MODELLING OF SLOW-MOVING LANDSLIDES TRIGGERED BY RAINFALL
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ABSTRACT

Large, slow-moving landslides with typical deformation rates of several centimetres per year often triggered by rainfall processes are very
common in Alpine regions. These events pose threats to various infrastructures such as railway tracks, roads, water power plants, and
residential areas, leading to potential risks and damages. In this paper, a recently developed analytical model that establishes a correlation
between precipitation, pore water pressure development in the slip zone and the deformation behaviour of the landslide is introduced. The

potential of the model is discussed based on data acquired from a landslide near Scheibbs in Eastern Austria.

INTRODUCTION

Large, slow-moving landslides (SMLS) triggered mainly by rainfall processes are very common in Alpine regions. The steep mountain slopes,
shaped by erosion processes due to glaciers during the last Ice Age, have been standing for approximately 10,000 to 15,000 years since
the glaciers melted, often leading to instabilities and significant landslides (Rechberger et al. 2021). Many of these landslides show total
displacements of more than 10 m, ongoing deformation rates in the mm to m range per year, and consequently low factors of safety (FOS)
(Marte & Hofmann 2020). When infrastructure such as traffic routes, water power plants, snow making basins or buildings with a severe
damage potential, in general, are endangered by such large slow-moving landslides, an extensive assessment of the deformation behaviour,
safety aspects, as well as the future behaviour of the slope, is required (Hungr 2016). Therefore, extended observation procedures such
as (chain) inclinometers, extensometers, geodetical measurements, pore water pressure measurements as well as weather stations etc. are
commonly implemented (Ausweger 2018, Marte & Hofmann 2020). Using measurement data from a sufficiently long period of time, in
many cases a strong correlation between strong rainfall events, an often time-delayed increase of pore water pressure in the slip zone and
an immediate increase of the deformation rate of the landslide can be observed. Based on such measurement data an analytical model has
been developed, enabling a better mechanical understanding, as well as a prediction of the future deformation behaviour of SMLS depend-

ent on rainfall.

MODEL PRESENTATION

The presented model is a combination of a Hydrogeological Model and a simple mechanical creep model (Leinenkugel 1976). The Hydro-
geological Model allows the calculation of pore water pressures over time along the slip zone as a function of the rainfall data measured by
a weather station. The mechanical creep model is used to calculate the deformation rate of the slope as a function of time and pore water
pressures in the slip zone. The analytical model is based on the infinite slope model with the extension that the SMLS is subdivided into
several blocks, with the active earth pressure Ea at the upper end and a mobilization function for the earth resistance Er at the lower end of
the SMLS, as shown in Fig. 1a and Fig. 1c. The geometry of each block is a trapezoid, specified with a vertical height at the lower and the
higher end, a horizontal length and the inclination of the slip surface (Fig. 1b). In Fig. 1d the Hydrogeological Model is shown.
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Figure 1: Model basics: a) the mobilization function; b) forces on a block; ¢) longitudinal section of model; d) Hydrogeological Mode!
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The longitudinal section of the model is shown in Fig. 1c. A material is assigned to each block. The most important characteristics of the
material are the weight to calculate the dead load G along with the geometrical data to define the normal N and tangential component T
of G. Further input data are the friction angle, the stiffness and the creep index. The creep index is a value that stems from the constitutive
model that gives a relationship between resisting shear stress in the shear zone and the deformation rate of the block (Leinenkugel 1976).
The block stiffness is modelled by a Young’s Modulus E, and the Poisson ratio is chosen v = 0, so the mechanical model can be understood
as a 1D model. The forces acting in the blocks are shown in Fig. 1b: R (resisting shear force in the shear zone), Eu and Eo (Earth pressure
force at the lower and upper end of the block), u (pore water pressure in the shear zone) and v (current deformation rate in a block). The
number of blocks as well as the geometry for each single block in the model is chosen individually for each SMLS. The main influences con-
trolling the deformations and velocity of the slope are the pore water pressures in the shear zone as well as the characteristics of the earth
resistance and the mobilization function at the lower end respectively. A change in the pore water pressure results in a change in resisting
shear stress and further affects the velocity. Each block has 5 degrees of freedom in the model: the earth pressure forces and displacements
at each block’s end and the current velocity of the block. The system of equations is split into 5 equations for the 5 degrees of freedom. The

central equation (1) is the relationship between the change of forces at one block and the change of velocity.
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Eq. 1

The first term describes the change of the earth pressure forces at the end of the blocks in the direction of the slip plane. The second term
describes the change of the resisting force in the shear zone due to a change in pore water pressure. The last term describes the change of
the resisting force due to the change of velocity, whereas Iv is the creep index according to Leinenkugel (1976). The second leading equa-
tion formulates the change of the length of each block due to the change of stresses in the blocks (AEo,i & AEu,i). This is approximated

with Hook's law.
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Eq.2

The third major equation describes the relationship between the change of displacements of the blocks in the direction of the slip plane
and the velocity of each block. The last two field equations connect the change of earth pressure and the change of displacements between

two consecutive blocks.
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Eq. 3-5

To finish the system of equations two boundary equations are necessary. For the bottom boundary a mobilization function that relates the
displacements of the lowest joint to an according earth pressure. The mobilization function (Fig. 1a) is approximated as a polynomial of
third order that ranges from the active earth pressure at the lower bound to the passive earth pressure at the higher bound with a horizontal
tangent at both ends. The respective displacements sa, sO and sp in Fig. 1a are calibration parameters of the model. The starting point of this
function shown as region A, B or C in Fig. 1a is another important initial parameter of the model and is understood as a representation of
the history of the landslide. Region C indicates two scenarios, one without softening and one with softening behaviour at large deformation.
In Fig. 1d the principles of the Hydrogeological Model are presented for one single block, which can be understood as a pot-like element.
There are two types of such pot-like elements. The standard type, which is modelled after the blocks in the Geomechanical Model and a
source area element. The standard elements take the geometric properties of the respective blocks. The additional material properties, name-
ly porosity n, saturation Sr and hydraulic conductivity kf, are necessary to model the discharges through the block. Other properties are ad-
justment factors for the amount of infiltration and influx, that flows into the block from its sides. The source area element on the other hand

has the same material and infiltration properties as the standard element but only has an area and an inclination as geometric properties.

QPrecipitation, QInflow, QOutflow and QExchange in Fig. 1d show water input and output in one standard element. The model simulates
a cascade of elements in the direction of the slope. With the input of precipitation data, the volume of water and a fictive water level corre-
sponding to the pore water pressure in the slip surface in each element and the flow between the elements is simulated. For the simulation,
an initial water level is assigned for each element. This water level is then converted to a volume with the length, the porosity and the

degree of saturation of the element. At each time step this volume is updated with the shown water flows in Fig. 1d and a new water level

CONFERENCE PROCEEDINGS | INTERPRAEVENT 2024 403



is calculated. The pore water pressures for each element are then saved as an input for the Geomechanical Model.

CASE STUDY

Between 2009 and 2011 a small power plant was built at the river Erlauf near Scheibbs in Lower Austria. Immediately after the end of the
construction phase damages at a main water supply pipe, which runs about 200 m above the power plant in a tunnel system about 25 m
below subsurface, were detected (Poisel et al. 2016). Because of the high damage potential of the infrastructure and the unknown reasons
for the damages subsoil explorations as well as extensive observation measures were initialized. It was recognized that the mountain slope
above the power plant was part of a post-glacial landslide with a length of about 300 m, a width of up to about 250 m and a depth of almost
40 m (Fig. 2). The landslide is situated in the geological unit of the Rhenodanubish Flysch zone aspart of the Altlengbach series, which is a
geological unit along the northern edge of the Alps and is well known for numerous landslides. The rock mass of Flysch is generally char-
acterized by an alternation of sandstone, silt- and clay-stone as well as marl-stone. In this landslide, the rock mass is strongly degenerated

due to the large amount of deformation that occurred over the last thousands of years.

Figure 2: Area of the landslide

After the initial explorations, several phases of additional exploration work (e.g. core drilling) have been performed and additional measure-
ments and observation techniques have been installed. Meanwhile, 8 inclinometers have been installed. Inclinometer Inc.8, installed at the
slope toe of the SMLS near the downstream section of the power plant, is equipped with a chain inclinometer for continuous deformation
measurements (Fig. 3). Furthermore, permanent pore water pressure sensors have been installed in the slip zone in two different sections of
the landslide (Fig. 3). Like chain inclinometer Inc.8, they also deliver continuous data readings. Nearby geodetic measurements are repeated

once a year and a weather station was installed in 2017.
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Figure 3: Longitudinal section of the landslide with some of the installed measurement equipment
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Based on the precipitation data, the continuous data from chain inclinometer Inc.8 and the two pore water sensors in the shear zone, a
strong correlation between heavy rainfall events, an increase of pore water pressures with a time delay of about 2 to 3 weeks and simulta-

neously an increase of deformation rate could be detected.

Modelling procedure and simulation results
In Fig. 4f the geometry of the calculation model is shown. The lower end of the model, where earth resistance is modelled by a mobilization
function as shown in Fig. 1la qualitatively, is assumed at the location of Inc.8, so a direct comparison of calculated and measured data is

possible. The calculation has been performed for the time from Aug. 2018 to Feb. 2021.

Block 0 1 2 3] | Common properties
horizontal length [m] 35 70 105 35| | weight [kN/m?3] 23]
t1 [m] 17 35 38 25| |friction angle [°] 16
t2 [m] 35 38 25 16| |Stiffness E [kN/m?] | 30.000)
inclination alpha [°] 0,00 9,49 11,62 18,97| |porosity n [-] 0,2
creep index [%] 0,8 1,0 1,5 2,0] |saturation S [-] 0,8
permeability [m/s] 2,0E-07| 2,0E-07| 2,0E-07| 3,0E-07] | area factor [-] 1
infiltration factor [-] 0,6 0,6 0,6 0,0

start velocity [m/day] 2,5E-06| 2,5E-06| 2,5E-06| 2,5E-06

initial waterlevel [m] 13,0 13,0 13,0 12,0

Tab. 1: Main input data

The precipitation data from the nearby weather station, the pore water pressure measurements and the deformation measurements at the
slope toe are used as the main input data for the calibration of the Hydrogeological and Geomechanical Model. The input parameters, as
shown in Tab. 1, have been calibrated to get the best fit of calculated and measured deformation data at the lower end of the model where
Inc.8 is installed, considering also the calculated and measured pore water pressure data in block 2 and block 3 where the sensors for
PW-measurements are installed in the slip zone. The shear parameters are determinded by back analysis which allow a proper determina-
tion of parameters for further calculations. Shear parameters determined by laboratory tests for such large landslides and heterogeneous
underground conditions show in many cases a wide range of values (Marte R., Hofmann R. (2020)). Selections of the main results are shown

in Fig. 4.
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Figure 4: Calculation results: a) Precipitation input data, b) pore water pressures in the slip zone and measured pore water pressures, c¢) deformation rate for each block-joint; d) deformation
for each block-joint and measured displacements; e) comparison of mobilization function with earth pressures over displacement for each block-joint; f) overview location blocks and block-
joints
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The calculated pore water pressures over time based on the precipitation input data and the Hydrogeological Model are shown in Fig. 4b.
Based on this data earth pressure development and displacement development, calculated by the mechanical model is illustrated in Fig. 4d
and Fig. 4e. In Fig. 4e the earth pressures in the block boundaries show significant differences because of the different heights in the block
joints. EO at the lower end of the model shows a small increase of earth pressure over time and calculated displacement sO of about 8 mm
according to the mobilization function (red section at the black line). The comparison of measured and calculated data in Fig. 4d shows a
moderate accordance. The comparison of the measured total displacements (red dash-dotted line in Fig. 4d) with the calculated one (red
solid line in Fig. 4d) at the location of Inc.8 shows roughly the same amount of deformation after the modelled 2,5 years. The comparison
of measured and calculated pore water pressures in block 2 (orange dashed = measured and orange solid line = calculated) and block 3
(purple dashed = measured and purple solid line = calculated) still show significant differences, although an intensive calibration procedure
has been performed. The difficulty for a better curve fitting reflects the complexity of the landslide, especially in the lowest part, where the
slip surface is split into two depths (see Fig. 3) and significant differences in the deformation behaviour of the SMLS in the upstream and

downstream area of the power plant occur.

CONCLUSIONS & OUTLOOK

The analytical model presented in this contribution allows the reproduction of the correlation between precipitation, development of pore
water pressures in the slip zone and the deformation behaviour of SMLS in general when sufficient measurement data of these parameters
are given and a good correlation is given. Based on this model, prognosis for the future behaviour of the landslide, modelling different the-
oretical rainfall events, as well as the expected deformation behaviour for different actions e.g., the installation of anchors for remediation
work can be achieved. There are several limitations of the model. Some of these limitations are elements that are not yet implemented in
the model. Such elements are the stabilizing influence of anchoring, dewatering measures or the destabilizing effect of a changing water
table, for instance when the landslide moves into a water storage. A general limitation is the one dimensionality of the model. In many cases
complex three dimensional geometries of landslides can’t be captured by such a simplified model sufficiently. A further possible limitation
can be seen in the type of creep model. The log-creep model of Leinenkugel can’t describe all types of slow moving landslides because the
Leinenkugel model has it"s limitations for very slow moving and very fast moving landslides.
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