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Abstract 

The occurrence of catastrophic landslides, where tons of soil mass is mobilized with high 

velocity, sometimes even reaching 100 m/s, has been reported in sites throughout the world, 

causing disastrous consequences. This phenomenon is characteristic of reactivated landslides 

in clayey soils, which have attained the residual state in the failure surface. The triggering of 

high velocities at large displacements is a complex subject with several published related 

studies and few consensus in regards to the mechanism that has originated it. The goal of this 

is thesis is to carry out a literature review in an effort to provide some light to the full 

understanding of the various aspects of soil behaviour in the residual state, at small and large 

displacements, as well as the relationship it has with shear rate. One of the explanations for the 

sudden strength drop and therefore, landslide acceleration, is the heat generation by friction so 

it is also made a literature review regarding this topic as well as regarding other mechanisms of 

heat generation that may occur simultaneously. A numerical study focusing on the generation of 

heat by friction, when a steel plate is sheared against a soil sample in a ring shear apparatus, is 

performed in the finite element software Abaqus. Several models were created, evolving from 

simple to more complex. The conclusion was that the ultimate formulation adopted, Coupled 

Eulerian-Lagrangian, fails to provide accurate results in the contact between parts.  
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Large strains; heat generation; landslides; residual shear rate; viscous behaviour; finite 

elements 
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Resumo 

A ocorrência de deslizamentos de terra catastróficos, em que toneladas de solo são 

mobilizadas a altas velocidades, por vezes atingindo 100 m/s, foi registado em diversos locais 

do mundo, resultando em consequências desastrosas. Este é um fenómeno característico de 

deslizamentos de terras reativados em solos argilosos, em que a superfície de rotura já atingiu 

o estado residual. Os aspetos relativos a esta reativação, e, eventual desencadeamento de 

velocidades elevadas, a grandes deformações, é um assunto complexo com diversos 

trabalhados publicados e pouco consenso no relativamente toca ao mecanismo que origina o 

fenómeno. O objetivo desta dissertação é providenciar algum avanço no que toca ao completo 

entendimento dos vários aspetos do solo no estado residual, a pequenas e grandes 

deformações, tal como a relação com a taxa de corte a que esta sujeito. Uma explicação para a 

súbita perda de resistência e eventual aceleração do deslizamento é a geração de calor por 

atrito por isso é realizada uma revisão de literatura relativamente a este tópico tal como 

relativamente a outros mecanismos de geração de calor que podem ocorrer simultaneamente. 

Um estudo numérico no software de elementos finitos Abaqus é realizado, tentando reproduzir 

o fenómeno de geração de calor por atrito num ensaio de corte rotativo, deslizando uma placa 

de metal contra uma amostra de solo. Criaram-se diversos modelos, evoluindo de formulações 

simples para complexas, concluindo-se que a última tentativa de modelação, recorrendo à 

análise Euleriana-Lagrangiana acoplada, não é bem-sucedida no cálculo de resultados no 

contacto.  

 

Palavras-Chave 

Grandes deformações; geração de calor; deslizamentos de terra; taxa de corte no estado 

residual; comportamento viscoso; elementos finitos 
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1 Introduction 

1.1 Motivation and Contents 

On the 9
th
 of October in 1963 a massive landslide, with 250 000 000 m

3
 of displaced mass of 

soil, took place on the Vajont dam in north of Venice, Italy, causing catastrophic consequences 

for the region (Tika & Hutchinson, 1999). The high velocity that this landslide attained was 

highly unusual since the initiation of movement was apparently sudden and evolved rapidly from 

a few mm per second to an exceedingly 20-30 m/s in less than 1 min (Tika & Hutchinson, 1999) 

(Semenza, 1965). There are, however, reports from other landslides throughout the world that 

reached this kind of behaviour, being that a common factor is that they occur generally along 

existing failure surfaces, so they are called reactivated landslides, and involve very large 

deformations.  

One of the goals of this thesis is to provide some insight into the mechanisms involved in very 

fast landslides since there are various speculations and differing concepts of what could have 

generated such an effect. In order to do so a literature review is prepared at first. Since such 

failures involve very large shear deformations the shear strength of soils, in particular, clays, at 

such level of deformations, i.e. residual strength is addressed at first instance. The literature 

review aims to understand the various aspects that may influence the available shear strength 

along the failure surface as landslide movement progresses, and may explain the accelerating 

displacement and, more importantly, how such large landslide velocity was reached in the case 

of the Vajont dam. In this context it is discussed the effect of shear rate in the soil behaviour 

from small to large deformations. 

Further, one explanation that has been put forward is that, in the failure surface, as large 

deformations are taking place, heat is generated by friction. The increase in temperature can 

have some influence in the soil’s strength, but more importantly, if undrained conditions prevail 

(what is likely given the occurring strain rates) the expansion of the water present in the inter-

particle voids can lead to the generation of positive excess pore water pressures, which, in turn, 

contributes to the decrease of the available shear strength (Veveakis, et al., 2007). Not only can 

this happen but other mechanisms of heat generation simultaneously. Therefore, the generation 

of heat due to friction in soils is also discussed in the literature review presented in this thesis. 

The laboratory apparatus more suitable to investigate the shear strength of soils at very large 

deformation is the ring shear apparatus. The gathering of experimental data is not the aim of 

this dissertation and instead it is propose to model numerically the ring shear test and the 

conditions imposed by it. Based on the above, the aims of this thesis are: 

 Based on an extensive literature view, characterize the shear strength of clayey soils at 

very large deformations and identify the phenomena that can affect it, in particular strain 

rate and the generation of heat. 
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 Understand the thermo – hydro – mechanical coupling effects that are likely to affect the 

available shear strength at large deformations. 

 Using various approaches available in the finite element software Abaqus, model the 

ring shear test and simulate the heat generation by friction.  

 

1.2 Thesis Outline 

This dissertation is organized in six chapters, being that the first, the Introduction – provides 

the context for this work, defines the aims of the thesis and gives a description of the general 

organization of the thesis.  

The following three chapters address the notions acquired during the review of the literature 

concerning the topic. Chapter 2 – Soil shear strength at large deformations - discusses the 

shear behaviour of the soil up to very large deformations and the different shearing mechanisms 

that may occur at particle level. In this chapter is also included a description of the Vajont failure 

case study. The following chapter, Chapter 3 - Effect of the rate of shearing - addresses the 

effect of the rate of shearing in the stress-strain response of soils, depending on the soil types 

and taking into account the range of deformations. Chapter 4 – Heat generation in soils - 

discusses the mechanisms of heat generation likely to occur when soil is suffering shear and a 

connection is made to the topic. 

Chapter 5 – Numerical modelling - presents the numerical simulations developed in this 

thesis, the results, and their analysis and discussion. Three models were created in order to 

best simulate the generation of heat by friction, in a soil sample sheared against a steel plate in 

a ring shear apparatus.  

Finally, in Chapter 6 – Conclusions and future developments - it is presented a summary of 

the outcomes of this work as well as some proposal for future developments.  
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2 Soil shear strength at large deformations 

This chapter will focus on the behaviour of soils at very large shear deformation, often termed 

the residual state. A literature review was made aiming to characterize the shear strength of 

soils at large deformations as well as present a brief history of the investigations that made 

possible its understanding. Geotechnical problems involving very large shear deformations 

include landslides, pile driving and insertion of soil penetrometers. As an example of the 

phenomena in the last part of this Chapter, the case of the failure at Vajont dam is presented. 

2.1 Peak, critical and residual state 

When soils are sheared three states can be identified, as the shear deformation increases: 

peak, critical state and residual. The transition between these states allows the understanding 

of the variation in the shear strength parameters, very important to comprehend the soil 

behaviour at different stress conditions.   

When a soil sample is sheared at constant normal stress it is possible to identify a peak state, 

the critical state (also referred to in the literature as the post-peak state or fully softened 

strength) and finally the residual state (Figure 2.1). The peak resistance is attained at shear 

strain of about 1%, the critical state is reached at shear strain typically of about 10% to 20% and 

is associated to some loss of soil resistance and the residual state happens when it is achieved 

a much larger deformation and may have associated further loss of strength. The residual state 

happens when there is such a distortion of the material that it behaves as a “frictional fluid” in 

some surfaces.  

 

Figure 2.1 – Behaviour of soils during shearing (Atkinson, 2007) 

Only clayey soils can achieve the residual strength since it implies the development of a 

preferential plane of particle orientation in which sliding occurs. When this happens there is a 

laminar flow in the direction of the preferential surface where shear is applied, that implies a 

reduction of strength of up to 50% of the critical strength. In sandy soils the behaviour is usually 

non-brittle which means the residual strength is equivalent to the critical state, since the 
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particles roundness and lack of chemical interaction between each other prevent the 

preferential alignment and bonding of particles. The strength at residual state is not influenced 

by the structure of the clay prior to shearing since any stress memory or pre-existing structure is 

destroyed after the clay achieves the residual state by shearing (Najjar, et al., 2007). When 

large shear displacements take place, the past stress history of the clay is erased and the 

material resumes its behaviour as “normally” consolidated clay  (Veveakis, et al., 2007).  

Lupini and other authors (Lupini, et al., 1981), based on a series of laboratory tests, 

characterize the drained shear strength of clayey soils at very large deformations, describing 

the variation of the residual friction angle (𝜙𝑅
′ ) when shear is taking place. There is evidence 

that shear in the residual state can happen associated to three different mechanisms, 

depending on the properties of the material. This will be discussed in more detail in section 2.3.   

The characterization of the behaviour of soils, when subjected to large shear deformations, 

assumes special importance since it can be associated to a notable reduction in strength. This 

is very relevant when studying reactivation of movement in ancient landslides, in which the soil 

has reached or is close to reaching the residual state (as well as progressive failure in stability 

problems) or other large deformation problems such as installation of driven foundation 

elements and penetration problems in general. Large displacement problems are also worth 

better investigation in the sense that it mobilizes such an amount of energy that it can lead to 

heat generation phenomena. This is the main subject of this thesis and will be approached later 

on. 

 

2.2 Description of soil shear strength   

As postulated by Terzaghi (Terzaghi, 1923) in its principle of effective stress, soil behaviour is 

controlled by the effective stresses, i.e. the stresses acting at the inter-particle contacts. It is 

found (Terzaghi, 1943) that the shear resistance of soil is essentially frictional since its 

practically independent of the character of the changes of stresses which preceded the failure, 

as stresses are entirely transmitted from grain to grain. In other words, the shearing resistance 

depends solely on the normal stress, on the potential surface of sliding. At critical state and at 

residual state, the shear strength of soil is purely frictional and it is well described by the Mohr – 

Coulomb failure criterion (assuming zero cohesion, 𝑐′ = 0):   

 𝜏 =  𝜎𝑛´ tan 𝜙′ (2.1) 

Note that the angle of internal friction, 𝜙′, at critical and residual state are in general considered 

soil constants. Instead, shear resistance at peak is found to depend on the initial soil state and 

applied stress path. Though the Mohr Coulomb criterion may be used to describe it, the angle of 

shearing resistance, 𝜙, at peak is not a soil constant. 

According to the principle of effective stress, in a saturated soil element, effective stress is equal 

to the total normal stress minus the pore water pressure. Depending on the applied loading 
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rates, low permeability soils may respond in undrained conditions when sheared, as no volume 

change is able to occur. In those conditions excess pore pressure is generated since no volume 

change can follow and the angle of shearing resistance 𝜙, depends not only on the nature of the 

soil and its initial state but also on the rate of stress application and the permeability of the 

material (Terzaghi, 1943). If the pore pressures are not known then it is not possible to know the 

effective stresses. In these conditions it is convenient to express the soil shear strength in terms 

of total stress, by means of the parameter undrained shear strength, 𝑆𝑈. 

 𝜏 =  𝑠𝑢 (2.2) 

 

 

Figure 2.2 shows the distinction between shear strength expressed in terms of effective and 

total stress states.  

2.3 Mechanisms of residual shear  

2.3.1 Influence of soil plasticity and clay fraction  

Drained residual strength has been extensively studied experimentally in the laboratory by 

several investigators through the years (Tiedemann, 1937) (Hvorslev, 1936) (Hvorslev, 1937) 

(Hvorslev, 1939) (Haefeli, 1938). Several techniques have been used as well as various 

attempts in order to properly understand soil behaviour in these conditions. There was initially 

the discovery of the existence of this minimum strength at large strains, which led to the 

investigation of the properties of the soil that mainly influence this ultimate strength in clays. 

The first experimental studies that took place focused on the influence of the soil plasticity, in 

terms of the soil Liquid Limit (LL) reaching the conclusion that the higher the value of this 

parameter, higher the drop between peak and residual strength. Later on, there is more 

Figure 2.2 – Soil shear strength expressed in terms of total stress and effective 

stress states 
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importance given to the in-situ residual strength, emphasizing the influence of the Plasticity 

Index (PI) and clay fraction (percentage by weight of particles with mean particle diameter 

smaller than 2 μm). These two parameters have special interest to the phenomena since it can 

give a good estimate of the inter-particle friction as well as a measurement of the soil plasticity. 

There is strong evidence that the residual strength is closely related to the percentage of platy 

particles and the clay particles mineralogy, i.e. plasticity (Vaughan & Walbancke, 1975) 

(Vaughan, et al., 1978). Conclusions were derived and confirmed by several publications being 

that the main correlations are presented in Figure 2.3 and Figure 2.4. 

 

 

 

 

Figure 2.3 – Relationship between residual friction angle and clay fraction 

(Lupini, et al., 1981) 

Figure 2.4 – Relationship between residual friction angle and plasticity index 

(Lupini, et al., 1981) 
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The influence of the mineralogy was pointed out as one of the most important characteristics of 

the soil (Kenney, 1977), influencing in great deal the residual strength. Several investigations 

took place, determining that soils showing more percentage of platy and needle shaped 

particles are associated with lowest residual strengths. This is due to the generation of a failure 

surface where these particles are orientated in the same shear direction. 

In a general way, the more decisive parameters for the residual strength of cohesive soils are: 

 Clay fraction (particle dimension); 

 Mineralogy; 

 Coefficient of interparticle friction (𝜙μ). 

Different shearing mechanisms have been identified at residual state depending on the shape, 

dimension and nature of the particles that constitute the soil. Several testing was employed, 

using the ring shear apparatus (Lupini, et al., 1981), the most effective apparatus when studying 

the behaviour of soils at very large shear deformations. There are three mechanisms these soils 

can show, each one depending on the proportion of platy and round particles as well as the 

friction between them. The transition between them relies on their packing and on the particle 

size distribution.  

2.3.2 Turbulent behaviour  

This behaviour is most common in materials with higher percentage of rotund particles since the 

residual state, in this case, involves shear at constant volume without particle orientation. 

Shearing is predominantly by rotation of the rotund particles, as in a granular soil, and is mainly 

controlled by interparticle friction (Skinner, 1969). When the proportion of clay particles is low, 

the residual strength will be due to the rotund particles alone since the rolling movements of 

these particles prevent the orientation of the clay in the direction of the shear surface. A higher 

proportion of clay particles results in a reduction of strength since it can cause a higher 

separation of the contacts between rotund particles. To be noted that the clay particles continue 

to be unaligned in a preferential direction. When the material has a majority of clay particles, a 

sort of “turbulent” mechanism may be observed if the coefficient of interparticle friction (𝜙μ) is 

high enough for the strength in the sliding surface to be greater than the one caused by 

turbulent shear. However, this behaviour has not been properly demonstrated (Lupini, et al., 

1981).  

Soils with turbulent shear at very large deformations demonstrate residual shear strength 

coincident with the shear strength at critical state, as no further reduction of shear strength 

occurs (Lupini, et al., 1981). 

If a shear zone is formed this will essentially be a zone with different water content. As 

mentioned, residual strength corresponds to the shear strength at critical state and may be 

modified by subsequent stress history (Lupini, et al., 1981).  
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2.3.3  Sliding behaviour 

Soils exhibiting this behaviour usually possess a high quantity of platy, low-friction particles, 

enough to develop a preferential shear zone with a polished surface of orientated clay particles. 

In this case, residual friction angle (𝜙𝑅
′  ) has been reported to vary between 7º to 20º, depending 

on the mineralogy of the platy particles as well as the pore-water chemistry of the water present 

which determines their bonding (Lupini, et al., 1981). Tests on mica powders show the 

coefficient of interparticle friction (𝜙μ) is directly linked to the residual strength, although the 

residual angle (𝜙𝑅
′ ) is usually slightly higher, demonstrating that the failure is usually not by pure 

sliding (Lupini, et al., 1981). 

Preferential alignement of the clay particles in the direction of shear is facilitated at higher 

normal effective stresses (Lupini, et al., 1981). There is also a connection to shear rate which 

will be later addressed. This supports the observation that the drained residual shear strength 

envelope of fine-grained soils is actually non-linear, especially at lower normal effective stresses 

(Terzaghi & Peck, 1948) (Skempton, 1985)  (Hisham, et al., 2015). 

Once the failure surface is formed, it becomes a permanent feature of the material and cannot 

be easily altered by subsequent stress history. Since, in these conditions, the residual strength 

is, as a rule, significantly lower than the critical state shear strength, these surfaces will 

influence the bulk properties of the material and constitute a plane of weakness (Lupini, et al., 

1981). 

2.3.4 Transitional behaviour  

As the name states, transitional behaviour indicates that the soil can behave with turbulent or 

sliding mechanism, transitioning between the two in different zones of the failure surface. 

Observations made in the soil structure after shear, indicate that there are zones of the failure 

zone in which platy particles are aligned but these are being interrupted by soil pockets, 

containing rotund particles (Lupini, et al., 1981).  

A soil exhibiting or close to exhibiting this behaviour is very sensitive to small changes in 

grading as well as changes in normal stress. Regarding the first aspect, when there is higher 

proportion of rotund particles than usual, it may be sufficient to cause the sliding surface to 

deviate from the plane resulting in a higher residual friction angle (Lupini, et al., 1981). When 

the normal stress is increased it can develop two effects opposing each other: the rotund 

particles become more packed and therefore cause more interference between them as 

opposed to a reduction in the residual friction angle in the zones where sliding occurs due to the 

platy particles (Lupini, et al., 1981).  
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2.4 Clay-interface shear resistance 

The main earlier investigation on this subject focused on the interface behaviour between sand 

and different materials, being mostly dependent on the roughness and the material of the 

interface as well as the properties of the soil and the percentage of clay fraction (Rouaiguia, 

2010). Lupini and other authors (Lupini, et al., 1981) state that the presence of an interface, 

when applying shear to a soil with low clay content, can change its mechanism to sliding, since 

the flat surface can prevent the interference of massive minerals, therefore creating an 

orientated shear zone. This may be the cause for the fact that the displacement needed to 

mobilize the residual strength is usually less when the soil is sheared against a solid surface 

(Lemos & Vaughan, 2000) (Tsubakihara & Kishida, 1993) and also to the observation that some 

soils sheared against interfaces can reach an interface residual friction angle lower than the 

residual friction angle of the soil itself (Hisham, et al., 2015).  

Lemos & Vaughan (Lemos & Vaughan, 2000) investigated the behaviour of clays with varying 

plasticity when sheared against different interfaces of various materials and roughness after the 

residual conditions were all established, at a rate in which drainage was permitted, by means of 

ring shear tests and direct shear boxes. The interfaces used were made of glass, stainless steel 

and mild steel. Some conclusions were made and are summarised, as follows: 

 In fine grained soils with high clay content, therefore showing the mechanism of sliding shear 

at residual state, the ultimate interface resistance resembles the one given by soil-on-soil 

shear in the residual state. It was found that the roughness of the interface does not affect in 

great deal the value of its residual strength. It was also confirmed, however, that the ultimate 

strength is reached at much smaller displacements when the soil is sheared against an 

interface (Lemos & Vaughan, 2000).  

 In fine grained soils of lower clay content, the residual shear follows either the turbulent or 

the transitional mechanism. The presence of an interface promotes the sliding mechanism 

depending of the surface material and roughness (Rouaiguia, 2010) (Lemos & Vaughan, 

2000). This occurs due to the fact that the interface helps the accumulation of platy particles 

in the soil-interface separation therefore easing the formation of an oriented shearing zone 

as mentioned earlier.  

 The smoothness of the surface also makes it more unlikely for rotund soil grains to interfere 

with this oriented clay zone. Glass and smooth steel interfaces promoted this behaviour, 

such that smaller deformations are needed to reach the residual state and they give the 

lowest values of peak and residual strength. These interfaces facilitated not only the 

preferential orientation of the clay particles, facilitating a sliding mechanism, but also the 

destruction of the bond between particles during shearing (Rouaiguia, 2010). When interface 

asperities resembles the dimensions of the soil particles, the interface shearing resistance 

becomes the same as the soil-on-soil residual strength (Lemos & Vaughan, 2000) as 

expected.  



10 
 

 When shear is prolonged to very large displacements in sandy clays, the shear resistance is 

likely to increase; this is thought to be due to the change in the material particle size 

distribution near the interface (Lemos & Vaughan, 2000). However, these changes are more 

significant with smooth surfaces rather than rough ones. 

 At low effective normal stresses, the same patterns of behaviour at very large shear 

deformation as mentioned before are observed (Hisham, et al., 2015). It is also suggested 

(Hisham, et al., 2015) that the orientation of the clay particles in these conditions, at the 

interface, can create drainage pipes which facilitates seepage in this area. 

Figure 2.5 shows a schematic figure demonstrating possible mechanisms of interface shear by 

sliding of low plasticity clays as well as a relation between residual friction coefficients with 

granular void ratio and clay fraction. 

 

Figure 2.5 – Possible interface shear by sliding in low plasticity clays. S1 

represents the possible sliding shear when soil is sheared against a smooth 

surface (Lemos & Vaughan, 2000) 

 

2.5 The Vajont landslide  

On the 9
th
 of October in 1963 a massive landslide took place on a dam in north of Venice, Italy. 

This landslide caused catastrophic consequences since a huge amount of soil (reaching the 

total of 250 000 000 m
3
) moved with high velocity, plunging into the dam’s reservoir and 

impounding tons of water over the arch dam (Tika & Hutchinson, 1999). The water attained an 

altitude of 250m, reaching close villages and causing several casualties. This case was taken 

as the object of several investigations due to its outcome and the high velocity attained by the 

landslide. The mass of soil slid through a chair-shaped slope varying from 30º at the rear scape 

to about 0º at the toe (Tika & Hutchinson, 1999). The slide moved 400 m at an estimated 
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velocity of 20-30 m/s in less than 1 min and was localized in a previously unstable slope where 

historic landslides had already occurred (Semenza, 1965). It caused several seismic shocks, 

recorded throughout Europe.  

Some specimens taken from the site reveal that the soil is mainly high plastic clay with Liquid 

Limit in the order of 50, Plasticity Index around 20 and 2 𝜇𝑚 particles reaching 30% of its 

distribution (Tika & Hutchinson, 1999). Other authors (Hendron & Patton, 1985) (Broili, 1967) 

state that the clay-rich layers were a mixture of 35–80% of clay particles (Ca-montmorillonite, 

smectite, illite, vermiculite) by mass and of grains of calcite and minor quartz. Also these 

materials had low shear strengths being that the friction coefficient was found to vary between 

0,10–0,17 (Veveakis, et al., 2007).   

Given the nature of events and geological evidences, a conclusion was determined for the start 

of the movement: the landslide occurred due to the reactivation of movements in an ancient 

landslide in which the soil was most probably close or at the residual state (Tika & Hutchinson, 

1999). This was the result of the installation and impounding of the artificial reservoir, probably 

together with the contribution of rainfall/thawing (Veveakis, et al., 2007). Following this, a 

relatively slow but accelerating creep motion that endured during 2-3 years was ensued 

(Alonso, et al., 2015). It is presumed that the accelerating creep did not occur in a single clay-

rich layer but instead in different slipping surfaces most likely with different friction angles that 

could eventually have linked to form a principal sliding plane. These surfaces were 0,5 to 17,5 

cm thick and embedded in limestone (Veveakis, et al., 2007). Some authors (Sitar, et al., 2005) 

employed multibody analysis of the slide, concluding that initially the land probably slid as a 

relatively coherent block slipping on a plane but as failure took place and progressed, the 

internal strain in the slide was accommodated by the disintegration of the soil’s mass. 

The following statements regarding the Vajont soil (Tika & Hutchinson, 1999) should be noted: 

 It is made mainly by clay particles with silt; 

 Residual shear angle (𝜙𝑅
′ ) can vary between 6 e 12º (which could be underestimated since 

these values were assessed without taking into account the existence of rock-on-rock 

contacts in the basal slide as well as irregularities in the clay layers).  

These facts suggest that the soil may have a residual shear sliding mechanism or possibly a 

transitional one, since tests also show some dilatancy of the soil (Tika & Hutchinson, 1999).  

However, the main focus should be the fact that the landslide reached such high velocity. Like 

stated before, a mechanism of slow creep may have triggered the sudden reduction in the 

shearing resistance. It was hypothesized that was mainly by brittle failure on internal shears, 

probably forming a graben within the chair-shaped slide mass, as well as in the side shearing 

resistance along the eastern boundary wall. This converted the slide mass into a kinematically 

admissible mechanism, which led to its rapid acceleration and triggered off the mechanism 

necessary to sustain the fast movement (Hendron & Patton, 1985) (Hutchinson, 1987). This 

failure reached ancient shear zones and may have formed others.  
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However, the question maintains for what was the mechanism that sustained the movement. In 

the following chapters, these subjects will be addressed, sometimes focusing on the Vajont 

landslide as one of the examples of the phenomena.  
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3 Effect of the rate of strain  

When failure occurs in a mass soil, generating a fast slope movement, the post-failure stage 

occurs with an increase of the displacement rate followed by a progressive decrease in velocity 

eventually culminating in the movement stopping (Leroueil, 2001). Throughout the years, 

researchers have studied the effect of the strain rate on the stress-strain response of soils, in 

particular fine-grained soils. The effect of strain rate can be significantly different depending on 

the type of soil. This chapter is divided by two subchapters; the first addressing the 

investigations related to effect of strain rate as observed in oedometer tests and triaxial tests, up 

to the post-peak regime and the second addressing the effect of strain rate at very large 

deformations.  

3.1 Definition of viscosity effects  

According to fluid mechanics, viscosity is defined as the movement resistance that gas or liquid 

offer, when subjected to shear. Higher viscosity implies higher resistance to deformation. It is 

highly dependent on time, therefore rate of shearing, and on its temperature (Tatsuoka, 2006) 

(Laloui, et al., 2008). Sometimes the term pseudo-viscous is used to describe deformation in 

which shear stress is almost linearly related to shear strain (Rathbun, et al., 2008).  

Before addressing the subject of viscosity effects in soils in more detail it is important to make 

an introduction to identify the different phenomena that result from the viscous nature of the 

soils: pure strain rate and temperature effects. When analysing the behaviour of soils there are 

other phenomena that can be misunderstood as an effect of viscous behaviour since it can 

occur simultaneously with it and has the same type of effect: an extra resistance to movement. 

One such effect is called structuration and can be defined as a chemical and physical process 

that occurs at an inter-particle level of the natural soil, making it acquire extra strength and 

stiffness comparing to its remoulded state, which cannot be related to differences in void ratio or 

by stress history alone. Structuration is associated (Bodas Freitas, 2008) with the following 

effects: 

 Thixotropy; 

 Bonding (electrochemical aggregation phenomenon between particles);  

 Cementation (physical aggregation phenomenon between particles). 

The bonding effect is the most common among clays, since it implies an increase in resistance 

between particle contacts. Bonding is more likely to happen at low normal stresses and when 

low shear rates are being applied. After the structure is partly or fully “removed” by shearing or 

remoulding, the bonds can be rebuilt rapidly provided the deformation rate is maintained below 

a certain value (Gratchev & Sassa, 2015). These are usually referred to as ageing effects of the 

soil since it is not dependent on the interaction with exterior environment and it is not an 

outcome on changes in the intrinsic properties of the soil.  
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One parameter that can be used to quantify the structure of fine-grained soils is the Sensitivity 

parameter. This is essentially the ratio of peak undrained shear strength of the structured 

material to that undrained shear strength in the remoulded state, at the same water content 

(Powrie, 1997). The relation that describes it is Equation (3.1) in which (𝑠𝑢)𝑟 is the remoulded 

undrained shear strength and (𝑠𝑢)𝑝 is the peak undrained shear strength of the natural 

structured soil (Sorensen, 2006). 

 

 𝑺𝑻 =
(𝒔𝒖)𝒑

(𝒔𝒖)𝒓
  (3.1) 

 

 

 

Figure 3.1 – Schematic diagram showing typical behaviour of soil when 

submitted to a drained creep period demonstrating the effect of structuration 

and viscosity (Bodas Freitas, 2008) 

Figure 3.1 shows the combined effects of viscosity and structure on the evolution of void ratio – 

vertical effective stress relationship following a drained creep period. When a soil element is 

loaded after a period of creep, there is an increase in the yield stress due to viscous effects but 

the stress path overshoots the NCL, implying that age effects also occurred. After sufficient 

straining has occurred to break the structure gained by the soil, the soil state rejoins the NCL. 

There is some evidence that this structuration effect takes place in ancient landslides since it 

was noticed (Carrubba & Del Fabbro, 2008) that there is strength increase in reactivation tests 

after a minimum of 15 minutes to a maximum of 30 days in common Italy flysch, with the 

occurrence of a clear peak at very small relative displacements, more noticeable in lower 

normal stresses. In case of further displacements, strength quickly drops to the residual value. 

There is also evidence that there is more strength gain in soils showing higher percentage of 

gross particles (Carrubba & Del Fabbro, 2008). 
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Once the distinction has been made between structuration effects and pure viscous effects, the 

subject of viscosity can be addressed. In a soil mechanics perspective, viscous effect is 

described as the amount of deformation by creep at constant effective stress or as the 

increasing of shear stress when the soil is subjected to an increase in the rate of deformation. 

Both the shear and volumetric soil response are affected by viscous effects (Tatsuoka, 2006).  

 

 

Figure 3.2 – Response of an elasto-plastic material free from both viscous and 

ageing effects (Tatsuoka, 2006) 

For the purposes of this thesis, more emphasis will be given to the shear response. 

 

Figure 3.3 – Simplified version of the three-component rheology model 

(Benedetto, et al., 2002) (Tatsuoka, et al., 2002) 

The stress – strain relationship given by an elastoplastic material is represented schematically 

in Figure 3.2. The stress-strain response that is seen during subsequent shearing of 

anisotropically and isotropically consolidated specimens of clay could become largely different 

from that given according to this model. This is due mainly to two factors – viscous and ageing 

effects – (Tatsuoka, 2006) being the occurrence of viscous effects for different strain rate 

histories is addressed in this Chapter.  

On account of the necessity of considering viscous effects in a soil’s response, proposals have 

been developed to employ a strain-additive model, being the viscous effect independent of 

plasticity or as a dependent effect.  

Tatsuoka (Tatsuoka, 2006) presents the results of a consolidated drained triaxial test with five 

drained creep stages on air-dried silica No. 4 sand. The results show that when monotonic 

loading is restarted at the original strain rate, after the respective creep stage, the stress-strain 
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relation first exhibits a very high stiffness, and this occurs for a wide range of stress. Following a 

clear large-scale shear yielding at some point during the monotonic loading, the stress - strain 

relation tends to rejoin the one that would have been obtained if this loading had continued 

without an interruption for creep. This was not predicted by the strain-additive model. Other 

researchers (Kim & Leroueil, 2001) (Yoshikuni, et al., 1994) have shown that when the strain is 

kept constant, and thus the total strain rate is equal to zero, a decrease in effective stress is 

observed with time. This is due to the fact that the strain rate model applies only to the plastic 

strain component, so in relaxation tests where the total strain is constant, the increase in plastic 

strain associated with viscosity must be compensated for by decrease in elastic strain, therefore 

a decrease in effective stress (Laloui, et al., 2008). A schematic of a simplified model including 

viscous effects is presented in Figure 3.3. 

Viscous behaviour includes time dependent effects (Bodas Freitas, 2008) such as:  

 Creep: continued deformation of a soil element at constant effective stress; 

 Stress Relaxation: continued decrease in effective stresses acting on a soil element 

under constant strain conditions; 

 Rate Effects: change in the stress-strain-strength soil response due to the rate of 

applied strain.   

The soil deformation at constant effective stress, during which the rate of deformation is 

controlled by its viscous component of the soil is called creep. The amount of creep deformation 

is found to increase with increasing soil plasticity, water content and stress level (Bodas Freitas, 

2008). Smaller viscous resistance implies larger creep.  

Creep is characterized by three stages (Bodas Freitas, 2008):  

1) Primary: Rate of deformation decreases with time; 

2) Secondary: Strain - logarithm of time relationship is linear; 

3) Tertiary: rate of deformation increases with time. 

Figure 3.4 expresses these stages.  

 

Figure 3.4 – Creep phases characteristics (Augustesen, et al., 2004) 

The secondary and tertiary creep phases can be observed in triaxial creep tests. During creep 

triaxial tests, depending on the imposed stress state in relation to the failure envelope, the 

secondary phase, followed by the tertiary can be observed, leading to a type of failure known as 
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creep rupture. This is one of the common processes occurring in a pre-failure stage of 

landslides which is controlled mostly by deformations caused by creep, changes in stresses and 

progressive failure (Leroueil, 2001).  

Strain rate effects refer to the change of the soil stress- strain relationship as a result of the 

changes to the applied strain rate. These effects are discussed in detail in the next sections.   

3.2 Strain rate effects up to the post-peak state 

The viscosity type is controlled by geomaterial type in terms of grading characteristics, particle 

shape and particle crushability (Tatsuoka, 2006). When a soil is submitted to a certain strain 

rate and then the rate is reduced with controlled straining, there is an alteration to the stress-

strain relationship. There are reports (Rathbun, et al., 2008) of strain rate effects occurring both 

in dry and water saturated conditions, which imply that viscous effects are not caused by 

localized pore pressure oscillations. 

The effect of strain rate can be evaluated by comparing the stress-strain response at different 

constant rates of straining (𝜀̇ −  𝜀 −  𝜎). In this Chapter it will be presented the three types of 

viscosity that can be found on soils: Isotach, TESRA, Positive & Negative. These three types 

have been found by laboratory stress-strain-strain rate (𝜎 − 𝜀 − 𝜀̇) tests on a wide variety of 

soils. In general, small displacement theory has been used in order to interpret the results from 

laboratory testing which means that these observations derive from relative small displacements 

being imposed to soil.  

3.2.1 Isotach Viscosity 

This is the most classical type of viscosity observed. A soil element that possesses the Isotach 

viscosity has a unique stress- irreversible strain relation (𝜎 − 𝜀𝑖𝑟) for a given strain rate (𝜀̇)  

(Leroueil, et al., 1985) (Vaid & Campanella, 1977) when it is subjected to monotonic loading. 

Stress (𝜎) is dependent on instantaneous values of strain(𝜀𝑖𝑟) and strain rate (𝜀̇) therefore are 

not a function of stress history and of the instantaneous rate of loading �̇�. It can be considered 

that there is a unique stress-strain-strain rate relationship, independent of the rate of effective 

stress change (Leroueil, et al., 1985). Some authors state that the Isotach model provides a 

more accurate prediction of settlements compared to Terzaghi’s consolidation theory (Tsutsumi 

& Tanaka, 2012).  

It is usually observed on more coherent types of soil such as soft clays in their natural and 

reconstituted states, undisturbed natural stiff clays and soft sedimentary rocks and even well-

graded angular granular gravelly soil (only pre-peak) (Tatsuoka, 2006). Isotach behaviour is 

adequate for describing the time and rate effects in clays in most situations (Augustesen, et al., 

2004). Well bounded materials (Rathbun, et al., 2008), in particular before there is significant 

damages to bonding by shearing, tend to present isotach viscosity type. Some observations are 

complicated by the occurrence of the phenomenon of structuration, particularly at very low 
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strain rates, which can provide additional stiffness and strength components that cannot be 

explained by Isotach behaviour alone.   

As an example, these effects can be observed on the results of oedometer tests done on a 

Batiscan clay (Figure 3.5). 

 

Figure 3.5 – Oedometer tests on Batiscan clay when applied constant rate of 

strain (Leroueil, et al., 1985) 

Observing the results shown in Figure 3.5 (except the data for the slowest strain rate) it is 

possible to realize that there is a unique stress relation between vertical deformation and 

effective stress for each imposed strain rate therefore demonstrating the clay’s Isotach 

properties. For higher strain rates, the soil attains a lower vertical strain (higher void ratio) at the 

same vertical effective stress.  

The stress path correspondent to the lowest imposed strain rate has a deviation from that, 

which is resultant of structuration that the soil may have acquired even during loading (Bodas 

Freitas, 2008). The value of strain rate below which the structuration effects start showing 

depends on the type of soil.  

One other characteristic of isotach viscosity is that the effects of strain rate are persistent and 

only a function of the value of strain rate applied. Finally, it is also worth mentioning that based 

on a series of triaxial testing on soft clay (Vaid & Campanella, 1977) show that the stress-strain-

strain rate relationship is independent of the type of test applied. This applies to the pre-peak 

state as well as for the post-peak state.  
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3.2.2  TESRA Viscosity 

TESRA viscosity is usually observed in non-cohesive soils, made of granular particles. This type 

of viscosity was proposed after analysing plane strain compression test results of poorly-graded 

angular granular materials (Benedetto, et al., 2002) (Tatsuoka, et al., 2002). It can be observed 

in sands in general (Augustesen, et al., 2004), cemented soils and some hard clays. 

This type of viscosity derives from the fact that the stress-strain relation (𝜎-𝜀𝑖𝑟) for a given strain 

rate (𝜀̇) under monotonic loading is not unique. TESRA stands for Temporary or Transient 

Effects of Strain Rate and Strain Acceleration since the effects of strain rate on the stress – 

strain relationship are just temporary making the soil response dependent not only on the 

instantaneous strain rate but also on the recent history of strain rate. 

Experimental results from triaxial undrained compression tests done on reconstituted 

compacted samples of silty sand during which the strain rate was changed step-wise manner 

throughout the test (Santucci di Magistris & Tatsuoka, 1999) reveal that at lower strain values 

the soil behaves like predicted by the Isotach model being that it follows the path expected for 

the strain rate applied. Even if rate changes subsequently, the path is the expected for the new 

strain rate. However, when peak resistance is approached, at higher deformations, the 

response to changes to the applied strain rate alters. The change in deviatoric stress, following 

a change in strain rate, becomes temporary and the relation stress-strain is found to be a 

unique curve, now independent of strain rate.  

 

Figure 3.6 – Consolidated undrained triaxial compression tests on reconstituted 

Fujinomori clay (Tatsuoka, et al., 1999) 

When subjecting reconstituted Fujinomori clay to undrained triaxial compression tests with 

stepwise changes in strain rate it can be seen that, at large strain values, when the rate of strain 

is changed the effect becomes temporary since the stress path begins overshooting and 

undershooting the strain stress-strain relation obtained from constant rate of strain tests. See 

Figure 3.6. This effect becomes more notable when failure is approached. However, in clays the 
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behaviour is different from sands since the stress path does not decay to a unique time 

independent constant rate of strain curve as sands do. Instead, rejoins the respective constant 

rate of strain curve for the current rate applied (Bodas Freitas, 2008). 

In a general way, in soils that exhibit a combination of permanent and temporary viscous 

effects, the tendency is for the temporary effects to persist as long as the level of straining 

continues increasing (Tatsuoka, 2006). 

3.2.3 Positive & Negative Viscosity 

This was the viscosity identified most recently, in 2006 (Duttine, et al., 2006) (Kawabe, et al., 

2006) (Enomoto, et al., 2006). It can be observed on granular materials mostly composed of 

more rotund, stiff particles specifically Albany silica sand, corundum A and Hime gravel.  

In a simple manner, the behaviour is the following: upon a change in strain rate the soil 

expresses initially positive viscosity and then with time starts developing negative viscosity. 

Stress in this case has a TESRA component (positive increment in stress immediately after a 

step increase in strain rate) and a negative Isotach component (since after the initial stress 

increment following a step increase in strain rate, the stress converges to a lower value). The 

behaviour is opposite of the Isotach behaviour since an increase in strain rate implies ultimately 

a decrease in strength. This can be stated by the results shown in Figure 3.7. It can be seen 

that immediately after a stepwise increase in strain rate there is a positive response (i.e. 

increase in effective stress ratio) but as the shear strain increases while maintaining the strain 

rate constant, the effective stress ratio decreases stabilizing at a value higher than that 

mobilized at a lower strain rate.  

 

Figure 3.7 – Consolidated drained triaxial compression test done on Albany sand 

with stepwise change in strain rate (Tatsuoka, 2006) 
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3.2.4 Transition of Viscosity Type 

The previous chapters presented the three types of viscosity: Isotach, TESRA and Positive & 

Negative that have been identified in geomaterials. Figure 3.8 shows the relation between 

stress and irreversible strain when the strain rate increases by a factor of 10 for the three types 

of viscosity, comparing the effects of each viscosity in the soil behaviour.  

The observed relationship between rate of strain – strain - stress depends on the soil 

characteristics. It was suggested that the main cause that determines the observed viscosity 

type in a given soil and its evolution with the level of deformation is the reduction in inter-particle 

contacts (Tatsuoka, 2006). An increase in strain, enough to provide damage in the connections 

between particles, can result in a transition in viscosity type. The influence of a series of soil 

characteristics in the viscosity type is summarized in Table 3.1.  

 

Figure 3.8 – Stress-strain relationships for the three types of viscosity when 

strain rate is increased by a factor of 10 (Tatsuoka, 2006) 

Table 3.1 – Viscosity type of geomaterials and influencing factors (Tatsuoka, 

2006) 
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3.3 Strain rate at very large shear deformations  

The effects of application of fast shearing on cohesive soils approaching or in the residual state 

have been studied throughout the years. These investigations have focused mainly on clays 

and other cohesive soils since these materials are more prone to achieving sliding residual 

state, therefore having larger strength reduction with large shear strains and reaching lower 

strengths. Since the above behaviours happen at deformations much larger than those at post-

peak, it is relevant to state that they are inserted into the large strains problem. Like stated 

before, when shearing is applied the mobilization of the residual strength is associated with the 

formation of a shear zone that has a tendency to increase in thickness with larger 

displacements (Agung, et al., 2004). When the residual state occurs associated with sliding 

behaviour the structure of this zone becomes smoother, with more particles aligned parallel to 

the shearing direction until steady state deformation is approached. There are also observations 

of some grain crushing and segregation of particles when shearing occurs along an interface 

(Agung, et al., 2004). 

One of the first investigations have focused on the effect of fast shearing induced by earthquake 

loading and the prediction of following displacements (Lemos, et al., 1985). In this study the 

reported effect is mainly positive, that is an increase in strain rate leads to an increase in 

avalibale strength .  

Pre-existing shear surfaces at or close to residual strength, are fairly common on slopes made 

of cohesive material such as clay, clay-shale and weak mudstone. It is important to estimate its 

stability considering the shear stresses, generated by seismic activity for example, since this 

could reactivate the sliding along the pre-existing shear surfaces. In fact, for strain rates higher 

than 1 mm/min the variation in the residual state due to changes in the operational strain rate 

can become highly significate. It is also found that the application of a shear stress 10% greater 

than the true static strength may cause a displacement velocity of 0,5 mm/min (Lemos, et al., 

1985). This may seem quite small but could be sufficient to cause a rapid failure movement.  

When a soil is submitted to shear (at first at a slow strain rate up to residual state and then with 

fast acceleration, with a certain rate) different shear strengths values arise. These depend on 

the shear mechanism at residual state, which were characterized in section 0. 

The summary of shear effects in the above conditions is illustrated in Figure 3.9 and described 

(Tika, et al., 1996) in the paragraphs below. If a shear zone of a cohesive soil, which is in the 

residual state, is subjected subsequently to drained shear at a fast strain rate, the following is 

usually observed: 

 There is initially a threshold strength in the shear surface, when small displacements 

have taken place. This resistance is strain rate dependent and considerably higher than 

the slow residual strength (measure at slow strain rate); 
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 Usually there is a further increase in the shear strength available in the shear surface 

and the shear strength reaches a maximum value - the fast peak strength - which is, 

again, strain rate dependent; 

 With increasing displacement, it is likely that the soil shear strength decreases, reaching 

a minimum value called the fast residual strength. The magnitude of the fast residual 

strength can be higher, lower or close to the value of the slow residual strength, 

depending on soil properties; 

 If the shear strain rate is subsequently reduced (slow shear), the outcome is, in most 

cases, a temporary increase in shear strength (slow peak strength), before this 

converges to the slow residual strength.  

Figure 3.9 shows the behaviour described above and indicates the different strength values that 

can be identified as a result of the change in the shearing rate at very large deformations. In the 

next section it will be discussed each phase of shearing in more detail. 

 

Threshold Strength 

This strength does not imply an increase in shear friction angle. This immediate increase in 

strength can be due to a viscous immediate increase in strength or simply due to ageing effects 

(structuration) (Carrubba & Del Fabbro, 2008). In soils showing turbulent or transitional 

behaviour the threshold strength is the same as the fast peak strength (Tika, et al., 1996). The 

loading time to reach this strength is very small, usually around 0,1 sec for a displacement rate 

of 100 mm/min (Lemos, et al., 1985). 

 

Fast Peak Strength 

Fast peak resistance is evident in soils with transitional or sliding mechanism. Some studies on 

clay – interface resistance indicate that the ratio between the fast peak shear resistance and the 

Figure 3.9 – Effects of displacement in strength after the soil has reached 

residual state (Tika, et al., 1996) 
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slow residual strength rises with clay content (Lemos & Vaughan, 2000). It is associated with 

volume changes and the disordering of structure of soil in the shear zone, which was formed at 

by slow shear previously. Studies performed in till show that when rate of shearing is increased, 

the soil in the shear zone always presents some dilation (Rathbun, et al., 2008), for example. 

When the soil reaches this behaviour, clay particles within the shear zone tend to be disordered, 

less orientated in the direction of shearing in comparison with how they were at the slow 

residual. Scaringi and other authors (Scaringi, et al., 2018) also interpret this result of increase 

in strength at fast rates from a ring shear test in a clayey soil as a temporary disruption of the 

shear surface. The displacement at which the fast peak strength is usually mobilized varies from 

2 mm to 20 mm.  

 

Fast Residual Strength 

The most significant effect when addressing this subject lies in the fact that after the threshold 

strength (and the fast peak strength, if this occurs) is surpassed, with continuing fast shearing at 

constant normal stress, the soil’s shear resistance tends to a value that can be higher, lower or 

identical to that measured during slow shearing. This is termed the fast residual strength. These 

positive, neutral and negative rate effects depend mainly on the residual shear mechanism 

(Bhat, et al., 2013). As noted in section 2.3, the development of each mechanism depends on 

particle’s characteristics. Therefore, the rate effects of fast shear can be also related to some 

soil properties, namely granular void ratio (ratio of the volume of platy particles plus water to 

that of the rotund particles), grading of the granular phase, shape of rotund particles and relative 

size of rotund and platy particles (Tika, et al., 1996). Rates of shear higher than 1 mm/min are 

considered as fast.  

There are also observations that point to the fact that the rate effects at residual state (positive, 

negative or neutral) depend on the applied normal stress and stress history, as well as on the 

materials in contact (Scaringi, et al., 2018). As noted before residual friction is mostly 

characterized by a fully softened and destructured material, therefore it should not affected by 

the soil’s OCR or initial structure. However, some tests suggest that the OCR may influence the 

rate-dependent behaviour, being that a sample normally consolidated to 𝜎𝑁´ = 1500 𝑘𝑃𝑎 is 

closer to the rate-dependent pattern exhibited by a sample with OCR = 10 with a pre-

consolidation of 𝜎𝑁´ = 1500 𝑘𝑃𝑎, than a sample normally consolidated to 𝜎𝑁´ = 150 𝑘𝑃𝑎 

(Scaringi, et al., 2018). This relates to the fact that higher pre-consolidation normal effective 

stresses imply different stiffness, porosity and hydraulic conductivity of the soil adjacent to the 

shear zone, constraining its thickness, water content and internal shear mechanism.  

 

Slow Residual Strength after Fast Shear  

If fast shearing is interrupted and instead slow shearing is applied, the observed behaviour is an 

increase in resistance (following by peak resistance again) suggesting, as mentioned above, 

that the particles of the shear zone have suffered some degree of disorientation. Therefore, the 
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soil tends to the state it had previously, before fast shear was applied, since shearing is again 

slow, what favours the alignment of the particles in the shear direction. This effect has not been 

observed in soils showing the turbulent shear mode, in which slow residual shear does not 

involve particle orientation, i.e. a sliding mechanism (Tika, et al., 1996). 

In shear tests performed on clay-interface it was observed that the value of slow peak strength, 

after fast shear, decreases with higher clay content. This shows that the presence of a 

reasonable amount of rotund particles helps to disorder the clay particle alignment in the shear 

zone during fast shear, leading to an increase in slow peak strength when shearing is reverted 

to a slow rate (Lemos & Vaughan, 2000).  

3.3.1 Positive Rate Effect   

This corresponds to the situation when the fast residual strength is higher than the slow drained 

residual value. This type of rate effect on the residual strength (an increase in strain rate leads 

to an increase in shear strength) is more evident with lower 𝜎𝑁´, since the difference between 

the slow and fast residual strength seems to decrease with 𝜎𝑁´ (Scaringi, et al., 2018). This is 

due to the fact that the shearing zone is smoother at higher 𝜎𝑁´.  

The increase in the residual strength with applied strain rate may be due to one of two factors 

(Tika, et al., 1996) or some combination of the two: 

1. Viscous Effects; 

2. Structural changes in the shear zone. 

The existence of a viscous component in the soil’s strength has been taken into account since 

there is a sudden decrease in soil strength as soon as fast shearing ceases and shearing is 

reverted to a slow rate (Tika, et al., 1996), which means that the positive rate effect is due to 

viscous resistance acquired during fast movement. This effect is common in soils showing 

sliding residual shear mode such as predominantly clayey soils (Scaringi & Di Maio, 2014). As 

mentioned earlier, this mechanism occurs due to the predominance of platy particles that align 

in the shear zone. In fact, soils who exhibit a ratio of the volume of platy particles plus water to 

that of rotund particles of about 5,0 (in comparison with 1,726 – 4,640 for soils with negative 

effect) (Tika, et al., 1996) are more likely to present positive rate effects, indicating that the 

existence of a higher percentage of platy particles favours the increase in strength with strain 

rate. Some studies indicate that, soils with clay fraction over 50%, the behaviour shows a 

moderate or little decrease up to a minimum, from the fast peak that is, strength still higher than 

the residual one at slow rate. (Lemos & Coelho, 1991). 

Considering the types of viscosity identified in section 3.2, more specifically the Isotach, a 

correspondence can be made. According to observations made in triaxial tests, in the soils with 

Isotach viscosity, the undrained shear resistance of the soil increases with higher applied strain 

rate, therefore there is a positive rate effect. Typically, the soils with Isotach type viscosity are 

made of large proportion of platy particles. There seems to be some consistency on the 
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observed rate effect in soils with the similar particle characteristics, at small and very large 

deformations.  

Regarding the second reason for positive rate effects - structural changes in the shear zone - 

the explanation given is the following; In soils made mostly of platy particles, at first, after slow 

shear, the platy particles are aligned preferentially in the shear direction and the shear 

mechanism is controlled by inter particle sliding. As the applied shearing rate increased, the 

particles become unaligned in the shear band because of the increasing relative movement 

between particles and/or because of the increasing friction between particles, derivative of its 

viscous component (Lemos & Coelho, 1991). In this case, the mechanism becomes turbulent 

since the number of contacts between particles increases, therefore increasing the soils 

strength (Skempton, 1985) (Wang, et al., 2010). 

Figure 3.10 shows the soil particle distribution curves for a series of soils and indicates the type 

of observed rate effects. It is found that soils with larger proportion of platy particles show 

positive rate effects. 

 

Figure 3.10 – Gradings of soils tested in the ring shear apparatus relating the 

grading with fast rate effect (Tika, et al., 1996) 

 

3.3.2 Neutral Rate Effect  

As the name suggests, this means that the fast residual strength is identical to the residual 

strength measure in slow shearing tests. Normally it is found in purely granular soils such as 

sands (Scaringi & Di Maio, 2014), with less than 5% of clay fraction (Lemos & Coelho, 1991) 



27 
 

making the shear mechanism at very large deformations most likely turbulent, and therefore the 

shear strength is independent of the applied strain rate. The soil particles are too rotund for any 

particle alignment to occur such is the case for soils with large proportion of platy particles.  

This behaviour is more pronounced at large normal effective stresses: the particles are more 

packed and grant higher resistance to fast shear.  

There are evidences that some soils show initially neutral rate effects but then, as fast shearing 

progresses, the strength decreases to values lower than the slow residual (negative rate effect). 

Study of the microstructure of the shear zone of ring shear test specimens suggest this was due 

to particle breakdown within the shear zone (Tika, et al., 1996). 

3.3.3 Negative Rate Effect   

In this case, the fast residual strength is found to be lower than that observed during slow 

shearing. However, similarly to soil that have positive and neutral rate effects, there is an initial 

increase in soil’s shear strength immediately after fast shear starts (the threshold stress and the 

peak fast strength, Figure 3.9). The causes for the initial increase in soil strength are the same 

as mentioned before when discussing positive rate effects in section 3.3.1: viscous effects 

and/or structural changes in the shear zone. This first increase in strength is more notable when 

there is lower percentage of fine particles in the sample (Wang, et al., 2007) which points to the 

possibility of more structural changes happening in the shear zone. What is important to 

address in this case though, is the ultimate negative rate effect in soil’s residual strength. 

Negative rate effects can occur in soils with various gradings, as can be seen in Figure 3.10. 

Materials with 5% to 50% clay fraction are particularly likely to show these effects (Lemos & 

Coelho, 1991).  Negative rate effects were observed on soils showing sliding, transitional and 

turbulent residual shear mechanisms, but more frequently the last two mechanisms (Tika, et al., 

1996).  

Loss of shear strength is a relevant aspect of soil behaviour since it can lead to a catastrophic 

outcome when the conditions are provided. The knowledge of this behaviour becomes, 

therefore, very important in order to design a solution. 

Negative rate effects have been reported in the velocity ranges of 1-10 mm/min to 120 mm/min, 

usually on clayey soils and at low normal effective stresses (Tika, et al., 1996) (Carrubba & 

Colonna, 2006) (Saito, et al., 2006). The tendency for the occurrence of negative rate effects at 

low normal stresses is more noticeable for lower values of strain rate (Kimura, et al., 2014). This 

has been identified as an effect of transitional shearing since disruptions of the shear surface 

(provoking a transition from laminar to turbulent behaviour), undulated and/or multiple shear 

surfaces formations and dynamic changes in the effective stress state are all phenomena that 

generates a more complex behaviour dependent of the shear rate. However, transition from 

positive to negative rate effects, as the rate of shearing increased, was observed in clay rich 
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soils allowing the movement to evolve from rapid to very rapid range as noticed in landslide 

scale (Voight, 1989). 

In 1967, Habib (Habib, 1967) suggested an explanation, based on thermodynamic processes, 

for this loss of strength that could explain several landslides with high velocity. When a slide 

occurs, the work done by the forces mobilized in the slip surface is partly dissipated and heat is 

generated. If the rate of shearing becomes high enough, it is assumed that the heat released in 

the shear zone can increase the pore water pressure through the differential thermal expansion 

of water and soil grains, or even convert the water into vapour, producing a “cushion” which 

sustains the slide mass and eases the motion. It was also suggested later, that high pore water 

pressures may result, even if vaporization does not take place (Voight & Faust, 1982). 

Paying closer attention to Habib’s conclusions other authors (Tika & Hutchinson, 1999) stated 

that if the soil shows a negative rate effect (reduction in shear resistance with increasing strain 

rate) it would be logic to postulate that, since the material’s resistance decreases with 

accelerating slope movement, so would the energy generated by friction. This reduction in 

energy could be significant enough that it would be insufficient to cause the temperature 

increase in the shear zone (Tika & Hutchinson, 1999). 

In fact, laboratory shear tests carried out by Atakol & Larew (Atakol & Larew, 1970) suggest 

there is no temperature generation in the shear surfaces. These authors have carried out 

dynamic simple shear tests on dry sand and measured the evolution of the temperature using 

thermocouples with 0,30 °C sensitivity. It is important to notice that the specimens were sand, in 

which there is no particle reorientation at very large shear deformations and the behaviour is 

very different from that of a soil with some clay fraction.   

Tika, Vaughan & Lemos (Tika, et al., 1996) try to provide some explanation for the 

phenomenon. The authors suggest that the loss in shear strength at higher shearing rates 

(negative rate effects) is due to the development of positive excess pore pressures due to 

contractive behaviour of the soils.  

The authors provide then another formulation, based on the results of a series of ring shear 

tests on various natural soils, in which a shear surface at residual state is initially formed at slow 

shearing and fast shearing is subsequently applied. Tika, Vaughan & Lemos (Tika, et al., 1996) 

suggest that fast shearing of these soils involves dilation to permit the particles to pass over one 

another, creating disruption of particles such that shearing becomes turbulent. This generates 

an increase in the void ratio in the shear zone, allowing free water in the proximity to migrate to 

the shear zone and increasing the shear zone’s water content. This supports some 

investigations that report that negative pore water pressures are generated in fast shear stages, 

in tests performed in clay materials (Saito, et al., 2006).  

There were others investigations regarding this loss of strength. The results of a series of fast 

shear stages performed in a low plasticity clays (Kalabagh dam) (Lemos & Vaughan, 2000) 

sheared against various interfaces such as glass and steel show a loss of strength show that 
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shearing was not accompanied by any heating or by the generation of excess pore water 

pressure at the interface during fast shear. However, when the fast stage was stopped, there 

was a sudden increase in pore water pressure, showing that the shear zone after acquiring 

higher void ratio and water content during fast shearing, tried to contract thus generation pore 

water pressure.   

The results found by Tika, Vaughan & Lemos (Tika, et al., 1996) indicate that the observed 

temperature increase, while compatible with the work of the mobilized shear forces, is not 

sufficient to justify the increase in pore water pressure that was registered. However the authors 

also state that this can be due to overestimation of the real pore pressures. 

One other aspect that was not considered in the analysis was the loss of soil through the gap 

between the confining rings in the ring shear apparatus. This fact makes the measurement of 

the vertical deformation of the sample inaccurate and may influence the results due to friction, 

developed in the contact between the rings. 

The results from these investigations focus mainly on loss of strength due to an increase in pore 

pressure in the shear zone and disregard the increase in temperature, since the measurements 

indicate generally that the increase in temperature is not sufficient to cause the observed loss of 

strength. However, the apparatus used in this study was not able to guaranty adiabatic 

conditions, and instead allowed easy heat dissipation. In fact, the analysis and quantification of 

persistence of negative pore pressures or significant frictional heating at the laboratory-scale 

sample have been excluded from several studies. Another significant problem is the 

representativeness of the laboratory size samples, since changes in the shear zone thickness 

results in different internal strains rates under the same displacement rates and potential for 

heat generation (Scaringi, et al., 2018). 

 

3.4 Rate effects on clay-interface residual resistance 

These remarks were mainly made by Lemos and Vaughan (Lemos & Vaughan, 2000) and were 

based on the results from interface tests performed on mixtures of London clay and 

Happisburgh till, sheared at a fast strain rate of 133 mm/min, after the residual strength had 

been mobilized at a slow shearing rate. The same pattern of behaviour was observed to that 

illustrated in Figure 3.9. Further: 

 The ratio between the fast peak shear resistance and the slow residual strength 

increases with clay content.  

 The minimum fast shear strength was obtained for a sample with the highest clay 

fraction (60%). 

 Samples with 40% of clay fraction showed fast residual strength higher than slow 

residual strength, pointing to the confirmation that some presence of rotund particles 
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contributes to the disordering of clay in the shear zone, leading to an increase in 

strength.  

 In samples with clay fraction below 40% this disordering effect is reduced. The shear 

plane becomes less affected by the rate of shear and the fast residual strength is in the 

same order of magnitude than the slow residual strength. 

 The loss of strength was not accompanied by noteworthy heating or generation of 

excess pore water pressure at the interface. However, when the fast stage was 

interrupted, it was observed a sudden increase in pore water pressure, implying that the 

shear zone had higher void ratio and water content than before and that it suffered 

some contraction when fast shearing had stopped.  

 

3.5 Concluding Remarks 

In this Chapter it was seen the effect of the applied strain rate on the behaviour of soil and its 

implications when it was sheared from small displacements to large displacements. There is 

some connection between the behaviour observed in the two ranges of deformations. For 

example, as mentioned, the Isotach viscosity implies an increase in soil’s resistance as a result 

of an increase in strain rate and it is common in soils with high proportion of platy particles. For 

large displacements, soils with similar grading characteristics also show a positive behaviour (at 

least initially), increasing its strength as the strain rate increase as well. The bridge between 

these ranges of deformations still needs some investigation, as the laboratory testing used for 

each range of deformations is different. While studies on the range of deformations up to the 

post-peak regime have focused on the mass material behaviour, studies on the large 

deformations regime have focused on the response at inter-particle level, but these could be 

two different “paths” or intertwining paths to analyse the same effects.  

In fact, there are some observations that connect some aspects of the two approaches.  Results 

from shear tests performed on clay samples with different index properties show that shear 

mechanisms, more precisely the spatial disposition of particles, control both the inviscid and the 

viscous components of shear stress. Ring shear tests on clays from Italy showed that higher 

shear rates prompt an increase of the soil shear strength. The authors (Grelle & Guadagno, 

2010) note that, in soils in which particle dispositions are described more by “face to face” 

behaviour instead of “face to edge”, the strength component due to viscosity seems to increase 

with an increase in rate. The “face to face” behaviour can occur in clay rich materials after 

attaining residual state. However, as stated before, larger strains and rates of shearing can 

provoke a disorder of the particles in which the void ratio increases and the behaviour starts to 

be described by “face to edge” behaviour.  

Regarding the soil in Vajont, it is apparent to have Isotach type viscosity at small deformations 

but at larger deformations several phenomenon can change its behaviour. Positive and 

Negative viscosity are found to occur in the post peak regime, when the soil is at or close to the 

residual strength. Positive and negative type viscosity can persist through very large 
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deformations since it is characteristic of poorly bound materials, which is what happens when 

the fully softened state is attained: the particles in the shear band loose its bonding. It can be 

possible that the occurrence of larger disturbances like faster shearing rates can induce a 

disorder in particle packing and change the behaviour of the soil. This can lead to transitional 

behaviour, making the residual shear mechanism evolve from sliding to turbulent, possibly 

associated with dilation of the shear band and the occurrence of mechanisms that promote  

strength loss like generation of pore water pressure. Grelle & Guadagno (Grelle & Guadagno, 

2010) have observed negative strain rate effects in clayey silt attributing it to transitional shear 

mechanism and to the P&N viscoplastic effect. They consider that the reduction in shear 

strength with increasing strain rate (negative rate effect) is only due to reciprocal interaction and 

mobility of large particles during fast shearing. These negative strain rate effects are more likely 

to be observed at lower normal stresses (Kimura, et al., 2014), since clay particles are more 

likely to disorder when sheared and don’t have sufficient normal stress for them to stay in a 

orientated direction.  

There is also the possibility that when clay rich soils are sheared at large rates, since the 

tendency (according to isotach viscosity) is for the strength to rise, the friction will also rise, 

enabling the generation of heat and therefore of excess pore water pressure that can contribute 

to the sudden loss of strength. This generation of heat is higher when normal stresses are 

higher. This is a possibility addressed in the next Chapter. 

The increase in temperature in the shear zone can also be responsible for some of the 

observed strength loss at very large deformations, due to pure viscous effects, as the behaviour 

of soils is also affected by temperature. However, given that the temperature variations involved 

are small, these effects are likely to be of small significance.  

Samples taken from Vajont dam site present a variable clay fraction, being around 35-80% in 

most clay rich layers. Given its clay content and in comparison with published studies this 

material is likely to have negative rate effects at very large deformations (residual strength) as it 

was identified by Tika and Hutchinson (Tika & Hutchinson, 1999). 

In fact, if a comparison is made between the grading of two soil samples taken from the Vajont 

site (Tika & Hutchinson, 1999) and the association between ranges of soil gradings and rate 

effects at very large displacements made by Tika et al. (Tika, et al., 1996) it is possible to 

conclude that the soil in Vajont inserts most likely into the range of soils showing negative rate 

effects. See Figure 3.11. 
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Figure 3.11 – Comparison of the grading of two soil samples from Vajont (after 

(Tika & Hutchinson, 1999)) with the different characteristic rate effects for 

various gradings of soils (after (Tika, et al., 1996)). The red and orange 

distribution lines represent the soil sample’s grading from Vajont  
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4 Heat Generation in Soil  

As stated earlier, negative rate effects imply a decrease in soil’s strength, even further away 

from the residual strength, the ultimate strength a cohesive soil can reach. There are various 

explanations for this effect. One of them being the one mentioned earlier, increase in pore 

pressure of the water in the shear zone due to its contraction when fast shear is stopped; the 

other is that there is generation of heat in the shear zone. The cause of this rise in temperature 

can derive from other aspects and induce loss of resistance through others, these issues also 

lacking some consensus. 

Thermodynamic effects in soils is a subject that is still rising in geotechnics investigation having 

begun to become more relevant in the last few years. Materials are susceptible to temperature 

changes, modifying its behaviour in different loading conditions due to resistive variations 

caused by increase or decrease in its temperature. Soils are a complex material and 

fundamental to civil engineering, therefore its behaviour subjected to temperature variations 

should be accounted for.  

It can be broadly distinguished flow-like motions from motions with a dominant sliding mode of 

deformation when it comes to classification of landslides. In the first case hydrodynamic motion 

equations and soil/rock properties, often linked with the concept of viscosity have been 

developed and in the second the focus is on the position and frictional characteristics of the 

sliding surfaces, which should satisfy conditions of kinematic compatibility. In this chapter both 

analysis are discussed. 

Recent investigation in the thermodynamic area has reached the conclusion that there is one 

other mechanism of heat generation in a material, besides friction which is by plastic 

deformation. This is a subject lacking some analysis and investigation in the geotechnical 

sense, however it can be that a soil can also generate heat by this mechanism since it can also 

deform, sometimes achieving very large straining. The formation of a shear band within a soil 

involves some deformation and taking into account that fast shear is taking place during a fast 

landslide then, as we’ve seen, levels of straining within this failure surface can be reached.  

4.1 Thermo-poro-mechanical analysis 

When large catastrophic landslides such as the one in Vajont take place, it involves large 

volumes of soil mass, creating hazardous situations for people and infrastructures. If the main 

deformation mechanism considered is one of sliding along localized and thin shearing surfaces, 

then it is assumed that these shear surfaces were already formed with soil in them close or at 

residual state. When it comes to reactivated slides, movement restarts along a pre-existing 

failure surface developed during a past event. The physical and mechanical events occurring at 

these shearing surfaces determine the slide’s motion and its evolution in time, possibly 

generating a fast movement and sustaining it until it stops. The focus of this section is on the 

reactions and processes taking place in this previous formed shearing surface.  
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Usually, in practice, measurements of residual shear strength are often well fitted by the Mohr-

Coulomb failure criterion (Rathbun, et al., 2008). Since this sliding surface has been subjected 

to a history of accumulated relative displacements it is expected that cohesion will be 

insignificant on the sliding surface and the angle of shearing resistance will be close or equal to 

residual values (Alonso, et al., 2015). Equation (4.1) expresses the equilibrium of stresses 

acting on the shear band when the sliding surface has been formed after large displacements. 

One of the hypotheses taken is that the angle of shearing resistance increases slightly as slide 

motion causes the rate of shearing on the failure plane to increase.  

 𝜏𝑟𝑒𝑠 = 𝜎𝑁
′ tan𝜙′ (4.1) 

In which the friction coefficient corresponds to: 

 
𝜇𝑐 = tan𝜙′ (4.2) 

And 𝜎𝑁
′  corresponds to the effective normal stress.  

Shearing resistance, expressed by a friction coefficient, is known for being slightly dependent of 

normal effective stress (Lemos & Vaughan, 2000). 

This analysis is based in friction concepts, in which heat production due to friction is located at 

the base of the slide (Veveakis, et al., 2007). It takes into account that the theory of “activation 

energy” at the level of microscopic contacts leads to the common law of friction in which shear 

and normal stress are related and dependent on a friction coefficient (Equation (4.1)). It is also 

considered that the friction angle of a soil material is also rate dependent (Alonso, et al., 2015) 

so a new strain rate is going to likely mobilize a new value of steady state shear strength (𝜏𝑟𝑒𝑠), 

depending on the material. Other authors conclude through experimental data, that the friction 

coefficient (𝜇𝑐) is a decreasing function of shearing rate, being this quite meaningful for 

relatively small rates. It is thought that this leads to a further destabilization of the considered 

process and to the possibility of entering the later final catastrophic phase through an initial slow 

creeping phase (Di Prisco, et al., 2000). Like stated previously, other authors state that strain 

rate effects on friction, at low to moderate shearing rates generate a linear increase in friction 

with the logarithm of shearing velocity, a relationship stated as being supported by basic friction 

concepts (Alonso, et al., 2015). Regarding the effect of temperature, friction coefficient is for 

some clays an increasing and for others a decreasing function of temperature being the most 

common assumption made for this mechanism of strength loss the notion of friction thermal 

softening (Veveakis, et al., 2007).  

The mechanism of strength reduction applied here is one where thermal pressurization of pore 

water in saturated shear bands may explain a fast accelerated motion as well as a transition 

from creeping, to fast regimes, in cases of landslide reactivation. Thermo-poro-mechanical 

coupling leads to frictional softening of the soil since there is a reduction in effective normal 

stress (𝜎𝑁
′ ) due to pore water pressure generation, therefore explaining the apparently low 
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friction angles observed in some cases of fast landslides and other ring shear test results in 

undrained conditions (Agung, et al., 2004) (See Equation (4.3)) This sustains the hypothesis 

that friction increases, at first, in order to resist to increasing shearing rates, and generates heat, 

located in the shear band. Adiabatic conditions are established, there is increase of the shear 

zone’s temperature, eventually reaching the critical pressurization temperature for “normally” 

consolidated clays. Undrained conditions then set in, leading to the total loss of strength of the 

clay located in this thin shear zone.  

 

𝜙′ = tan−1
𝜏

𝜎 − 𝑢
 (4.3) 

 

In which: 

𝑢: pore water pressure 

Since this corresponds to a rapidly evolving movement it implies that there is no time to pore 

pressure to dissipate and for heat to diffuse away from the failure surface. Moreover if the rate 

of movement is enough to generate excess pore water pressure and prevent immediate 

consolidation. When the rate of shear falls into a range that provides undrained conditions in a 

given soil what is usually observed is that the resistance does not decrease further in this so 

called “transition velocity” because some consolidation effects (pore water pressure dissipation) 

and viscous effects counterbalance further reduction in resistance (Amuda, et al., 2018). The 

tendency of the soil to contract or dilate with shearing will also have an influence since it 

implicates increase or reduction in pore water pressure, respectively.  

Apart from that conditions of low permeability as well as low thermal conductivity normal to the 

band axis will likely develop inside when material is rich in clay. When it comes to permeability 

there is a tendency to samples with more quantity of finer particles to show very low 

permeability (which can reach values three orders of magnitude smaller after shearing) due to 

the formation of localized shear bands (Wang, et al., 2007) (See Figure 4.1).  

 

Figure 4.1 – Hypothetical shear surfaces in pre-existing shear zone when critical 

shear rate is exceeded (in this case by seismic mobilization) (Grelle & 

Guadagno, 2010) 
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There is also the aspect of the importance of pore water chemistry on residual friction angle 

being that the presence of NaCl in water, for example, can improve soil’s resistance, in 

comparison with a solution of soil with distilled water (Di Maio, 1996a). In general the pore fluid 

composition has some influence on the residual shear strength as well as on the shear creep 

behaviour (Scaringi & Di Maio, 2014). There is, therefore, a concern to evaluate residual friction 

angle in laboratory with pore water having a chemistry close to that existing in situ. 

In the recent years it was developed various mathematical structures and analysis in order to 

implement this thermo-poro-mechanical model. These focus on the response of high velocities 

landslides such as the one on Vajont, some trying to perform a retro-analysis of the latter but in 

general the main goal is to verify the validity of these effects that are thought to explain the high 

velocities achieved in these cases.  

Vardoulakis (Vardoulakis, 2000) develops his model by expressing mass and energy balance 

inside the shear-band. The governing equations developed for the considered problem are 

presented below. Equation (4.4) and Equation (4.5)  are coupled and are the pore pressure 

equation and the heat generation equation, respectively. In order to close the problem it was 

necessary to consider momentum balance (Equation 4.6) as well, deriving therefore the three 

equations presented below. The results state that considering an undrained/adiabatic limit is the 

worst possible scenario as far as lifetime, speed and apparent thermo-mechanical softening. It 

also points to the conclusion, considering these assumptions, that during the phase when 

pressurization commenced the deformation was localized in a very narrow shear band, 1 mm, 

and that this pressurization only took a few seconds to develop in full.  

 
𝜕𝜌𝑤
𝜕𝑡

=  𝑐𝑣
𝜕2𝜌𝑤
𝜕𝑧2

+ 𝜆𝑚
𝜕𝜃

𝜕𝑡
 (4.4) 

Where: 

𝜌𝑤: water density. 

𝑐𝑣: consolidation coefficient. 

𝑧: co-ordinate taken in the normal direction of the slide. 

𝜆𝑚: pore-pressure temperature coefficient. 

𝜃: temperature field that is function of the 𝑥 co-ordinate (long direction of the slide) and time, 𝑡.  

 
𝜕𝜃

𝜕𝑡
= 𝜇𝐶

𝛾ℎ

𝜌𝑠𝑎𝑡𝑗𝐶𝑚
(𝑐𝑜𝑠 𝛽 −

𝜌𝑤
𝛾ℎ
)
1

𝑑
𝑣(𝑡) + 𝜅𝑚

𝜕𝜃

𝜕𝑧2
   (4.5) 

Where: 

𝜇𝐶: Coulomb friction coefficient for the shear band material 𝜇𝐶 = tan𝜙′  
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𝛾: total unit weight of the soil 

ℎ: constant height of the slide 

𝜌𝑠𝑎𝑡: total density of the water saturated soil 

𝑗: mechanical equivalent of heat 𝑗 = 4,2 𝐽/𝑐𝑎𝑙 

𝐶𝑚: specific heat of the mixture soil-water 

𝛽: constant base slope angle 

𝑑: length of the shear band 

v(t): velocity field given by the overall equation of motion 

𝜅𝑚: coefficient of thermal diffusivity of the mixture soil-water  

 

𝑑𝑣

𝑑𝑡
=  𝜇𝐶

(

 
𝜌𝑤 (

𝑑
2
, 𝑡)

𝛾ℎ
+ 𝑐𝑜𝑠 𝛽 (

𝑡𝑎𝑛𝛽

𝜇𝑐
− 1)

)

 𝑔 (4.6) 

Where: 

𝑔: acceleration of gravity 

However, this simplified model underestimates the temperature rise inside the band, and 

predicts in general limited heat production during the lifetime of a rapid landslide. When the 

energy balance equation is modified in order to account for the evaporation heat formation, the 

fluid compressibility in the shear band increases and it results in a reduction of pore-water 

pressure production, increased heat generation and to a decreased rate of apparent frictional 

softening in the model. The author states that in general the model can predict enormous heat 

generation at the failure surface in large landslides even explaining the reported interfacial 

melting of rock in the Vajont case.  

Other similar analysis, taking as reference the principles stated and model elaborated by 

Vardoulakis, also take into account the thermal softening with velocity strengthening (typical for 

clays) as the two counterbalancing mechanisms that govern the critical state frictional behaviour 

of the clay (using as example the Vajont case) (Veveakis, et al., 2007). Since viscoplastic flow is 

a temperature-dependent, exothermal process, the work done by flow, resultant from applied 

stress, increases the rate of heat generation. A regenerative feedback is generated that 

eventually forces the material to a critical point where the effect of velocity strengthening, as 

opposed to thermal softening, fails to counterbalance the previous, originating thermal runaway 

(Veveakis, et al., 2007). With this model, developed by Veveakis, the shear heating phase of 

the creeping motion was calculated to have started at 21 days before the collapse (Veveakis, et 

al., 2007). The shear band, formed in the time between the creeping phase (when the material 
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is at or near the “critical” state, deforming under constant volume) and the pressurization phase, 

was determined to be 1-2 mm thick. It was in this thin layer that pore pressure increased to a 

maximum value, contributing to the complete fluidization of it.  

Alonso et al. (Alonso, et al., 2015) develop a similar analysis by implementing four 

dimensionless coefficients that are naturally defined in the balance and equilibrium equations. 

They are associated with the physical phenomena describing the problem. The analysis 

concentrates on active slides irrespective of their initial creeping rate; therefore, frictional 

strength is characterised by a residual friction angle. The authors study the effect of rate 

dependent friction and rate independent friction concluding that increasing rate effects delays 

the  blow-up phenomena. Given a creeping motion of a specific landslide, time to blow-up is 

very sensitive to strain rate effects. It was also found that the shear-band permeability and, to a 

lesser extent, its compressibility, dominate the entire phenomenon like the previous authors 

found. The main conclusion of this paper is that these models can be likely used on appropriate 

real cases, at least as a back-analysis tool.  

 

4.2 Thermo-visco-plastic constitutive model  

Like stated in Chapter 3, there is an agreement by various authors that creep settlement is 

caused by viscous properties of the clay skeleton.  

There are authors that connect viscous effects to particle packing and orientation stating that 

initial spatial disposition of particles on the shear mechanisms influence the inviscid or viscid 

components of stress and attribute negative rate effects not to an increase in pore water 

pressure but to grain size uniformity, roundness of particles and to the reciprocal interaction and 

mobility of massive particles (Grelle & Guadagno, 2010). 

This analysis takes advantage of most recent understanding of the effects of temperature and 

strain rate on soils. Previous studies concluded that the viscous property of soft clayey soils is 

strongly related not only to the strain rate, but also to temperature since it was verified that the 

yield consolidation pressure decreases with increasing temperature (Tsutsumi & Tanaka, 2012). 

When it comes to initiation of movement of high velocity landslides, like mentioned earlier, 

viscous behaviour can give some light on the subject. If the soil was under creep, caused by 

clay viscosity and with pre-formed shearing surfaces from past events, initiation of movement is 

very likely to occur since these phenomena contribute to a loss of soil’s strength, making it 

reach failure. As stated, creep has three phases being the tertiary phase responsible for a 

possible failure by creep, since rate of deformation increases with time in this phase.  
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This analysis focus on the relationship between effective stress (𝜎′), strain (𝜀), strain rate (𝜀̇) and 

temperature (𝑇): 

 𝜎′ − 𝜀 − 𝜀̇ − 𝑇 (4.7) 

In this approach it is said that soil’s strength (maximum stress that can receive until failure) is 

highly influenced by strain rate and temperature, factors that mainly influence soil’s yield stress, 

in their own but that can be also a coupled effect influencing behaviour. 

Beginning with strain rate, it was stated, in previous chapters, that it has an important effect on 

soil’s behaviour, not only in shear but in compression too. During the literature review, when 

approaching this kind of analysis in which there is strain rate and temperature effects 

influencing soil’s strength it was verified that the investigation focuses on compression tests. 

The stated in this chapter, therefore address results in compression tests, however some 

connections can be made.  

Laloui et al. (Laloui, et al., 2008) develop a strain-rate temperature coupled mathematical model 

taking into account the most recent understanding of the effects of temperature and strain rate 

on soils and in particular the unique effective stress–strain – strain rate concept developed by 

Lerouiel et al. (Leroueil, et al., 1985) that can be related to Isotach behaviour as seen earlier in 

this thesis, so it focus only on better bound soils at small strains since results at larger strains 

indicate that the relationship is not perfectly linear as the one observed at small strains. So in 

this analysis is taken into account that it can be considered that behaviour of normally 

consolidated clay is controlled by a unique vertical effective stress-vertical strain-vertical strain 

rate. In which with higher rates of strain the soil develops a higher effective stress in 

compression.  

Regarding temperature, previous studies state that at a given void ratio, the higher the 

temperature the lower the effective stress in compression tests. As a consequence of this, the 

vertical yield stress of an intact soil, at any void ratio, decreases when temperature increases. 

This is also observed in other compression studies regarding heat effects on clays (Tsutsumi & 

Tanaka, 2012) and state that this is, in fact, viscous behaviour by heating, since it is only related 

to the clay skeleton behaviour. This was concluded due to the fact that excess pore water 

pressure generated in the specimen at 10ºC was much higher than that at 50ºC because water 

viscosity increases with a decrease in temperature. However this viscous behaviour is likely to 

disappear when the void ratio decreases. There is some evidence that structure is being 

generated with higher temperatures since the compression index (𝐶𝑐) in normally consolidated 

clays is lower at 50ºC than at 10ºC. Lower strain rates can originate this phenomenon as well 

(Tsutsumi & Tanaka, 2012). 

Finally there is a necessity to study coupling between temperature and strain rate regarding 

soil’s behaviour in order for the authors to develop the model. The effects of coupling are based 

on previous studies that essentially conclude that the higher the temperature, the lower the 
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vertical yield stress at a given strain rate, and that the log 𝜎𝑣
′ − log 𝜀�̇� relationships are essentially 

parallel. Figure 4.2 can show the combined effect of strain rate and temperature. 

Some other remarks (Laloui, et al., 2008) (Boudali, et al., 1994), were considered: 

1. The vertical strain generated by a change in temperature (30ºC) under a constant 

effective stress in the overconsolidated range remained small; 

2. In the normally consolidated range and at the vertical yield stress, a temperature 

change of the same value has a significant effect on the compressibility of the clay; 

3. Temperature effects, combined with the effects of strain rate, influence the viscous 

nature of the clay. There is a tendency to the effects of temperature and strain rate to 

balance in order to give more or less the same vertical yield stress; 

4. The excess pore pressures generated during the CRS tests are small in the 

overconsolidated ranges (where the coefficient of consolidation is relatively high) or at 

the small strain rate of 1,6 × 10−7𝑠−1. On the other hand, at a strain rate of 10–5 𝑠–1, 

significant excess pore pressures start to be generated when the soil becomes normally 

consolidated, at an effective stress of 60 kPa at a temperature of 35ºC and at an 

effective stress of 80 kPa at a temperature of 5ºC generating higher pressures in the 

latter. This is due to the influence of temperature on both the soil skeleton and the 

hydraulic conductivity as stated earlier. 

 

Figure 4.2 – Typical CRS oedometer test results obtained at different strain rates 

and temperatures for Berthierville clay (Boudali, et al., 1994) 
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The equation obtained to express the evolution of the vertical yield stress (𝜎
𝑦,�̇�𝑣

𝑣𝑝
,𝑇

′ ) with respect 

to viscoplastic volumetric strain rate (𝜀�̇�
𝑣𝑝

) and temperature (𝑇) take into account soil’s 

compressibility, a material parameter that varies with the soil considered regarding temperature, 

changes in strain rate and variations in temperature. It is expressed by Equation (4.8). 

 
𝜎
𝑦,�̇�𝑣

𝑣𝑝
,𝑇

′ = 𝜎
𝑦,�̇�𝑣

𝑣𝑝
,𝑇0

′ (
𝜀�̇�
𝑣𝑝

𝜀�̇�0
𝑣𝑝)

𝐶𝐴

(1 − 𝛾 log
𝑇

𝑇0
) (4.8) 

Where: 

𝜎
𝑦,�̇�𝑣

𝑣𝑝
,𝑇0

′ : vertical yield stress with respect to strain rate and initial (reference) temperature, 𝑇0. 

𝜀�̇�0
𝑣𝑝

: initial (reference) viscoplastic volumetric strain rate. 

𝐶𝐴: soil parameter included in the log 𝜎𝑦
′  –log 𝜀�̇� relationship. 

𝛾: soil parameter. 

The constitutive stress-strain formulation model was done for the simple case of isotropic 

consolidation with the volumetric plastic strain as an isotropic hardening parameter. The 

elastoplastic approach allows the total volumetric strain increment to be the sum of the elastic 

and the viscoplastic components of the volumetric strain. In isothermal and strain rate 

independent conditions, the isotropic yield limit can be expressed by:  

 
 𝑓 = 𝑝′ − 𝜎𝑦

′  (4.9) 

Where: 

𝑝′: mean effective stress. 

𝜎𝑦
′ : yield effective stress (𝜎𝑦

′ = 𝜎𝑦0
′ exp(𝛽𝜀𝑣

𝑣𝑝
)). 

With the consideration of the dependencies of the vertical yield stress: 

 
𝑓 = 𝑝′ − 𝜎𝑦0

′ exp(𝛽𝜀𝑣
𝑣𝑝
) (
𝜀�̇�
𝑣𝑝

𝜀�̇�0
𝑣𝑝)

𝐶𝐴

(1 − 𝛾 log
𝑇

𝑇0
) (4.10) 

Where: 

𝛽: plastic compressibility. 

The model showed good reliability when comparing to experimental studies from various clays. 

It was able to give good prediction of the behaviour of clay under one-dimensional compression 

in an acceptable manner for the strain rate and temperature ranges considered in the analysis. 

However there are some limitations to this model regarding the application of strength loss on 

high velocities landslides:  
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1. It was only developed and verified for compression tests in small strain ranges so it 

cannot apply for shear loads in the range of large displacements as the case of Vajont 

for example.  

2. It focus only on a particular case of soil viscous behaviour (Isotach); 

3. It takes into account only the influence of temperature on soil behaviour and not how it 

is generated.  

Regarding the last point, the generation of heat can come from frictional heating. However this 

needs verification and further investigation.  

4.3 Heat generation by plastic deformation  

There is one other heat generation mechanism that can happen in materials, apart from the one 

regarding friction. In this case it is thought that heat is generated due to mechanic energy 

dissipation associated with plastic deformation of the material. When inelastic deformation is 

occurring fairly rapidly in a material whose mechanical properties are temperature dependent, 

the heat generated by these deformations has no time to diffuse. The conceiving and 

investigation of this mechanism is fairly recent. In fact, during some revision of literature it was 

concluded that the works concerning this process focus mainly on metallic materials, mostly 

steel. The occurrence of this process in geotechnical materials has not been studied thoroughly. 

Some works focus on the effect of heat generation in soils regarding the evolution of plastic 

deformations (Ng & Zhou, 2017) and others state that most likely viscoplastic work may be 

converted into heat in clay shear zones but that there is no experimental data that proves it, at 

least for rapidly sheared clays (Veveakis, et al., 2007). 

When a material suffers elastic and plastic deformation, part of the mechanical energy produced 

is converted into heat while the rest is stored as deformation energy (Hodowany, et al., 1999) 

(Kappor, 1998). This stored energy remains in the material after loading as the form of internal 

defects, phase changes and other permanent microstructural changes. The heat generated, 

proportional to a part of the mechanical work, induces a temperature increase of the material 

(Pérez-Castellanos & Rusinek, 2012). 

Works regarding a compression test induced by pressure in aluminium alloy (Pérez-Castellanos 

& Rusinek, 2012) are followed by a mathematical model that simulates the phenomena 

happening. The objective of the study is to investigate the temperature increase (∆𝑇) 

associated with the plastic strain (𝜀𝑝) at high strain rates (𝜀�̇�). The analysis takes into account 

that the heat generation is a coupled effect: ∆𝑇(𝜀𝑝, 𝜀�̇�). The results show that the temperature 

increases with strain rate and decreases when the initial test temperature is higher and also that 

at the final deformation stage, a minor temperature decrease occurs, presumably associated 

with an elastic unloading process. It was found that there was a good agreement between 

experimental and numerical results. This work shows that temperature generation can be a 

phenomenon dependent on magnitude of inelastic deformations, as well as the strain of rate 

being applied. One important aspect is that it was found that there is a softening of the material 
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when temperature increases, which lead to lower strengths. As stated before this is an effect 

observed as well in a soil material since it is agreed that yield stress decreases with increasing 

temperature (Laloui, et al., 2008) (Ng & Zhou, 2017).  

One other work (Ravichandran, et al., 2001) investigates the conversion of plastic work into 

heat in aluminium and on titanium. First, one of the conclusions was that at a certain value of 

plastic deformation the plastic work can no longer be stored and is dissipates through heat. This 

fact shows that there is a value of plastic straining that limits the plastic work “storage”, this 

maximum strain, varying between materials.  It was found that the aluminium (with different 

characteristics than the one previously investigated) showed no strain rate dependence in flow 

stress over the entire range of strain rates tested. In fact, the fraction of plastic work dissipated 

as heat was not found to be sensitive to strain rate. This was not the case for titanium. The flow 

stress of titanium was strongly dependent on strain rate and it also dissipated a greater 

proportion of energy as heat at low strains than aluminium. It was found that for plastic strains 

above 30%, titanium dissipated a large amount of input plastic work as heat. So this paper 

shows that materials can have strain rate dependency or not, regarding heat generation, being 

that some are more “susceptible” to generate heat by plastic deformation and therefore the 

maximum strain, before starting to dissipate most of the mechanic work through increase in 

temperature, may vary. As shown before, different soils have different dependencies on rate 

and some alter their behaviour when subject to higher straining. So this is somewhat of a 

parallelism to be made with the behaviour of soils and metals, regarding these issues. In the 

papers discussed previously, concerning the effects of strain rate in soil’s strength it was 

observed that there are effects, allied with strain rate and level of straining, that contribute to a 

decrease in soil’s strength, this being an effect without a very clear explanation. Plastic 

deformation can be a contribution to these phenomena. For instance, there is some approach to 

this, in previously discussed literature, regarding frictional heating of the failure plane 

(Vardoulakis, 2000). In this particular paper it is said that the frictional heating can lead to pore 

water pressure increase in the shear band making the soil’s strength in this failure plane to 

decrease. The authors also state that during rapid shear the heat production due to plastic work 

dissipation leads to another contribution in the net increase in the pore-water pressure 

(Vardoulakis, 2000).   

The works discussed until now focus on compression testing but is also interesting to 

investigate the effects of shear plastic deformation regarding heat generation. When shear 

takes place between two interfaces, there is friction involved in the process. As mentioned 

before, friction leads to heat generation when the conditions are appropriate. 

Rubtsov & Kolubaev (Rubtsova & Kolubaev, 2009) develop a model which allows taking into 

account frictional heating, as well as additional heat generation in the material surface layer due 

to its plastic deformation. It was inferred that taking into consideration additional heat generation 

(due to plastic deformation) is shown to have an effect on the heat conditions and shear 

deformation in the surface layer, when the deformation hardenability of the material falls within a 
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certain range. As an introduction to the model the authors state that deformation hardening, 

accompanying plastic shear in the surface layer, increases the yield strength of the material and 

frictional heating decreases it. Therefore the model of sliding friction was conceived in order to 

consider variations in the material properties during sliding friction due to its hardening during 

plastic deformation and softening with elevation of surface-layer temperature. These effects are 

always counteracting each other, sometimes hardening prevailing over softening and other 

times the opposite, influencing the material’s strength. It was concluded through their research 

that the effect of additional heat generation is maximal if under specified friction conditions, 

plastic deformation occurs with positive feedback since this can lead to the additional heat 

generation, combined with frictional heat. 

4.4 Concluding Remarks 

All of the effects and phenomena stated in the previous subchapter address the behaviour of 

metallic materials with little information regarding the geotechnical scenario. However it is 

reinforced the parallelisms made throughout what was mentioned. In fact, if it is taken into 

consideration the main practical example of a catastrophic landslide in this thesis: the Vajont 

landslide. In this case, after the reactivation of the landslide at residual state, the rate of strain 

has increased, presumably due to several factors (that can regard the nature of the soil), 

achieving such a high magnitude that frictional heating could possibly have been generated. 

The inelastic straining taking place in the shear band contributes as well to the heat generation. 

If the balance between hardening due to plastic deformation and softening, due to increasing 

temperature in the shear band was balanced in a way that softening prevails, the strength 

achieved in this zone of soil is so low that the velocity of the landslide can tend to increase as 

much as what was reported in Vajont. 

The analysis made take into account that heat generation is a probable cause for strength loss 

in large landslides that acquired high velocity. The question that remains is of the nature of 

phenomena leading to this heat generation. It can be seen that this is not an easy matter 

regarding soil. Strain rate has most likely a large influence in its behaviour and certain other 

phenomena mentioned before in this thesis can be related or not, giving rise to the discussion of 

what really happened. Experimental investigation and corroboration through mathematical 

models is needed at large scale in order to possess all the tools to understand this 

phenomenon.  
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5 Numerical Modelling

This Chapter addresses the development of the numerical models to simulate large deformation 

shear and the phenomena of heat generation by friction in soils, as this is identified as a 

probable cause for the large velocities reached by some landslides in the past. The numerical 

analyses were carried out in the software Abaqus. 

5.1 Introduction to Abaqus FEA Software  

Abaqus Unified FEA is a Finite Elements software that is able to model complex multi-physics 

engineering problems. For details about the finite element method and its application to the 

analysis of geotechnical problems please refer to  Potts & Zdravković (Potts & Zdravković, 

1999) and Abaqus 6.14 Theory Guide (Dassault Systèmes, 2014). 

The key benefits of this software consist of its extensive library of material and contact models, 

simplified and prompt mesh creation, linear and nonlinear analysis as well as the capability of 

analysing coupled physics problems (Dassault Systèmes, 2014). The following subsystems are 

included (Dassault Systèmes, 2014): 

 Abaqus/CAE: with CAE standing for Complete Abaqus Environment and consisting of a 

graphical interacting environment used for modelling and analysing finite element models, 

monitor and diagnose jobs as well as viewing results;  

 Abaqus/Standard: a general purpose finite element program which employs implicit 

integration scheme; 

 Abaqus/Explicit: explicit dynamics finite element program that employs an explicit 

integration scheme with focus in solving highly nonlinear systems with complex contacts under 

transient loads; 

 Abaqus/Viewer: a subset of Abaqus/CAE that contains the post-processing capabilities 

of the Visualization module. 

For the purpose of this thesis, the model definition (based on which an input file is created) was 

performed in a graphical pre-processor, that is, Abaqus/CAE since there was no immediate 

need for using a text editor.  

Model data definition includes the following relevant modules, explained in a general way below: 

 Part: in which the geometry, type (ex: deformable, discrete rigid, analytical rigid, eulerian) 

and shape (ex: solid, shell, wire, point) of each distinctive part of the model is created.  

 Property: in which the material models are defined and assigned to each part.  

 Assembly: in this module, the part or parts are positioned relative to the origin of the 

coordinate system and relative to each other to reflect the geometry of the problem being 

analysed. When this is done, an Instance is created. 

 Step: in which the history of the analysis is defined, including the analysis stages (steps), 

the calculation procedure adopted for each step (geostatic, static, dynamic, etc.) and the 
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definition of the quantities that will be saved during the analysis for viewing. The first step, 

which must always be defined, is the Initial. Its main purpose is to introduce the initial 

conditions of the model (boundary conditions, existing stresses, loads). 

 Interaction: contact between parts is defined in this module as well as constraints to one 

or more parts. The contact is defined by type (ex: general contact, surface-to-surface 

contact, etc) and by properties which define the laws that govern the interaction between 

parts (ex: mechanical, thermal, electrical). Constraints have the main purpose of defining 

rigid parts or ties between parts.  

 Load: enables the definition of boundary conditions, loads and the distribution of certain 

quantities across the analysis domain (e.g. temperature, stresses) in each of the analysis 

steps.  

 Mesh: in this module the geometry of the model is defined by elements and their nodes. 

In Abaqus/CAE, the model geometry is meshed by the user after choosing certain mesh 

characteristics. The general specifications in this module are the general element size or 

the general number of elements in an edge of a part; mesh controls, which define the 

shape of the element and meshing technique; and finally the element type (that needs to 

suit the type of analysis procedure selected in the module step).  

 Job: after the definition of the analysis, it is defined a job associated with the model and 

this is submitted for analysis. When creating a Job there is an option to define the 

precision of the input and output (depending if the analysis is Standard or Explicit) and 

also the option to restart a previous Job, i.e. performing an analysis taking as starting 

point some increment of a previous performed Job. The input file is processed by the 

analysis input file processor, prior to executing the analysis itself. This is done in order to 

interpret the Abaqus options, to perform the necessary consistency checking and to 

prepare the data for the analysis procedure.  

 Visualization: provides graphical display of finite element models and saved results.  

5.2 The Ring Shear Apparatus 

The residual shear strength of cohesive soils is a parameter widely used to assess the 

reactivation of existing slope failures since it is the minimum shear strength that can be attained 

under a given normal stress in a localized failure band of soil. There has always been a need to 

evaluate it at the laboratory scale. The shear box was designed to assess peak shear strength 

values of soils and interfaces but later was modified to measure residual shear strength by 

allowing continuous reversing of the shearing of the sample (Hawkins & Privett, 1985). 

However, the need for continuous shearing in one direction was relevant in order to reproduce 

the very large displacements required to reach this minimum strength. The only way to achieve 

this was by employing a torsion shear test, being that the first apparatuses were designed 

around 1934 by Hvorslev, Gruner & Haefeli and Cooling & Smith (Bishop, et al., 1971).  

There are two common ring shear apparatus, the Bishop-type apparatus, introduced in 1971 

(Bishop, et al., 1971) and the Bromhead ring shear, in 1979 (Bromhead, 1979). The two designs 
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were found to be in good agreement. The difference between them is that the Bishop apparatus 

allows the sample container to be split into two parts permitting the shear plane to be exposed 

and preventing wall friction from developing on the shear plane while in the Bromhead ring 

shear the failure plane occurs in or very near the top surface where the porous stone is installed 

(Stark & Vettel, 1992). The Bromhead ring shear is known as being less sophisticated but 

relatively cheap and easy to operate, so its use is becoming widespread.  

For the purposes of the analysis developed in this thesis, it was considered a Bishop type ring 

shear apparatus, in terms of its dimensions. The ring shear apparatus allows the control of the 

rate of displacement and allows the simulation of static loading.  

 

Figure 5.1 – Ring shear apparatus as originally designed by Bishop et al. 

(Bishop, et al., 1971) 

The general layout of the apparatus is shown in Figure 5.1. The sample has the shape of an 

annular ring and is confined laterally by steel rings.  At first, the samples is consolidated and 

caused to fail along the plane of relative rotary motion (see Figure 5.2). This happens because 

the lower half of the sample is connected to a rotating table and is forced to move in relation to 

the upper half of the sample that is fixed.  The tangential shear force mobilized by the soil is 

measured as the reaction of the upper half of the sample against a pair of fixed proving rings. 

Conventionally, a constant normal stress (𝜎𝑁
′ ) is applied throughout the test to the sample by a 

vertical main shaft (Bishop, et al., 1971). 
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Figure 5.2 – Bishop Ring Shear test sample (Bishop, et al., 1971) 

The dimensions of the sample for the original Bishop apparatus are: 

1. Outside diameter: 15 cm; 

2. Inside diameter: 10 cm; 

3. Sample Thickness: 2 cm (two halves with 1 cm). 

However, the ring shear apparatus may be built for different size samples.  

The sample is confined in the upper and lower part by a porous stone from which drainage lines 

come out. These are equipped with valves that promote undrained or drained conditions 

whether they are closed or opened. A pore pressure transducer is fixed to the lateral sides of 

the plane of shear in order to measure the pore water pressure if it presents necessary. It is 

usually placed a rubber edge between the confining rings of the apparatus in order to prevent 

the soil from coming out (Wang, et al., 2007). 

When testing soil-interface shear behaviour, the apparatus is usually adapted in order to insert 

the desired interface material. Tests conducted in the Bromhead apparatus usually position the 

interface in the upper part of the sample, whereas in the Bishop-type equipment the interface is 

placed in the lower part. In the numerical analysis described in the following sections, the 

interface was positioned in the upper part of the specimen, to facilitate the definition of the 

models.  

5.3 General Methodology 

The main goal of the numerical analysis was to simulate shear at very large deformation and 

the phenomenon of heat generation by friction. In order to do so, it was considered a sample of 

soil sheared in a ring shear apparatus since it is the only laboratory test that mobilizes 

displacement large enough to trigger the phenomenon.  

In order to simplify the problem it was considered that the soil sample was sheared against an 

interface placed in the upper part. The interface material considered was a steel plate. For the 

purposes of these analyses, it was not relevant to study the internal stresses and deformations 

of the plate, and given that its stiffness is much bigger than that of the soil, it was imposed a 
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condition in which the plate was turned rigid (which was done by employing a Rigid Body 

Constraint in the Interaction module). The advantage is that the computational time can be 

significantly reduced and this part can have fewer elements.  

In broad terms, the analyses considered three steps: 

1. Activation of the initial stresses acting on the soil sample due to self-weight and the weight 

of the plate; 

2. Application of the normal stress; 

3. Displacement of the plate to create shear in the plane of relative motion.  

The parameters of the materials employed are the same for all the models developed; only the 

numerical expressions sometimes change, depending on the type of analysis performed. To be 

noted that the values of some parameters can change in order to obtain different results, 

compare solutions and validate numerical results.   

5.4 Material Properties and Constitutive Models  

The plate was assumed to be a linear elastic material, with Young´s modulus equal to 200 GPa 

and Poisson´s ratio equal to 0.25. Given that the analyses consider the generation of heat, 

thermal properties were also specified. The properties assumed for the steel plate are 

presented in Table 5.1 and are the same for all the analyses performed. 

Table 5.1 – Properties considered for the plate part  

 Steel  

General Mechanical Thermal 

Density, 𝜌 

[𝑘𝑔/𝑚3] 

Young Modulus, 

𝐸[𝐺𝑃𝑎] 

Poisson 

Ratio, 𝜈 

Conductivity, 𝑘 

[𝑊/𝑚.𝐾] 

Specific Heat, 𝑐 

[𝐽/𝑘𝑔 °𝐶] 

7850 200 0,25 45 470 

 

The soil was modelled using an isotropic linear elastic perfectly plastic constitutive model with a 

Mohr-Coulomb failure criteria. The mechanical and thermal properties assumed for the soil are 

present in Table 5.2. The intention of the work was, at first, to assess the generation of heat 

during large deformation shearing assuming in a simplified manner drained conditions, and later 

on to address the thermo-poro-mechanical coupling (problem assessed in undrained 

conditions).  
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Table 5.2 – Properties considered for the soil part  

  Soil 

General Mechanical  Thermal 

Density, 

𝜌 

[𝑘𝑔/𝑚3] 

Young 

Modulus, 

𝐸[𝑀𝑃𝑎] 

Poisson 

Ratio, 𝜈 

Angle of 

shearing 

resistance 

(°) 

Cohesion  

(kPa) 

Angle 

of 

dilation 

(°) 

Conductivity, 

𝑘 [𝑊/𝑚.𝐾] 

Specific 

Heat, 𝑐 

[𝐽/

𝑘𝑔 °𝐶] 

1800 30 0,3 25/35 0 0 1,25 1381 

 

The parameters necessary for the Mohr-Coulomb formulation are the angle of shearing 

resistance, 𝜙, dilation angle, 𝜓 and cohesion, 𝑐′. The value of angle of shearing resistance will 

vary between 25º and 35º in the analyses, to investigate its influence on the analysis results. 

The dilation angle was set to 0º. Abaqus, however, sets automatically 𝜓 = 0,1° when 𝜙 > 0 but 

this is unlikely to influence the numerical results.  

For general stress space, the Mohr-Coulomb model can be written in terms of stress invariants: 

 𝐹 = 𝑅𝑚𝑐𝑞 − 𝑝´ tan𝜙 − 𝑐´ = 0 (5.1) 

 

Where,  

 
𝑅𝑚𝑐  (𝜃, 𝜙) =

1

√3 cos𝜙
sin (𝜃 +

𝜋

3
) +

1

3
cos (𝜃 +

𝜋

3
) tan𝜙 (5.2) 

Where: 

𝜙: angle of shearing resistance  

𝑐: is the effective cohesion of the material 

𝜃: is the Lode angle, such that cos(3𝜃) = (
𝑟

𝑞
)
3

 

With:  

𝑝´ =  −
1

3
𝑡𝑟𝑎𝑐𝑒(𝜎´): mean effective stress 

𝑞 = √
3

2
(𝑆: 𝑆): deviatoric stress 

𝑟 = (
9

2
𝑆 ∙ 𝑆: 𝑆)

1

3
: third invariant of the deviatoric stress tensor 

𝑆 = 𝜎 − 𝑝 𝐼: the deviatoric stress tensor 
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It was given a small (non-zero) value to the cohesion (𝑐′) in order to avoid numerical errors 

when dealing with stress states close to the stress origin. A maximum value of 1 kPa was 

adopted. 

5.5 2D Planar Model (Standard)  

As a first approach, in order to simplify the problem, it was designed a model in 2D plane strain 

conditions, in which the steel plate shear moves, a somewhat long distance, in the longitudinal 

direction, against a soil sample below. This model had the advantages of needing a short 

calculation time since the number of elements was reduced, and allowed the use of the 

standard solution procedure.   

5.5.1 Geometry and Mesh 

For this analysis, two parts were created: the Soil and the Plate. These parts were 2D Planar 

and Deformable. They were created with dimensions based on the Bishop Ring Shear, 

mentioned earlier, so it was considered that both parts have 1 cm of thickness. However, the 

thickness of the plate was not relevant since the plate will be computed as a rigid body. The 

length of the model had to be long enough for a section of the soil to endure large shear 

displacements due to the sliding of the plate. The adopted length for the soil was of 0,50 m, 

considering that it did not require much computational time and was enough to reproduce the 

phenomenon. 

For the dimensions of the plate, it was considered that it had to be long enough to sustain 

continuous shear in the middle section of the soil in order to reproduce the conditions imposed 

by the ring shear apparatus. In several preliminary analysis it was observed that the plate had to 

be aligned with the soil in its length, i.e. there could be “exposed” soil surface at the left of the 

plate but not on the right. If this was the case, the tendency was for the plate to “push” into the 

soil during the consolidation stage, creating a slight accumulation of material and preventing the 

continuous sliding. For this reason, the introduced length of the plate was the same as for the 

soil and equal to 0,5 m. However, it should be noted that the displacement imposed had to be 

well controlled, so that the hanging section would not reach such high proportion of the plate 

total length, generating a high concentration of normal stresses on one side of the model, and 

the loss of contact between the plate and the soil at the other end. The plate could be extended 

in the left side (noting that during shearing the plate will move to the right) so that it would be 

hanging at the left side of the soil at the beginning of the analysis in order to compensate for the 

hanging part in the right side that forms as shearing progresses. This was not done since the 

displacement imposed was not high enough to cause the rotation of the plate. A section of the 

assembly of the two meshed parts is presented in Figure 5.3. Like stated before, the two parts 

are 0,5 m long. 
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The boundary conditions are indicated as well in Figure 5.3. They are only applied to the soil 

part and impose that the bottom boundary has restricted movement in the two directions as well 

as restricted rotation. At the lateral boundaries only vertical displacements are allowed 

(direction, 𝑦). The figure only shows one frontier but the boundaries are the same in the right 

lateral side.  

For both parts were used CPE4T elements which consist on a 4-node plane strain thermally 

coupled quadrilateral, bilinear displacement and temperature element. It was employed different 

meshes in an effort to improve the model predictions. The mesh which proved most stable is 

that shown in Figure 5.2, in which the elements in soil part are 2 mm squares.  

5.5.2 Step Definition 

The following sets were defined: 

1) Geostatic Step: The first step of a geotechnical analysis in Abaqus is the Geostatic step. The 

time length is 0. This step is used to guaranty that the initial stress and in equilibrium with 

applied loads and boundary conditions. In this step, the user must input a predefined geostatic 

stress field on the soil elements, which will be equilibrated with the stresses due to the gravity 

load, which is applied in the same step of the analysis. The displacements expected in the end 

of this step are very low, therefore a maximum allowable displacement is defined in order to 

guaranty that the soil is in equilibrium.  

When selecting the Geostatic Stress type in the Predefined Field, Abaqus/CAE prompts the 

user with inputs regarding Vertical Coordinate 1 and respective stress 1, Vertical Coordinate 2 

and respective stress 2, as well as Lateral Coefficient for both directions in the horizontal plane 

(Earth-Pressure Coefficient at rest). The stresses on the soil should account for the weight of 

the plate for equilibrium purposes (since gravity is also applied to the plate). The program will 

then calculate the stress distribution between these two stress points inputted. The earth 

pressure coefficient was calculated using Equation 5.3 (that corresponds to the coefficient of 

earth pressures at rest predicted by the linear elastic model). 

Figure 5.3 – Soil and Plate assembly with respective adopted model 

characteristics in Abaqus/CAE 
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𝐾0 =

𝜈

1 − 𝜈
 (5.3) 

Which gives 𝐾0 = 0,4286 since 𝜈 is the Poisson ratio and equal to 0,3. 

Figure 5.4 shows the distribution of vertical stresses at the beginning of the step, that 

correspond that entered in the geostatic predefined stress field. 

 

2) Static, General: The second step will be Static, General in this model and introduces the 

application of normal stress (𝜎𝑁). This is introduced as a pressure in the load module and is 

applied on the top surface of the plate, as shown in Figure 5.3. This is a value that can change, 

depending on the test conditions simulated. The step time can be defined as 1 sec since it is 

sufficient to ensure stable conditions.  

3) Coupled Temp-Displacement (Transient): The last step introduces the sliding of the plate and 

is done by employing a displacement boundary condition on it. This is done by specifying the 

horizontal displacement (∆𝑥) to be applied to de plate over the step. It should be noted that the 

step time (𝑡) is important in this case since it will define the rate of displacement (or the velocity, 

𝑣). The response will be transient since is a time changing event. Given that the analysis predict 

generation of heat associated with friction, a fully coupled thermal-stress analysis is required; 

this means that the mechanical and thermal solutions affect each other strongly and, therefore, 

must be obtained simultaneously.  

This is the step in which the heat generation will be possible due to the friction of the plate on 

the soil interface. In order to account for these effects the step was defined as Coupled 

Temperature-Displacement. This is why it was necessary to define thermal properties to the 

materials.  

 

Figure 5.4 – Results from assigning a geostatic predefined field in Abaqus 

regarding the 2D model. S22 represents the vertical stresses and are in 𝑷𝒂. 
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5.5.3 Material’s Interaction  

The definition of the surface in which the two materials are in contact is a very important aspect 

of the model. This defines not only the mechanical behaviour between the two surfaces but the 

thermal behaviour necessary to define the heat generation.  

The Interaction was defined as a Surface-to-Surface Contact (Standard) in which there is need 

to specify the master and slave type surface. For the master surface it is recommended that the 

“commanding” body or more rigid body should be assigned, so it was selected the plate’s 

surface in contact with the soil. It is also recommended that the slave type should belong to the 

body more densely meshed so it was assigned to the soil’s surface. This type of contact is also 

named Contact Pairs. 

This interaction will also have to possess properties that define the behaviour between the 

elements of each surface. For the mechanical behaviour, regarding the Normal Direction the 

behaviour was defined as “Hard” Contact in which, when surfaces are in contact, any contact 

pressure can be transmitted between them (Figure 5.5). 

 

Figure 5.5 – Contact pressure and clearance relation in the Normal behaviour 

Contact definition of “hard” contact in Abaqus (Dassault Systèmes, 2014) 

The tangential behaviour was assumed to be purely frictional characterized by a friction 

coefficient, 𝜇𝑐.  

It was also selected the contact property Heat Generation. This enables the definition of the 

contact properties that characterize the generation of heat associated with the friction mobilized 

in the contact between the two materials (soil – steel plate). The user introduces a factor, 𝜂, 

which defines the fraction of frictional work that is converted to heat, and a value of 1.0 was 

specified. The can also define how to divide the heat between the two materials that form the 

contact; it was specified that half if the generated heat going into the soil and the other halft into 

the plate. 

The heat flux density generated by the interface element due to frictional heat generation is 

given by Equation (5.4). 
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𝑞𝑔 = 𝜂 𝜏 

Δ𝑠

Δ𝑡
 (5.4) 

In which: 

 𝜏: shear stress [𝑃𝑎] 

 Δ𝑠: incremental slip movement [𝑚] 

Δ𝑡: incremental time [𝑠𝑒𝑐] 

𝜂: input parameter that defines the fraction of friction work that is converted into heat. 

 

5.5.4 Results and Analysis 

The model was able to capture the heat generation by friction appropriately and according to 

the specified characteristics, of the materials and interface. However, it was found that the 

effects of shear stress mobilization, more concentrated near the interface, which is usually 

observed in these tests, was not captured. It is thought this is because this type of analysis is 

suitable for small deformation and does not capture accurately the highly non-linear effects and 

distortions (large deformations) taking place. Also because there is more difficulty in converging 

in contact formulations in Abaqus/Standard.  

Based on the observations that samples taken from the Vajont dam site showed loss of strength 

(negative rate effect), up to 60% below the slow residual strength, when sheared at rates of 

shearing greater than 100 mm/min (Tika & Hutchinson, 1999), the rate of displacement imposed 

in the analyses was of 100 mm/min or 16,7 mm in 10 s, which was the step time of the coupled 

temp-displacement step. 

The results presented here, at first, correspond to a mesh in which the elements in soil part are 

2 mm squares. The calibration parameters taken into account are presented in Table 5.3. 

Table 5.3 – Calibration parameters for the 2D Model 

Normal Stress (𝛔𝐍) Effective Friction Angle (𝛟′) Friction Coefficient (𝛍𝐂) 

50 kPa 25º 0,4 

 Figure 5.6 shows the distribution of the shear stress across the analysis domain at the end of 

the shearing step. The detail shows the shear stress mobilized in the whole depth of the soil at 

its middle section. The middle section corresponds to the section of the soil, which, in theory, 

should simulate the conditions closer to those imposed in a ring shear test. This is because 

when shear is applied, that is the section that is always in contact with the plate and it is also 

further away from the boundaries, where the stress distribution is affected by the plate end, as 

showed in Figure 5.6. 
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In order to assess the effect of the mesh geometry on the analysis results another mesh was 

considered. In the soil part, this mesh has 6 elements in the vertical direction, with varying 

thickness between 0,9 mm near the top contact and 2,7 mm at the bottom boundary. The 

elements in the horizontal direction remained with 2 mm length. This is the mesh represented in 

Figure 5.3.  

The results are presented in Figure 5.7 in terms of the distribution of the shear stress across the 

analysis domain. 

Figure 5.6- Distribution of shear stress (S12) obtained at the end of shearing step, 

from shearing the plate at 1,67 mm/s (100 mm/min) with soil 𝝓′ = 𝟐𝟓° and 𝝈𝑵 =

𝟓𝟎 𝒌𝑷𝒂. 

Figure 5.7 – Distribution of shear stress (S12) obtained at the end of shearing step, 

from shearing the plate at 1,67 mm/s (100 mm/min) with soil 𝝓′ = 𝟐𝟓° and 𝝈𝑵 =

𝟓𝟎 𝒌𝑷𝒂; (alternative mesh, finer at the contact).  
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The results show that there was some improvement in the results since the “noise” generated in 

the previous modelling (represented by the undulating orange stripes in Figure 5.6) was 

eliminated. However, the shear stress is uniformly mobilized through the whole depth of the soil 

since the early stages of shearing and there is no signs of shear concentration on the top of the 

soil, in the contact with the steel plate. The concentration of stress at the right hand side of the 

analysis domain (zone in red), is most likely due to the boundary restriction and the overhanging 

of the plate.  

Probably because of this, it was observed that, when the friction coefficient (𝜇𝐶) for the interface 

was defined as equal to the tangent of angle of shearing resistance 𝜙′, the analyses failed to 

converge probably because it failed to reach equilibrium in some elements where the calculated 

shear stress at the interface was higher than the ultimate value, determined by the Mohr-

Coulomb failure criterion. Therefore, the friction coefficient was set to a value lower that the 

tangent of angle of shearing resistance 𝜙′.   

Nevertheless, the program succeeded in calculating the stresses accordingly and it was 

possible to produce heat generation due to friction. As expected, the amount of heat generated 

is sensitive to the normal stress exerted on the plate but also on the velocity of the 

displacement, as expressed by Equation 5.5. The temperature increase in this analysis is 

shown in Figure 5.8. The initial temperature was defined as 0ºC.  

 

The results from this analysis were taken from the values determined at node 1639, more or 

less in the middle section (in the horizontal direction) of the soil and on its surface. The node is 

represented in Figure 5.7 and Figure 5.8.  

 

Figure 5.8 – Temperature in the soil for the analysis performed with 1,67 mm/s 

(100 mm/min) with soil 𝝓′ = 𝟐𝟓° and 𝝈𝑵 = 𝟓𝟎 𝒌𝑷𝒂 and alternative mesh. The 

temperature (Temp) is in ºC. 
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Figure 5.9 – Results taken from the node 1639 from the analysis with a 6-element 

mesh; a) Evolution of shear stress with plate displacement; b) Evolution of 

temperature generated with plate displacement.  

Figure 5.9 shows the results of shear stress mobilization in the soil part and of temperature 

increase. As expected the maximum shear stress in the soil at the contact with the plate is 

controlled by the parameters defined for the contact (𝜏 = 𝜇𝐶  × 𝜎𝑁). The values of temperature 

increase are quite small, because the low normal stress but also the fact that the imposed 

displacement is quite small. The value of imposed displacement was maintained quite small to 

minimize the end effects, as shown in Figure 5.6 and Figure 5.7. 

a) 

 

b) 

Figure 5.10 – Comparison between the calculated shear stress values in depth; 

a) Evolution of shear values for each node with plate displacement; b) 

Identification of each node. 

0

0,005

0,01

0,015

0,02

0,025

0,03

0,035

0,04

0,045

0 0,005 0,01 0,015

Te
m

p
er

at
u

re
 I

n
cr

ea
se

 (
ᵒC
) 

Displacement (m) 

0

5

10

15

20

0 0,005 0,01 0,015

Sh
ea

r 
St

re
ss

 (
kP

a)
 

Displacement (m) 

Node 133

Node 384

Node 635

Node 886

Node 1137

Node 1388

Node 1639



59 
 

Figure 5.10 shows the shear stress evolution with displacement as well as the representation of 

the nodes from where the values were extracted. It can be seen that the entire depth of the 

sample layer shears simultaneously and there is no shearing concentration in the interface.  

Some analyses were performed, however, to investigate the amount of increase in temperature 

with varying values of normal stress (Figure 5.11).  

 

a) 

 

b) 

Figure 5.11 – Comparison between results taken from node 1639 from analysis 

with different applied normal stresses (σN); a) Evolution of shear stress with 

plate displacement; b) Evolution of temperature generation with plate 

displacement. 

The results are in agreement with the formulation for the heat generation presented previously 

since an increase of 10 times the normal stress produced an increase in 10 times the 

temperature, confirming the proportionality of the heat generated with the shear stress acting on 

the soil elements.  

Equation 5.5 that expresses the formulation heat generation by friction indicates that heat 

generation is proportional to the shear stress; however even after the shear stress has reached 

its ultimate value and stabilised, the temperature in the soil increases in a non-linear manner. 

This is likely due to the occurrence of heat dissipation by conduction through the sample. 
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5.6 Simplified CEL 3D Model (Explicit)  

Since the previous model was not able to capture accurately the concentration of shearing close 

to the soil – plate interface it was decided to employ a Coupled Eulerian-Lagrangian (CEL) 

analysis formulation, composed of Eulerian and Lagrangian elements. 

5.6.1 Eulerian Analysis  

A traditional analysis in Abaqus is called a Lagrangian analysis, in which mesh elements are 

fixed to the material and therefore elements deform with the material. Each of these elements is 

made of a single material in its totality, so the material boundaries coincide with an element 

boundary.  

In an Eulerian analysis, nodes are fixed in space and the material flows through the elements, 

which do not deform. At the beginning of the analysis, the boundaries of the materials must 

coincide with element boundaries. However as the analysis progresses, this type of elements 

may not be made of only material but can be identified as void or partially void, partially 

material. The Eulerian material boundary therefore, must be computed during each time 

increment and generally does not correspond to an element boundary. In this case, there is 

need to extend the mesh beyond the initial volume of material, to account for the fact that the 

material will deform and it will occupy a different position. During the analysis, Eulerian 

elements may simultaneously contain more than one material (but not at the beginning).  

Eulerian materials can interact with Langragian elements by making use of an Eulerian-

Lagrangian contact to express that interaction and adopting an appropriate analysis procedure 

named CEL analysis (Coupled Eulerian-Lagrangian analysis). CEL analysis are solved using an 

explicit solving technique.  

By using Abaqus/Explicit the analysis is computationally more stable for large models involving 

the analysis of extremely discontinuous events or processes and/or undergo large rotations and 

large deformation, which is the case. The explicit dynamics procedure involves the use of a 

large number of very small time increments. 

5.6.2 Geometry and Mesh 

In this model it was created two parts, a Lagrangian part, which corresponds to the plate and an 

Eulerian part which is the soil. The goal was to reproduce the previous model but in this new 

formulation. This time, various lengths of the domain were experimented, eventually adopting a 

model with a 10 cm long soil part, since this way the computational time was not excessive long 

and the required displacements and mechanisms could be verified as well. Since Eulerian parts 

have to be 3D, the model was specified a dimension of 2 mm in the direction perpendicular to 

plane of analysis (and appropriate boundary conditions were imposed to ensure plane strain 

conditions).   

One other aspect to take into account is that, since we are dealing with an Eulerian analysis, 

there is need to define mesh in places where initially there is no soil but is expected to possibly 
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be, throughout the analysis. For this reason the Eulerian part was created with height of 1,3 cm 

with 1 cm attributed to Soil and the rest to Void. To do this a Partition was created in the 

Eulerian solid, defining the separation within the part. Afterwards a Uniform Volume Fraction is 

defined; this allows the definition of the elements that “have” material (volume fraction of 1) and 

those that are “empty” (volume fraction is zero), at the start of the analysis. Figure 5.12 shows 

this. As the analysis progresses, the material is tracked as it flows through the mesh by 

computing its Eulerian volume fraction within each element.  

 

For the mesh of the plate, a coarse mesh was employed, with approximately 4 mm elements 

and C3D8T elements (8-node thermally coupled brick, trilinear displacement and temperature). 

For the mesh of the eulerian part, various configurations were examined; first a uniform mesh 

with elements of 1 mm in all sides was adopted. It was found that with this mesh, there were 

some problems in transmitting the normal stress to the soil and so the mesh was refined near 

the contact with the plate. This improved slightly the transmission of normal stress from the 

plate to the soil. The mesh was changed to elements with varying thickness between 0,5 mm 

(near the contact) and 1,5 mm, at the bottom (in the 𝑧-direction). In the 𝑥 and 𝑦 direction the 

elements continue to have 1 mm. They are EC3D8RT elements (8-node thermally coupled 

linear eulerian brick, reduced integration, hourglass control). 

To create the plate a Deformable 3D Solid was created with 2 mm extrusion as well and 12 cm 

long, with a 1,5 cm hanging in the right side and 0,5 cm hanging in the left. The plate has this 

geometry in an effort to ensure that the normal stress is uniformly transmitted to the soil and 

there are no or minimal stress concentration at the lateral boundaries of the model, observed 

when the model was first created with a 10 cm long plate (coincident with the soil’s length). This 

makes the value of normal stress exerted to the soil slightly higher than that applied to the plate. 

Figure 5.12 – Results, in the Visualization module in Abaqus, of the material 

assignment in the 3D simplified eulerian model  
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Figure 5.13 – 3D simplified CEL model with its user definitions in Abaqus 

For the thickness of the plate it was chosen a 1 mm plate in order to avoid long analyses and 

because the thickness is not relevant, as the plate is again set as being a rigid body.  

The Boundary Conditions of the soil and plate are specified in Figure 5.13. It is possible to 

constrain degrees of freedom at Eulerian nodes to restrict material flow. For the plate, since it 

was defined as Rigid Body, its degrees of freedom can be defined solely at the Reference Point 

(RP) of the plate. When applying shear, the displacement of the plate was also imposed in the 

RP. 

Finally, it was considered appropriate to request double precision analysis as well as full nodal 

output precision. This is a functionality of Explicit models and allows the packager (inputs) and 

the analysis to run in double precision, which will be more expensive computationally but is 

desirable to return more accurate solutions. 

5.6.3 Step Definition 

The following sets were defined: 

1) Dynamic, Explicit: soil stress activation. In this analysis, since is an Explicit scheme is used, 

Abaqus only allows dynamic type steps. The conditions imposed in this step are identical to 

those in step of the 2D planar model (Section 5.5): definition of predefined geostatic stress field 

and gravity activation. It is possible to apply geostatic stress to Eulerian parts in the same way 

that for Lagrangian parts. However, in a 3D analysis the vertical direction coincides with the 𝑧-

axis. 

2) Dynamic, Explicit: activation of normal stress, 𝜎𝑁. This is applied in the whole length of the 

plate’s surface, like demonstrated in Figure 5.13.  
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The Amplitude of a load or displacement application, in Abaqus, is usually by default, linear 

(depending also on the step procedure adopted). However, it was noticed that when applying 

the default amplitude in an explicit analysis, the results became very noisy. For efficiency and 

accuracy, quasi-static analyses require the application of loading that is as smooth as possible. 

To do this it was created a Smooth Amplitude by defining that, at instant 0 of the step, the load 

is 0 and that, at the final instant, 𝑡 (usually this step has 𝑡 = 1 sec), the load is applied in its 

totality (total amplitude, a). The software then creates a smooth load transition between the two 

points. See Figure 5.14 . 

 

Figure 5.14 – Smooth step relationship between amplitude (a) and the time (t) in 

Abaqus/Explicit (Dassault Systèmes, 2014) 

3) Dynamic, Temp-displacement, Explicit: prescribed displacement in the plate’s reference point 

in order to simulate shearing. The displacement is prescribed with smooth amplitude as well, 

taking into account this step’s total time (𝑡 = 10 𝑠). This type of step allows the modelling of 

thermo-mechanical processes, namely the simulation of the generation of heat by friction. 

5.6.4 Material’s Interaction 

In a CEL analysis, the interaction between eularian and lagragian materials needs to be 

specified through a specific contact. The Eulerian-Lagrangian contact is an extension of the 

general contact in Abaqus/Explicit and needs to be specified by the user in the Interaction 

module. The General Contact definition is employed because the soil’s surface is computed 

inside the Eulerian part instance. The contact algorithm automatically computes and tracks the 

interface between the lagrangian and the eulerian materials.  

There is also an option which is Contact Pairs in the General Contact definition and that makes 

possible to select the plate’s surface and the whole eulerian part as contact pairs. The 

advantage is the direct specification of which surface of the plate is in contact with the soil.  
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The adopted contact properties are identical to those described for the 2D planar model in 

section 5.5.3.  

 

5.6.5 Results and Analysis 

For calibration of the model, the parameters in Table 5.4 were used. As for the plate 

displacement during shearing, in this model it was advised to prescribe it as a velocity boundary 

condition so it was imposed the same rate as in the 2D planar model: 100 mm/min which 

corresponds to 1,67 mm/s. 

Table 5.4 – Parameters employed in order to calibrate the 3D simplified model 

Normal Stress (𝛔𝐍) Effective Friction Angle (𝛟′) Friction Coefficient (𝛍) 

50 kPa 25º 0,47 

 

When analysing the results from this model, it was noted that, when applying the displacement 

of the plate, the tendency was for the soil at the surface to be pushed with it, becoming 

concentrated at the right hand part of the model. This created a modification of the contact 

between the soil and the plate, with normal stress being transferred to the soil only at the right-

hand side of the model.  

There are contact models in Abaqus that allow the transfer of normal stresses even when there 

is clearance between the two parts (as if it were a spring connecting the two surfaces). 

However, this is not allowed in Abaqus/Explicit, which only allows for contact pressure-

overclosure relationships. 

The results from this analysis show that, since the boundary conditions in the lateral sides of the 

soil (surfaces 𝑥𝑧), have restricted displacement in the 𝑦 direction, when the plate moves, the 

tendency is for some soil to be dragged with it but because the boundary is restricted, it 

accumulated in the right hand side of the model. The tendency then, is for the soil to be pushed 

down in the right hand side since it has no other place to go and to heave in the left side. This is 

noticeable in Figure 5.15. 
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a) 

b) 

 

In order to balance the movement of the soil the displacement in the 𝑦 direction is from the right 

to the left, as shown in Figure 5.16. 

Because the formulation for the normal contact is that pressure is only transmitted when there is 

contact without any clearance or overclosure between the two surfaces, the effect is that normal 

stresses are only transmitted in the right-hand side of the model (See Figure 5.17). The 

CPRESS variable gives the contact stress at nodes, and demarcates the fact that contact is 

occurring only on the part of soil mentioned. To be noted that the plate was impeded to rotate 

around the 𝑥-axis so it should be always aligned horizontally.  

Figure 5.15 – Vertical (𝒖𝒛) displacement results for the 3D simplified analysis; a) 

Settlement results in the model; b) Heaving results in the model. In 𝒎. 

Figure 5.16 – Horizontal (𝒖𝒚) displacement results for the 3D simplified analysis. 

In 𝒎. 
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Because of this effect, generation of shear stresses is only possible on this area, since it is 

dependent on the normal stress through the friction coefficient. This can be observed in Figure 

5.17. 

 

This effect is generated because of the reasons mentioned earlier. Since the problem is 

associated with the fact that the soil is being dragged as the plate moves, to improve the model 

it was needed a configuration that could provide continuous shear without soil accumulation in 

certain points. Because of that, these simplifications provided very inaccurate results and it was 

decided to develop a full 3D model, which is presented in the next Chapter.  

  

Figure 5.17 – Normal stress actuation after plate displacement is applied as well 

as identification of the area of the plate that is in contact with the soil, indicating 

the non-uniformity of it in length. In 𝑷𝒂. 

Figure 5.18 – Shear stress generated in the soil after plate displacement. In 

𝑷𝒂. 



67 
 

5.7 CEL 3D Ring Shear Model (Expl icit) 

Since the previous model created unrealistic conditions, it was decided to model the ring shear 

tests in 3D considering its real geometry and also resorting to CEL analysis.  

5.7.1 Geometry and Mesh 

In this formulation it was realized that employing a Uniform Volume Fraction method to define 

the void and the material was not possible since it was necessary to create a Partition (a 

geometric division through the solid) which, created conflict with the mesh generation of the 

elements. Instead, it was created a Discrete Field using the Volume Fraction Tool. The initial 

material assignment in the Eulerian mesh is presented in Figure 5.19. 

 

This Discrete Field is created based on the mesh definition so it is always necessary to 

generate a mesh before creating the Discrete Field. The mesh was created taking into account 

that the separation between material (volume fraction of 1.0) and void (volume fraction of zero) 

within the eulerian part at the start of the analysis must coincide with an element boundary. For 

the eulerian part the same type of elements to those used in the previous model was adopted: 

EC3D8RT. The mesh algorithm employed was changed from Advancing Front to Medial Axis, in 

order to minimize mesh distortions inside the solid. Regarding the mesh dimensions, various 

combinations were made mainly focusing in satisfying both the accuracy of the solution but also 

the computational efficiency. At first, in the vertical direction (𝑧-axis) the elements were 1,25 mm 

thick and length of 6 mm in the outer facet and approximately 4 mm in the inner facet. This was 

thought to be enough to capture the effects and behaviour accurately, however it was noticed 

that, during the shearing step, the normal stress in the soil started to show large scatter and the 

analysis predicted small normal stress values (less than the normal pressure applied in the steel 

Figure 5.19 – 3D CEL Ring Shear material assignment in the Visualization 

module 
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plate) for the elements in the contact. This was thought to be an effect of the low mesh density 

in the contact so a new, finer mesh was generated. This finer mesh considered a variable 

element thickness in the vertical 𝑧-direction, from 0,4 mm near the contact and up to 1,5 mm at 

the base of the soil layer. In the part which is void the element thickness varies between 0,4 mm 

and 1 mm. Figure 5.20 shows the mesh generated for the Eulerian part as well as the location 

of the plate within the mesh. Again, because it was not relevant to study the internal stresses 

and deformations of the plate, and the plate is much stiffer than the soil, the plate was turned a 

Rigid Body. The Reference Point of the steel plate was created at the origin of the 𝑥-𝑦 plane 

and at 1 cm high in the 𝑧 axis, in order to facilitate the imposition of the rotation of the plate to 

simulate shear.  

 

 

 

Because of the geometry of the model it was necessary to create a different coordinate system 

to employ boundary conditions properly. Therefore it was generated a local cylindrical 

coordinate system like the one represented in Figure 5.21. This creates radial (𝑅), tangential 

(𝑇), and axial directions (𝑍). This coordinate system can also be viewed in Figure 5.19. 

Figure 5.20 – Model definition with mesh generated for the 3D Ring Shear Model.  
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This way all input data for loads and boundary conditions can be given in the local system. 

However file output from Abaqus/Explicit is always in the global system.  

 

Figure 5.21 – Cylindrical coordinate system example in Abaqus (Dassault 

Systèmes, 2014) 

The Step Definitions and Material’s Interaction adopted for this model are identical to those 

used in the simplified CEL model, described in sections 5.6.3 and 5.6.4. The only difference of 

note is that, in order to cut some computational time this analysis does not have the first step in 

which the stresses due to the weight of the soil and the plate are activated. This was possible 

also because the stresses in the soil due to its weight and the plate are so small compared to 

the normal stress value that is subsequently applied. 

5.7.2 Results and Analysis 

In order to calibrate the model the parameters in Table 5.5 were used. In these analyses the 

model was initially run focusing only on the mechanical response, without the introduction of 

heat generation, in which case thermo-mechanical coupling was not invoked. This was done to 

simplify the analysis procedure given the size of the analysis domain and complexity of the 

problem.  

Table 5.5 – Calibration parameters for the 3D Ring Shear Model  

Normal Stress (𝛔𝐍) Effective Friction Angle (𝛟′) Friction Coefficient (𝛍) 

50 kPa 35º 0,7  

 

The results shown here refer to those obtained when using the finer mesh shown in Figure 5.20. 

This finer mesh was adopted in an attempt to reduce or even eliminate errors in the analysis 

results, especially regarding the transmission of normal stress in the contact between the plate 

and the soil. Contrary to what it was thought, this did not resolve the problems that emerged in 

the contact, as it can be seen in Figure 5.22.  

In an effort to understand the problem in the model, it was tried a different formulation for the 

normal behaviour in the contact since this was the interface characteristic that controlled the 

transmission of pressure between the contacting nodes and elements of the two parts. Instead 
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of using a “hard” normal behaviour (Figure 5.5) a linear normal behaviour was introduced. In a 

linear pressure-overclosure relationship the surfaces transmit contact pressure when the 

overclosure between them, measured in the contact (normal) direction, is greater than zero. In 

this way, the nodes or elements of the plate (master surface), that penetrated the soil (slave 

surface) continued to transmit pressure and not only the elements exactly at 0 overclosure and 

0 clearance. In any event, the analysis performed, taking this into account, did not improve 

almost in any way the transmission of normal stresses so it was disregarded in future.  

One other attempt to improve the model was to generate a mesh, for the plate, exactly the 

same as the mesh in the 𝑥 − 𝑦 plane of the soil, maintaining the plate as a rigid body (like 

represented in Figure 5.20). This increased significantly the computational time but was 

implement in an attempt to improve the transmission of normal stress between the plate and the 

soil. This was also found not to improve the analysis predictions in terms of the distribution of 

the normal stresses in the contact, and therefore of the vertical stresses in the soil. 

In the end of the step where the normal stress (𝜎𝑁) is applied, the results of the vertical stress, 

computed on the soil, in the contact with the plate, point to the inaccuracy and non-uniformity of 

the values obtained (see Figure 5.22). Although the values are uniform and well computed at 

the lateral boundaries of the sample (values of about 50 kPa as would be expected) the 

contrary occurs at the soil surface that is in contact with the plate. 

 

 

 

 

Figure 5.22 – Vertical stress (S33) results in the end of the normal stress 

application step in 𝑷𝒂. 
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The displacement rate prescribed for the plate during the shearing step was at first 0,05 rad/s 

(2,86º/s) with a 5 s time step, which was later changed to a slower rate of 0,03 rad/s (1,72º/s), in 

order to verify if this resulted in an improvement in the analysis results. However, in both cases, 

the predictions of the soil response during shearing are poor. Figures 5.23 and 5.24 show the 

vectors of accumulated displacement at various stages during shearing. 

a) b) 

c) d) 

Figure 5.23- Results from the displacement resultant (U) in m in a y-cut section 

of the sample, with the arrow symbols indicating the direction of the nodes 

movement in various instants of the shear step; a) t=0 s; b) t=0,7 s; c) t=1 s; d) 

t=2,5 s 
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Figure 5.24 – Displacement resultant (U) with direction and magnitude at the 

finish of the shear step 

As can be seen, after 0,7 seconds of shear (Figure 5.23.b 0.021 radians rotation), the 

displacements look as expected being that the nodes at the surface have uniform displacement 

in the plate movement’s direction. Further, nodes at the surface have higher horizontal 

displacement component than deeper nodes, suggesting some shear concentration near the 

interface. However, in the next increments the nodes start to have displacements with opposing 

directions, very inaccurate taking into account that there’s only shear displacement with rate 

0,03 rad/s. At the end of the shear, it can be seen on Figure 5.24 that the predicted 

displacement is very erratic showing that the solution is not numerically stable.  

 

Figure 5.25 – Vertical stress (S33) results, in 𝑷𝒂 in a section of the model at t=5 s 

of shear 
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Based on the analysis of Figures 5.25 and 5.26, that show the distribution of the vertical stress 

and the shear stress (𝜏𝑦𝑧) is the soil at t=5s of shearing (0.15 radians rotation), it could be 

concluded, at first instance, that the computation of the vertical stresses throughout the soil is 

fairly uniform. However, if attention is paid to the surface it is possible to notice a thin line of 

yellow (lower stresses) in this region. The same happens to the computed shear stress in the 𝑦 

direction (𝜏𝑦𝑧) or S23 in Abaqus, at the surface. 

The difference of normal stress evolution computed in two different nodes of the soil part, one 

node located on the top of the soil part, in the contact with the plate, and one node midway of 

the soil layer can be seen on Figure 5.27. This data shows the inaccuracy of the elements at the 

surface and the difficulty in capturing the behaviour near the contact.  

 

a) 

 

b) 

Figure 5.27 – Evolution of vertical stress with time of analysis in two different 

nodes belonging to the soil part; a) Node 8784 at the surface; b) Node 8880 at 

the middle (≈ 5 mm deep). The step of plate displacement starts at 1 s.  
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Figure 5.26 – Shear stress (S23) results, in 𝑷𝒂 in a section of the model at t=5 s 

of shear 
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In a subsequent analysis, it was simulated the heat generation due to the friction in the contact 

of the soil with the plate during the shearing phase. This can be seen in Figure 5.28. For this 

analysis it was considered the same geometry, mesh, material and contact properties as before, 

being the only exception the shortening of the shear step to 2 sec in order to save some 

computational time. The velocity of the plate was also changed to 0,075 rad/s so the 

displacement was the same as the previous established. Since the rate was maintained with 

small magnitude the temperature increase was also small (See Figure 5.28 and Figure 5.29). If 

the model was successful in calculating the stresses in the nodes belonging to the interface this 

would consist most likely in a successful simulation of a phenomenon of heat generation. 
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Figure 5.29 – Temperature increase as shear evolves with step time in the 3D 

CEL model 

Figure 5.28 – Temperature increase results in the soil part at the end of the 

shearing step in the 3D CEL model 
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The cause for the numerical problems encountered in these analysis regarding is probably the 

fact that CEL formulations capture poorly the contact interface behaviour (between Lagrangian 

and Eulerian parts). Looking at the results in the surface’s elements that are in contact with the 

plate it becomes very obvious that the solution is numerically unstable, predicting erratic 

displacement and stress field. In fact there is some evidence, in previous work e.g.(Engin, et al., 

2018) which states that CEL formulation underestimated the tip resistance of a cone penetrating 

the soil, compared to an Arbitrary Lagrangian-Eulerian (ALE) analysis. In the ALE formulation, 

the nodes of the computational mesh may move with the continuum, as in the Lagrangian 

formulation, be held fixed as in the Eulerian formulation or move in some arbitrarily specified 

way. In this reported numerical study the ALE FE-model runs faster than the CEL model and the 

results differ significantly, with the ALE results providing a better distribution of stresses around 

the cone tip. 
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6 Conclusions and Future Developments 

The main aim of this thesis was to improve our understanding of the mechanisms associated 

with the mobilization of the residual shear strength of the soil at very large deformations and the 

phenomena that affect it (strain rate effects) and that can occur concurrently (heat generation), 

in attempt to explain the development of very fast landslides. To supplement this, it is developed 

a numerical study using the finite element software Abaqus, to simulate some of these aspects, 

in particular the heat generation by friction.  

Regarding the first part of the dissertation, it can be said, at first, that the amount of information 

on this topic is very extensive, complex, and at times contradictory, therefore prone to generate 

little consensus regarding certain aspects, more exactly the phenomenon behind the strength 

loss observed during fast shearing (both in laboratory tests and in rapid landslide failures). One 

postulated cause is the generation of heat due to friction, with the increase in temperature 

causing a differential expansion of the soil and the pore water and leading to the development 

of excess pore water pressures, and the reduction of the soil’s strength. However, there is very 

little studies on the quantification of this phenomena and analysis. The literature review 

presented here tried to connect the work that has been developed in different research areas 

and that can contribute to the understanding of the mechanisms responsible for strength loss 

that occurs at residual state, at very large strain rates,  

Another aspect that was approached in this dissertation was the heat generation by inelastic 

deformation. This was found to be a topic not much addressed in geotechnics, but very 

interesting to explore, as it could be very relevant for the understanding of soil behaviour at 

large deformations, in particular the phenomenon of strength loss in rapid shearing at large 

deformations. 

Because of this, the need to approach this topic in an experimental sense becomes very 

pertinent since it provides a way to possibly validate the mechanism of strength loss, focusing 

on the various material dependencies and coupling effects. 

In an effort to reproduce the phenomenon, it was developed a numerical study aiming to 

simulate the heat generation by friction in a ring shear test, in drained conditions. As seen in the 

final Chapter regarding this topic, the models produced in the software with the coupled eulerian 

– lagrangian formulation provided inaccurate results. This was found to be most likely because 

of the fact that coupled eulerian-lagrangian analysis has difficulty in reproducing the behaviour 

in the contact surface. This can be because in this formulation, the mesh is fixed and the 

material flows through the elements, and as the analysis progresses it keeps track of the 

material location, and the elements can be void, fully material or partially material. In the latter 

case, it is difficult to keep track of the soil contact with other entities, in this case the steel plate. 

This is likely to create errors in transmitting stress between the Lagrangian (plate) and Eulerian 

(soil) parts.  
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The CEL formulation was used since it was the more appropriate approach to reproduce the 

necessary large deformations, that was easily available, as it is implement in the Abaqus 

software. One alternative can be the ALE formulation since ALE-based finite element 

simulations can alleviate many of the drawbacks that the traditional Lagrangian-based and 

Eulerian-based finite element simulations have. This engineering technique allows the 

computational mesh inside the domain to move arbitrarily in order to optimize the shape of 

elements, while the mesh on the boundaries and interfaces of the domains can move along with 

materials to precisely track the boundaries and interfaces of a multi-material system. In this 

formulation the surface’s contact behaviour is, therefore, improved. However, this technique is 

not implemented in any commercial software.  

Further works on this subject should include: 

- Use of other finite element method formulations for large displacements (such as ALE) 

to model the situations considered in this thesis; 

- Account for the thermo-hydro-mechanical coupling; 

- Explore the numerical simulation of heat generation by inelastic deformation and how 

this can affect shearing at very large deformation and rapid strain rates; 

- Attempt to quantify experimentally the heat generated by friction; this may involve the 

development of a novel equipment.  
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