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Abstract Increasing number of landslides occurred in the cold
regions over the past decades due to rising temperature or forest
fires associated with climate change. The instability of thawing
slopes caused serious damages to transportation infrastructure,
residential properties, and losses of human lives. These types of
landslides, however, are difficult to analyze by the traditional limit
equilibrium methods due to the coupled thermos-hydro-
mechanical multiphysics processes involved. This paper describes
a novel microstructure-based random finite element model
(RFEM) to simulate the stability of permafrost slope subjected to
climate change, including the increasing extent of thawing by
warm atmosphere and thermal load due to forest fire. The prop-
erties of frozen soil are captured with random finite element
model incorporating soil-phase coding. The thermomechanical
responses of a permafrost slope are simulated to obtain the tem-
perature, displacement, and stress fields. From these, the local
factors of safety are obtained, which predict failure slumps along
the slope that are consistent with the field-observed failure behav-
iors in permafrost slopes. The effects of climate change on the
permafrost slope stability are analyzed for the years of 1956, 2017,
and 2045. The results demonstrated appreciable amount of effects
of climate change on the extent of slope failure zones. Forest fire
led to melting of frozen soil and also affects the slope stability
primarily in the shallow depth.

Keywords Slope stability . Randomfinite elementmodel . Climate
change . Forest fire

Introduction
In the recent decades, the northern hemisphere regions with
permafrost soils and seasonally frozen ground have experienced
significant warming trends due to the climate change
(Frauenfeld et al. 2007; Zwiers 2002; Sturm et al. 2001; Alley
et al. 2003). High altitude and high latitude areas such as the
Alps in Europe, Qinghai-Tibet Plateau in China, northern Can-
ada, Russia, and Alaska have observed accelerated degradation
rate of permafrost and seasonally frozen soil (Haeberli and
Beniston 1998; Shaoling et al. 2000; Thibault and Payette 2009;
Jorgenson et al. 2001; Luo et al. 2019; Niu et al. 2016). In
addition, melting of frozen soil caused by forest fire has trig-
gered landslides, mudflows, and rock falls in cold regions. These
geological disasters have reshaped the landscape, destroyed the
local transportation infrastructures, and even caused huge
losses to human lives and properties (Davies et al. 2001; Harris
et al. 2001; Wang et al. 2014; Gruber et al. 2004; Kim et al. 2015;
Bo et al. 2008; Gruber and Haeberli 2007).

Slope stability analyses are generally performed by the con-
ventional limit equilibrium methods (Bishop 1955; Janbu 1973;
Morgenstern and Price 1965; Duncan 1996). These methods have

been applied extensively for the general slope stability analyses
in the engineering practice. Some of the limit equilibrium
methods assume a circular slope failure curve where sliding
zones are divided into slices, although stability can also be
analyzed with non-circular failure curves or no discretization
into slices. Abiding the equilibrium of force and equilibrium of
momentum on each slice, the factor of safety FS is generally
determined as that the soil strength parameters reduced by FS
lead to equilibrium conditions (i.e., the mobilized shear strength
in equilibrium with the total shear stress) along the prescribed
failure curve. The limit equilibrium methods, however, may not
be effective to analyze the stability of thawing slopes. Because
from documented field studies, the failure of thawing slope was
observed to occur in parallel to the slope surface, similar to an
infinite slope. This is different from commonly observed land-
slides with curved sliding surfaces (Davies et al. 2001; Wang
et al. 2014; Morgenstern and Price 1965; Duncan 1996; Wu
1984; McRoberts and Morgenstern 1974). The thaw slumping
along permafrost slope is less thick compared with commonly
observed failure zone along regular slopes. The thickness of
slump is determined by the soil temperature and the thawing
depth. Therefore, the limit equilibrium methods provide little
insight into the location of the failure surface along a thawing
slope. To overcome this limitation, the methods of local factor
of safety (LFS) and random finite element are combined togeth-
er to simulate the stability of thawing slopes (Lu et al. 2012;
Dong and Yu 2016; Dong and Yu 2017; Dong and Yu 2018). The
LFS of slope is defined as the ratio of the local shear strength to
the local shear stress of a particular element in the slope. LFS is
a scalar field, a function of position in the slope. The random
finite element method adds randomness to characterize the
inherent variabilities of soil and geological features, which is
improvement over the traditional finite element method
(Fenton and Griffiths 2003; Griffiths et al. 2006; Griffiths et al.
2010; Fenton et al. 2005). As generally known, frozen soil is a
four-phase material that contains solid particles, ice, water, and
air. These phases have their corresponding mechanical and
thermal properties (such as Young’s modulus, Poisson’s ratio,
density, thermal conductivity, heat capacity, coefficient of ther-
mal expansion) and are randomly distributed in the thawing
slope. The LFS determined by the random finite element meth-
od allows to trace the stress state and development process of
failure surface along the thawing slope.

This paper describes the development and implementation of
a novel random finite element model (FREM) to analyze the
stability of sequentially thawing slopes. The RFEM captures the
spatial randomness of soil parameters via phase coding. With
the RFEM model, the mechanical parameters of both frozen soil
and unfrozen soil are simulated and calibrated by the
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experimental data. With the calibrated soil model, the responses
of a permafrost slope to annual climatic temperature process
are simulated with the RFEM. From this, the slope deformation
and the local factor of safety distribution along the slope are
obtained. The effects of burning along the slope on the slope
stability are also simulated and analyzed. The results unveil the
important impacts of climate change on the stability of slope in
the cold region.

Theoretical background

Local factor of safety
The local factor of safety (LFS) is defined based on the comparison
of the local stress condition to the soil strength. As illustrated in
Fig. 1, the solid Mohr circle describes the actual stress condition at
a location in the slope. The factor of safety is defined as the ratio of
the distance of stress centroid to the strength curve (CB) to the
radius of the Mohr circle (CD) (Fig. 1). The corresponding math-
ematical relationship is given in Eq. (1).

LFS x; yð Þ ¼ τ * x; yð Þ
τ x; yð Þ ¼ BCj j

DCj j ¼
BEj j þ ECj j

DCj j

¼
σ1 þ σ3

2
sinφþ c⋅cosφ
σ1−σ3

2

ð1Þ

where c and φ are cohesion and the angle of internal friction,
respectively, of frozen or unfrozen soils (depending upon the
thermal condition). They are also called shear strength parameters
of soils. σ1 and σ3 are the maximum and minimum principal stress
of soils, respectively, which can be obtained from the finite ele-
ment analyses.

The stress state at any point in the slope corresponds to
shear stress τ and has a shear strength τ*. The ratio of shear
strength to shear stress is defined as the local factor of safety
(LFS), which indicates how far the current shear stress state is

Fig. 1 Illustration of local factor of safety from Mohr circles

Fig. 2 a RFEM phase-coded model for uniaxial test of frozen soil. b RFEM phase-coded model for triaxial test of unfrozen soil. The gray-scale image is generated from
MATLAB and the color image is the converted version from COMSOL
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from failure. As illustrated in Fig. 1, if Mohr circle is separate
from the Mohr-Coulomb failure envelope, τ*/τ is greater than 1,
which indicates that the point in the slope is currently stable. If
the Mohr-Coulomb failure envelope is tangent or intersects with
Mohr circle, τ*/τ is less than or equal to 1, and the point in the
slope is unstable.

The value of LFS is a scalar function dependent upon the
stress conditions at a particular location and is an indicator on
the stability of each location in the slope. The contour of LFS
gives the areas that have the similar likelihood of failure.

The local factor of safety in thawing slopes is not only a
scalar function of position, but also a function of time and
temperature. For example, during the thawing process, the shear
strength of the soil would decrease and it is affected by the
temperature (Hivon and Sego 1995; Nixon and Lem 1984;
Chamberlain et al. 1972; Arenson and Springman 2005; Czurda
and Hohmann 1997). On the other hand, the internal stress in
the slope would increase during the freezing process due to
matric suction and ice expansion. The local factor of safety
has the advantages of providing the location of initial failure
and allows describing how the region of instability evolves with
time and temperature.

Determination of shear strength parameters for frozen and unfrozen
soils

Preparation of physical and digital soil specimens
In order to determine the local factor of safety and analyze the
stability of thawing slope, the information of shear strength pa-
rameters (cohesion and the angle of internal friction) of frozen
and unfrozen soils is needed. Combined experiments and random
finite element model (RFEM) simulations are used to determine
the soil strength parameters. The physical soil specimens of silty
clay are compacted by Harvard miniature compactor with soil
particles and water uniformly distributed. The extruded soil spec-
imens were subjected to freezing conditions and mechanical loads
by unconfined compression test. In the meanwhile, the corre-
sponding digital soil specimens are prepared by RFEM to simulate
the behaviors of the frozen/unfrozen soils. The volume portions of
different phases are incorporated in producing the RFEM model
based on the physical properties of the soil specimen prepared by
Harvard miniature compactor.

The following steps are undertaken to simulate the phase
distribution and microstructure of frozen soils: (1) determina-
tion of volume content of different phases. The volumetric

Table 1 Physical and measured mechanical properties of frozen and unfrozen soil specimens

Constant Value Units Description

R 1.65 cm Radius of soil specimen

H 7.2 cm Height of soil specimen

w0 0.15 1 Initial water content

ρ 1708 kg/m3 Dry density of soil specimen

Gs 2.65 1 Specific gravity of soil specimen

Efrozen 20 MPa Young’s modulus of frozen soil specimen

Eunfrozen 10.2 MPa Young’s modulus of unfrozen soil specimen

σc,frozen 775 kPa Unconfined compressive strength of frozen soil specimen

σc,unfrozen 375 kPa Unconfined compressive strength of unfrozen soil specimen

Fig. 3 Comparison of the stress-strain curve of a completely frozen soil specimen by experimental measurement versus numerical simulation with RFEM
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content of each phase is calculated from the physical informa-
tion including the dry density, water content, porosity, and
specific gravity. (2) Generation of digital matrix for virtual soil
specimen. A m × n matrix is generated by use of MATLAB,
where each cell in the matrix contains the corresponding phase
coding. For the dimension of the matrix, m is set to be equal to
the height of the soil specimens divided by the average diameter
of the soil particle, while n equals to the radius of the soil
specimens divided by the average diameter of the soil particle.
Thus, m × n equals the total number of elements in the image of
a 2D soil model specimen. (3) Phase coding of digital soil
specimen. Each element in the matrix is assigned with a value
to represent a particular phase of the soil specimens. Four
different numbers (0, 1/3, 2/3, and 1) are assigned to represent
different phases (soil particles, water, ice, and air) respective
within the soil specimens. The phase is determined by a random
number generator where the probability of occurrence of a
particular phase is determined by the volumetric content of that
phase. For the four-phase soil specimen, the phase value proto-
col is set to 0, 1/3, 2/3, 1 for soil particle, ice, water, and air
respectively. This process was repeated for each pixel element of

the m by n matrix. Consequently, the m by n matrix contains
the phase coding that represents the volume proportion of
different phases, which can be visually shown as a gray-scale
image. With the procedure described, the probability of occur-
rence or the percentage of each phase is approximately equal to
the volumetric content of each phase when the m by n matrix is
sufficiently large. The 2D phase-coded frozen and unfrozen soil
models generated from MATLAB are converted into COMSOL.
COMSOL is a finite element software that supports importing
images and assigning material properties based on the color
scale of the image. The phase is color coded in COMSOL with
dark blue, light blue, yellow, and red to represent soil particles,
ice, water, and air, respectively (Fig. 2a and b). The responses of
digital soil specimen to the uniaxial test (Fig. 2a) and triaxial
test (Fig. 2b) can then be studied by applying proper load and
boundary conditions.

Calibration of the mechanical property parameters of soil phases
The parameters of soil phases (particularly soil solids and ice) are
calibrated by comparison of the experimental results and RFEM
simulations under the corresponding stress conditions. Firstly, the

Fig. 4 Mohr circles and the Mohr-Coulomb failure envelopes from RFEM simulations of soil specimens subjected to triaxial tests for a frozen soil and b unfrozen soil

Fig. 5 Illustration of the failure of Mohr circle from frozen state to thawed state
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uniaxial compressive test was conducted to obtain the Young’s
modulus and compressive strength of complete frozen or com-
plete unfrozen soil specimens. The results are summarized in
Table 1.

Random finite element models were then generated based on
the phase composition of the physical soil specimens and were
applied to simulate the responses of the digital specimen under
uniaxial compression test. The fixed constraint is applied at the
bottom of the phase-coded frozen soil model and the pressure load
σ1 is applied on the top of the model. The mechanical parameters
are assigned to each pixel based on phase coding of the image. By
comparing the simulated stress-strain curve with the experimental
curve (Fig. 3), the mechanical parameters of each phase in frozen/
unfrozen soils (i.e., the mechanical properties of soil solid and ice
phases) were obtained by calibration against the mechanical ex-
periments (Table 1).

Prediction of the strength of unfrozen soil
With the calibrated parameters, random finite element simulation
(RFEM) was conducted to simulate the triaxial experiments on
frozen/unfrozen soil specimens under different confining pres-
sures. The calibrated parameters are assigned to each pixel based
on the color scale of the image. As shown in Fig. 2b, the fixed
constraint is applied at the bottom of the unfrozen soil model. The
confining pressure σ3 and the compressive pressure σ1 are exerted
on sides and on top of the soil model, respectively. The deviatory
stress increases until the simulation becomes numerically unsta-
ble, which is used to indicate failure. The stress condition at failure
is recorded and analyzed. The simulations were repeated for
different magnitudes of confining pressures. The Mohr-Coulomb
failure envelope and the shear strength parameters were obtained
from stress conditions corresponding to the failure conditions
based on the simulation results.

The simulated Mohr circles and the Mohr-Coulomb failure
envelopes for frozen soil and unfrozen soil are plotted in Fig. 4.
From the Mohr-Coulomb failure envelopes, the shear strength
parameters corresponding to linear fitting can be determined.
For the frozen soil, cohesion and the angle of internal friction
are determined to be 150 kPa and 30°, respectively. For the
unfrozen soil, cohesion and the angle of internal friction are
37 kPa and 20°, respectively. The simulation results indicate that
both shear strength parameters, c and ϕ, decrease when frozen
soil thaws (Fig. 5), which is consistent with observations from
prior research and engineering practice (McRoberts and
Morgenstern 1974; Wang et al. 2007). This demonstrates the
dependency of soil shear strength parameters on temperature,
which is schematically illustrated in Fig. 5. As temperature
decreases from above 0 °C to below 0 °C, both the shear
strength parameters increase abruptly.

Stability of thawing slope in cold region
The height of the slope is assumed to be 4.5 m with slope gradient
of 1:2. The soil in the slope is assumed to be the same soil used in
the experiment and RFEM numerical simulation with physical and
mechanical properties are listed in Table 1. The slope is assumed to
be totally frozen and then subjected to thawing conditions.

Analyses by simplified Bishop’s method
The simplified Bishop method is one of the popular limit equilib-
rium methods for slope stability analyses. The slope is divided into
five horizontal layers with heights for the convenience of describ-
ing different thawing depths. The slope is assumed to be thawed
gradually from top layer to the bottom layer by sequentially
replacing the strength parameters of corresponding layer of frozen
soil with that of the unfrozen soil.

Fig. 6 The stability of thawing slope at different extents of thawing calculated by simplified Bishop method
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The calculation results of global factor of safety at different
extent of thawing by the simplified Bishop method are shown in
Fig. 6. As seen from this figure, the slope is most stable under the
complete frozen condition with a safety factor of 1.671. The factor
of safety (FS) continuously decreases during the thawing process.
The FS at the totally thawed state is 0.9 which indicates slope
failure.

This simplified case indicates that shear strength parameter
plays an important role in determining the safety factor and the
stability of the slope. The thawing slope gradually lost its sta-
bility due to the reduction of the shear strength when frozen

soil melted to unfrozen soil. This method, however, has some
drawbacks analyzing the stability of thawing slopes. Firstly, it is
assumed that the failure surface of the thawing slope is circular
with the location of the circular surface predetermined. For
most thawing slopes in the reality, however, the failure surface
is not circular. Secondly, the deformation of the thawing slope
and the failure surface is affected by the temperature distribu-
tion inside the slope, which is not considered in the conven-
tional slope stability analyses. Therefore, new analyses methods
and simulation tools are necessary to holistically simulate the
stability of thawing slopes.

Table 2 Constant parameters for RFEM simulation of thawing slopes

Constant Value Units Description

W 15 m Horizontal distance of the study region

H 4.5 m Height of the slope

SR 1:2 1 Slope ratio

w0 0.15 1 Initial water content

ρ 1708 kg/m3 Dry density of soil specimen

d 50 μm Diameter of soil particle

Gs 2.65 1 Specific gravity of soil specimen

Es 10.2 GPa Young’s modulus of soil particle

Ei 9 GPa Young’s modulus of ice

Ew 3.9 × 10−5 Pa Young’s modulus of water

Ea 0 Pa Young’s modulus of air

μs 0.3 1 Poisson’s ratio of soil particle

μi 0.3 1 Poisson’s ratio of ice

μw 0.5 1 Poisson’s ratio of water

μa 0 1 Poisson’s ratio of air

ρs 2600 kg/m3 Density of soil particle

ρi 917 kg/m3 Density of ice

ρw 1000 kg/m3 Density of water

ρa 1.29 kg/m3 Density of air

ks 2 W/m·K Thermal conductivity of soil particle

ki 2.2 W/m·K Thermal conductivity of ice

kw 0.58 W/m·K Thermal conductivity of water

ka 0.025 W/m·K Thermal conductivity of air

Cps 835 J/kg·K Heat capacity of soil particle

Cpi 1960 J/kg·K Heat capacity of ice

Cpw 4181.3 J/kg·K Heat capacity of water

Cpa 1005 J/kg·K Heat capacity of air

Lf 334 kJ/kg Latent heat fusion of water

αs 9 × 10−6 1/K Volumetric coefficient of thermal expansion of soil particle

αi 1.9 × 10−4 1/K Volumetric coefficient of thermal expansion of ice

αw 2.07 × 10−4 1/K Volumetric coefficient of thermal expansion of water

αa 3.43 × 10−3 1/K Volumetric coefficient of thermal expansion of air
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Stability of thawing slope by random finite element method
As a special type of finite element model, the random finite
element (RFEM) method holistically captures the thermal heat
transfer and mechanical weakening in thawing slope. The random-
ness captures the effects of the physical constituents of soils on the
thermal and mechanical behaviors. The RFEM simulation method
combined with the local factor of safety concept allows to simulate
the stability of thawing slope subjected to climate conditions. It
aims to illustrate the effects of climate change and the associated
phenomena such as the forest fire on the stability of permafrost
slopes.

The slope is assumed to have the same dimensions, soil prop-
erties, and initial conditions as that analyzed by the simplified
Bishop method. The phase-coded image of the frozen slope is
generated with MATLAB based on the soil physical constituents
and properties of individual phases. The image is then converted
into COMSOL and the corresponding physical, thermal, and me-
chanical properties of each phase (Table 2) are assigned based on
the phase coding. For the thermal boundary conditions, thermal
insulations are applied on the right side and the bottom of the
slope. The initial temperature of the study region is assumed to be
– 15 °C. For the mechanical boundary conditions, the fixed con-
straints are applied at the bottom of the slope and roller con-
straints are applied on the right side of the slope. The advantage of
FEM model with COMSOL is that the thermomechanical coupling
is automatically enabled by the thermal and mechanical

parameters of the soil constituents. When the temperature of a
particular soil element is under or equal to 0° C, phase transition is
assumed to occur. Due to the complexity in directly applying
phase transition, the latent heat is applied as equivalent heat
capacity over a small temperature transition zone. Upon phase
transition from frozen to unfrozen condition, the corresponding
thermo and mechanical properties of the phase are changed from
ice to water, and the strength parameters of the soil are changed
from those of frozen to unfrozen soils.

To study the effects of climate conditions on the stability of the
slope, the daily average temperature in 1956 and 20171, respectively,
and the predicted monthly average temperature in 20452, at An-
chorage, Alaska (Fig. 7), are applied on top of the slope surface. A
few locations were selected to examine the process occurring in the
slope. Figure 8 shows the computational domains with FEM mesh
and positions of 4 probes. The probes define sample locations and
are used to describe how temperature as well as LFS varied with
time at the given position.

The computational simulations are conducted on the responses
of the slope over the whole year (365 days) period. Examples of the
simulation results are summarized in Figs. 9, 10, 11, and 12. The
results show that from March 1, 1956, to July 1, 1956, the temper-
ature on the slope surface rises from − 6.17 to 15.8° C and the
corresponding thawing depth keeps penetrating below the slope
surface (Fig. 9). The shear strength decreases in the melting soil
elements where the temperature rises above 0° C. The local factor

Fig. 7 The average daily (1956 and 2017) and monthly (1956, 2017, and 2045) temperatures at Anchorage, Alaska (the average monthly temperatures in 2045 at
Anchorage, Alaska, are referenced from: https://alaskamastergardener.community.uaf.edu/2018/10/13/mountainside-gardening/ (checked on Dec 30, 2020)

Fig. 8 Computational domains of the slope with FEM mesh and probe locations where simulation results are monitored (i.e., 1, 2, 3, 4)
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of safety drops below 1 indicating failure in the corresponding soil
element (Fig. 10). The failure of the slope keeps evolving with the
penetration of thawing front. The failure surface of the slope is
parallel to the thawing front and generally parallel to the slope
surface. This phenomenon agrees with the field observation
(Davies et al. 2001). It should be noted that the contour plot of
the LFS and thaw depth penetration lines are not uniformly dis-
tributed due to the microstructure of the soil. The overall distri-
bution patterns, however, are generally parallel to the slope
surface.

From July 1, 1956, to December 1, 1956, as the season transition
to the freezing season, the temperature on the slope surface drops
from 15.8 to 1.2° C (Fig. 9) and the previous thawed soil in the slope
refreezes during this period. The shear strength increases in the
soil where the temperature drops below 0° C. This increases the
local factor of safety above 1, which prevents the slope from further
moving (Fig. 10).

With the impact of climate change, the average temperature
increases from 1956 to 2017. For example, compared between July 1,
1956, and July 1, 2017, the surface temperature of the slope in-
creases from 15.8 to 19.7° C. The thawing depth is deeper on July 1,
2017, than that of the thawing depth on July 1, 1956 (Fig. 9). The
area in the slope with local factor safety smaller than 1 indicates
failure and is defined as SLFS < 1. By exporting the point data of LFS
distribution graphs in COMSOL, the SLFS < 1 is calculated as the
summation of point taken area with LFS < 1. As shown in Fig. 10,
SLFS < 1 is 10.47 m

2 on July 1, 2017, which is 20% larger than that of
8.19 m2 on July 1, 1956. Overall, the slope is less stable in 2017 than
that of 1956 due to climate change.

To further predict the effects of climate change on the stability
of the thawing slope, the forecasted temperature process in 2045 is
applied to the initial frozen slope. The corresponding local factor
of safety distribution in the slope is calculated and is shown in Fig.
11. Compared with March 1, 2017, on March 1, 2045, the failure area

Fig. 9 Comparison of the temperature distribution in the slope during the freezing/thawing process in 1956 and 2017
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along the slope increases from 0.983 to 2.96 m2 (over 190%) and
from July 1, 2017, to July 1, 2045, the failure area of the slope
increases from 10.47 to 11.34 m2 (over 8%). This clearly demon-
strates that the frozen slope is likely to subject to more instability
issues due to climate change.

The local factor of safety is not only a function of position but
also a function of time and temperature. Figure 12 shows the
variations of local factor of safety at four probe locations (Fig. 8)
inside the slope in 2017. One of the location (probe no. 3) is located
in area subjected to freezing/thawing processes. The other location
(probe no. 4) is located in area that is not subjected to freezing/
thawing processes (or permafrost). For probe no. 3, the local factor

of safety is above 1 when the temperature is below 0 °C, while it is
below 1 when the temperature is above 0 °C. This is partially due to
the significant transition of soil strength under freezing or thawing
conditions. While for location 4, which is further inside the slope
and not subjected to freezing/thawing transition, the local factor of
safety maintains relative stable. The minor change is primarily due
to the change of internal stress field associated with freezing/
thawing process along the slope.

Effects of burning on slope stability in the cold regions
There is increasing occurrence of natural hazards such as forest
fire observed in the cold regions. The RFEM model provides an

Fig. 10 Comparison of the local factor of safety distribution in the slope during the thawing/freezing process in 1956 and 2017
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effective tool to investigate the impacts of transient thermal pro-
cess on the stability of cold region slope. The same slope is used as
the analyses testbed. For the thermal boundary conditions,

thermal insulations are applied on the right side and the bottom
boundary of the slope. The initial temperature of the slope is
assumed to be − 15 °C. For the mechanical boundary conditions,

Fig. 11 The local factor of safety distribution along the slope based on forecasted climate process in 2045
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the fixed constraints are applied to the bottom of the slope and
roller constraints are applied to the right side of the slope.

It is assumed that half area on the slope is burned in a forest
fire (Fig. 13) where the experimentally measured temperature pro-
cess in the topsoil is applied as the boundary condition to emulate
the effects of burning (Fig. 14).

The RFEM simulation is conducted for the slope subjected to
burning over 2-h period. The simulation results are summarized in
Figs. 15 and 16 at locations along the horizontal and vertical
directions.

Figure 15 illustrates the temperature process at different hori-
zontal locations inside the slope. As shown in the figure, the
temperatures at each location increase initially. After that, the
temperature starts to decrease until reaching a steady state. For
locations deeper into the slope surface, the temperature of the
corresponding locations is less affected.

Figure 16 shows the local factor of safety contour calculated by
RFEM during the burning process. When subjected to burning, the
temperature in the frozen soil around the burning area rises which
causes melting of the frozen soil. The local factor of safety drops

Fig. 12 Temperature and local factor of safety at different locations (corresponding to probe locations defined in Fig. 8) on the slope during the thawing/freezing process

Fig. 13 Illustration of the slope and the area subjected to fire burning
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below 1 in areas close to the toe of the slope, which would trigger
localized failures. The failure surface along the slope is generally
parallel to the slope surface and it is about 15 cm deep the maxi-
mum into the slope surface.

The overall observation from the results indicated that forest
fire along a permafrost slope, with a duration of around 15 min,
will mostly only affect the temperature field distribution in shallow
depth along the slope. Consequently, it might trigger shallow
failures along the slope, possibly in the form of shallow landslides.
The weakened soil structure might also be inductive to process
such as surface erosion which could further compromise the
stability of the slope.

Discussions
The random finite element (RFEM) method developed in this
paper applies phase coding to represent the soil constituent
phases. The spatial-dependent material properties are assigned
based on phase coding during the RFEM simulations. This

presents a convenient way to describe the soil behaviors consid-
ering the constituents as well as the spatial distribution of soil
phases, particularly under the condition that the fabric of individ-
ual particle does not affect its macroscopic behaviors. These in-
clude the situation when the soil grain is sufficiently small or the
scale of geostructure is sufficiently large. Properties of individual
phases can be determined by calibration with the results of phys-
ical experiments on the bulk soil samples. This RFEM combines
the advantages of discrete element method (DEM) in describing
the soil microstructure and constituents, as well as the advantages
of finite element method (FEM) in efficient solving of the
governing equations. Besides, the RFEM model allows capturing
the multiphysics coupling processes (such as thermo-hydro-
mechanical coupling) in soils with easiness.

The RFEM method is applied to analyze the slope stability of
permafrost slopes subjected to climate effects (i.e., changing cli-
mates and forest fire). The localized factor of safety was used to
identify the failure zones along the slope. With the combination of

Fig. 14 Monitored temperature process on the surface of a burned mollic topsoil (soil was burned in a combustion tunnel by applying a flame with a blowtorch, (Badía
et al. 2017)

Fig. 15 Temperature behavior at different positions in the slope
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Fig. 16 Burning effects on the local factor of safety of the slope
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RFEM and local factor of safety, the failure zones of the permafrost
slope subjected to different climate change scenarios were ana-
lyzed. The results showed that the changing climates have a major
influence on the slope failures due to thawing effects. The effects of
forest fire along the slope were also analyzed, which indicates that
the melting of permafrost slope due to surface fire will lead to
shallow slides along the slope. Overall, the microstructure-based
RFEM is an effective modelling approach to simulate the effects of
thermomechanical coupling on slope stability for cold region
slopes.

Conclusion
A novel microstructure-based random finite element (RFEM)
model is developed to analyze the stability of cold region slope
subjected to thawing due to climate change and localized burning
by forest fire. Compared with commonly used global stability
analyses by limit equilibrium method, this model considers the
temperature variations associated with the freezing/thawing pro-
cesses and its impacts on soil mechanical strengths. The phase-
coded RFEM models for soils are firstly built to simulate the bulk
behaviors of both frozen and unfrozen soils. The experimental
results of uniaxial compression test on unfrozen or frozen soil
specimens are compared with RFEM simulation results to cali-
brate the parameters for soil phases. Subsequently, the shear
strength parameters, i.e., the cohesion and angle of internal fric-
tion, of unfrozen and frozen soils were then obtained from simu-
lated triaxial tests using the RFEM model. Slope stability analyses
are conducted with the RFEM model considering coupled
thermomechanical fields subjected to climate processes. The sim-
ulation results show that the predicted failure behaviors are con-
sistent with slump failure commonly observed in cold region
slopes. Besides, the stability of cold region slopes varies with time
over a year and is affected by the climate change. Transient events
such as forest fire primarily cause localized failure along the slope.
This new RFEM method provides a novel approach to analyze the
stability of cold region slopes subjected to various thermal
processes.
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