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Abstract

Two full scale field tests were planned and performed successfully on a steep forested slope located on the east facing ban
river Rhine in Ruedlingen, in canton Schaffhausen, northern Switzerland. The aim of the experiments was to study the triggerir
mechanisms of the landslides due to rainfall. Intensive field investigations were carried out, including in-situ geotechnical tests, ct
racterisation of hydrological properties of thargbreinforcing effects of vegetation, geolagitdlydrogeological mapping, and
subsurface investigations by means of geophysical methods. Additionally, several series of saturated and unsaturated laboratory
were conducted on undisturbed and disturbed samples taken from different depths from the vicinity of the selected slope. The t
site was intensively instrumented and monitored over a period of 6 months in the course of artificial rainfall and natural precipitatiol
The instrumentation includes conventional and novel methods to measure pore water pressure, volumetric water content, piez
metric height, soil pressure, acoustic emissions, surface and subsurface movements, soil temperature, and meteorological data.
paper introduces briefly the measurements and findings from this multi-disciplinary project, and focuses on numerical and analytic
methods used to explain the behaviour of a marginally stable slope before and during the failure induced by rainfall. Simple stabil
calculations are described that still offer realistic predictions of the status of a slope prone to failure due to increase of the pore w
pressure. The basal and lateral reinforcing effects of vegetation and unsaturated shear strength of soil are introduced in these twc

three dimensional simulations as well.

1. Introduction

Steep mountainous areas are increasingly en-
dangered by natural hazards. Rainfall induced land-
slides are one of the major causes of these raised
risks. Accordingly, a deeper understanding of the
triggering mechanisms of such landslides, and the
provision of tools to predict the locations and poten-
tial volumes released, is important.

Numerous studies have been conducted to mea-
sure the changes in pore water pressure of slopes in
response to seasonal and extreme rainfall events.
However, few data are available on the hydro-me-
chanical behaviour of natural slopes during the fail-
ure. OcHial et al.[2004] summarised four such ex-
periments. Three of them have been conducted
in Japan [Oka, 1972; Yaa! et al., 1985; YamacucH et
al.,, 1989] and one series of tests was performed by
Harp et al [1990] in USA. OcHial et al.[2004] also
triggered a fluidised landslide by means of artificial
rainfall. Tevysseirg2005] mobilised a landslide in the
forefield of the Gruben glacier (Canton Wallis, Swit-
zerland).

Harp et al.[1990] performed three tests on nat-
ural slopes to study the response of the slope tora
tificial subsurface irrigation in terms of pore water
pressure during failure. They induced failure by ir-
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rigating the ground artificially through water sup-
ply from trenches at the top of the slope and by dig-
ging a lower vertical cut, because they had unsuc-
cessful attempts to trigger slope failures by sprin
kling with intensities and durations emany timesZ
higher than those of the normal rainfalls. They in-
strumented the slopes with piezometers and ex-
tensometers. The soil types of each site are sum-
marised in table I.

They observed from the lower vertical cut that
the water flows, mainly through macropores, dur-
ing their experiments (e.g. animal burrows and root
casts). However, the flow rates from different pores
were not constant during the course of irrigation.
The authors reported temporal and spatial change
of discharge throughout. Harp et al.[1990] also mea-
sured abrupt decreases in the pore water pressure
at different locations of the slopes between 5 to 50
minutes prior to failure. They mentioned simultane-
ous widening and increase of flow of smuddy waterZ
out of fractures some seconds before failure. They
suggest that the raised pore water pressure and in-
creased flow might result in redistribution and re-
moval of fine particles (piping), which may ultimate-
ly lead to increase of the pore sizes and destruction
of the soil structure at the shear surface. They con-
clude that loss of contact points between the coarser
grains can decrease the shear strength of the mate-
rial and trigger a landslide.

OcHial et al.[2004] isolated a 5 m wide and 30
m long experimental slope with an average gradi-
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Tab. | ... Landslide triggering experiments on natural slopes [modified afterOcHial et al, 2004].
Tab. | ... Frane superficiali su pendii naturali [modificata@ofai et al., 2004].
* The value is deduced based on the contours on the plan view.
Triggered Volume Water Slope
Reference  Location or sprinkled area supply Instrumentation angle Soil type
(m3m 2 method ©
Sprayed from
Oka, 1972 Japan 500 M fira hose
Yacl et al, Rainfall Extensometer/Piezometer/
1985 Japan 10 X 25 nt simulator Strain meter
YAMAGUCHI Upper Extensometer/Piezometer/
et al, 1989 Japan 10 X 30 nt trench Inclinometer
1.6 X 1.3 n? 30 Gravelly silty sand
Harp et al, 5 Upper . Weathered disintegrated
1990 USA 30X5m trench Extensometer/Piezometer 43 granite sand
Coarse to medium sand
*
3.2 X 4.0 n? 70 with 20% clay
. Extensometer/ -
OCHZU?)lOit al, Japan 30 X5 n? S?n?lljrll;?(l)lr Tensiometer/Strain probe/ 33 Weather;er?itceilzlgrt%grated
Photogrammetry 9
TEYSSEIRE . Rainfall ~ TDR/Tensiometer/Moisture Moraine (Gravelly silty
2005 Switzerland 85 r? simulator point 42 sand)
TDR/Tensiometer/
. Piezometer/Soil
SPRINGMAN Switzerland 130 n? Ramfall deformation probe/ERT/ 38 Silty sand
etal, 2012 simulator

Soil pressure sensors/
Photogrammetry

ent of 33° (maximum 35°) located on a hill slope,
by driving thin steel plates about 1 m deep into the
soil. The plates prevented lateral percolation of in-
filtrated rainwater and reduced lateral tree root re-
inforcement. The surface material on the slope con-
sisted of fine weathered disintegrated granite sand.
The authors monitored the surface movements of
the slope by means of photogrammetry video cam-
eras. The depth of the shallow failure surface was de-
tected using soil-strain probes, which were installed
to a maximum depth of 2 m. The changes in the pos-
itive and negative pore water pressures were tracked
by means of 6 tensiometers installed in the middle
of the slope.

Artificial rain was sprinkled over the selected
slope with 78 mm/h intensity for 4.5 hours for the
first day, and no movements were measured. This
first event was followed after 17 hours by a second
one at the same intensity. First slope deformations
were observed after 5.5 hours. Slope failure hap-
pened approximately 6.8 hours after the sprinkling
was commenced. At this moment, a tension crack
was observed on top and a compression zone at the
bottom of the slope. The landslide liquefied and
travelled at a speed of 3 m/s on a 10° gradient. The
rate of compression straining in the lower part of the
slope was calculated to be greater than the rate of ex-
tension straining in the upper part, based on photo-
grammetry results.
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The tensiometers showed sequential increases
in pore pressure according to the installation depth.
The shallower tensiometers at depths of 0.50 and 1
m measured increases in pore water pressure and
then they showed quite constant values. While, the
deeper sensors (>1 m) measured sudden increas-
es after the water front reached the corresponding
depth and pore pressure did not attain a steady state
condition with continuous increase until the final
failure. This behaviour was attributed to the effect of
the isolating longitudinal plates. However, it could
also be an indication of the existence of preferen-
tial water paths in the shallower soil strata. The au-
thors of the paper point to the coincidence of the
arrival of the wetting front to the lowest tensiometer
(depth of 2.90 m) with the acceleration of the bend-
ing strain at the depth of 1.10 m about 2 hours be-
fore the failure. This observation can be explained
by the fact that the lowest tensiometer is installed at
the interface of the soil mass and the bedrock, and
arrival of the wetting front at this level might result
in development of perched water table, which might
favour further increase of the pore water pressure
at shallower depth [KienzLER, 2007]. This hypothesis
could be supported by the change in rate of increase
in pore water pressure measured by the tensiometers
at depth of 1.0 and 1.5 m (which are installed near
the eventual shear surface), approximately 2 hours
before the failure.
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TevsseIRe[2005] selected a 42° steep alpine mo-
raine slope, at about 2800 m above sea level (m a.s.l.)
in the forefield of the Gruben glacier (Canton Wal-
lis, Switzerland) as a field test site. It was instrument-
ed over a 55 n? plan area for an artificial rainfall test
in summer 2000, to investigate slope stability in mo-
raine as a function of degree of saturation and rela-
tive density of the soill.

A series of insitu direct shear box tests, of plan
area 250 mm x 250 mm, was carried out at the field
test-site on samples that were carved out of the un-
saturated ground. The specimens exhibited dilatan-
cy at failure. The internal friction angle for this soil,
based on the gradient of the peak shear strength en-
velope, wasM= 41° [SeriINGMAN et al.,2003].

Rainfall was applied for 50 hours with an average
intensity of 16 mm/h for the first day and 12 mm/h
for the second day. The slope failed after ~2 days,
and the sprinkling was stopped. Instability occurred
in the slope when § approached 0.95. The slip sur-
face was located at the depth of approximately 0.2
m. Time Domain Reflectometers (TDRSs) installed at
depths of 0.19 and 0.12 m show a decrease in the de-
gree of saturation at approximately 6 and 1.5 hours
before the failure, respectively. This observation is
similar to the results of Harp et al.[1990] and can be
attributed to the dilation of the soil elements along
the shear surface. This hypothesis might be support-
ed by the fact that the drop in the degree of satu-
ration measured at depth of 0.19 m, which is the
nearest sensor to the failure surface, was more pro-
nounced [ AskariNEJADEL al.,2010b].

ALonso et al.[2003] performed a series of cou-
pled hydro-mechanical simulations to analyse the be-
haviour of an instrumented unstable slope in east-
ern ltaly in terms of slope motions, variation of safe-
ty factor, and their relationship with rainfall. The in-
vestigated slope is composed of three partially sat-
urated overconsolidated clay layers. The authors
showed that changes between layers might result in
high pressures at the interfaces of layers. These peak
pressures decrease the factor of safety and enhance
the strains. Accumulated strains might promote the
strength degradation movements developping at the
interfaces. Accordingly, they lead to conclude that
the hydraulic properties of the soil profile play a ma-
jor role in the stability of layered slopes.

Nc and SHi [1998] performed a parametric study
using finite element method to analyse the stability
of the unsaturated slopes due to rainfall. They found
out that not only the intensity of the rainfall event,
but also the initial ground water level and duration
of the rain, play major roles on the stability of the
slopes.

Despite prior research, there is still a lack of
knowledge on some aspects, such as the stabilis-
ing effects of vegetation, the influences of bedrock
shape, the regional hydrogeological properties, and
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all are linked to the hydro-mechanical behaviour of
the overlying unsaturated soil.

This project was conducted within the context
of a multi-disciplinary research programme on Trig-
gering of RApid Mass Movements in steep terrain
(TRAMM ). The primary focus of this research is to
enhance the understanding of triggering and initia-
tion mechanisms, including the transition from slow
to fast mass movement processes, and flow character
istics of such catastrophic mass movements. The ihf-
ence of rainfall events on slope stability is invetsigated
by monitoring a natural slope in Ruedlingen, Switzer-
land. The hydro-mechanical responses of the slope
were studied under natural and artificial atmospheric
conditions. These results are used to calibrate moéls
adopted to predict possible landslides in the future.

The characteristics of the experiment field in
terms of the topography, geology and hydrogeology
and the shape of the bedrock, hydrological proper-
ties of the soil mass, the instrumentation plan and
the saturated and unsaturated hydro-mechanical
properties of the soil are discussed. The responses
of the slope to two intense artificial rainfall events
(October 2008, and March 2009) are discussed
next. The first experiment (October 2008), despite
having a more intense rainfall and longer duration,
did not result in triggering a landslide. However, in
the second experiment (March 2009) a landslide of
130 m3 was mobilised after 15 hours of rainfall. The
difference between the two experiments was in the
location of the rain concentration (rain was more
intense at the places were the bedrock was shallow-
er and less vegetation effects were expected in the
second experiment). In the next section of the pa-
per, simplified 2 and 3 dimensional limit equilibri -
um methods are implemented to investigate the ef-
fect of the side walls of the failure wedge and als
the roots reinforcement on the changes of the fac-
tor of safety of a slope subjected to rainfall. Firite
element program was used to simulate the changes
in the pore water pressure during the rainfall and
the results are compared to the in situ measure-
ments. The effects of the vegetation on the evolu-
tion of the factor of safety are also studied.

2. Experiment field
2.1. Location and geometry

The experiment field was chosen in a forested
area near Ruedlingen village, which is located in
northern Switzerland. Following an extreme event
in May 2002, in which 100 mm of rain had fallen in
40 minutes, 42 surficial landslides occurred around
the local area [FiscHER et al., 2003]. The selected

1 http://lwww.cces.ethz.ch/projects/hazri/tramm
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Fig. 1 ... Location of the test site, detailed map and map of
Switzerland [after Seger, 2003].

land basin of the Alps, containing alternate deposi-
tions in the Tethys Sea (Seawater Molasse) and on
land (Freshwater Molasse) (Fig. 2). Several bore-
holes, as well as an outcrop of bedrock about 20 m
above the selected field, revealed horizontal layering
of the sedimentary rocks at the experimental slope,
which consisted of fine grained sand- and marlstone
[ TacHER and LocHer, 2008]. Fissures with openings
of more than some centimetres in size were mapped
in the lower freshwater molasse, and were parallel to
the Rhine [BRrRonNIMANN et al.,2009].

Dynamic probing tests were performed every 2
m around and across the middle of the field in order
to locate the depth of bedrock. The probing was do-
ne with the Dynamic Probing Light method (DPL),
which operates with a 10 kg weight, dropped over
0.5 m, generating energy of 50 kJ to drive rods and a
cone into the ground. The cone diameter is d = 35.7
mm (cross section: 1000 mn?), tip angle 90° [DIN
4094]. The penetration rate of the cone allows the

Fig. 1 ... Ubicazione del sito di prova, mappa dettagliata e mappmechanical resistance of the soil to be evaluated em-

della Svizzera [d&eBer 2003].

experimental site of 35 m length and 7.5 m width
is a small part of a slope on the east facing bank
along the river Rhine. Figure 1 shows the location
of the test site and previous landslides. The altitide
is about 350 masl. The average gradient of the slop
was determined using a total station theodolite to
be 38° with maximum of 43° in the middle of the
slope. The surface of the slope is slightly concave
the longitudinal centreline is 0.3 to 0.5 m lower
than the sides (Fig. 3).

2.2. Geology and the bedrock shape
The site is located in the Swiss lowlands. The

geological progression consists mainly of Molasse,
which is the sediment that was deposited in the fore-

Buchberg

W

pirically. The number of required blows for each 0.1
m was counted, and the criterion for the underlying
bedrock was set as 30 blows per 0.1 m penetration.

According to the DPL results, the bedrock level
lies between 0.5 m to more than 5 m depth. Bedrock
on the right hand side of the field (P3-M2-P4) is shal-
lower than on the left hand side(P2-M1-P1; Fig. 3).
The shallow convex feature located between M1-M2
and P1-P4 may be due to the accumulation of old-
er landslide materials. The gradient of the slope is
about 25° at this point.

These results agree well with those obtained
from extensive geophysical Electrical Resistivity To-
mography (ERT) surveys [Gameazzi and Suski, 2009],
although post slide excavation revealed the presence
of stones embedded in the matrix of the overlying
soil (possible former debris), which could have im-
plied that bedrock had been reached at a shallower
depth than was actually the case.

Test site
P2 & P3

M1 & M2
P1&P4

Rhine

Fig. 2 ... The geological lithology of the test site [afteBronnIMANN et al.,2009].

Fig. 2 ... Litologia del sito di provaBaannivann et al., 2009].
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Soil surface

Fig. 3 ... The 3D shape of the bedrock based on DPL results.
Fig. 3 ... Mappa 3D del substrato roccioso in base ai risultati
DPL.

Electrical Resistivity Tomography (ERT) pro-
vides a tool for measuring and high quality imag-
ing electrical resistivity in soil. Decreases in tle elec-
trical resistivity during a rainfall event can be due
to increases in the degree of saturation. ERT mea-
surements were performed along the left and right
longitudinal sections of the slope in the first experi-
ment in October 2008, and March 2009, respective-
ly [LEHMANN et al.,2012]. The ERT measurements
were conducted every 30 minutes during the arti-
ficial rainfall events applied in both experiments.
The considerable changes in the resistivity (from

a)
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more than 140 ohm.m to 20 ohm.m) at some lo-
calised points in the bedrock during the course of
the rainfall can be an indication of the location o f
fissures. Several fissures in the bedrock have been
recognised based on hydrogeological investigations
before the monitoring experiment and tracking the
changes of the electrical resistivity of the slopedur-
ing the experiment.

2.3. Hydrology

Three sets of combined sprinkling and dye trac-
er tests were performed at different locations near
the experiment slope to characterise the hydrolog-
ical properties of the soil profile [ KiEnzLer, 2007].
These tests were done through sprinkling dyed wa-
ter with uniform intensity of 60 mm/h over a con-
fined circular area of 1 m2 (Fig. 4a). Runoff was mea-
sured using a 100 ml tipping bucket. Brilliant Blue
FCF food dye was added in a concentration of 4 g+
to the sprinkling water to visualise infiltration flow
paths [SrrineMAN et al.,2009]. Three vertical sections
with spacing of 0.15 to 0.2 m, and depth of 1.2 m
were excavated about 24 hours after the sprinkling
had stopped.

Dye patterns (Fig. 4b) were analysed accord-
ing to WEeiLEr and Naer [2003]. The dye patterns
showed a mixture of preferential drainage along
the roots combined with more homogeneous wet-
ting in some locations. Evidence was noted of par-
tial perched saturation above the sandstone bed-
rock. However, stained fractures below the sub-
soil (Fig. 4c), revealed that substantial drainage
might occur into the bedrock, which may prevent

Fig. 4 ... a) Small-scale sprinkling apparatus for the combined sprinkling and dye tracer experiments; b) Dye pattern; ¢) Stai-
ned fracture in the weathered bedrock below the subsoil [SPriNGMAN et al.,2009, photos: P. Kienzler].

Fig. 4 ... a) Attrezzatura utilizzata su piccola scala per le prove di pioggia artificiale costituita da fluido colorante blu; b) Percorso del

colorante; ¢) Frattura nel substrato roccioso raggiunta dal fluido coferamte4net al., 2009; photo: P. Kienzler].
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Fig. 5 ... The bedrock topography and the instrumentation plan AskariNesaDet al.,2010b].
Fig. 5 ... Topografia in pianta del substrato roccioso e della strumefAtazroneicet al., 2010b].

complete saturation and failure of the experimen-

tal slope [KiEnzLER, 2008]. No runoff was observed
during the sprinkling at any of the three locations

[ SeriNGMAN et al.,2009].

2.4. Instrumentation

The slope was instrumented to monitor the hy-
drological and geo-mechanical responses of the soil
and bedrock during the rainfall events. Detailed
measurements of positive and negative pore water
pressures (using tensiometers), piezometric water
level (using piezometers) and soil volumetric water
content (using TDRs), subsurface flow and runoff
were performed. Deformations were monitored dur-
ing the experiment, both on the surface using pho-
togrammetrical methods and within the soil mass,
using a flexible inclinometer equipped with strain
gauges at different points and two axis inclinometers
on the top [ AskarINEJAG 2009].

The instruments were installed mainly in three
clusters over the slope. Each cluster included a soil
temperature sensor at depth of 0.6 m, deformation
probes, earth pressure cells, acoustic sensors and
rain gauges (Fig. 5). The tensiometers were installed
at depths of 0.15, 0.3, 0.6, 0.9, 1.2, and 1.5 m in each
cluster and were collocated, as much as possible at
each depth, with TDRs at 0.15 m, and from 0.3 m to
1.5 m, with a spacing of 0.3 m.

All the instruments were calibrated and checked
in the laboratory that they functioned correctly be-
fore installation in the field. The hydrological re-
sponse of the soil was measured during the exper-
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iment with a logging interval of 5 minutes, while
the subsurface deformations and the horizontal soil
pressures were measured at a frequency of 100 Hz.

The artificial rainfall was applied by means of
10 sprinklers located at the same spacing on the
middle longitudinal line of the field in the first ex-
periment (Fig. 5). Lower sprinklers experienced
higher hydraulic heads as water was supplied from
above the slope and so rainfall was not uniformly
distributed. The rain intensity at the lower part of
the slope (where larger fissures were detected and
bedrock was deeper) was higher than at the top of
the slope.

Accordingly, the sprinklers were rearranged for
the second experiment. The spacing between the
lower sprinklers was increased and 4 more sprinkles
were added to provide more rainwater to the upper
part of the slope where less root reinforcement and
shallower bedrock was expected (plan view in Fig. b

3. Soil characterisation
3.1. Soil classification

Soil samples were collected from test pits (TPs)
at different depths. The grain size distribution, the
natural water content, together with consistency lim-
its and activity, are shown with depth for the time of
sampling for TP1 in the upper part of the slope. The
data for TP1 may be considered to be representative
of the whole test site.

The soil can be classified as medium to low plas-
ticity silty sand (ML) according to USCS. Activity of
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