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Abstract. The transient process of rain infiltration in the soil and the effect of ge-
ometry and drainage properties of the bedrock on the pore pressure distribution
and the stability of a slope are investigated. The simulated slope is a test field in
northern Switzerland, where landslide triggering experiments were carried out.
From geological point of view, the experimental site is located in the Swiss Mo-
lasse basin. The lithological units in the area are composed of horizontally layered
and fractured sandstones intersected by marlstone. The stability of the slope is
monitored at different stages of the infiltration using the limit equilibrium method
of slices. Several cases were compared to study the effect of the fissures in the
shallow bedrock on the stability of the slope. The approximate location and size of
the fissures in the bedrock were determined by monitoring of spatial and temporal
changes of electrical resistivity during rainfall and also geological investigations
of the bedrock before and after the failure.
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1 Introduction

A 38° steep slope, with an area of ~250 m’, was selected near Ruedlingen (Canton
Schaffhausen, Switzerland) where landslide triggering experiments were carried
out in autumn 2008 and spring 2009. Some surface movements were detected dur-
ing the first experiment on the right part of the slope (looking from bottom) after
4.5 days of rainfall with average intensity of 22 mm/hr. However, failure did not
occur. The sprinklers were relocated to provide more intense rainfall to the upper
part of the slope, where shallower bedrock and less root reinforcement were ex-
pected. The roots were also cut along the longitudinal sides (RHS and LHS, Fig.1)
of the slope down to a depth of 40 cm. A failure was triggered in March 2009 on
the upper right part of the test field, after 15 hours of artificial rainfall, with aver-
age intensity of 12 mm/hr, mobilising about 130 m’® of debris. The shape of the
bedrock position of the sensor clusters and possible location of the fissures in the
bedrock are illustrated in Fig. 1. Electrical Resistivity Tomography (ERT) meas-
urements were performed every 1 hour and were analysed by Gambazzi & Suski
(2009) in both experiments.

The transient process of infiltration in the soil profile and the effect of the ge-
ometry and draining properties of the bedrock at the lower part of the slope on the
pore pressure distribution will be investigated in order to compare the experiments
of 2008 and 2009.

The numerical simulations were performed using two modules of GEOSLOPE
software. The infiltration process was modelled by using the finite element mod-
ule of SEEP/W. Afterwards, the stability of the slope will be analysed by
SLOPE/W, which is a limit-equilibrium-based slope stability software, based on
the pore pressure distribution at different stages of infiltration.

2 Hydraulic Properties and Simulations

Ruedlingen soil is characterised as a medium to low plasticity silty sand according
to the USCS (Casini et al. 2010). A Water Retention Curve (WRC) of this soil has
been obtained from suction controlled laboratory tests (Casini et al. 2010). The
wetting branch of this WRC is used for the numerical simulations (Fig. 2). Based
on the laboratory tests on undisturbed samples, the saturated hydraulic conductiv-
ity was measured to be K = 107 m/s (Springman et al. 2009). A small sample
(diameter of 7 cm and height of 2 cm) of soil has been used in these laboratory
tests. However, various kinds of heterogeneity, such as root holes, and other
macro-pores further complicate the hydrology in reality (Asakrinejad et al. 2012a).
Accordingly, the in-situ saturated hydraulic conductivity of Ky ~ 10 m/s is de-
termined and implemented in these simulations (Bronnimann 2011, Askarinejad et
al. 2012b). The unsaturated hydraulic conductivity of the soil was fitted, based on
the approach of van Genuchten (1980) using the K;,, and the WRC. This function
is shown in Fig. 3.

The rock mass is assumed to be impermeable and the fissures are “filled” with
the same material as the overlying soil.
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The applied rain intensity in the first experiment (October 2008) was higher in
the lower half of the slope (below cluster 2, Fig. 1). Accordingly, two rain zones
are defined in the model. The sprinklers were relocated in the second experiment
(March 2009), and seven zones of rain intensity were defined in the model, with
the highest intensity applied at the upper part of the slope (above cluster 3, Fig. 1).

m
P3

*L/RHS: Left/Right Hand Side

Fig. 1. Shape of the bedrock, position of the sensor clusters, and location of the fissures in
the bedrock (after Bronnimann 2011).

3 Slope Stability Analysis

The shear strength of the unsaturated soils was applied in SLOPE/W using the ap-
proach of Fredlund et al. (1978). Based on this method, an extended form of the
Mohr-Coulomb criterion is used:

T, =c'+(0—u,)tan @'+ (u, —u, )tan ¢’ (1)
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where, ¢” describes the linear increase of the shear strength due to the increase of
matric suction. The reinforcement effect of the roots is implemented in the me-
chanical properties of the model by introducing additional cohesion (c,., = 4kPa)
to the upper 30 cm of the top soil layer (Schwarz & Rickli 2008). The mechanical
properties used for these simulations are summarised in table 1.

Table 1. Mechanical properties of the overlaying soil.

¥ (kN/m’) 0 ") ¢’ (kN/m’) Cyee (KN/m’)
16.3 32 10 0 4

The stability calculations are based on the method of slices using the approach
of Morgenstern & Price (1965).
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Fig. 2. The wetting branch of WRC of the Fig. 3. Hydraulic conductivity function of
Ruedlingen soil (Bischof 2010). the Ruedlingen soil (Bischof 2010).

4 Bedrock Shape and Location of Fissures

The shape of the bedrock was determined using Dynamic Probing Light (DPL)
methods. According to the DPL results, the bedrock is between 0.5 m to more than
5 m deep. Bedrock is shallower on the right hand side (RHS, Fig. 1) of the field
than on the left side (LHS, Fig. 1). The locations of the fissures were implied from
permeability tests performed at different points on the slope, and also by analysis
of the Electrical Resistivity Tomography (ERT) during both the experiments
(Gambazzi & Suski 2009). The permeability tests at the lower and in the middle
parts of the slope (Clusters 1 and 2, respectively) revealed the existence of large
fissures in the bedrock. Moreover, it was observed that water flowed out of
the bedrock at the back of the slip surface after the failure. This observation was
an indication of the existence of a horizontal permeable layer (Fig. 1), which is
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consistent with the results of the geological investigations (Bronnimann 2011).
The hydraulic conductivity of this layer was assumed to be 10 times more than the
overlying soil in the numerical simulations. A fissure on the upper part of the
slope was interpreted based on the ERT measurements. This fissure conveyed wa-
ter to the horizontal permeable layer. However the inclination of this fissure is not
clear in the ERT measurements. In this series of simulations the effect of the incli-
nation of this top fissure on the stability of the slope is investigated.

5 Numerical Simulations

5.1 Effect of the Fissures in the First Experiment

The saturated zone and the critical failure surface of the 1% experiment, with and
without the fissures in the bedrock, are shown in Fig. 4 and Fig. 5, respectively.
The FoS is 0.98 after the artificial rainfall, with “drainage fissures” in the lower
part of the slope, according to these simulations. Contrarily, without fissures, the
FoS of the critical slip surface is calculated to be equal to 0.16. It can be con-
cluded that the investigated slope might have failed during the first experiment if
there were no “drainage fissures” in the bedrock in the lower part of the slope.

saturated zone

Slip surface,
FoS=0.16

Saturated
zone

Slip surface

Bedrock

Bedrock
5m

Fig. 4. Critical slip surface in the 1st ex-
periment, with fissured bedrock (Bischof
2010).

Fig. 5. Critical slip surface in the 1Ist ex-
periment, with intact bedrock (Bischof
2010).

5.2 Simulation of the Second Experiment

The simulations of the second experiment were conducted on a model with the
geometry based on the right hand side of the field, because the failure occurred on
this side. The distribution of pore pressure and the flow directions are depicted in
Fig. 6. The numerical analyses show that the water applied in zone 7 flows
through the fissure in upper part of the slope and then through the horizontal
permeable layer. From there, it infiltrates back into the slope body, applying an
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uplifting hydraulic pressure. The majority of the infiltrated water drains through
the fissures into the bedrock in the lower part of the slope. The factor of safety af-
ter 15 hours of rainfall for the critical slip surface is calculated to be 0.76. This
value is derived from a two dimensional analysis and the frictional resistance of
the sides are neglected. Taking these effects into account, the FoS increases to
around 1, which is in accordance with the failure in reality (Bischof 2010 and
Askarinejad et al. 2012b).

6 Parametric Study of the Second Experiment and Conclusions

The changes in the factor of safety are investigated with different bedrock condi-
tions during the application of the rainfall (Fig. 7). The general trend shows that
FoS decreases with during the rain and that it recovers when the rain stops. Simu-
lations were performed on models with the bedrock shape of the left hand side and
the results show a higher FoS for these models (Fig. 7). The reason for this obser-
vation is that the bedrock is deeper on the left hand side compared to the depth of
bedrock on the right hand side. The effect of the inclination of the upper fissure
was also studied and the results showed a general decrease in the FoS (Fig. 7).
However, this decrease in the FoS is not significant. This observation shows that
the upper fissure and the horizontal intrusion in the upper part of the slope store
the water and, therefore, cause a delay in exfiltration of the water into the slope
body. This hypothesis is supported by the simulations of the model with an alter-
native angle of the inclined fissure (Fig. 6 and Fig. 7)

In conclusion, it was observed that the draining fissures in the bedrock played a ma-
jor role in stabilising the slope during the first experiment, and the shallower depth of
the bedrock and the presence of a permeable layer in the upper part of the slope might
have been factors involved in triggering the failure in the 2" experiment.

Horizontal per-
meable layer

Fig. 6. Pore pressure distribution, the location of exfiltration from the bedrock, and the flow
vectors at the end of the second experiment.
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Fig. 7. The changes in the FoS with different bedrock conditions during the 2™ experiment.
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