steel wire, 

nailed to the slope face. In these systems, the mesh develops some curvature under 

deformation, so that, it exerts a normal pressure to the slope face (see figure). The 

result is a tension state in the mesh, and a compression state in the soil. The 

characterisation of these meshes is presented, and also some analyses of soil-mesh 

interaction have been carried out as part of the research. 

i  



Thesis summary 

Soil under compression

Effect of mesh

Mesh in tension

Effect of anchors

Soil under compression

Effect of mesh

Soil under compression

Effect of mesh

Mesh in tension

Effect of anchors

 

States produced on the soil and on the mesh 

Finally, the analysis of soil slopes subjected to a degradation process 

advancing from its surface is presented for a slope, with and without reinforcement. 

2. CHAPTER 1. STATE OF THE ART 

In Chapter 1, the state of the art concerned with shallow instabilities in soil 

slopes, methods to analyse this problem, soil degradation and systems for correcting 

this kind of instabilities, is presented. 

Shallow instabilities in soil slopes 

Shallow instabilities in soil slopes can occur due to different factors which 

reduce the strength of soil situated near the slope surface. There are many reasons for 

that reduction: 

- Bad soil compaction of embankments near the edge 

- Degradation due to atmospheric agents 

- Surface erosion by water 

- Infiltration of rain water 

ii 



                                                                                                                                               Thesis summary 

It is not the aim of the Thesis to investigate the development of these 

processes. The attention is focused on the final result, which is the creation of a 

shallow zone in the slope presenting a reduced strength. 

Methods to analyse shallow instabilities 

Shallow instabilities are usually carried out by limit equilibrium analyses. In 

Chapter 1 different methods are presented, some of them based on 2-dimensional 

analyses, and some others based on 3-dimensional analyses. These methods have 

been developed by different authors, who usually consider the slope divided on slides 

(2D) or columns (3D). 

The thickness of the unstable zone in shallow instabilities is usually small 

compared with the slope height, so the slope can be considered as being of infinite 

length. Therefore, the well know infinite slope analysis is presented for slopes either 

dry, submerged or subjected to seepage. 

In all limit equilibrium methods (not specifically in shallow instability), the factor 

of safety is defined in terms of mobilised shear strength. That can be considered as a 

strength reduction factor. So, some authors have proposed a shear strength reduction 

technique to obtain the factor of safety. This technique has been formulated in finite 

element method. Some of the results obtained by the authors are presented 

(Zienkiewicz et al., 1975; Dawson et al., 1999; Griffiths and Lane, 1999; Rachez et al., 

2002; etc.) 

Finite element formulation for soil degradation 

From the study of the state of the art concerned with soil degradation, some 

numerical analyses of the effects of weathering have been found. For example, the 

method described by Castellanza et al. (2002), who analyse the case of induced 

subsidence of a circular foundation, considering constant load, while degradation takes 

place from the top surface. For the analysis the authors have chosen an artificial 

weathering profile according to the natural process. The results show that, although the 

external load remains constant, vertical settlements are observed on a shallow 
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foundation as weathering proceeds form the top to the bottom of the foundation rock 

layer. 

Systems to correct shallow instabilities 

Different methods to prevent and correct shallow instabilities are described. 

Vegetation as a protection system is presented, including different ways to fix the 

seeds to the slope. Some studies consider the reinforcing role of the roots. They 

present models of soil-root interaction that consider an increase on shear resistance 

due to root reinforcement (Gray, 1978; Bache and MacAskill, 1984; Barker, 1986, etc.). 

The use of flexible systems nailed to the slope face as a stabilisation method 

is also described. 

In the last years, increasing use is made of meshes of high strength still wire, 

nailed to the slope face. In these systems the mesh develops some curvature under 

deformation, so that it exerts a normal pressure to the slope face. 

3. CHAPTER 2. SLOPES SUBJECTED TO PRESSURE ACTING ON THEIR 
SURFACE. LIMIT EQUILIBRIUM ANALYSIS 

The aim of this Chapter is the analysis of soil slopes subjected to the effect of 

the reinforcing mesh, considered as a pressure on their surface. So the proposed limit 

equilibrium method does not consider the mesh, but only its effect on the slope. 

The method is presented first, considering the slope as being of infinite length. 

This hypothesis is usually correct as the thickness of the unstable zone is very small 

compared with the slope height or length. 

For this purpose, the equilibrium of all forces acting on a slope slide is 

imposed. The result gives the necessary pressure on the slope face to reach a desired 

value for the factor of safety. This pressure depends on : slope angle (β), soil unit 

weight (γ), thickness of the unstable layer (d), soil cohesion (c), soil friction angle (φ), 

water unit weight (γw), seepage direction (α) and desired safety factor (F). 

( )Fcdfp w ,,,,,,, αγφγβ=  

iv 
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The results are presented in the form of graphs obtained for slopes either dry, 

submerged, or subjected to seepage. These graphics give the non-dimensional value 

of p/(γ⋅d) for different values of the parameters: c*/(γ⋅d), φ*, β and seepage conditions 

(see for example Figure 2.5). 

Depending on the geometry of the problem, the analysis considering the slope 

as being of infinite length is not correct. For these cases, a height reduction factor is 

proposed. The analysis is carried out considering the unstable layer divided in blocks. 

By imposing forces equilibrium for each block, a coefficient (R) is obtained which relate 

pressure needed for the case of considering the slope as being of finite length, to the 

case of infinite. 

slope   infiniteslope  finite pRp ⋅=   

Values of the factor R, for the case of cohesionless soil, depends on: the ratio 

H/d, where H is the slope height, and d is the thickness of the unstable zone; slope 

angle; friction angle; and seepage conditions. Theses values are presented in graphs 

for slopes either dry, submerged or subjected to seepage (see for example Figure 

2.10). 

Finally, for the analyses of frictional and cohesive soil considering the slope as 

being of finite length, a reduction on slope height is proposed. From the analyses of 

different slopes it has been observed that the results for a case c ≠ 0, is the same as 

considering c = 0, but using a corrected slope height (H*) given by: 

⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

d
H

d
H

d
H c

*

 

where: H is the slope height, d is the thickness of the unstable zone, and Hc depends 

on cohesion, friction angle, and slope. 

Values of (Hc /d) are given in graphs, again for slopes either dry, submerged or 

subjected to seepage (see for example Figure 2.11). 

In summary, for the analysis of slopes of finite height, the necessary pressure 

on the slope face to reach a desired value for the factor of safety can be calculated in 

the following steps: i) obtain the pressure needed considering the slope as being of 
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infinite length (pinfinite slope); ii) obtain height reduction due to cohesion (Hc /d); iii) obtain 

the corrected height (H/d)*; iv) obtain R factor for (H/d)* value; v) obtain pfinitive slope = R⋅ 

pinfinite slope. 

4. CHAPTER 3. CHARACTERISATION OF THE REINFORCING MESH 

From the systems used to prevent and correct shallow instabilities, the system 

based on steel wire meshes nailed to the slope face is studied. 

   

r   

        b   

h  

x   

y   

 

Scheme of the wire steel mesh 

An scheme of these meshes is presented in next figure. 

The geometry of the mesh is defined by dimensions h, b, r and the wire 

diameter, and it presents two principal directions (y and x). 

In this Chapter the analysis of this kind of mesh is presented for the case of: 

mesh working in its own plane, and mesh considered as a membrane. 

Mesh behaviour in its own plane 

A theoretical analysis of the response of a unit cell of the mesh (a diagonal 

wire as shown in the figure above) to applied forces is presented. Some basic 

situations are considered, regarding the direction of the applied force and the boundary 

conditions at the ends. By superposition of these elementary solutions, the cases of 
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uniform tension in one of the principal directions, with movement totally restrained in 

the transverse direction, can be simulated As a result of this analysis, the constrained 

moduli Exc and Eyc are defined. These values are checked against the results of 

experiments carried out with TECCO G-65 mesh. 

The method is also used to investigate the expected value of the shear 

modulus G, which was not experimentally tested. 

The analysis of the mesh working on its own plane has shown a very 

important property, its anisotropic behaviour. 

From the theoretical formulation of anisotropic materials, and from the 

laboratory tests results, it has been obtained that the mesh can be adequately 

modelled as a cross-anisotropic continuous membrane, defined by four parameters: Ex, 

Ey, Gxy, µxy. This anisotropic set of parameters is necessary only for 3-dimensional 

analysis. For plane strain analyses, the mesh is defined by its constrained modulus in 

its principal direction. 

Mesh behaviour as a membrane 

The behaviour of the mesh on the slope depends on the way used to install it. 

The usual installation systems are described in the Thesis, and for two of them a 

theoretical curvature-pressure model is proposed.  

One of the models considers the mesh deformation as a cylinder, and the 

other considers spherical deformation. These models try to relate the pressure acting 

on the mesh to the supported tension and its pattern of deformation. 

The model for cylindrical deformation has been checked against the result of 

some laboratory tests, where the mesh is supporting a distributed load on its surface. 

5. CHAPTER 4. STRESS-STRAIN ANALYSES 

In this Chapter some numerical analyses to study soil-mesh interaction are 

presented. Two different programs based on finite element method have been used: 

CRISP (Britto and Gun, 1990) and PLAXIS (Brinkgreve and Vermeer, 1998). 
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The analyses of the interaction between the slope and the mesh is a 

particularly difficult case of soil and structural element interaction, due to the 

importance of non-linear soil behaviour and to the large deformation (the mesh only 

exerts normal pressure to the slope by its curvature under deformation). 

Because of these reasons, it is convenient to examine the behaviour of some 

elementary cells, like the one shadowed in next figure, in which soil-mesh interaction is 

presented. 

 

Elementary cell 

The elementary cells have been studied under the same situations that they 

will support in the slope: i) the effect of the pre-stressed anchors, ii) the superficial 

instability of the slope. These effects are simulated by finite element analyses. 

From each analysed cell, tension in the mesh and its pattern of deformation 

have been obtained. The results show that the higher the soil strength is, the smaller 

are the tension in the mesh and its deformations. 

An important conclusion is that large deformation needs to be considered in all 

analyses where the mesh is presented, as well as zero stiffness of the mesh under 

compression. Otherwise, the mesh is always a flat surface carrying all the lateral 

compressive forces, with pure axial deformation, an not developing against the soil any 

pressure. 

Another important conclusion is related to the effect of soil dilatancy. As it 

occurs in other problems where the soil is constrained, the value considered for the 

angle of dilation influences on the obtained results (Houlsby, 1991). Some presented 
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analyses show that, for example, tension in the mesh can be three times higher for the 

case of dilation angle equals to friction angle, with respect to the case of dilation angle 

equals to zero. Therefore, programs that permit different values for friction angle and 

dilation angle, should be used in the analysis of these problems. 

Finally some numerical analyses of slopes with pressure acting on their 

surface are presented. The results are compared with the limit equilibrium method 

presented in Chapter 2. Also an example of an embankment construction with a weak 

soil layer on its surface is presented. From this last analysis, it is shown that if a 

reinforcement is used, the effect of the nailed mesh makes it possible to reach higher 

slope height without failure, than if the construction is done without reinforcement.  

6. CHAPTER 5. DEGRADATION OF SLOPE SURFACE. FINITE ELEMENT 
FORMULATION 

This Chapter deals with soil degradation and its application to slopes. 

To reach the proposed aim, the following structure has been developed: 

i) formulation for soil degradation 

ii) implementation to OXFEM program 

iii) formulation check by the analysis of shallow footings subjected to 

degradation 

iv) application to reinforced and un-reinforced slopes 

Formulation for soil degradation 

Soil degradation is considered as soil strength reduction. To formulate this 

reduction, the relationship between stress and strain increments, based on Plasticity 

Theory, is presented. 

The elasto-plastic constitutive behaviour for material presenting degradation is 

obtained from: yield surface, elastic constitutive behaviour, degradation law and plastic 
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potential function. The condition of consistency provide the expression for the stress 

increments equivalent to the loss of strength 

Finite element program OXFEM. Previous necessary adaptations 

Oxfem program has been chosen to be implemented with the described 

formulation of soil degradation. 

The main reason is the feature of large displacements formulation developed 

in OXFEM, as the program has been conceived to reinforced unpaved road analysis 

(Burd, 1990; Burd 1995). 

The program incorporates the Von Mises failure criterion for a purely cohesive 

material, and the Matsuoka-Nakai criterion for purely frictional material, but no criterion 

for cohesive and frictional material has been implemented to the program. 

For the analysis of soil slope degradation it is interesting to be able to consider 

a general failure criterion with both components, frictional and cohesive. 

There are different failure criteria to represent frictional and cohesive 

materials, Mohr-Coulomb, Drucker Prager, etc. Any of them could be included in 

OXFEM, but due to the existences of Matsuoka-Nakai frictional criterion, it has been 

decided to extend this criterion including the cohesive component. 

Implementation of Matsuoka-Nakai frictional and cohesive criterion to 
OXFEM program 

In the Thesis, Matsuoka-Nakai frictional and cohesive criterion formulated by 

Houlsby (1986) is described. Then the criterion is incorporated to OXFEM. Also, the 

way used to calculate stiffness matrix is presented. 

As it is concluded in Chapter 4, the effect of soil dilatancy in the analyses of 

reinforced slopes is very important, so that the plastic potential function adopted in the 

formulation is different from the yield function, although they have same structure. 

In the formulation, all stresses obtained by numerical integration of the 

constitutive law are corrected if they lie outside the yield surface at the end of a 

x 
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calculation step. The direction proposed to this correction is presented, as well as 

some of its properties. 

To check the performance of Matsuoka-Nakai frictional and cohesive criterion, 

some collapse problems are analysed, comparing the obtained result for each analysis 

with the corresponding theoretical solution. 

Implementation of formulation for soil degradation 

First of all, the considered law of degradation is presented. This law is defined 

by two fronts of degradation, which advance into the soil producing degradation. The 

process is studied at each individual Gauss point. It is necessary to mark that, although 

the formulation is general to consider degradation of all strength parameters, the 

implementation in OXFEM has been done only for cohesion degradation, with constant 

friction angle. So, all analyses presented are carried out considering only cohesion 

reduction. 

For Gauss points affected by degradation in a calculation step, depending on 

their current behaviour (elastic or plastic), the stresses increment due to degradation 

need to be evaluated and added to current stresses. 

Soil degradation formulation is checked by the analysis of a shallow footing 

subjected to degradation advancing from the soil surface. 

In the analyses two calculations stages are considered. During the first one a 

load is applied to the footing, and during the second stage degradation occurs while the 

applied load is kept constant. 

The analyses are carried out for different degrees of degradation. 

Pressure-displacement curves are presented for both stages of calculation, as 

well as the settlement produced due to degradation against its advance into the soil. 

These results confirm that the formulation works correctly. 
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Application of degradation to reinforced and un-reinforced slopes  

The analysis of slopes subjected to degradation is presented as part of the 

research. 

For the case of reinforced slopes, different kinds of reinforcement are 

considered, with different number of nailed points of the mesh. 

For each case, the following curves are plotted: i) horizontal displacements 

profiles in the slope face during degradation, ii) development of horizontal displacement 

of a given point situated on the slope face, as degradation occurs, iii) tension in the 

mesh. 

The results show that the reinforcement reduces the displacements of the soil 

surface, increasing the slope stability. About the tension in the mesh, it is observed that 

axial force in the mesh is concentrated in the point where the mesh is nailed to the 

slope. This axial force is higher in the nailed points situated in the lower point of the 

slope. 

xii 
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PRESENTACIÓN DE LA TESIS 

Hoy en día, el gran volumen de construcción lineal (carreteras, autopistas, 

ferrocarriles, etc.), hace necesario alterar constantemente la superficie del terreno, 

siendo unidades de obra comunes la excavación de desmontes y la construcción de 

terraplenes. En ambos casos, se tiene una superficie creada de forma artificial, y que 

se verá sometida a la acción de diferentes agentes externos. 

Los problemas de estabilidad de taludes, tanto naturales como los construidos 

por el hombre, han sido objeto de estudio, especialmente en el ámbito de la ingeniería 

civil. La mayoría de los esfuerzos se han centrado en el análisis de estabilidad, tanto a 

corto como a largo plazo, entendiéndose dicha estabilidad desde varios puntos de 

vista: roturas globales en las que se ve involucrado todo el talud, roturas profundas a 

través del talud, deslizamientos superficiales, etc. 

En el caso concreto de taludes en suelos, ámbito de esta Tesis, aun cuando 

el dimensionamiento frente a rotura se haya realizado para un coeficiente de seguridad 

adecuado, pueden presentarse problemas relacionados con inestabilidades en zonas 

superficiales del talud, pero que no afectan a su totalidad. Dichas inestabilidades 

superficiales pueden ser debidas a diferentes razones como la degradación superficial 

por agentes atmosféricos, erosión superficial por el agua, infiltración debido al agua de 

lluvia, afloramiento de filtraciones, etc. 

La prevención y corrección de este tipo de inestabilidades se realiza en la 

actualidad mediante sistemas que van desde la revegetación, hasta sistemas flexibles 

anclados al talud, presentando estos últimos no sólo una componente de prevención, 

sino también de refuerzo. 

El tema de inestabilidades superficiales de taludes en suelos es muy amplio y 

con múltiples aspectos a considerar. De ellos, en esta Tesis se presta atención a tres 

aspectos generales relacionados con: 

iv) análisis de la estabilidad superficial 

v) fenómenos de degradación del terreno 

vi) sistemas de protección y refuerzo frente a inestabilidades superficiales 
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Objeto de la investigación 

Hasta ahora, la mayoría de los análisis de estabilidad superficial de taludes se 

han realizado mediante métodos de equilibrio límite, no siendo usual encontrar análisis 

numéricos relacionados con el tema. Ello queda patente en el Capítulo 1 referente al 

estado del conocimiento. 

Sin embargo, el gran desarrollo existente en la actualidad con respecto a los 

análisis numéricos, hace interesante plantear la posibilidad de este tipo de análisis 

para el problema de inestabilidad superficial de taludes en suelos, siendo éste uno de 

los objetivos de la presente investigación. Dicha inestabilidad se plantea en la 

investigación como una degradación de las propiedades resistentes del suelo. 

Más en concreto, el objetivo que se plantea es el establecer una formulación 

de la degradación del terreno, implementarla en un programa de elementos finitos, y 

emplearla para el análisis numérico de inestabilidades superficiales de taludes debidas 

de degradación. 

Por otro lado, sobre los sistemas de refuerzo para evitar deslizamientos 

superficiales, se ha comenzado a emplear recientemente en suelos, tal y como se 

pone de manifiesto en el Capítulo 1, un sistema consistente en la colocación de mallas 

de alambre de acero de alta resistencia, ancladas al talud, y cuya misión principal es la 

de contención del terreno que tiende a deslizar. 

El funcionamiento de estos sistemas se basa en la presión que las mallas son 

capaces de transmitir a la superficie del talud cuando se deforman adquiriendo cierta 

curvatura y entrando en estado de tracción. Como resultado, el terreno se encuentra 

sometido a unas compresiones en superficie, mientras la malla se encuentra en estado 

de tracción (ver figura adjunta). 

El propósito de estos sistemas, no es por tanto favorecer la estabilidad global 

del talud como puede ser el objetivo de sistemas como el soil-nailing u otros, sino 

favorecer la estabilidad de su zona superficial. 

Del Capítulo 1 sobre el estado del conocimiento se concluye que el desarrollo 

práctico de estos sistemas de refuerzo ha ido por delante del teórico, por lo que en la 

investigación que se presenta se plantea como objetivo el analizar su comportamiento, 
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Estados producidos en el suelo y en la malla de refuerzo 

tanto desde el punto de vista de sus características y comportamiento mecánico, como 

con respecto a su interacción con el terreno. 

Se trata por tanto en la investigación, de responder a cuestiones como: 

i) influencia en la estabilidad del talud de la presión transmitida por la malla 

de refuerzo a su superficie 

ii) características y comportamiento mecánico de la malla de refuerzo 

iii) cómo es la interacción entre el talud y el refuerzo 

iv) cómo se pude tener en cuenta, y formular, el efecto de la degradación 

superficial de un talud en un análisis numérico 

Con ello, el objetivo final que se pretende no es llegar a establecer un sistema 

de dimensionamiento minucioso de taludes sometidos a degradación en su superficie 

y reforzados con mallas ancladas, sino tratar de conocer y definir unas pautas sobre la 

forma de trabajo de estos sistemas, y de establecer un desarrollo teórico de sus 

mecanismos de funcionamiento, considerando como acción externa principal el efecto 

del la degradación del terreno en superficie. El intentar llegar a definir el 

dimensionamiento de estos sistemas mediante los análisis que se plantean en esta 

Tesis, se encuentra fuera de los objetivos marcados dado el gran número de variables 
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que forman parte del problema (inclinación del talud, altura de talud, espesor de la 

zona superficial inestable, cohesión, ángulo de rozamiento interno, inclinación de los 

anclajes, separación entre anclajes, etc.). 

Estructura de la Tesis Doctoral 

Para conseguir los objetivos planteados, la Tesis recoge: 

- En el Capítulo 1, el Estado del Conocimiento en relación con las 

inestabilidades superficiales de taludes en suelo, los métodos de cálculo 

empleados para su análisis, las distintas formas de corrección de 

inestabilidades superficiales, y la forma de tratamiento de la degradación 

del terreno existentes en la literatura actual. 

- En el Capítulo 2, el análisis mediante el método de equilibrio límite de 

taludes en suelo sometidos a presiones en su superficie. En definitiva se 

trata de conocer el comportamiento del talud con respecto a las acciones 

que va a soportar debido a la presencia del refuerzo. 

- En el Capítulo 3, la caracterización mecánica de la malla de refuerzo en 

cuanto a su comportamiento tenso-deformacional, así como sus formas 

de trabajo. 

- En el Capítulo 4, el análisis tenso-deformacional de una serie de celdas 

elementales definidas como parte del talud, con el fin de establecer 

algunos criterios sobre el comportamiento conjunto del suelo y el 

refuerzo. Además se presentan algunos casos sencillos de análisis de 

talud. 

- En el Capítulo 5, el efecto de la degradación del terreno como principal 

acción externa a tener en cuenta, causante de la aparición de la 

inestabilidad superficial. Se plantea una formulación teórica para 

representar dicha degradación y se introduce en un programa de 

elementos finitos. Dicha formulación se verifica mediante su aplicación al 

caso de una cimentación superficial. Por último, se presenta el análisis de 

taludes sin y con refuerzo, sometidos a la acción de la degradación en su 

superficie. 
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- Finalmente se establecen las principales conclusiones que se derivan de 

esta Tesis Doctoral, recogiéndose así mismo, las futuras líneas de 

investigación que surgen de los estudios realizados. 

A continuación se presenta un esquema de la metodología seguida en la 

Tesis Doctoral, para desarrollar todos los aspectos anteriores. 
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NOTACIÓN 
 
 

a1,a2 vectores que define la magnitud de la zona degradada 

AF  separación entre los dos frentes de degradación 

b dimensión de la diagonal menor de los rombos que define la malla de 

refuerzo 

B semiancho de zapata 

[B]  matriz que relaciona deformaciones con desplazamientos nodales 

c  cohesión 

cps  cohesión en condiciones de deformación plana 

c*  cohesión minorada por el coeficiente de seguridad 

c0  cohesión inicial en un problema de degradación 

cF  cohesión mínima tras una fase de degradación 

d  espesor de la capa de suelo inestable 

d1  avance del primer frente de degradación 

d2  avance del segundo frente de degradación 

[De] matriz de rigidez elástica 

[Dep] matriz de rigidez elasto-plástica 

E  módulo de elasticidad 

E*  módulo de elasticidad multiplicado por el espesor 

Ec  módulo de elasticidad confinado  

f(σ) función de plastificación 

F  coeficiente de seguridad 

F0  coeficiente de seguridad deseado 

Fa  coeficiente correspondiente a la máxima degradación 

Fb  coeficiente de degradación de valor unidad 

Fd  coeficiente de degradación 

Fp  fuerza de pretensado de los anclajes 

[F]  vector de fuerzas nodales 

g(σ) función potencial plástico 

G  módulo de rigidez transversal 

G*  módulo de rigidez transversal multiplicado por el espesor 

h dimensión de la diagonal mayor de los rombos que define la malla de 

refuerzo 

ht  espesor de tongada en la construcción de un terraplén 



H  altura de talud 

Hc  altura de talud corregida por efecto de la cohesión 

i  inclinación de talud 

I1, I2, I3 invariantes de tensiones 

[J]  matriz Jacobiana 

J'
1J'

2 J'
3 invariantes de tensiones desviadoras 

[K]  matriz de rigidez 

n relación entre le módulo de elasticidad en la dirección y y en la 

dirección x 

Nc coeficiente para cálculo de carga de hundimiento 

Nq coeficiente para cálculo de carga de hundimiento 

Nγ coeficiente para cálculo de carga de hundimiento

N'  fuerza normal efectiva 

p  presión normal en la interacción entre terreno y malla de refuerzo 

ph  carga de hundimiento de una zapata 

Pi  puntos para definición de la zona degradada 

Q carga aplicada en el ensayo de carga distribuida sobre la malla de 

refuerzo 

r  radio del alambre que constituye la malla de refuerzo 

r2  coeficiente de correlación 

R  coeficiente de reducción por altura del talud 

s  separación entre anclajes 

t  presión tangencial en la interacción entre terreno y malla de refuerzo 

T  fuerza tangencial 

u  presión intersticial 

U  fuerza debida a las presiones intersticiales 

v   vector que define la dirección para la corrección de tensiones 

  

α  ángulo de las líneas de corriente con la horizontal 

β  inclinación del talud 

δ ángulo que relaciona la presión normal y tangencial en la interacción 

entre terreno y malla de refuerzo 

[δ]  vector de desplazamientos nodales 

δcl flecha en el centro luz de una membrana con deformación 

semicilíndrica 

δm  flecha en el centro de una membrana con deformación esférica 



εe  deformaciones elásticas 

εp  deformaciones plásticas 

φ  ángulo de rozamiento interno 

φps  ángulo de rozamiento interno en condiciones de deformación plana 

φ*  ángulo de rozamiento interno minorado por el coeficiente de seguridad 

γ  peso específico del terreno 

γa  grado de asociación 

γsum  peso específico sumergido del terreno 

γw  peso específico del agua 

ηk  parámetros resistentes de un modelo de comportamiento 

λ  ángulo de salida de una cuña que desliza  

µ  coeficiente de Poisson 

µ+  coeficiente relacionado con la dilatancia 

µ*  coeficiente relacionado con el ángulo de rozamiento interno 

σ1,σ2,σ3 tensiones principales de Cauchy 

σ*
  tensión normal multiplicada por el espesor 

σ'
  tensión normal efectiva 

dσd incremento de tensiones debidas a la degradación 

σ'
d  tensión normal efectiva sobre un plano de deslizamiento 

τ  tensión tangencial 

ξ  inclinación de anclajes respecto a la horizontal 

ψ  ángulo de dilatancia 
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