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A long-term field study for the investigation of rainfall-induced landslides
S . M . S P R I N G M A N , A . T H I E L E N  , P. K I E N Z L E R  a n d S . F R I E D E L †

A two-year monitoring experiment has been conducted on a slope in shallow weathered soils overlying
sandstone bedrock in Toessegg, Switzerland. Water balance and suctions were measured, together with
the meteorological inputs, in preparation for predicting environmental effects on slope stability.
Electrical resistivity tomography proved particularly helpful in establishing the spatial distribution of
soil layering, with clayey sand overlying silty sand and bedrock. This paper describes monitoring of
the field measurements, and shows that the double layer causes a bi-seasonal response, with the
smallest ‘factor of safety’ after the wetter winter months.
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INTRODUCTION
The stability of a slope is influenced by various factors that
are mostly constant, such as slope geometry, some soil
properties, and stratification (e.g. Gasmo et al., 2000). However, the resistance to failure of a given slope can vary with
time, owing to the climatic influences that change the water
balance. Steep slopes can be stabilised by suctions, which
augment the shear strength temporarily until infiltration of
rainfall, which increases saturation and decreases suction,
reducing shear strength until failure occurs (e.g. Bishop &
Morgenstern, 1960; Bishop & Blight, 1963; Blight, 2002;
Springman et al., 2003; Rahardjo et al., 2005).
Recent flooding events in Switzerland in 2005 were
preceded by severe rainstorms causing many surficial landslides (Raetzo & Rickli, 2007). Such landslides are the
subject of this contribution.
Field experiments encompassing continuous monitoring of
the water regime of a slope are time- and cost-intensive:
therefore relatively few examples can be found in the
literature. Since these have been carried out on a range of
slopes with different soils and under various climatic conditions, common, overarching findings are not always achievable. Nevertheless, a relationship between precipitation and
pore water pressure distribution and, in some cases, a full
water balance (Smethurst et al., 2006) could be derived.
Determining the suctions in the ground, which have a
considerable influence on the slope stability, is essential for
evaluation of the likelihood of surficial slope failures because of a significant increase in effective stress and hence
the shear strength mobilised at these shallow depths (e.g.
Fredlund et al., 1978). Springman et al. (2003) have shown,
through a case history of artificial rainfall on an instrumented slope in alpine moraine and associated field direct shear
tests, how apparent cohesion is a function of saturation and
hence suction, and that simple limit equilibrium models can
be used to predict failure.
Whereas some authors (e.g. Sweeney, 1982) have observed the existence of suctions at all depths over the entire
measuring period, suctions were reduced to zero, even after
relatively low precipitation conditions in other slopes with
similar soil (e.g. Chipp et al., 1982; Deutscher et al., 2000).

This is probably a function of any macro- or micro-permeabilities of the soils within a slope, which affect the rate of
infiltration through the larger pores and channels, compared
with the more gradual change in saturation in the surrounding soil matrix (Kienzler, 2007; Springman et al., 2012).
Qualitative and also quantitative relationships between
precipitation intensity and the resulting suction have been
reported by numerous authors (e.g. Pitts & Cy, 1987;
Johnson & Sitar, 1990; Macari et al., 1992; Lim &
Rahardjo, 1994; Gasmo et al., 1999; Faisal, 2000; Low et
al., 2000). Yagi et al. (2000) expressed this as a linear
function. How fast, to what degree, and up to what depth
suctions react to precipitation depends on the permeability
of the existing soil, and on the infiltration capacity of the
top layer, which depends on the water content and saturation degree Sr of the soil (Zhang et al., 2000). If the
permeability is relatively high (e.g. for sands), the suction
measurements respond almost immediately (Chipp et al.,
1982), and down to larger depths (Li et al., 2005). If the
permeability is low (e.g. silt/clay fractions control response),
suctions react with some time delay after the precipitation
event (Ng et al., 2003), and down to smaller depths
(Springman et al., 2003; Li et al., 2005; Teysseire, 2005).
The permeability of the soil can vary considerably, even
for the same soil types, since preferential flow paths play a
crucial role (Montgomery et al., 1997, 2002; Rahardjo et al.,
2005; Kienzler, 2007), both in the soil mantle and in the
underlying bedrock, especially if this is fractured. Rainwater
can permeate into underlying layers, with significant consequences for the groundwater table and saturation degree of
the originally unsaturated layer. Kawamoto et al. (2004)
observed that field permeabilities can be up to three orders
higher than values determined on undisturbed samples in the
laboratory, indicating that local heterogeneities are very significant. Infiltration capacity also depends on surface vegetation (Smethurst et al., 2006). Whether this influences the
suction response at greater depths (Lim et al., 1996), or not
(Blight, 2002), depends largely on the permeability of any
underlying soil layers.
The response of a slope to climatic influences depends
strongly on the local conditions, as well as on the weather.
Investigations should be carried out, and reported, for locally
typical slopes, leading to enhanced data accessibility and
valid empirical relationships for slopes of a region, to advance application of the mechanics of unsaturated soils in
engineering practice. Detailed records of failures that occur
following extreme events are particularly valuable. Backanalyses of any failure should also be reported clearly.
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Field monitoring of volumetric water content and suctions
at high altitudes (Springman et al., 2003; Ng et al., 2008)
has been conducted in well-graded alpine moraines. Useful
practical limits have also been developed to calculate the
effect of additional strength as a function of Sr (Springman
et al., 2012).
The change in saturation and suction in a slope in an
endangered area was monitored during a field experiment
that lasted two years. Soil properties, including soil-water
characteristics and suction-dependent shear strength, have
been determined in the laboratory. The soil layering in the
slope was discovered to have caused a bi-seasonal response,
which varied quite significantly between the winter and
summer regimes (Springman et al., 2012). The results of
the experimental work have been fed into a simple twodimensional limit equilibrium stability analysis to investigate
the dependence of a global safety factor on climate influences.
Results and conclusions of this study, dealing primarily
with the field experiment, are presented and discussed.
First, the experimental set-up is introduced, together with
the results of a detailed reconnaissance study that gave
valuable spatial information about the site. Soil saturation,
suction and meteorological data are then presented, and two
typical events (summer and winter), demonstrating clearly
defined bi-seasonal variations, are selected for more detailed
discussion. Calibration and validation of a coupled finiteelement analysis of the response of the slope to meteorological inputs over two separate years were carried out, so
that a suction-dependent stability analysis could also be
presented.
TEST SITE
The project reported here was planned in more uniform
sandy soils in slopes above the Rhine, between Rüdlingen
and Eglisau, where surficial failures including slip of vegetation and soil volumes (circa 50–300 m3 ), mainly between
0.5 m and 2 m in depth along a planar soil/rock interface,
were observed over the past five years in slopes inclined at
,308 to the horizontal. Most of these slopes are underlain
by weathered ‘molasse’ sandstone (Hantke, 1967).
Forty-two surficial landslides had occurred nearby in May
2002, after a severe local rainfall event in which 0.1 m of
rain fell in 40 min (Fischer et al., 2003). The overlying soil
cover is largely stable owing to suctions, which were reduced to a critical value during this extreme 1 in 150–250
years event, rated as such by comparing data from local
meteorological stations in the region and comparisons made
by Röthlisberger et al. (1992).
A grass-covered slope in north Switzerland, with an
average inclination of 278, a surface area of about 600 m2
and an elevation of approximately 367 m above sea level,
was identified as being suitable for this monitoring experiment over more than 2 years (Fig. 1(a)). It is located in the
distal part of the Swiss Molasse basin, where more or less
horizontally bedded, marine sandstone deposited under saltwater (obere Meereswassermolasse; Brönnimann, 2011) in
the lower part of the field has been overlaid by a denser 2 m
thick layer of upper freshwater sandstone (obere Susswassermolasse) between 14 m and 16 m above reference in Fig.
1(a). Quaternary deposits have been identified in the upper
part of the field above this (Hantke, 1967; Thielen et al.,
2005).
FIELD CHARACTERISATION
A combination of geophysical, geological and geotechnical site investigation methods (Fig. 1(a)) was applied prior

to designing the experimental set-up (Thielen et al., 2005;
Friedel et al., 2006), which yielded a high-resolution threedimensional (3D) subsurface model. High-resolution 2D and
3D electrical resistivity tomography (ERT) was used to
develop a detailed subsurface image, which was verified by
direct penetration tests, boreholes and laboratory analysis of
soil samples with respect to grain size distribution and
plasticity. Fig. 1(b) shows a generalised two-dimensional
(2D) ground model derived from the combined observations.
Two detailed ERT surveys along profile EX01 (Fig. 1(a)),
with local resolution of 0.25 m, were performed in two
fundamentally different weather periods (dry, August 2003;
wet, July 2004), and the resistivity images (Fig. 2) were
interpreted in terms of moisture content (Friedel et al.,
2006).
The interpretation of the ERT images was based on a
generalised Archie’s law (equation (1), after Sen et al.,
1988), stating that the reciprocal of resistivity r depends
mainly on porosity N, saturation degree Sr and water conductivity w , as follows.
 x y
1
N Sr
¼ w
(1)
½1 þ ð w , Pclay , Psilt , . . .Þ
r
z
where x, y and z are soil-type-specific parameters, and  is a
function that depends mainly on the relative contents of clay
and silt, Pclay and Psilt respectively. A comprehensive discussion of factors influencing resistivity, including a sensitivity
analysis for all relevant soil parameters for the Toessegg site,
is presented in Friedel et al. (2006). Most of these factors
can be assumed to be constant for repeated surveys in the
same location, and the higher resistivity in the dry August
2003 and lower resistivity in the wet July 2004 can be
interpreted predominantly in terms of increased or decreased
saturation (Fig. 2). Water infiltrates the ground through
preferential flow paths, and is then captured in local cavities
or pits, or on the bedrock surface (which is more horizontal
in the upper parts of the slope). The top 20–30 cm at
the surface exhibits notably higher values of resistivity in
August 2003 than in July 2004.
Indeed, perched and irregular water tables have often
been observed in hydrological studies on different slopes,
but they seem to be formed as small areas of full saturation (Montgomery et al., 1997), and to be temporally
restricted and less likely on steep slopes. Given the many
observations of rather quick drainage in Toessegg after
rainfall, it is unlikely that a perched water table might
sustain over a longer period than 1 day after rainfall,
especially in the shallow, lower part of the slope. An
alternative explanation for the very low resistivity that was
observed in all surveys would be a much higher clay
content, which would increase the saturation, with higher
capillary forces than in the sandy layers, and also the
surface conduction ( in equation (1)).
The combined investigations revealed a layered soil structure, with a less permeable layer (clayey sand) up to 1.5 m
thick overlying a more permeable one (sandstone weathered
to form a silty sand) just above the rock surface, which was
found to influence the soil response quite markedly. Prior to
the monitoring study, the greatest changes in water content
were inferred (from Fig. 2) to occur predominantly in the
silty sand layer confined between the underlying sandstone
and the surface layer of clayey sand, representing the
significantly differing amount of rainfall (see http://www.
meteoschweiz.ch) in 2003 and 2004.
The subsequent sampling procedures are described in
Thielen et al. (2005), and provide information about the soil
properties (grain size distribution, plasticity index, per-
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Fig. 1. (a) Photograph and field plan of test site showing geophysical profiles (ERT scans), boreholes,
instrumented test site, with schematic distribution of sensor probes and layers of soil model, and
instrumentation design in terms of contours x, y and z. (b) Longitudinal section through slope along
y  10 m. Further details of installation of sensors and ground given in photographs of test pits in Figs 6(b)–6(e)

meability and density) for both soil types. These are summarised in Table 1.
LABORATORY DETERMINATION OF UNSATURATED
PARAMETERS
The water retention curve (WRC) and the suction-dependent shear resistance have also been determined in the
laboratory. Fig. 3 shows the results for volumetric water
content Ł and suction s from pressure plate extractor tests

on silty and clayey sand samples, fitted with curves representing van Genuchten’s equation (van Genuchten, 1980)

m
1
ðŁs  Łr Þ þ Łr
(2)
Ł¼
n
1 þ ðasÞ
where subscripts r and
conditions. The fitting
a ¼ 5.6, m ¼ 0.29 and
a ¼ 8.37, m ¼ 0.18 and

s represent residual and saturated
parameters were determined as
n ¼ 1.4 for the silty sand, and
n ¼ 1.22 for the clayey sand, and
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The shear strength mobilised in the suction-controlled
direct shear tests has been described simply by Fredlund et
al. (1978) in the equation
 ¼ c9 þ ð  ua Þ tan 9 þ ðua  uw Þ tan b

(3)

The friction angle was measured as 9 ¼ 318 for the
clayey sand and 9 ¼ 37.58 for the silty sand, with  b ¼ 288
(for both soils), to quantify the influence of suction on shear
strength (Thielen, 2007). The effective cohesion c9 for
saturated conditions was taken as zero for both soils.
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Fig. 2. Comparison of electrical resistivity tomograms along
profile EX01: (a) dry August 2003; (b) wet July 2004. Note
difference in resistivity in lower slope at depths of about 1 m
Table 1. Soil properties
Property
Grain size distribution
Grain size: mm
, 31.5
, 0.5
, 0.06
, 0.02
, 0.002
Plasticity analysis
Plasticity index, Ip : %
Liquid limit, wL : %
Saturated permeability: m/s
Dry bulk density: kg/m3

Clayey sand
% passing

Silty sand
% passing

100.0
97.0
41.2
23.3
7.1

100.0
98.3
26.8
15.8
5.6

7.3–17.8
22.6–35.5
,3 3 108
1290–1490

3.3–5.9
22.6–25.1
,5 3 106
1290–1400

were adopted for the numerical analyses (see Table 3). These
could also be applied to determine unsaturated permeability
as a function of degree of saturation and the saturated
permeability. The equations that quantify the unsaturated
permeability can be defined in terms of the volumetric water
content (e.g. Davidson et al., 1969; Campbell, 1973) or the
suction (Wind, 1955; Gardner, 1958; van Genuchten, 1980)
through using the WRC and the fitting parameters derived
(Fredlund et al., 1994). The statistical models that relate
permeability to the WRC can be obtained from Fredlund et
al. (1994), who derived the unsaturated permeability as a
function of Ł and void ratio from WRC and suction. Both
approaches were used by Thielen (2007) to determine the
unsaturated permeability.

EXPERIMENTAL SET-UP
The placement of sensor probes was optimised for the
monitoring experiment following site characterisation. The
200 m2 instrumented test site (Fig. 1(a)) was located at
critical cross-sections resembling those that had failed during
the 2002 storm event, with the added advantage that soil
depths above 1–2 m could be instrumented easily.
The plan and the vertical distribution of the sensors
installed in summer 2004 show matching sets of instruments
for determining water content and suction at key depths, as
well as a central site for soil temperature and meteorological
measurements. The volumetric water content of the soil was
measured using two types of time domain reflectometry
(TDR and multi-segment TDR known as Moisturepoint
(MP): see http://www.esica.com), which were calibrated by
Topp’s equation (Topp et al., 1980). One Moisturepoint with
four segments 15 cm long and one 30 cm long (total 90 cm)
was installed at the top left location where the soil cover
was the shallowest, whereas three Moisturepoint devices
with five segments 30 cm long (total 150 cm) were installed
(Fig. 1(a)).
Two types of tensiometer, with air-entry values of 80–
100 kPa, were saturated by filling a chamber with de-aired
and deionised water to half height of the ceramic tip, and
applying a vacuum while increasing the water level. They
were installed in tight-fitting, pre-bored holes to fit the
diameter of the device, so that there was good contact
between the pre-saturated ceramic tip and the surrounding
ground to measure suction. Clay dust was introduced into
each hole to prevent flow along the boundary with the
transparent plastic tube linking the ceramic tip to the
reservoir above ground. The jetfill tensiometers were fitted
with electronic pressure transducers for continuous data
logging. Tensiometers requiring manual readout were also
installed to verify the continuous data.
Useful experience was obtained with this combination of
instruments in moraine by Teysseire et al. (2000) and
Springman & Teysseire (2001). Careful installation of sensors in the more uniformly and finer-grained sands led to a
higher percentage of functioning sensors in this experiment.
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Rainfall, soil temperature at depths of 0.45 m, 0.9 m and
and March and April 2006 were very wet in comparison with
1.5 m, air temperature, air pressure, air humidity at an
normal values, whereas November 2004, June and November
elevation of about 2 m and runoff were also measured. The
2005 and June and July 2006 were observed to have been
air pressure ranged between 0.934 and 0.977 bar, and the air
relatively dry.
and soil temperatures between 88C and 268C and 08C and
Rainfall data are plotted in Fig. 5 against the duration of
238C respectively (Fig. 4). In addition, measuring devices
every rainfall event during the measuring period, as open
were installed after 11 months to record wind speed and solar
circles if suctions of more than 20 kPa existed in the top soil
radiation, in order to estimate the evapotranspiration rate.
layer just before the rainfall event (normally a summer
Fig. 1(b) shows the locations of three piezometer measureevent), and as filled circles when the suctions were less than
ments. Piezometers 1 and 2 were installed in the upper part
20 kPa (normally a winter event). No suction value was
of the slope in boreholes (BH) A and B at depths of 1.4 m
available for the upper soil layer for data represented by the
and 3.1 m respectively (Fig. 1(a)) to determine whether there
grey points. The squares locate two typical rainfall events
was subsurface inflow to the underlying silty sand layer, and
that are analysed in detail later.
to measure the transient local water tables. Weekly readings
The amount of rainfall is correlated with rainfall duration
were taken at standpipe piezometer P3 (BH A) at a depth of
in the same manner for summer and winter events. Fewer
and shorter events are recorded in summer, leading to lower
5 m. The transverse spacing between boreholes A and B is
rainfall rates.
approximately 15 m, with BH A located more or less along
The maximum rainfall amount measured during one event
the centreline of the instrumented field. A more detailed
was 0.0328 m. Unfortunately, there was some interference
description of the instrument set-up and the measuring
between recording rainfall and data from the multi-segment
devices and calibrations can be found in Thielen & SpringMoisturepoint TDR sensors, whereby rainfall data were
man (2005) and Thielen (2007).
partially recorded owing to a bug in the manufacturer’s
Measurements from every device were recorded by the
software, which was noticed only after the measuring period
data logger every 10–15 min from August 2004 until July
(Gilgen, 2008).
2006 and were transmitted by a modem, powered by a
battery charged by a solar panel. The manual tensiometers
were read weekly, and the jetfills were checked and their
reservoirs recharged. Some gaps in data occurred because of
Evapotranspiration. The evapotranspiration rate was estidamage caused by cattle and rodents, or because suctions
mated from the FAO Penman–Monteith method (Allen et
exceeded the measuring range of the tensiometers. Thielen
al., 1998), using measurements of air temperature, wind
(2007) recorded 52 rain events, although none of these
speed, solar radiation, air humidity and air pressure. The
approached the severity of the May 2002 storm.
grass was cut every fortnight in the summer to between 0.1
and 0.15 m, which affects the evapotranspiration (Allen et al.,
1998). The monthly evaporation rate ranged from a minimum
of zero in winter to a maximum of 60 mm/month in summer.
RESULTS FROM FIELD EXPERIMENTS
The maximum daily value was 4.98 mm/day for 15 July
Meteorological data
2005, with a maximum hourly value of 0.72 mm/h at 13:00
Temperature. The seasonal variation in air (AT) and soil (ST)
on the same day.
temperature (Fig. 4) resembled a sine curve, with short-term
daily perturbations. Air temperatures were mainly above
those measured in the soil for considerable periods between
Small-scale sprinkling experiments
April and September, and fell below them in the winter
Preferential flow and infiltration characteristics were evalmonths. With increasing depth, the temperature amplitude
uated during high-intensity artificial rainfall at Tössegg in
was decreasing, and the time lag behind the surface
temperature was increasing. These observations are consistent
with those obtained by other researchers (Schroeder, 1992;
Upper layer is dry (suction ⬎ 20 kPa)
Gisi et al., 1997; Hintermaier-Erhard & Zech, 1997; Scheffer
Upper layer is wet (suction ⬍ 20 kPa)
& Schachtschabel, 2002).
Event investigated in detail (dry)
Event investigated in detail (wet)
No values available

Rainfall. The annual rainfall for the region around Tössegg is
about 1 m  0.2 m (see http://www.meteoschweiz.ch), so the
measuring period can be judged as normal, with 0.955 m in
2004, 0.862 m in 2005 and 1.118 m in 2006. October 2004
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Fig. 4. Daily temperature averages during measuring period
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Fig. 5. Duration of rainfall event against total rainfall amount for
rainfall events registered during measuring period (August 2004
to July 2006)
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September 2007, after the monitoring period, with combined
sprinkling and dye tracer tests at three different locations. A
small-scale sprinkling apparatus, covering a circular area of
1 m2 , was placed just below the upper left cluster of instruments shown in Fig. 1(a) (Fig. 6(a)). Low-toxicity, highmobility and high-visibility brilliant blue FCF food dye was
added (4 g/l) to the water to visualise infiltration flow paths
(Flury et al., 1994). An intensity of 60 mm/h was achieved
with a 3608 spray nozzle over a period of 2 h. Runoff was
collected via an outlet at the lowest point of the ring, which
was connected to a 100 ml tipping bucket. Three vertical
soil sections, spaced at 0.15–0.2 m, were excavated to a
depth of 1 m on the day after sprinkling (Figs 6(b), 6(c) and
6(d)).
High infiltration capacity was observed during sprinkling,
with no overland flow. Flow paths were clearly visible from
the dye patterns (Figs 6(b), 6(c) and 6(d)). Topsoil was
stained homogeneously to a depth of 0.3 m (Figs 6(b) and
6(d)). Preferential flow occurred below with little matrix

interaction, showing clearly the small-scale variability of the
infiltration flow paths: for example, minimal flow was seen
close to the TDR ‘fork’ at 0.9 m depth below the white cap
(Fig. 6(b)) and adjacent to the tensiometers in Fig. 6(d).
Deeper percolation into the weathered sandstone was revealed by several stained flow paths and fractures or holes
below in the upper marine molasse (sandstone) (Thielen et
al., 2005) at the upper right trial pit (Springman et al.,
2012) to the right of Fig. 6(c), showing evidence of drainage
and infiltration into the bedrock. Although some lateral flow
was detected at the transition to weathered bedrock (silty
sand) in the upper right field (Fig. 6(c)), no flow appeared to
have percolated to the tensiometer tip at either 1.2 m or
1.5 m depth. This situation was adjudged to be rather
dissimilar from that described by Johnson & Sitar (1990) for
the Briones field site in California, and by Montgomery et
al. (1997, 2002) for the Mettman Ridge site in Oregon,
where there were some significant zones of fractured bedrock with high conductivity. These played a major role in
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Fig. 6. Combined sprinkling and dye tracer experiments: (a) small-scale sprinkling apparatus; (b) lower left field; (c) upper right field;
(d) upper left field; (e) close-up of ground around ceramic cup of jetfill tensiometer. Instruments visible to depth of 0.9 m in (b) (TDR)
and below 0.9 m in (b) and (c) (multi-segment TDR) and from left to right at 0.9 m in (d) (two manual tensiometers, a jetfill tensiometer
and a TDR)
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exfiltration events in which groundwater under pressure
permeated into the covering soil from the bedrock, which
led to debris flows and slope failures. There is a risk that
this might occur on this slope.
The exfiltration mechanism was apparent on the opposing
west slope of the Rhine, some 2 km upstream, where the
Rüdlingen landslide experiment was subsequently conducted
(Springman et al., 2009). In this case, fissures parallel to the
valley were found in a deeper geological unit (lower freshwater molasses with interspersed sandstones and marlstones),
which have strongly influenced the slope’s susceptibility to
shallow surficial slides. These were identified through ERT
investigations and monitoring (Brönnimann, 2011; Springman et al., 2012; P. Lehmann 2012, personal communication), where the fissures in the marlstone were effective in
draining the lower slope, and the sandstone layers from the
upper slope was less brittle and fractured, and enabled the
groundwater level to rise during rainfall (Askarinejad et al.,
2012a, 2012b). Exfiltration occurred above this geological
unit to trigger a 130 m3 landslide.
These observations agree well with water content measurements (Figs 7(a)–7(d)) showing a substantial change in
the uppermost 0.6 m, a weaker response between 0.6 and
1.2 m, and nearly no change of water content below 1.2 m,
although a slight rise was noticed in Figs 7(b) and 7(d)
after the sprinkling was over, consistent with downward
percolation towards the silty sand in the lower left field
(Fig. 7(b)) at 1.55 m depth and through it in the upper right
field (Figs 7(d) and 10) below 0.3 m depth. A water balance
calculation, assuming no lateral recharge or loss, revealed
that 76–83% of the sprinkled water was stored within the
silty sand in the uppermost 1.20 m for MP1 (upper right:

7

Figs 7(c) and 7(d)) and MP4 (lower left: Figs 7(a) and
7(b)) respectively, while 24–17% percolated deeper.
These small-scale sprinkling and dye experiments showed
high infiltration capacity (.60 mm/h) as well as significant
soil water storage capacity. Some lateral subsurface storm
flow above the transition to bedrock and deep percolation
into fractures will be expected at full scale. Perched saturation might be expected at the transitions between topsoil and
subsoil, as well as at the transition to bedrock.
Runoff
Runoff measurements were carried out only during the
summer months. Measurement accuracy was insufficient for
quantitative investigations because of natural disturbances
from small rodents and earthworms. Only qualitative observations were made of runoff quantities, which were dependent on the soil infiltration capacity, length and intensity of
event. The amount of runoff was mainly higher when the
soil saturation in the top layer was relatively low at the
beginning of a rainfall event, and the infiltration capacity
was low, with saturation increasing mainly in the second or
subsequent events. Subsequently, runoff increased again as
the ground became fully saturated. These observations are
consistent with those made by Rahardjo et al. (2000, 2005).
Fig. 8(a) gives data for relatively dry ground defined by a
suction of 20 kPa at 0.15 m depth, which indicates only a
minor effect on maximum runoff, as plotted in Fig. 8(b)
against rain intensity. A general trend of higher surface
runoff with higher intensity may be observed. Subsequent
modelling indicated a range of runoff of circa 8 and 30 mm/
day for a rainfall event of 16 and 32 mm/day on days 140
and 50 in 2005 and 2006 respectively.
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Fig. 7. Change in water content during sprinkling experiment: (a) lower left field with time (MP4); (b) lower left field with
depth (MP4); (c) upper right field with time (MP1); (d) upper right field with depth (MP1)
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Fig. 8. (a) Observations of total surface runoff compared with
total rainfall during different events; (b) observations of maximum surface runoff compared with maximum rainfall intensity
during the same events

Water content and soil suction
Figs 9 and 10 show suction and volumetric water content
data for the entire measuring period, for different depths for
the left and right side respectively. The zones with measurements in silty sand are highlighted in grey; the other zones
represent data from instruments embedded in clayey sand.
The layering varies more than was previously expected
across the test site, with 0.95 m of soil on the upper left
location of which only 0.1 m was silty sand, whereas there
is 0.45 m of silty sand on the lower left field, but this is
below all sets of instruments, which were at 0.15, 0.45, 0.9
and 1.5 m depth. The silty sand layers play a greater role on
the right side of the field (Figs 1(a) and 10).
Seasonal observations
Seasonal response of the soil-water balance in the test
slope could be observed for the four instrumented fields
(Figs 9 and 10). Two extremes of behaviour were identified,
in which the upper clayey sand layer was saturated with
suctions approaching zero (‘hydrological’ winter regime en-

compassing spring and late autumn at this site), and a
summer regime with suctions exceeding about 80 kPa (no
longer measurable by tensiometers, owing to cavitation;
Fredlund & Rahardjo, 1993) and volumetric water content
values lower than in winter.
The variations of volumetric water content in the soil
(Ł), with depth, are subject to seasonal fluctuations, which
tend to reduce with increasing depth. The water content
in the top soil layers is dependent upon climatic influences in summer. The top clayey sand layer becomes
saturated in autumn, and water starts to infiltrate into,
and recharge, the underlying more permeable layer, which
is also more liable to flow downslope or into the bedrock. Additional recharge from any preferential flow paths
in upper layers or upslope contributes to the more
dynamic fluctuations in water balance in this lower layer.
The upper clayey sand layer remains mostly saturated
during the winter period. Onset of saturation and desaturation tends to occur later with depth, the phase shift
ranging by up to 2 months.
The rainfall data measured in the centre of the field are
added to both plots. The data have been smoothed by
calculating the median of 10 consecutive data points. The
median is relatively insensitive to outliers, and hence represents a more significant value than the average.
The accuracy of the electronically measured tensiometer
data was checked against the weekly readouts from the
manually read tensiometer devices, and was generally consistent with the corresponding TDR or Moisturepoint data.
Increases in Ł are accompanied by a decrease in s, and vice
versa.
The water content in the top soil layer fluctuates
markedly, owing to meteorological influences (e.g. rainfall,
temperature, air humidity, evapotranspiration) in the summer periods (August 2004 until September 2004, June
2005 until October 2005, and after June 2006). These
short-term variations can be observed up to a depth of
0.45 m. The data appear to be smoother at a depth of
0.6 cm; the water content decreases continuously with
increasing suctions, and climatic conditions do not influence the water content much. The pore water could also
be drawn upwards because of the greater suctions in the
upper soil layers.
The local water tables in the upper part of the slope above
the instrumented test field (Fig. 1(b)) have also been observed to respond to the rainfall events, particularly from
autumn to spring (Fig. 11).
The evapotranspiration rate decreases in autumn, and a
single rainfall event can saturate the top layer. Subsequent
rainfall events cause water to infiltrate into deeper layers,
the rate being influenced by gravity and higher suctions. The
soil layers above 0.6 m depth remain saturated during the
winter months, whereas response depends upon the two soil
types. The saturation process takes place almost at the same
time as the rain events in zones consisting of silty sand,
because of the comparatively high permeability (around two
orders of magnitude for saturated permeability), whereas it
is more gradual in the clayey sand.
Suction range
The ranges of suction measured between August 2004 and
July 2006 are plotted in Fig. 12 against depth for the four
instrumented fields. Highlighted in light grey beneath the
clayey sand are the zones in silty sand, whereas dark grey
demarcates sandstone.
The data reveal two water balance characteristics. The
ranges of measured suctions tend to decrease with depth.
Minimum values of suctions measured are about zero at
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Fig. 9. Rainfall, volumetric water content (multi-segment TDR (Moisturepoint)/TDR
data) and suction (tensiometer data) for upper and lower left test fields during
monitoring experiment. Shaded plots indicate instruments in silty sand

all depths, although locally negative suctions (positive pore
pressures) have been measured at the end of the saturation
phases between April and June. The permeability is higher
in the silty sand than in the clayey sand, because the void
space is greater. This is reflected in the data from the
water retention curves, which show a lower air-entry value
and steeper inclination for the silty sand (Fig. 3). Hence
the range of suctions and the maximum values are smaller
in the silty sand than in the clayey sand. Some inconsistency was observed in data for the lower right field.
This can be explained by defects noticed in the tensiometer at 0.6 m depth, especially under low soil saturation
conditions.

Individual rainfall events
Soil response to summer and winter rainfall events will be
explored next, based on two events (Fig. 5). In both cases,
rainfall amounts and significant suction changes have been
recorded. Intensity rates and duration are given in Table 2.
Winter event
The ‘hydrological’ winter event analysed took place in
April 2005. Fig. 13 shows the volumetric water content over
depth just before, during and after the rainfall event. The
change in volumetric water content did not exceed 0.075 at
any depth. The highest saturation was reached in the top
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Fig. 10. Rainfall, volumetric water content (multi-segment TDR (Moisturepoint)/TDR
data) and suction (tensiometer data) for upper and lower right test fields during
monitoring experiment. Shaded plots indicate instruments in silty sand

layer after 24 h of rainfall, and ongoing rainfall either ran off
or infiltrated into deeper soil zones until the rainfall stopped.
The left side of the field was effectively saturated over the
instrumented depth (with s  0 kPa), whereas the ground was
not fully saturated below 0.15 m on the right side of the
field, even after the rainstorm. The volumetric water content
reverted, more or less, to the original state before the rainfall
event about 4 days after it, when it can be assumed that

water flowed into soil below the instruments, as observed by
other authors (e.g. Ng et al., 2003; Rahardjo et al., 2005).
Some variations in Ł and hence in porosity are apparent
at the locations of the instruments, which may have affected
the results. Attention is drawn to the sensors shown in Figs
6(b), 6(c) and 6(d), and the preferential infiltration of the
dyed water, to demonstrate why there may have been some
variability in the data.
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Fig. 11. Piezometer readings (local water tables in upper part of
slope) for first year of measuring period (piezometers 1 and 2
installed at 1.4 and 3.1 m depth respectively; hand readings taken
weekly in standpipe to depth of 5 m, with results denoted as
piezometer 3)

Summer event
The typical summer event (Fig. 14) took place in midAugust 2005. Relatively significant changes in volumetric
water content of the top layer (,0.45 m depth) could be
observed, with the exception of the upper right field, because
the top layer in this area had relatively lower porosity (Fig.
10), and was thought to be relatively more saturated before
the rainfall event. In regions deeper than 0.45 m, the water
content changed only marginally in the upper right field,
which was already quite well saturated initially. Degrees of
saturation in both the clayey and silty sand layers can be
derived from the WRC given in Fig. 3.
The maximum saturation for this event has been reached
just after the rainfall event, when the volumetric water
content has been increased by increments up to 0.15. The
volumetric water content was measured at about 0.05 lower
at the end of the summer event at 0.15 m depth, and up to
0.1 at 0.45 m depth, than when fully saturated in winter
(Thielen, 2007). A considerably more intense rainfall event
(an additional 0.05–0.15 m) would be needed to restore
levels of saturation in the voids (0.05 , ˜Ł, 0.1) over the
instrumented depth (1–1.5 m) to those in winter, with the
higher precedent saturation degree close to 1.

Upper left field

Upper right field

Lower left field

Lower right field

Depth: m

0·2

0·6

1·0

1·4

Depth: m

0·2

0·6

1·0

1·4
⫺20

0

20

40
Suction: kPa

60

80

11

⫺20

0

20

40

60

80

Suction: kPa

Clayey sand
Silty sand
Sandstone

Fig. 12. Range of measured suctions over depth for the four instrumented fields, between August 2004 and July 2006
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Table 2. Rainfall characteristics
Summer event
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2.0
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Fig. 13. Volumetric water content with depth during rainfall
event in times of high soil saturation (winter, 7 April 2005)

Most of the rainwater had infiltrated, which has been
confirmed by runoff data. Only a small drop-off in saturation
has been recorded 48 h after the rainfall stopped. This can
be explained by the relatively low temperatures for this
season, which dropped to a minimum of 128C (Fig. 4), and
the associated low evapotranspiration rate during the days
after the rainfall event.
Slope stability
Results from field and laboratory tests were introduced in a
two-dimensional (2D) numerical model of the water regime,
and in a plane-strain, limit equilibrium stability analysis to
determine a global factor of safety F, with shear strength defined
by equation (3). GEOSTUDIO software (see http://www.geoslope.com) has been used by coupling the VADOSE/W module
(hydraulic modelling) with the SLOPE/W module (stability
analysis).

Fig. 14. Volumetric water content with depth during rainfall
event in times of low soil saturation (summer, 19 August 2005)

The 2D mesh and boundary conditions (Thielen, 2007)
are shown in Fig. 15, which indicates hydraulic free flow at
the vertical boundaries and an impermeable boundary at the
base of the three soil layers (humus, clayey and silty sand),
combined with time-dependent heat flow from the base. The
daily atmospheric conditions are applied to each node at the
ground surface, including maximal and minimal temperatures and relative humidity, average wind speed, rainfall
including time period and net radiation. As examples, Figs
16(a) and 16(b) show the well-matched measured and modelled rainfall and radiation for years 2005 and 2006.
Thielen (2007) used the field results from 2005 to calibrate the hydraulic parameters in situ, which are shown in
Fig. 17(a) in terms of the calculated and measured pore
pressures at different depths in the lower field. These
hydraulic parameters were then inserted into the calculation
for 2006, together with the meteorological inputs (Fig.
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failure mechanisms changed significantly between summer
and winter. The lowest factor of safety (Fmin ¼ 1.7; Fig.
18(b)) occurred in winter when the clayey sand layer was
saturated, and suctions had reduced to zero (Fig. 17(b)). The
failure mechanism was limited to an elongated form that
was confined to the clayey sand layer.
The greatest stability (Fmax . 3; Fig. 18(c)) occurred in
summer, when the highest suctions had been measured, and
hence the greatest shear strengths were mobilised. The failure mechanism became almost circular, and penetrated at
the deepest point to be tangential to the top of the bedrock.
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Fig. 15. Mesh of two-dimensional slope section with thermohydraulic boundary conditions (after Thielen, 2007)
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Fig. 16. Rainfall and radiation (after Thielen, 2007), input
meteorological data for: (a) calibration during 2005; (b) validation during 2006

15(b)). Table 3 records the material parameters used for the
numerical analyses. The quality of the hydraulic model
could be judged as very good, since it was able to reflect the
lower field data and to compute the seasonal changes of soil
saturation quite accurately. Fig. 17(b) confirms this in terms
of the measured and predicted pore pressure distributions
with depth.
The suction-dependent stability of the slope was calculated monthly for 2005, using the Morgenstern & Price
(1965) approach. Notwithstanding that 2D approaches are
less relevant for failure mechanisms that are relatively deep
compared with their width (Casini et al., 2010; Askarinejad
et al., 2012b), the results were compared with alternative
limit equilibrium methods, and no significant change was
found in the safety factor, form or extent of the 2D failure
surface.
The seasonal influences on slope stability are recorded in
Fig. 18(a) as a global factor of safety against slope failure.
Although the slope was stable during the whole year, the
saturation of the slope influences the status strongly, and the

CONCLUSIONS
A test site in the north of Switzerland has been equipped
with various measuring devices to study the influence of
rainfall infiltration under natural weather conditions on the
slope saturation–suction relationships. The combination of
TDR probes and tensiometers has been found to be appropriate for this kind of experiment, whereas the limit of
measurable suction of 80–100 kPa was suboptimal. An alternative method for measuring suction should be applied in
the top soil zones for future investigations.
High infiltration capacity was observed with no overland
flow in some small-scale artificial sprinkling experiments.
Changes of permeability and the possible development of
perched water tables were indicated by changes of infiltration characteristics in the different soil layers. Homogeneous
infiltration in the topsoil changed to preferential flow below
this, with indications of small-scale variability. It changed
again to lateral flow above the weathered rock.
The most important hydrological finding of the experiment
was the bi-seasonal response in the slope (Fig. 19), demonstrating a typical summer and a typical winter character, as
observed through the respective rainfall events. Pore water
pressures could be predicted quite well from the meteorological inputs using finite-element analysis.
The stability analyses confirmed that the safety factor
depends strongly on slope saturation. The 278 slope was
clearly stable, even without the contribution to shear strength
from suction. The shear resistance of the slope will not be
influenced very much by low rainfall. During the summer
months, such small events do not cause saturation or suction
changes in deeper, unsaturated soil layers.
All soil layers are influenced by even a small amount of
rainfall in winter, and suction often diminishes to zero,
which reduces the slope stability and would be likely to
cause failure in steeper slopes. Since slopes with similar
inclinations failed during the May 2002 event, it can be
assumed that the formation of perched water tables, including artesian pressures, could cause instability at interfaces
between soil layers with markedly different permeability.
The storm event in May 2002 was far more severe than
those monitored during this experiment, and the antecedent
saturation conditions are not known, nor whether the landslides were caused by the extreme nature of the event alone,
or in combination with the precedent conditions. Further
numerical analysis of a larger-scale water balance of the
slope, combined with a slope stability analysis, could help to
answer these open questions.
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Table 3. Material parameters adopted for numerical modelling
Material parameter

Humus

Clayey sand

Silty sand

Constant in
suction range
6.48 3 105
1.30 3 104

8.37

5.60

0.18
1.22
3.24 3 101
3.24 3 101

0.29
1.40
2.59 3 102
2.59 3 101

8.37
0.18
1.20
0.45
35
1.67

8.37
0.18
1.22
0.45
155
0.71

5.60
0.29
1.40
0.42
155
0.71

16.07
18.07
15
31
28

17.29
18.78
0
31
28

15.78
18.30
0
37.5
28

Permeability (van Genuchten parameters)
a
m
n
ksx : m/day
ksz : m/day
WRC (van Genuchten parameters)
a
m
n
Łs
Thermal conductivity, kt : kJ/(day m 8C)
Specific heat capacity, cs : kJ/(kg 8C)
Unit weight
ªmin : kN/m3
ªmax : kN/m3
Shear strength, c9: kN/m2
9: degrees
b : degrees
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Röthlisberger, G., Geiger, H. & Zeller, J. (1992). Band 9. In
Starkniederschläge im schweizer mittelland im jura (eds Schnee
und Landschaft, W.S.L.). Birmensdorf, Switzerland: Eidg. Forschungsanstalt für Wald (in German).
Scheffer, F. & Schachtschabel, P. (2002). Lehrbuch der Bodenkunde.
Heidelberg, Germany: Spektrum Akademischer Verlag.
Schroeder, D. (1992). Bodenkunde in Stichworten. Berlin, Germany:
Borntraeger.
Sen, P. N., Godde, P. A. & Sibbit, A. (1988). Electrical conduction
in clay bearing sandstones at low and high salinities. J. Appl.
Phys. 63, No. 10, 4832–4840.
Smethurst, J. A., Clarke, D. & Powrie, W. (2006). Seasonal changes
in pore water pressure in a grass-covered cut slope in London
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