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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.  

Keywords: Large strains; landslides; heat generation; 

residual shear rate; viscous behaviour; finite elements 

 

I. Introduction 

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 

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 reports from other landslides in 

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 that 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 
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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. 

 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.  

 

II. Soil Shear Strength at Large Deformations 

When soils are sheared three states can be identified, as the 

shear deformation increases: peak, critical state and residual 

(Figure 1). 

 
Figure 1 – Behaviour of soils during shearing (Atkinson, 2007) 

 

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).   

 

 

In this Equation 1, 𝜏 represents the shear stress, 𝜎𝑛´ the 

normal effective stress and 𝜙′ the angle of internal friction. 

In undrained 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. 

 

 

In Equation 2, 𝑠𝑢 is the undrained shear strength. 

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. 

In a general way, the more decisive parameters for the 

residual strength of cohesive soils (Lupini, et al., 1981) 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. 

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). 

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 (Lupini, et al., 1981). 

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. Soils with this behaviour are 

highly dependent on grading and normal stress, being these 

the parameters that affect the transition between sliding and 

turbulent mechanism.  

Regarding investigation on clay interface shear resistance the 

main conclusion is that 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 (Lemos & 

Vaughan, 2000). 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). The smoothness of the surface makes it 

more unlikely for rotund soil grains to interfere with the 

oriented clay zone and facilitates the occurrence of the sliding 

mechanism. 

The landslide that occurred in Vajont in 1963 was a 

reactivated landslide, most likely with a sliding shear 

mechanism since its soil is mainly made by clay particles 

with silt, with internal friction angle varying between 6º and 

12º (Tika & Hutchinson, 1999). Given the nature of events 

and geological evidences, a conclusion was determined for 

the start of the movement: the landslide 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). However the fact that the 

𝜏 =  𝜎𝑛´ tan 𝜙′ (1) 

𝜏 =  𝑠𝑢  (2) 
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landslide evolved to very high velocity is the main focus of 

this study and will be addressed in more detail further on.  

 

III. 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.  

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). 

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. The effect of strain rate can be evaluated by 

comparing the stress-strain response at different constant 

rates of straining (𝜀̇ −  𝜀 −  𝜎). There are three types of 

viscosity that can be found in a wide variety of soils: 

Isotach: 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.  

TESRA: TESRA viscosity is usually observed in non-

cohesive soils, made of granular particles. 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. The effects of irreversible 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. 

P&N: Positive and Negative viscosity can be found on on 

granular materials mostly composed of more rotund, stiff 

particles specifically Albany silica sand, corundum A and 

Hime gravel. 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. 

These effects are strain rate effects up to the post peak-

stage. Its comparison can be seen on Figure 2. 

 

 

 

 

 

 
 

Figure 2 - Stress-strain relationships for the three types of 

viscosity when strain rate is increased by a factor of 10 

(Tatsuoka, 2006) 

 

 

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). 

The summary of shear effects in the above conditions is 

illustrated in Figure 1 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); 

 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.  
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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 before the development of each 

mechanism depends on particle’s characteristics. 

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´. Considering the 

types of viscosity identified before, 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 observed rate effect in soils with the 

similar particle characteristics, at small and very large 

deformations.  

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) 
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. 

Negative Rate effect: In this case, the fast residual 

strength is found to be lower than that observed during slow 

shearing. Negative rate effects can occur in soils with various 

gradings. Materials with 5% to 50% clay fraction are 

particularly likely to show these (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) 

Tika, Vaughan and Lemos (Tika, et al., 1996) develop a 

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. The authors (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). 

The results from this investigation 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). 

Regarding investigation on clay interface shear resistance at 

fast shear rates the main conclusion is that the ratio between 

the fast peak shear resistance and the slow residual strength 

increases with clay content (Lemos & Vaughan, 2000) .  

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 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 

Figure 1 - Effects of displacement in strength after the soil 

has reached residual state (Tika, et al., 1996) 
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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.  

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 4. 

 
Figure 4 - 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 

IV. Heat Generation in Soil 

In therms of thermo-poro-mechanical analysis 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 friction angles 

observed in some cases of fast landslides and other ring shear 

test results in undrained conditions (Agung, et al., 2004). 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. 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.  

Regarding viscoplastic constitutive models, this 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). 

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 
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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. 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 vertical yield stress at a given 

strain rate, and that the log 𝜎𝑣
′ − log 𝜀�̇� relationships are 

essentially parallel. 

 

 

V. Numerical Modelling 

This section 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. 

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 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. A sample of a soil tested in this 

device is shown in Figure 5. 

  

Figure 5 – Typical Soil sample characteristics from a Bishop 

Ring Shear Apparatus  (Bishop, et al., 1971) 

The dimensions considered for the model definition were: 

1. Outside diameter: 15 cm; 

2. Inside diameter: 10 cm; 

3. Sample Thickness: 2 cm (two halves with 1 cm). 

 

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 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 1 and are 

the same for all the analyses performed. 

Table 1 – Properties considered for the plate part 

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 2 and Table 3. 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). 

Table 2 – Mechanical properties considered for the soil part 

Mechanical  

Young 

Modulus, 

𝐸[𝑀𝑃𝑎] 

Poisson 

Ratio, 𝜈 

Angle of 

shearing 

resistance 

(°) 

Cohesion  

(kPa) 

Angle of 

dilation 

(°) 

30 0,3 25/35 0 0 

 

Table 3 – General and thermal properties considered for the soil 

part 

General  Thermal 

Density, ρ 

[kg/m3] 

Angle of 

dilation 

(°) 

Conductivity, 𝑘 

[𝑊/𝑚. 𝐾] 

Specific 

Heat, 𝑐 

[𝐽/𝑘𝑔 °𝐶] 

1800 0 1,25 1381 
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A. 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.   

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 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 6, in which the elements in soil part are 2 

approximately 2 mm squares, finer at the contact.  

 

The step definitions are: 

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. 

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) 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. 

The Interaction was defined as a Surface-to-Surface Contact 

(Standard). 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. The tangential 

behaviour was assumed to be purely frictional characterized 

by a friction coefficient, 𝜇𝑐. Finally 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 heat flux density generated by the interface element due 

to frictional heat generation is given by Equation 3. 

 

 

 

In which: 

 𝜏: shear stress (in Pa) 

 Δ𝑠: incremental slip movement (in m) 

Δ𝑡: incremental time (in sec) 

𝜂: input parameter that defines the fraction of friction work 

that is converted into heat. 
 

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 calibration parameters used in the model are presented in 

Table 4. 

 

Table 4 – Calibration parameters for the 2D Model 

Normal Stress 

(𝛔𝐍) 

Effective Friction 

Angle (𝛟′) 

Friction 

Coefficient 

(𝛍𝐂) 

50 kPa 25º 0,4 

 

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 

Figure 6 - Soil and Plate assembly with respective adopted model 

characteristics in Abaqus/CAE 

𝑞𝑔 = 𝜂 𝜏 
Δ𝑠

Δ𝑡
 (3) 
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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.  

 

 
 

 

 

 

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 

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 7. Some analyses were 

performed, however, to investigate the amount of increase in 

temperature with varying values of normal stress (Figure 8 

and Figure 9).  

 

 

Figure 8 - Comparison between results taken from node 1639 

from analysis with different applied normal stresses (σN). 

Evolution of shear stress with plate displacement 

 

 

Figure 9 - Comparison between results taken from node 1639 

from analysis with different applied normal stresses (σN). 

Evolution of temperature increase 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.  

B. Simplified CEL 3D Model 

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. 

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).  
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Figure 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; (mesh finer at the contact). 
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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. 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. See Figure 10 for other model 

definitions. 

Figure 10 - 3D simplified CEL model with its user definitions in 

Abaqus 

The step definitions was: 

1) Dynamic, Explicit: The conditions imposed in this 

step are identical to those in step 1 of the 2D planar model 

2)  Dynamic, Explicit: activation of normal stress, 𝜎𝑁. In 

which the amplitude of the force is smooth since for 

efficiency and accuracy, quasi-static analyses require the 

application of loading that is as smooth as possible. 

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. 

The material’s interaction was prescribed exactly the same as 

the 2D Planar Model.  

For calibration of the model, the parameters in Table 5 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 - 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 and therefore shear stress being transferred 

to the soil only at the right-hand side of the model. See Figure 

11. 

 

Figure 11 - Shear stress (S23) generated in the soil after plate 

displacement. In 𝑷𝒂. 

C. CEL 3D Ring Shear Model (Explicit) 

In order to avoid the effects created with the earlier model it 

was decided to create a model which was able to provide 

continuous shearing. This model was based on the geometry 

of a Bishop ring shear apparatus sample. Its characteristics 

are shown in Figure 12. 

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 11 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. 
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Figure 12 – 3D CEL Model Definition 

 

In order to calibrate the model the parameters in Table 6 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 6 - Calibration parameters for the 3D Ring Shear Model 

Normal Stress (𝛔𝐍) 

Effective 

Friction Angle 

(𝛟′) 

Friction 

Coefficient (𝛍) 

50 kPa 35º 0,7 

 

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 13) 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. The displacements, specially at the end 

of the shear step point to the same conclusion since the 

predicted displacement is very erratic showing that the 

solution is not numerically stable (see Figure 14). 

 

 

Figure 13 - Vertical stress (S33) results in the end of the normal 

stress application step in 𝑷𝒂. 

 

 

Figure 14 - Displacement resultant (U) with direction and 

magnitude at the finish of the shear step 

 

 

VI. Conclusions and Future Developments 

 

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). 

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. Similar numerical studies have results 

such as these (Engin, et al., 2018). 

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.  



11 

 

References 

Agung, M. A., Sassa, K., Fukuoka, H. & Wang, G., 2004. 

Evolution of Shear-Zone Structure in Undrained Ring-Shear 

Tests. Landslides, pp. 101-112. 

Alonso, E., Zervos, A. & Pinyol, N., 2015. Thermo-poro-

mechanical analysis of landslides: from creeping behaviour to 

catastrophic failure. Geotechnique.  

Amuda, A. G., Hasan, A., Sahdi, F. & Taib, S., 2018. 

Variable penetration rate testing for shear strength of peat – a 

review. International Journal of Geotechnical Engineering, 

pp. 1-13. 

Atkinson, J., 2007. The mechanics of soils and foundations. 

2nd ed. ed. s.l.:Taylor & Francis. 

Bhat, D. R., Bhandary, N. P. & Yatabe, R., 2013. Effect of 

Shearing Rate on Residual Strength of Kaolin Clay. 

Electronic Journal of Geotechnical Engineering 18(G), pp. 

1387-1396. 

Bishop, A. W. et al., 1971. A new ring shear apparatus and its 

application to the measurement of residual strength. 

Géotechnique 21, No. 4, pp. 273-328. 

Dassault Systèmes, 2014. Abaqus 6.14 Theory Guide. s.l.:s.n. 

Engin, H. K. et al., 2018. Large deformation finite element 

analyses for the assessment of CPT behaviour at shallow 

depths in NC and OC sands. Porto, s.n. 

Grelle, G. & Guadagno, F. M., 2010. Shear mechanisms and 

viscoplastic effects during impulsive shearing. Géotechnique 

60, p. 91–103. 

Kimura, S., Nakamura, S., Vithana, S. B. & Sakai, K., 2014. 

Shearing rate effect on residual strength of landslide soils in 

the slow rate range. Landslides, pp. 11: 969-979. 

Laloui, L., Leroueil, S. & Chalindar, S., 2008. Modelling the 

combined effect of strain rate and temperature on one-

dimensional compression of soils. Can. Geotech. J. 45, pp. 

1765 - 1777. 

Lemos, L. J. L. & Vaughan, P. R., 2000. Clay-interface shear 

resistance. Géotechnique 50, No. 1, pp. 55 - 64. 

Lemos, L. L. & Coelho, P. A. L. F., 1991. Displacements of 

slopes under earthquake loading. s.l., s.n. 

Leroueil, S., 2001. Natural slopes and cuts: movement and 

failure mechanisms. Géotechnique, 51(3), pp. 197-243. 

Leroueil, S., Kabbai, M., Tavenas, F. & Bouchard, R., 1985. 

Stress-strain-strain rate relation for the compressibility of 

sensitive natural clays. Géotechnique 35, No 2, pp. 159-180. 

Lupini, J. F., Skinner, A. E. & Vaughan, P. R., 1981. The 

drained residual strength of cohesive soils. Géotechnique 31, 

No. 2, pp. 181- 213. 

Potts, D. M. & Zdravković, L., 1999. Finite element analysis 

in geotechnical engineering - Theory. 1st ed. London: 

Thomas Telford Ltd.. 

Saito, R., Fukuoka, H. & Sassa, K., 2006. Experimental study 

on the rate effect on the shear strength. In Disaster Mitigation 

of Debris Flows, Slope Failures and Landslides, pp. 421-427. 

Scaringi, G. & Di Maio, C., 2014. Residual Shear Strength of 

clayey soils: the influence of displacement rate. Cluj-Napoca, 

Romania, s.n. 

Scaringi, G., Hu, W., Xu, Q. & Huang, R., 2018. Shear-rate-

dependent behavior of clayey bimaterial interfaces at 

landslide stress levels. Geophysical Research Letters 45, pp. 

766-777. 

Semenza, E., 1965. Sintesi degli Studi Geologici sulla frana 

del Vajont dal 1959 al 1964. Mem. Mus. Tridentino Scie. 

Nat., XVI, pp. 1-52. 

Skinner, A. E., 1969. A note on the influence of interparticle 

friction on the shearing strength of a random assembly of 

spherical particles. Géotechnique 19, No. 1, pp. 150 - 157. 

Terzaghi, K., 1943. Theoretical Soil Mechanics. New York: 

John Wiley & Sons Inc. . 

Tika, T. E. & Hutchinson, J. N., 1999. Ring shear tests on 

soil from the Vajont landslide slip surface. Géotechnique 49, 

No. 1, pp. 59 - 74. 

Tika, T. E., Vaughan, P. R. & Lemos, L. J. L. J., 1996. Fast 

shearing of pre-existing shear zones in soil. Geotéchnique 46, 

No. 2, pp. 197 - 233. 

Tsutsumi, A. & Tanaka, H., 2012. Combined effects of strain 

rate and temperature on consolidation behavior of clayey 

soils. Soils and Foundations, p. 52(2):207–215. 

Veveakis, E., Vardoulakis, I. & Di Toro, G., 2007. 

Thermoporomechanics of creeping landslides: The 1963 

Vajont slide, northern Italy. J. Geophys. Res., 112, pp. 1-22. 

 

 


