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Abstract: Effects of heat softening on the initiation 
of slide surface (shear banding) in clayey slopes 
during fast deformation were discussed. Controlling 
equations considering heat, pore pressure and 
mechanical movement were presented. By 
perturbation method, the instability condition of 
localized zone (i.e. criterion for initiation of shear 
banding) for thermal related soils, such as clayey 
slope, was obtained. It is shown that slide surface 
initiates once the thermal-softening effects overcome 
the strain-hardening effects whether it is adiabatic or 
not. Without strain hardening effects, strain rate 
hardening obviously plays a role in initiation of shear 
band. During initiating process, heat is trapped inside 
the shear band, which leads rapidly to a pore pressure 
increase and fast loss of strength. The localized shear 
strain is concentrated in a narrow zone with a width 
of several centimeters at most and increases fast. This 
zone forms the sliding surface. Temperature can 
increase more than 2°C, pore pressure can increase 
160% in about 0.1s inside this zone. These changes 
cause the fast decrease in friction-coefficient by about 
36% over the initial value. That is how shear band 
initiated and developed in clayey slopes.  
 
Keywords: Landslide; Thermo-effect; Slide surface; 
Initiation 

Introduction 

It is observed that many landslides undergo a 
large slip in a localized zone before catastrophic 
failure. Shear localization in a rock or soil layer 
occurs in very narrow zones of few centimetres 
thick or even less. As the localized zones are very 
thin, besides the pore water seepage, thermal 
effects during rapid slip may be of primary 
importance (Jean et al. 2011). For example, 
disastrous Vaiont slide happening on 9 October 
1963 showed to be a collapse after a long-term 
creep during which a localized zone was formed in 
clay-rich layers with 0.005 to 0.175 m thick, 
embedded in the limestone (Figure 1) (Veveakis et 
al. 2007). The clay-rich layer was heated during 
creep. The maximum temperature rise can be 2.5°C 
for clayey siltstones if shear rate is greater than 0.1 
m/min. Meanwhile significant loss of static 
strength can be up to 60% (Tika and Hutchinson 
1999). The dynamic friction angle of the clayey 
sample of Vaiont slide may decrease to ϕdyn=4.4°. 
In fact, the temperature rise can be 5°C when the 
predominant mineral is montmorillonite (Moor 
1991). So fault zones commonly exhibit the 
presence of fluid interacting with the rock, and thus 
coupled effects including shear heating and pore 
pressure are expected to play a role as weakening 
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mechanisms during fault 
slip. These mechanisms 
have also been suggested 
for weakening in 
catastrophic landslides 
(Rice 2006; Lu 2010). 

Some researchers 
think that the decrease of 
slope strength resulted 
from high speed landslide 
is caused by thermal-
induced vaporization 
(Hibib 1975; Goguel 
1978). Nevertheless, no 
evidence of vaporization 
is found either in site or 
in experiments. Voight et 
al. (1982) showed that 
even if there was no 
vaporization, high pore 
pressure may be induced 
by thermal in shear band 
by a one-dimensional 
slide-blocks mechanical 
model. At the same time, 
there are many 
discussions about the 
relation between the pressure of pore fluid and the 
friction-induced thermal and melting which are 
related to strong seism (Lachenbruch 1980; Mass 
1985). A set of equations were presented to 
describe the high movement of shear band in 
landslide in which the width of shear band is 
assumed to be fixed (Vardoulikas 2000, 2002). 

In this paper, the course and mechanism of 
thermal-induced landslide of a slope rich in clay 
are investigated. The generation of heat during 
shear and the effects of heat on the friction 
coefficients and pore pressure are discussed. 

1     Formulation of Problem 

According to the observation, the failure plane 
is in reality a thin band of rapidly deforming soil, 
whereas the sliding body (layer over the failure 
plane) itself is moving as a rigid body at least in the 
early stage (Tika and Hutchinson 1999). Because of 
this big difference between the shear band 
thickness and the characteristic length of the 

sliding body, we can split the problem into two 
subproblems: (1) Rapid developing of shear band. 
(2) rigid-body motion of sliding body. Here we 
discuss only the first one: initiation and evolution 
of a long deforming shear band in saturated clayey 
soils. The considered zone has a thickness of 2d. 
Inside this zone temperature, pore pressure and 
deformation are assumed to be function only of 
time and coordinate Z, normal to the band 
direction (Figure 2). At the boundary, the velocity 
is vd which is induced by the movement of rigid 

Figure 1 Geology of the Vaiont slide. (a) ‘‘Chair’’ failure mechanism of the Vaiont 
slide. The back of the chair is assumed to dip at 40.5°, while the seat is almost 
horizontal, dipping at 2.5°. (b) Stratigraphy of the rocks of the Vaiont sliding surface. 
This sequence is found in outcrops in the Vaiont area at the same stratigraphic 
position as those at the base of the Vaiont slide. Slip is thought to have been confined 
in the clay-rich layers. To the right, thickness is given in centimeters. Redrawn from 
Veveakis et al. (2007). 

Figure 2 sketch of the problem Vd. 
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body above it. It is assumed fully permeable to pore 
fluid and fully conductive to heat flux at the shear 
band boundary. The bottom of the zone is fixed. 

During fast shearing, the diffusion equation 
for the pore pressure is obtained from the fluid 
mass balance equation and is expressed as the sum 
of three terms: the diffusion term, the thermal 
pressurization term, and the term corresponding to 
the effect on pore pressure of inelastic porosity 
change (Jean et al. 2011): 
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in which Cv is consolidation coefficient, λm pore-
pressure-temperature coefficient determined by 
thermal expansion coefficient and compression, β 
the storage capacity, n the porosity.  

Assuming that the changes in porosity are 
mainly due to shear (dilatancy law), we will have:  
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Assuming that the pore pressure and the grains 
of clay is in the thermal equilibrium state, heat 
equation of diffusion-generation may be obtained by 
energy equilibrium: 
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ρ =(1-n)ρs, ρs is the densities of soil, and c the 
heat capacity, λ the thermal conductivity, θ the 
temperature, f the work-thermal transition 
coefficient, τ the shear stress, 

pγ  the plastic shear 
strain. In the next discussion of this paper, it is 
assumed that elastic shear strain may be neglected 
since it is much smaller than the plastic strain, thus  

z
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Assuming that clayey soils is applied on simple 
shearing and considering the interaction between 
skeleton and pore water, the momentum 
equilibrium equation is proposed as follows(Lu et 
al. 2001): 
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in which n is the porosity, K equals to μ/k, with μ 
being the viscosity of water and k the physical 
permeability. The first term on the left side is 
inertial and the second term shear stress. The term 
on the right side of Eq.(4) indicates the resistance 
between water and soil skeleton. For soils, such as 

clay, the resistance is very small because the 
relative velocity is very small. So this term is 
neglected in the following. 

Generally, the mathematical formulation of 
the problem is as follows: 
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in which a=Cs/β. 
Shear stress is thought to be determined by 

shear strain, shear strain rate and temperature, the 
constitutive relation is as follows:  

( )θγγτ ,, f=                                            (6) 

2     Perturbation Analysis 

In order to find the instability conditions of 
shearing, we investigate the following solutions: 
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in which 000 ,, pθγ  are a set of solution of Eq. (5), 
α, β are the perturbation frequency and wave 
number, ••• p,,θγ are perturbation amplitudes of 
strain, temperature and pore pressure, respectively.  

For dense soils considered in this paper, shear 
generally makes materials dilatant and the strength 
increases while heat is on the contrary. By 
differentiating of equation (6), the following 
equation can be obtained: 

γθγτ dHdQdRd 000 +−=                            (8) 

in which 
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Thus 
•••• +−= γαθγτ 000 HQR                           (10) 

in which R0 indicates strain hardening, Q0 heat 
softening, H0 strain rate hardening.  

Instituting Eq.(7) and Eq.(10) into Eq.(5), the 
following homogeneous system of equations may 
be obtained: 
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It is clear that if the system has solutions, the 
determinant of the coefficients should be equal to 
zero, which leads to:  
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in which ( ) 2
0001 βρρλγρ cHQfA ++=  ,
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Now, the dimensionless form of Eq. (12) can 
be obtained by the following dimensionless 
parameters: 














===

===

0

00

0

00

0
2

002
2

2
020

,,

,,,

pcR
fQD

R
HCcHB

Rc
QfAcRcR

τ
λ

ρ
λγβ

λ
ρβα

λ
α



        (13) 

In this way, Eq. (12) can be rewritten as follows: 

( )[ ] ( )[ ] 011 442223 =++−++++ βαββαβα CDBA
(14) 

In the same way of literature (Lu et al. 2001), 
we can obtain the instability condition:  
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The above equation shows that the instability 
condition occurs when the effects of thermal 
softening overcome the effects of strain hardening. 
That means, temperature rises with shearing, 
causing the strength decay, while strain increase 
makes the strength rise. In some cases, effects of 
heat softening rise faster than that of effects of 
strain hardening, the strength will be lost and 
instability occurs. After instability, the band width 
of localized shear evolves with the changes of pore 
pressure and temperature inside the band.  

In adiabatic conditions, λ=0, Eq.(12) becomes  

( ) ( ) 02
000

2
000

22 =−+++ βτραβργραρ fQcRcHQfc 

(16) 

If ρcR0-fQ0τ0<0, it is certain that α has a 
positive root and the instability must occur. It is 
interesting that the same criterion (15) can be used 
whether the instability is adiabatic or not. That 
means, instability is not related with adiabatic 
condition. According to Eq.(4), heat transferring 
can only delay the occurrence of instability. 

If R0=0, means no strain hardening, the 
instability condition can be obtained as follows by 
Eq.(12): 

000
2

0 <− τβλ fQH                               (17) 

It means in this case the thermal softening 
effect must overcome the strain rate hardening 
effect.  

If Q0=0, it means no thermal softening, only in 
case of R0<0, instability can occur. In this case, 
liquefaction may occur but without localization 
because the soil is now strain softening material. 

From the results above, heat is a key in the 
localization instability of clayey soils that heat can 
be induced by friction. Localized shear banding will 
start when heat -induced softening is larger than 
that of strain-induced hardening. As for other 
kinds of soils which are not related with heat, 
instability mechanism is determined by other 
factors. 

3     Evolution of Band Width and its 
Effects on the Pore Pressure 

3.1 Simplification of mathematical model 

Now, p, θ, γ are solved numerically under the 
condition of simple constitutive relation, to 
understand the phenomenon of shear → thermal 
→ pore pressure → friction softening. 

The following dimensionless equations may be 
obtained by Eq.(5): 
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with the dimensionless parameters: kppp = ,

0θθθ = , kγγγ  /= , kτττ /= , ,/ kttt = kyy δ/= , 
the parameters with subscript denote the 
corresponding characteristic parameters. For 
example, Pk is the characteristic pore pressure, and 

δk the half thickness of shear band. tk and k
2δ  are 

adopted as ( )ck ρλδ 2/2
 and ( )00 λθγτ k , respectively. 
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With 33 /10~ mkgsρ , smkm /10~ 27− , Ck
2~110~θ ,

,/10~,10~ 17~6 sPa kk
−γτ  Papk

6~510~ , smCv /10~ 27−
, 

CPam
/10~ 4λ , the small-quantity ( )kkkk tτγδ 2  

leads to Eq. (18) simplified as Eq.(19). In the 
following sections, the symbol “－”is omitted for 
convenient expression. 

In this way, the controlling equations of 
saturated sand under confined conditions are as 
follows:  















+
∂
∂+

∂
∂=

∂
∂

+
∂
∂=

∂
∂

=

γγθθλ
ρ

λ

γτθθ
∂

τ∂






k

k

k

kmv

p
ta

tpz
p

c
C

t
p

f
zt

z

0
2

2

2

2

2

2

2

0
                 (19) 

0,0 =
∂
∂=
z

z θ                                   (19a) 

( )
+−

== δδ θθδ ,tz                       (19b)  

+=
− δδ ∂

∂θ
∂
∂θ ||

zz
                                (19c)  

( )tRVv =
−δ|                                   (19d) 

( )zt 0,0 θθ ==                              (19e) 

in which kkvR εδ 0= , ( )z0θ  and v0 are the initial 
temperature and the initial velocity respectively, 
V(t) is the dimensionless boundary velocity and 
V=1 when t=0.  

According to the analysis in literature (Lu et al. 
2005), the diffusion of pore pressure causes the 
shear band expanding, while the development of 
strain causes the shrinking of shear band on a 
linear assumption of constitutive relation. 

3.2 Numerical simulation 

Generally, the constitutive relation of soils is 
nonlinear. To study the evolution of shear band 
and its effects on landslide in this case, numerical 
simulation is carried out based on Eq. (19). The 
constitutive relation is adopted as the following 
form： 

lnmA θγγτ =                                    (20) 

Such a problem is investigated here: A thin 
clayey soil layer is beneath a thick rigid rock or soil. 
The rigid layer drives the thin clayey soil to move. 
Heat will form and localization may form. 
Development of temperature and pore pressure 
and displacement will be simulated to investigate 

the effects of main factors on initiation and 
evolution of shear band. A sliding surface located at 
about 200m below the slope surface which is 
formed by a thin layer of clayey layer. Shear band 
occurred and developed in this layer. The 
parameters and numerical results are all 
regularized in dimensionless form. In such way, the 
results can be used in other cases whose 
dimensionless parameters are in the same range. 
In simulation, the parameters of the slope are 
determined mainly by reference of Vaiont slide 
(Veveakis et al. 2007; Tika and Hutchinson 1999) 
which are as follows: Er=1×105Pa, ρ=2.4×103kg/m3, 
a=1.0, f=1.0, A=1000.0, m=0.1, n=0.1, l=-5.0, 
Pk=3×105Pa, τk=1×106Pa, p0=1×106Pa, 0γ =1×10-5/s, 
θ0=22°C 

The initial strain-rate at the center point is 5% 
higher than that at other points. 

From Figures 3 and 4, it can be seen that 
strain, strain-rate and heat are concentrated in a 
narrow zone with a width of several centimeters at 

Figure 3 Changes of temperature. 

Figure 4 Changes of pore pressure. 
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most, which is called shear band. Inside shear band, 
pore pressure increases 160% and temperature 
increases about 23% in less than 0.1s during fast 
sliding. As a result, the friction and strength 
decrease fast and so landslide may easily happen.  

Figure 5 shows the relationship of 
dimensionless shear stress and local shear strain at 
the center of shear band. It is shown that there is a 
peak in the curve of stress-strain. It is the typical 
characteristic of brittleness and dilatancy. In fact, 
only in dilatants slope, shear localization can occur. 
Shear band initiates just near the point that the 
stress began to decrease (Lu et al. 2012). The stress 
decrease can be explained by the pore pressure and 
temperature increase under shear load, so the 
softening effects overcome the effects of strain 
hardening at some time, just as Eq.(15) indicates.  

Pore pressure increase under the effects of 
temperature can be several orders of magnitude 
more than that without temperature effects (Figure 

6). The main reason is that on one hand heat can 
induce pore pressure increase directly, on the other 
hand heat can cause strain rate increase so as to 
produce more plastic work. Since the increase of 
pore pressure is one of the main reasons causing 
the decrease of soil strength, heat softening is an 
important factor to speed the failure of such clayey 
soil layer.  

Plastic work ratio, 2γτ  , shrinks the shear band 
while the diffusion of pore pressure expands the 
shear band (Figures 7 and 8). It agrees with the 
theoretical results in literature (Lu et al. 2005) in 
tendency, but the development of shear band width 
is no longer in linear form.  

The dynamic friction angle may decrease to 
ϕdyn=4.4° if the shear velocity increases (Tika and 
Hutchinson 1999). The friction coefficient can be 
expressed as the function of strain and strain rate. 

 
Figure 5 Development of strain and stress. 

 

 

Figure 6 With and without effects of temperature. 

Figure 7 Effects of factor 2γτ   on the width of shear 

band. 
 

Figure 8 Effects of diffusion of pore pressure on the 
width of shear band. 
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in which stasta ϕμ tan= , dyndyn ϕμ tan= , pp ϕμ tan= , staϕ ,
dynϕ , pϕ  are residual friction angles (respectively 

slow shear , fast shear, and the peak), and a1, a2  are 
constants. 

Here, we adopt the data in literature 
(Vardoulakis 2002). ϕsta=10.15°, ϕdyn=4.4°, a1=0.114, 
a2=0.103. It can be seen from Figure 9 that friction 
coefficient gradually concentrates in the middle 
just as temperature and pore pressure with time. 
The reason is that strain and strain rate develop 
fast in the middle after the occurrence of shear 
band. So without the effects of pore pressure 
increase on the soil strength decrease, the friction 
coefficient decrease plays an important role in the 
weakening of soil. 

To check whether the numerical analysis is 

consistent with experimental data, we have an 
analysis based on the data listed in the second 
paragraph of this section (Tika and Hutchinson 
1999) and the shear velocity at the boundary is 
0.1m/s and the specimen thickness is 0.02m. It can 
be seen from Figure 10 that the numerical rise in 
temperature inside shear band is about 2°C higher 
than that outside, that is, close to that given in 
literature by Tika and Hutchinson (1999). 

3.3 Discussion 

It can be seen from Eq.(19) that there are four 
dimensionless parameters controlling this problem:

k
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, which denote plastic work-heat 
transition, thermal conduction, pore-pressure-heat 
transition and plastic work. Generally, thermal 
conduction is the slowest process relative to pore 
pressure dissipation and stress propagation. Stress 
propagation is the fastest in the three processes. So 
pore pressure increase due to heat can maintain 
while it will dissipate fast if plastic strain work is 
the only source of pore pressure increase. That is 
why the heat softening is so obvious. Plastic strain 
work can cause dilatancy and hardening and the 
increase of temperature and pore pressure. 
Temperature and pore pressure tends to decrease 
with dissipation. In some conditions, the heat 
softening will fully develop to overcome the strain 
hardening, which means that shear band will occur.  

With thermal conduction towards outside the 
shear band, pore pressure increases and dissipates, 
the strength decreases with the increase of pore 
pressure, the softening zone thus tends to expand. 
Meanwhile, the shear strain induced dilatancy try 
to limit the failure zone in a small zone because of 
the volume increase and grains rearrangement. The 
occurrence of shear band and its expansion is both 
the interaction between heat and shear. 

4    Conclusions 

The thermal effects on the landslide with thin 
clayey layer are investigated. It is shown that the 
instability occurs once the thermal softening 
effects of soil overcome the strain hardening 
effects whether it is adiabatic or not. After 
instability, deformation is highly concentrated 
inside the shear band with a width of several 
centimeters at most, which causes the high strain 

 
Figure 9 Changes of friction coefficient μ with time. 

 

Figure 10 Temperature profile under shear. 
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and strain-rate, the fast increase of pore pressure 
and heat inside the band, and fast decreases of 
friction. For example, temperature can increase 
more than 2°C, pore pressure can increase 160% 
in about 0.1s inside this zone. These changes 
cause the rapid decrease of friction coefficient to 
about 36% of the initial value in our simulation. 
These changes are deputy for the initiation of 
landslide in such kind of slopes.  

The evolution of shear band width in a slope is 
determined by the dispersion of pore pressure and 
thermal, the soil strength. The former causes the  
 

band expansion while the latter the band shrinkage.  
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