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Predicting the trigger of a slope failure of a steep Alpine scree slope in south-west Switzerland is challenging. The
groundwater (GW) flow from snow-melting and rainfall infiltration during summer changes the susceptibility to
surficial failure, which also depends on the slope angle, bedrock geometry, stratigraphy and the shear strength of
the soil. Surficial failure mechanisms are investigated using prototype ground models that integrate input from field
monitoring, geological observations and soil properties and account for relevant factors and constraints for physical
and numerical modelling. Shallow scree deposits overlying various bedrock configurations (parallel to the slope, with
and without a step) were tested under two hydrological regimes: GW flow, and GW combined with additional
intense rainfall. Numerical modelling was used to study the parameter combinations that would lead to failure, and
worst-case scenarios were defined in terms of the bedrock geometry and hydraulic perturbations. These results were
verified using advanced physical modelling techniques in a geotechnical drum centrifuge. Physical modelling results
indicated that, for a given GW condition, slope stability decreases (a) as the depth of the soil cover over the bedrock
decreases and (b) the higher the bedrock step. Furthermore, a bedrock step impacts the volume and the location of
the triggered failure. Rainfall exacerbates the situation.

Notation
c′ cohesion
h soil thickness
N scaling factor in the centrifuge
p′ mean effective stress (2σ′3 + σ′1)/3
Q input flow rate
q deviatoric stress (σ′1− σ′3)
X1 top length of bedrock step
X2 length base of bedrock step
y height of bedrock step
σ′1 axial effective stress
σ′3 lateral effective stress
ϕ′ angle of internal friction

1. Introduction
A project was developed by ETH Zürich in collaboration with
the Agarn community, Canton Wallis, Switzerland to quantify
the hazard associated with the surficial failure of an extensive
north-facing Alpine scree slope in the Meretschibach catch-
ment (Lucas et al., 2017; Springman et al., 2015). The 33–43°
inclined scree slope (Figure 1(a)) is located at the top of the

mountain slope (1840–1910 m a.s.l. (metres above sea level)),
next to a highly eroded debris-flow channel path, which col-
lects a portion of mobilised soil and rock debris, ‘harvested’
from above and from the neighbouring slopes. The potential
source of material, which could accumulate prior to triggering
as a debris flow, could eventually reach the community of
Agarn (620 m a.s.l.), located downstream of the eroded
channel bed, in more extreme cases (Frank et al., 2017; Lucas
et al., 2017; Oggier, 2011). The dynamics and growing changes
in the geomorphology of the catchment may imply new
hazards in terms of slope instability in the future, and therefore
it is important to understand when and how the slope could
fail, and what the triggers would be.

The stratigraphy of the slope was characterised (Lucas et al.,
2017) and a ground model was defined (Figure 1(b)) for use in
the physical and numerical simulations. A field monitoring cam-
paign reported by Lucas et al. (2017), was carried out over a
duration of 3 years, with instrumentation installed to record
temperature, volumetric water content (VWC), suction and pre-
cipitation (additional information is provided in the paper by
Lucas et al. (2017) and in the online supplementary material).
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These data sets were complemented by a series of triaxial stress
path tests in the laboratory on reconstituted specimens extracted
from sampling in test pits in the slope, and were combined with
geophysical measurement techniques (electrical resistivity tom-
ography (ERT), ground penetrating radar (GPR)) to determine
the depth of bedrock (Fankhauser, 2014).

It was confirmed that the degree of saturation in an Alpine
scree slope at Meretschibach is strongly related to the seasonal
weather changes (Lucas et al., 2017). The slope is subjected to
precipitation in the form of snow in winter, when temperatures

are negative or near zero, which provides insulation against
variations in the local air temperature and prevents significant
changes in the VWC. The temperature increases in spring and
the snow-melt infiltrates into the ground. Additional precipi-
tation can be in the form of snow or rain, due to daily temp-
erature variations. Finally, rainfall precipitation in summer
increases the soil saturation, hence decreasing suction and
effective stress in the soil.

The soil became fully saturated only in one location (of the
four investigated) in a coarser layer at 1 m depth, after a
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Figure 1. Scree slope in the Meretschibach catchment, Bochtür area: (a) scree slope and dry eroded debris flow channel, (b) simplified
schematic ground model, (c) prototype and numerical model in metres and (d) scaled centrifuge physical model in millimetres.
The direction of the Earth’s gravity acts out of the paper towards the reader. IT, instrumented soil trench; PPT, pore pressure transducer.
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period of intense rainfall (Lucas et al., 2017). This reinforces a
hypothesis that the most unfavourable conditions for the slope
stability could be very local and occur in spring–summer time,
when rainfall infiltration combined with groundwater (GW)
flow from snow-melting reduces the effective stress and hence
the shear strength of the soil.

Additionally, a series of bedrock strata at the soil–bedrock
interface, inclined southwards with a 10–30° dip (Gabus et al.,
2008a, 2008b), were identified from geological observations as
outcrops or ‘steps’ in the bedrock above the ground, which are
expected to affect the local slope stability (Lucas et al., 2017).

Based on the reported information of field monitoring, lab-
oratory testing and geological observation, it was predicted
that a scree saturated above a steeply inclined shallow bedrock
could become unstable. Furthermore, should there be a step
in the bedrock that outcrops at the surface, failure would occur
upslope of the outcrop, depending on step geometry (height/
length). A slope failure was thought less likely to happen if the
bedrock was parallel to the slope with no bedrock step, albeit
that the lower part of the slope would then be more endan-
gered, where GW could emerge at the surface (Take and
Beddoe, 2014). Intermediate cases would be determined by the
height (y) and length of a step in the bedrock (X2), and would
lie between these two failure mechanisms, which should be
explored through physical and numerical modelling.

The hypothesis was explored using a ground model that inte-
grates findings from field monitoring and data from laboratory
testing, by varying soil thickness and bedrock step geometry.
Numerical simulations were conducted first in two dimensions,
using Seep-Slope/W software from GeoStudio (Krahn, 2004a,
2004b) to analyse key influences. These were then investigated
in the subsequent physical modelling programme, in which a
plane prototype geometry and model soil were tested in para-
metric analyses under 50–52g in the ETH geotechnical drum
centrifuge (Springman et al., 2001). The results show convin-
cing evidence of the effect of the bedrock step geometry on the
landslide triggering and the respective mechanisms of failure.

2. Methodology
The physical and numerical modelling are complementary and
allow different aspects to be investigated using parametric ana-
lyses. The centrifuge modelling captures

& cracking and failure initiation (moment of mobilisation of
soil and water as the debris runs out)

& timing and run-out (to be considered with respect to
scaling effects)

& transient pore water pressure (PWP) processes, derived
from GW flow and rainfall in three dimensions (3D).

The numerical model represents

& idealisation as a decoupled steady-state analysis of flow,
combined with

& a simplified two-dimensional (2D) analysis of state at
failure of homogeneous, rigid−perfectly plastic soil

& and it does not consider transient behaviour, pre-failure
deformations, three-dimensional (3D) influences
(on flow or failure) or the effects of tensile cracking
on macro-permeability, form of the failure surface or a
variable and/or strain-dependent shear resistance mobilised
along a failure surface and so on.

This is important, on one hand, because the rigid−perfectly
plastic soil response, modelled in the slip surface analysis
is generally considered to be conservative, given that the con-
tributions of the side shear surfaces to the total shear resist-
ance are not included. This is why it can be argued that it is an
acceptable approximation (e.g. Askarinejad et al., 2012;
Springman et al., 2003). On the other hand, creating opportu-
nities for water to ingress easily through tension cracks to
greater depth causes rapid saturation and potentially swifter
‘fluidisation’ of the failing landmass with reduced shear
strength, leading to earlier failure, a different form of the
failed mass and most likely a far greater run-out. This is more
risky for inhabitants living below such a failing slope.

Therefore, running both types of analyses allows a richer
understanding to be obtained of the response of a slope to
GW flow combined with rainfall. Furthermore, checks can be
made on whether there are secondary or tertiary effects that
will change the expected behaviour considerably.

Two types of hydrological regimes were applied in numerical
models, followed by a series of 17 centrifuge model tests
(Table 1), in which soil thicknesses and bedrock step geometry
were varied. Slope stability under GW flow released at the top
of the slope was investigated initially, followed by an ante-
cedent of GW flow combined with intense rainfall.

A variety of cases were run in the numerical simulations, which
helped to select critical combinations of soil thickness and
bedrock step geometry. These were then studied in the centri-
fuge tests to identify slope failure triggering mechanisms.

Centrifuge technology has been used for slope stability analysis
since the 1960s (Taylor, 1995). The challenge of trying to rep-
resent a prototype slope with a small model has confronted
many researchers over the years, often through the establish-
ment of a reference model, with appropriate stress history and
heterogeneity in the slope. Increasing radius, measured from
the centrifuge axis, from top to bottom of the slope affects the
nominal g-level imposed on the model, leading to challenging
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testing conditions (Bryant et al., 2015; Park, 2013; Schofield,
1980). Recent results on the simulation of landslides induced
by rainfall using centrifuge technology have been promising
(Askarinejad, 2013; Askarinejad et al., 2014a, 2014b; Craig,
2014; Lee and Bolton, 2006; Ling and Ling, 2012; Schofield,
1978; Take, 2014; Take and Beddoe, 2014; Timpong et al.,
2007). However, there are still challenges in modelling such
events in a geotechnical centrifuge. This contribution offers
some additional original ideas and solutions.

2.1 Test soil properties
The scree slope (Figure 2, Table 2) is mainly a silty gravel
(GP-GM) with <10% fines (Lucas et al., 2017). The field soil
grain size distribution (GSD) (Figure 2) is an average of grad-
ings obtained from samples from four instrumented trenches
(IT1–4). There were less fines in the gravel at higher locations
(1900 m a.s.l.), as shown for IT3 (GP) (Figure 2). The critical
state angle of friction of the soil was determined as 41° from con-
stant shear drained (CSD) stress path tests on reconstituted speci-
mens at an equivalent relative density of 41–59% (Grob, 2015).

The ‘scaled soil’ grading is ≈1/50th of the prototype soil
(for centrifuge tests performed at 50g), to maintain the grain-
size-structural element dimensional ratio in the small-scale

model – that is, the bedrock steps and the overall dimensions
of the strong box should not influence the model slope
response due to unwanted particle-size effects.

Table 1. Programme for the numerical simulations (those chosen for centrifuge testing are in bold)

Test Name of test
Soil thickness

h: m
Bedrock step
height, y: m y/h: m

Bedrock step
length, X2: m

Ground model
figure Centrifuge test descriptor

1 GP_1.0_0_0 1·0 0 0 0
2 GP_1.0_0.25_8.5 1·0 0·25 0·25 8·5
3 GP_1.0_0.5_8.5 1·0 0·5 0·5 8·5
4 GP_1.0_0.6_8.5 1·0 0·6 0·6 8·5
5 GP_1.0_0.75_8.5 1·0 0·75 0·75 8·5 4.a (Figure S24)
6 GP_1.25_0_0 1·25 0 0 0 8.b (Figure S28)
7 GP_1.25_0.25_3 1·25 0·31 0·25 3·0
8 GP_1.25_0.5_3 1·25 0·63 0·5 3·0
9 GP_1.25_0.6_3 1·25 0·75 0·6 3·0 7.b (Figure S27)
10 GP_1.25_0.75_3 1·25 0·94 0·75 3·0
11 GP_1.25_0.25_8.5 1·25 0·31 0·25 8·5
12 GP_1.25_0.5_8.5 1·25 0·63 0·5 8·5
13 GP_1.25_0.6_8.5 1·25 0·75 0·6 8·5 7.a, 8.a (Figure 15)
14 GP_1.25_0.75_8.5 1·25 0·94 0·75 8·5
15 GP_1.5_0_0 1·5 0 0 0 6(a) 1.b, 6.b (Figure 12)
16 GP_1.5_0.25_3 1·5 0·38 0·25 3·0 5(a), 6(b)
17 GP_1.5_0.5_3 1·5 0·75 0·5 3·0 5(b), 6(c) 5.b (Figure S25)
18 GP_1.5_0.75_3 1·5 1·125 0·75 3·0 5(c), 6(d) 2.b, 3.b, 4.b (Figure 13, S23)
19 GP_1.5_0.25_8.5 1·5 0·38 0·25 8·5 5(d), 6(e)
20 GP_1.5_0.5_8.5 1·5 0·75 0·5 8·5 5(e), 6(f) 2.a, 3.a (Figure S22)
21 GP_1.5_0.75_8.5 1·5 1·125 0·75 8·5 5(f), 6(g) 1.a, 5.a, Proof. (Figure 14, S21)
22 GP_3.0_0_0 3·0 0 0 0 6(h)
23 GP_3.0_0.25_8.5 3·0 0·75 0·25 8·5 6(i)
24 GP_3.0_0.375_8.5 3·0 1·125 0·375 8·5 5(g) 6.a (Figure S26)
25 GP_3.0_0.5_8.5 3·0 1·5 0·5 8·5 6( j)
26 GP_3.0_0.75_8.5 3·0 2·25 0·75 8·5 6(k)

All dimensions in prototype scale
GP_h_y/h_X2: Poorly graded gravel (GP)_soil thickness (h)_(height step/soil thickness), y/h_length step, (X2). Dimensions in prototype scale
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The soil used in the centrifuge tests (mixed scaled soil:
Table 2, Figure 2) is a mixture of 90% Hostun sand (HN31)
with 10% Minisil B1, classified according to Swiss standard
classification (SN 670004-2NA) as poorly graded sand
with silt (SP-SM). The maximum and minimum void ratios
are 0·6 and 0·9, respectively. The matrix soil Hostun
sand is angular with a (peak) friction angle of 36° deter-
mined by drained consolidated triaxial testing at a relative
density of 73% and a maximum stress ratio (q/p′) of
1·46 (Alber, 2017). Although the friction angle is lower
than the 41° obtained from the scree on steep slopes up to
43° inclination, it represents a marginally conservative situ-
ation for the model slope, which was set at 38° (Askarinejad,
2013).

At prototype scale (Ng), the mixed scaled soil reverts to a
prototype mixed (GP) (Table 2, Figure 2). Using silty sand for
the centrifuge testing allowed a comparison to be made
between different model tests in terms of pore-water pressure
(PWP) development and failure location, focusing on the
failure mechanism due to rain, GW and the effect of stepped
bedrock.

2.2 Model geometry and hydraulic conditions
The main features of the ground model were provided by
Lucas et al. (2017) and were integrated into the physical and
numerical models. The model slope angle is 38°, with soil
thickness (h) varying between 1 and 3 m in depth (prototype).
A simplified geometry of the step in the bedrock was added
with two different values of height (y) and length (X2)
(Figures 1(c) and 1(d), Table 1). The interior angles formed
between step-slope bedrock are 36° (near pore-pressure trans-
ducer (PPT) A) and 52° (near PPT C).

2.3 Hydraulic regime
Two GW conditions were implemented

(a) water flow applied at the top of the slope through a
hydraulic boundary condition in the numerical model and
a porous stone at the base of a water distribution cylinder
in the centrifuge (see inset, Figures 1(c) and 1(d); further
details are available in the online supplementary material)

(b) rainfall sprinkled above the slope in the centrifuge
(see sections 6.2/6.3 in the thesis by Askarinejad (2013)).

Water infiltrates from the top of the slope and seeps nominally
parallel to the slope, causing the PWP to rise (a). Additional
water infiltrates into the slope through rainfall, to reduce
suction enough to trigger a slope failure ((a) plus (b)).

2.4 Numerical model
GeoStudio programs Seep/W and Slope/W were used to inves-
tigate a variety of scenarios to explore the relevance of soil
thickness and bedrock geometry for the assessment of the stab-
ility of a steep slope during GW flow. Preliminary results were
obtained using an estimated hydraulic conductivity and a
saturated/unsaturated model.

The geometry of the numerical model is shown in Figure 1(c).
The slope bedrock is of 16 m length and 10 m height, with an
inclination of 38°. Soil thickness variations are h=1·0, 1·25,
1·5, 3·0 m. The gravel (GP) properties include ϕ′=40°;
c′=1 kPa (Table 2, Figure 2), which were selected as represen-
tative of the soil used in the centrifuge at prototype scale.

Constant GW flow (Q) was applied from the top of
the slope, and the model response was analysed using
Seep/W (GeoStudio, 2016), assuming steady-state seepage. The

Table 2. Properties of field gravel (GP-GM), mixed scaled soil (SP-SM) and scaled up again at 50g (GP)

Property Field soil (GP-GM) Mixed scaled soil (SP-SM) Prototype mixed (GP)

emax 0·690 0·899 —

emin 0·340 0·609 —

D50: mm 6·400 0·345 17·300
D10: mm 0·065 0·060 3·000
Cu (D60/D10) 138·4 6·0 6·0
Cc ((D

2
30/D10)D60) 9·0 4·2 4·2

Gs 2·680 2·650 2·650
k: cm/s 1·3 � 10−3 (e=0·57) 4·52 � 10−4 (e=0·84) 4·1 � 10−1 (e=0·57)
Friction angle, ϕ0: ° 41·0a — 40·0b

Fines content: % 9·87 10·0 0·0
Cohesion, c0: kPa 0·0 — 1·0b

Sand content: % 18·38 90 8·13

Notes: e, void ratio; D10, D30, D50, D60, soil particle diameter where the 10, 30, 50 and 60% of the sample is finer; k, coefficient of permeability from the Kozeny
−Carman equation (Carrier, 2003). Void ratio e=0·57 average from field data IT1-4 (Lucas et al., 2017)
aDerived from triaxial stress path test
bValues adopted for numerical modelling
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development of PWP and the location of the GW table
provided the parental conditions for the slope stability
analysis using Slope/W. 2D limit-equilibrium analysis
was performed using the Morgenstern and Price (1965)
method, with the slip surface limited to passing through the
soil layer.

Numerical modelling explored how the soil thickness (h) and
bedrock step geometry (height (y); basal width (X2)) affect
the global factor of safety (F.S.) for slope stability under
steady-state GW flow. The normalised GW flow rate (Qstep/
Qno bedrock step) necessary to trigger failure was plotted as a
function of bedrock step height (y) and soil thickness (h)
(Figure 1(c)). The stability (F.S.step/F.S.no bedrock step) was also

investigated under a specific GW flow rate (Q) to identify
which model geometry was more susceptible to causing a surfi-
cial landslide. The detailed testing programme is given in
Table 1.

2.5 Physical model
The testing programme was carried out in the ETH Zürich
geotechnical drum centrifuge (Figure 3). The 2·2 m diameter
centrifuge can spin at 600 r/min to deliver a maximum accel-
eration of 440g, testing two diametrically opposed models
(models a and b, in Figure 3) simultaneously (Springman
et al., 2001).

Model b

Model a

Water tank 2 
Water tank 1

 Central water tank
(CWT) rainfall

Pump 1

Pump 2

Flowmeter 1

Flowmeter 2

200
a789

1g
Ng

Rotation

Air tank

Figure 3. Overview of the set-up in the drum centrifuge, with two models for slope stability, models a and b – only the ‘upper box’
(climate chamber) is visible in this photograph, the ‘lower’ boxes (Figure 4(a)) are located behind the ‘upper’ boxes in the drum –

flowmeter and pump 2, flowmeter and pump 1, two connected lateral water tanks (1, 2) to supply GW flow and the air pressure
cylinder. The CWT is located at the centre of the tool platform to supply rain. The dimensions in the sketch (above right) are in mm
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2.5.1 Slope geometry and soil characteristics
Nine different model types were studied in a programme of
17 centrifuge tests (bold in Table 1) to investigate the effects
of soil thickness and bedrock step in a scree slope under two
hydraulic regimes: GW and GW plus rainfall. The slope geo-
metry is shown in Figures 1(d), 4 and 5, with a slope incli-
nation angle of 38°. The bedrock and steps were made of
aluminium and fine sand was sprayed onto a layer of glue to
simulate frictional contact. The joints between bedrock slope
and steps were sealed with Hylomar M and are considered
impermeable. The soil thicknesses tested in the scaled model
were h=2·0, 2·5, 3·0 and 6·0 cm equivalent to h=1·0, 1·25,
1·5 and 3 m at the prototype scale, respectively. All models
were provided with a toe berm of 2 cm (model scale) in height
to prevent local erosion. Take and Beddoe (2014) reported that
the omission of such a feature would affect, and probably
advance, the initiation of failure in some cases.

Soil layers, maximum 2 cm high, with 5% moisture content,
were tamped to ensure model stability at 1g between model
placement in the drum centrifuge (requiring rotation through
90°) and testing at 50g. The slope was cut with an aluminium
frame guide and plate, which could be adjusted for different
soil layer thicknesses.

The model is contained by an aluminium box of
40� 40� 20 cm dimensions (Figure 4), with one poly(methyl
methacrylate) (PMMA) side window and two water drainage
outlets at the corners. The box is covered by a multi-purpose

aluminium box (Figure 3), which contains four to six rain
nozzles, either three (model a, Figure 3) or one (model b,
Figure 3) photogrammetry camera(s) (Askarinejad et al.,
2012), and the newly designed GW distribution system, located
at the top of the slope (Figure 1(d)).

The water supply is shown in the inset of Figure 1(d) and
represents a cylindrical pipe and a porous stone that runs the
width of the model box, whereas the input flow is located in the
middle. There are 21 equally spaced outflow pipes (additional
information is available in the online supplementary material).

It was a challenge to reproduce a uniform distribution of the
GW flow along the top of the slope, due to the radial accelera-
tion in a drum centrifuge with a radius of <1 m. Several tests
were performed with different model orientations and modi-
fications to the set-up to reduce the influence of the radial
acceleration field, Coriolis effects and Earth’s gravity (Caicedo
and Thorel, 2014; Schofield, 1980), which caused water to flow
markedly to the model’s sides, producing undesirable failures
by erosion at the model’s edge. The difference in the radius of
the model at the top (0·83 m) and bottom (1·00 m) of the
slope causes a nominal variation in g level from 45·1g to
54·7g. The component of the Earth’s gravity, which acts from
the back of the box towards the window, has a significant
effect on the flow regime.

The porous stone was inclined to achieve a uniform water
flow across the width of the slope, and the bedrock geometry

(a) (b)

PMMA  window

Drainage outlet

1g
Upslope

Midslope

Downslope

7·0

18·0

PPT1

PPT3

PPT2

PPT4

PPT5 PPT6

28·0

12·8

Figure 4. (a) Centrifuge model lower box (40� 40� 20 cm) with bedrock step and with a poly(methyl methacrylate) (PMMA) window
on one side and two water drainage outlets at the base at each corner of the box; (b) bedrock aluminium plate with PPTs and bedrock
step. The direction of Earth’s gravity acts from the bottom to top in Figure 4(a) and from right to left in Figure 4(b). Distances are in
centimetres. Detailed geometry of bedrock and PPT geometry and location are given in the online supplementary material
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was tilted and re-designed as a 3D form (Figure 4), taking
the influence of Earth’s gravity with increasing distance
from the centre of rotation into consideration. All manu-
facturing was done in-house by the centrifuge and workshop
team.

2.5.2 Set-up in drum centrifuge and instrumentation
Figure 3 shows the centrifuge set-up, which was adapted to
apply the two hydraulic conditions. All devices were designed
to operate safely inside the drum at an acceleration of
at least 65g.

The GW flow supply system consisted of an external source of
water flowing continuously inside the drum to a perimetral
channel at the top of the drum wall (Springman et al., 2001).

The channel was connected to two lateral water tanks (each
of 5 litre capacity), so that the inflow was supplied at
1000 ml/min. The two tanks were instrumented with a PPT
to monitor water storage and were connected together with a
discharge outlet, in case they should overflow at maximum
capacity. Water was extracted from each tank and supplied
to each model at a predefined rate by a pump (Reglo-Z,
Analog Z-140, Ismatec), and was measured by a magnetic-
inductive flow sensor (SM4100). A series of tests was
performed to check the pipe diameter (inner diameter 8 mm),
the water filling system time and refill rates and the calibration
of the pumps and flowmeter, which were connected to the cen-
trifuge computer located under the baseplate to the central
water tank (CWT) and controlled from the centrifuge control
room.
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Figure 5. Elevation view of the bedrock and soil layer geometry used in numerical and physical modelling. Slope height is 10 m and the
width of the drawing is 20 m. The drainage outlet is shown in brown at the bottom right of each slope (h is the soil thickness, y/h is the
height bedrock step/soil thickness and X2 is the length of the bedrock step)
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The rainfall was supplied by a CWT of 24·6 litre capacity, con-
taining water pressurised from an air tank to a maximum
of 1000 kPa, with an output pressure of 300 kPa (Figure 3).
Water was supplied to the inner and outer pipe channels
milled in the top plates of the climate chamber (Askarinejad,
2013; Figure 3, for further details see the online supplementary
material), and distributed to the nozzles. The rainfall was
sprayed into the chamber through aluminium extension tubes
of 5–10 cm in length, so that the rainwater emerged as a spray
within a range of 18·9–26·7 and 13·9–21·7 cm, respectively,
above the ground surface. The rain intensity per nozzle was
calculated measuring their respective flow (ml/min) and area,
depending at the distance of the nozzle–soil (for further details
see the online supplementary material). Assuming that each
nozzle rain spray overlapped the soil surface, the total rainfall
intensity on the model scale (mm/h) is estimated as the
addition of all intensities. On applying scaling laws, the rain
intensity at the prototype was estimated as N times smaller
than the model scale (Askarinejad, 2013).

PWP was measured by Druck PDCR81 PPTs and Keller 2Mi
(measurement range varying from 35 to 700 kPa) in six
locations at three heights (Figures 1(d) and 4(b)): upstream, on
top of and downstream of the bedrock step. The sensors were

fitted with porous stones, and saturated and calibrated in the
laboratory. Sampling rates were 10 Hz for model a: PPT1−2,
and PPT4, and model b: PPT1−2, PPT4 and PPT6 and 1 Hz
for model a: PPT3−6 and model b: PPT2−3 and PPT5.

Slope movements were monitored using cameras IDS uEye
UI-6240 C with a resolution of 1·3 megapixel. Three cameras
were placed in the strongbox lid of model a, and one for
model b: each with a sampling rate of 0·5–1 Hz.

3. Results

3.1 Numerical modelling
An overview of all plane-strain failure mechanisms is given in
Figures 6(a)–6(k) and will be discussed throughout the follow-
ing sections. Figures 7(a) and 7(b) show the GW flow rate
required to induce failure under two variations of bedrock step
geometry: (a) soil thickness (h) and (b) bedrock step length
(X2), with (y/h) as the height of bedrock step normalised by
soil thickness (ranging from 0 to 0·75: Figure 5). The normal-
ised GW flow rate Qstep/Qno bedrock step is calculated to establish
what flow is necessary to induce failure. In both cases, the
Q required to cause failure decreases as the size of the bedrock
step increases, either with an increase of height or length.
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Figure 6. Slip surfaces at failure for numerical simulation with GeoStudio. Hydraulic conditions of GW flow were defined with Seep/W,
and slope stability by Slope/W
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Two soil thicknesses h=1·5 and 3·0 m, both representative of
field conditions, were compared in Figure 7(a) for the longest
bedrock step (X2 =8·5 m). Soil depth variation clearly affects the
flow rate required to trigger failure, although the effect is smaller
and similar to the case of the slope with no bedrock step
(y/h=0), for steps y/h<0·4. The flow rate required decreases to
�50% of the case without a bedrock step for y/h=0·75, for both
models with h=1·5 and 3 m. The soil above the shorter step was
more stable under equivalent flows (Figure 7(b)), as it has less
capacity to pond the seepage flow (Figures 6(b), 6(e) and 6(i)).

Figures 8(a) and 8(b) show the effect of bedrock step length X2

variation on the normalised GW flow rate required for slope
failure simulation, for h=1·25 and 1·5 m. The normalised GW
flow rate to trigger failure does not change much for y/h=0·25
compared to a slope with no bedrock step. The effect of step
length is significant when y/ h≥0·6, when the required GW flow
rate to cause failure is roughly halved. An intermediate response

is shown at y/h=0·5 for X2 =3·0 and 8·5 m, whereby signifi-
cantly higher flow rates, similar to those for X2 =0, are necessary
to cause failure for the shorter step. Soil depth plays a minor
role here too, when comparing both depths at X2= 3·0 m.
Greatly reduced flows are needed for y/ h≥0·6, for X2= 8·5 m. A
longer step can affect the slope stability more during GW flow
than a minor change in soil thickness. Qstep/Qno bedrock step at
failure for 0·25<y/h≤ 0·75 decreases as the step height (y)
increases, while it is similar or equal to 1 for y/h<0·25.

Figure 9 shows the normalised bedrock step height (y/h)
plotted against a normalised F.S. (F.S.step/F.S.no bedrock step) for
a specific flow rate. The F.S. does not change much for
h<1·5 m (Figure 9(a)), with a smaller step length of X2 = 3 m
(20% of the length of the slope) and decreases only when
y/ h≥0·5, typically by �10% for the highest step (y/h=0·75).
The deeper the soil depth, the greater the flow needed to satu-
rate the soil layer upstream of the step to cause instability,
whereas water can flow over the short step in the bedrock,
reducing the F.S., but again, only by 10%.
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Figure 7. Numerical modelling: (a) effect of soil thickness and step
height (y/h) on the flow rate required for failure, (b) effect of
bedrock step length (X2) on the flow rate required for failure. Y is the
height of bedrock step, h is the soil thickness, Q is the GW flow rate
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Four different soil thicknesses are compared in Figure 9(b),
all with a defined step length of X2 = 8·5 m: the most unfavour-
able case in these analyses. A combination of a longer step
with a higher step reduces the F.S. of the slope for all soil
thicknesses simulated: by 40% when h is between 1·0 and
1·5 m. F.S. decreases as y increases for a defined flow input Q.
Likewise (Figure 9), F.S. decreases as y increases and h
decreases (Figure 10).

3.2 Physical modelling
Selected results from 17 centrifuge tests, performed on nine phys-
ical models, with three different soil thicknesses and two different
bedrock step geometries (Table 1, Figure 5) are shown in this
section. The rest can be found in the online supplementary
material. An overview of all failure events is given in Figures 11
(a)–11(h) and will be discussed in the following sections.

Figure 12 shows PWP development against time upslope, mid-
slope and downslope. Each dashed or solid line represents

a PPT location (Figures 1(d) and 4(b)). The rate of GW flow
applied on top of the slope against time (model scale) is given
at the bottom. GW and rainfall were combined in some later
cycles (Figure 12(b)).

The Q was increased in steps in both tests 1.b and 6.b because
the tank was refilled after it was emptied at flow rates
>1000 ml/min. The nominal pump capacity was 3290 ml/min
but the maximum flow possible at 50g was calibrated at about
2500 ml/min.

PWP sensors at similar elevations show different initial PWP, due
either to the model position in the drum at 1g prior to testing or
a zero offset reading variation affected by the atmospheric
pressure. In addition, despite taking all precautions, it could be
due to the marginally incomplete saturation of the porous stone.

The increased PWP in both tests fluctuated between 3 and
7·5 kPa, with dissipation occurring immediately following the
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pause in the GW flow, due to the high drainage capacity of the
soil. Continuous rain was applied in test 6.b (Figure 12(b)) at
1379 ml/min, equivalent to a rainfall infiltration 215 mm/h at
model scale and 4·3 mm/h in the prototype (Section 2.2; see
further details in the online supplementary material). The rain-
fall helped to increase the pore pressure by an additional
2 kPa. Slope failures were not observed in these tests.

Figure 13 shows the effect of a higher (y/h=0·75) bedrock
step with X2 = 3 m. The rise in PWP was similar in test 2.b

(Figure 13(a)) for all PPTs, varying between 2 and 5 kPa, and
was dissipated swiftly between flow cycles. A failure occurred
over the step bedrock (Q=2500 ml/min), initiated by an
increase in PWP at the top junction of the bedrock step and
the slope, which produced a tension crack. A small volume
was mobilised and bulged over the top of the step, remaining in
place for the test duration without any run-out (Figure 11(a)).
Increased PWP was between 3 and 5 kPa in the upper slope in
test 3.b and decreased to 2–4 kPa at mid-slope and 1–3 kPa
at the bottom. The PWP was slightly higher on the PMMA
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Figure 11. Physical modelling photographs captured after slope failure. (a) Test 2.b, (b) test 3.b, (c), and during failure: test 4.b, (d) test
1.a, (e) test 1.a proof, (f) test 5.a, (g) test 7.a and (h) test 8.a
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side (1g direction). Test 3.b (Figure 13(b)) combined rain of
613 ml/min equivalent to a rainfall intensity of 142 mm/h on
the model scale and 2·8 mm/h in prototype from four nozzles
(see further detail in the online supplementary material) from
the last 5 min of GW flow rate of 1000 ml/min. The slope did
not fail surficially, although significant erosion occurred on the
PMMA side (Figure 11(b)).

A later test 4.b (see the online supplementary material), with
the same model, combined higher rain of 1379 ml/min equival-
ent to a rainfall intensity of 215 mm/h on the model scale
(4·3 mm/h prototype), the soil bulged over the top of the step
(1500 ml/min GW flow), similar to the failure mechanism in
test 2.b (Figure 11(a)), although intense rain mobilised the soil
downslope (Figure 11(c)).

Tests 1.a and 5.a (Figure 14) represented the model with the
most unfavourable conditions for stability, given the highest
and longest bedrock step. The soil exhibited suction initially in
test 1.a (Figure 14(a)), which decreased as PWP built up during

continuous GW flow, increasing from 500 to 2000 ml/min. The
top PPTs were located upslope of the bedrock step, where the
increased PWP was higher with 2–8 kPa on the PMMA side
(PPT1) and 1–4 kPa nearer the wall (PPT2). Increased PWP at
mid-slope and the bottom of the slope were similar with values
between 1 and 4 kPa.

Failure was initiated at the top of the slope with a GW flow
rate of 1500 ml/min, where the water could pond, before
flowing up and over the bedrock step. Cracking was observed
and the soil volume mobilised was greater than in test 2.b
(Figure 11(d)), with run-out occurring later, as the GW flow
rate increased to 2000 ml/min. A proof test of the same model
was performed with similar results in terms of the type,
location and dimension of the failure, which confirms the
reproducibility of the phenomena (Figure 11(e)), although the
run-out almost reached the bottom of the slope in this case.
PWP increase is higher on the PMMA side (PPT1) and varies
between 2 and 6 kPa for the PPT at the top, and 1–2 kPa
for the mid-slope and downslope locations in test 5.a
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Figure 12. PWP and GW flow rate plotted against time for tests 1.b and 6.b, which are identical models of 1·5 m soil thickness with slope
with no bedrock step (y=0): (a) 1.b HN31_1.5_0_0 under GW flow infiltration and (b) 6.b HN31_1.5_0_0_R GW flow combined with rainfall
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(Figure 14(b)), as well as test 1.a. Failure occurred in test 5.a
at GW flow of 1000 ml/min, when adding intense rainfall
of 1479 ml/min (equivalent to 231 mm/h at model scale;
4·6 mm/h prototype), as expected from test 1.a, which failed
after a GW flow rate of 1500 ml/min. Failure was similar to
test 1.a and was located upslope of the bedrock step
(Figure 11(f)).

Soil thickness of 1·25 m with a mid-height bedrock step of
y/h=0·6 and the longest step length X2 = 8·5 m were rep-
resented in tests 7.a and 8.a (Figure 15). The increased PWP
was similar on both sides and for all elevations, varying
between 2·5 and 7·5 kPa at the top of the slope in test 7.a
(Figure 15(a)), reducing to 2·5–4·5 kPa at mid-slope
and 2–3 kPa for the bottom of the slope. Failure was triggered
by a GW flow rate of 2000 ml/min (Figure 11(g)) with a
similar failure mechanism to that described in test 1.a
(Figure 14(a)), starting at the junction of bedrock and slope,
mobilising one quarter of the width of the slope with a run-out
reaching the bottom of the slope. Erosion on the PMMA
side probably induced the failed volume to move in this
direction.

The model for test 8.a (Figure 15(b)) responded similarly
to that for test 7.a, with increased PWP at the top of the
slope between 2 and 7·5 kPa, with 1–3·5 kPa at mid-slope
and 0·5–15 kPa at the bottom. This last higher PWP was
due to the ponding of water due to GW flow and rainfall of
1479 ml/min (equivalent to 231 mm/h at model scale and
4·6 mm/h prototype). Failure happened, as expected, for a
GW flow of 1500 ml/min plus intense rain, initiated at the
same location of test 7.a, but more in the centre (no erosion),
mobilising the full soil thickness over the step, with run-out
that reached the bottom of the slope (Figure 11(h)).

4. Discussion

4.1 Representation of field conditions
The field ground model was taken as the basis for parametric
studies using numerical simulations and centrifuge tests to
investigate simplified hydrological conditions, combining GW
and rainfall necessary to cause surficial landslides in the
models. The geometry and scaled soil (SP-SM) were simplified
and a berm was introduced at the base of the slope, to prevent
excessive erosion at the toe; nonetheless, it affected failure
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initiation in six out of 11 cases (Figure 6). GW flow was more
local in the field, but was applied uniformly across the models,
assuming a plane-strain condition.

4.2 Numerical against physical modelling results
The numerical modelling results confirmed that a bedrock step
increased the potential of a shallow landslide (Section 3). The
F.S. decreased as the bedrock step increased in height (y) and
length (X2). Furthermore, an increase in bedrock step length
(X2) had a greater impact than an increase of y/h in decreasing
the GW flow rate necessary to cause failure. Slopes without
a bedrock step (y/h=0), with high hydraulic gradient, required
a larger amount of GW flow/rainfall to induce failure and this
would initiate at the location where the water ponds at the
berm of the slope. The PWP development, the order of magni-
tude of the GW flow discharge at failure, the failure mechan-
ism, as well as the effect on the slope stability of the GW flow
obtained from the nine centrifuge models, generally agreed
with the findings from the numerical modelling. The locations
of the failure scarps were similar for comparable models,
whereas differences were observed in the extension of the

failure mechanism, since the soil is able to run out in the cen-
trifuge test, but this is not possible in the numerical models.
An overview of the combined findings, as well as comments on
the hypothesis presented in the introduction, is discussed in
this section.

4.3 Triggering of surficial landslides
Various bedrock geometries were investigated in numerical
models. The slopes were subjected to different GW flow
discharge levels. Moreover, the hydrological regime was extended
with rainfall in the centrifuge tests. Both modelling types sup-
ported the hypothesis that GW flow and rainfall infiltration
increase the PWP, reduce suction and increase the potential for
surficial instabilities and that this is affected by varying soil
thickness and bedrock step geometry. Antecedent GW flow
combined with intense rainfall in centrifuge tests led to both
bottom-up and top-down saturation modes (Kienzler, 2007),
which decreased suction and increased the unsaturated hydraulic
conductivity of the soil. This promoted faster rainfall infiltration
(Elia et al., 2017; Ng and Shi, 1998), leading to a more sudden
and greater increase of PWP, which was distributed along the
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slope, especially over the bedrock step. This increases the hazard
considerably (Askarinejad et al., 2018).

Variation in bedrock geometry with higher and longer bedrock
steps, and less soil thickness would reduce the GW flow rate
required at failure (Askarinejad et al., 2014b). Excess PWPs
were dissipated quickly in physical models when the discon-
tinuous GW flow applied was at a lower rate than the GW
flow rate required at failure (Figures 12–15). This was also
observed in measurements of VWC during field monitoring
(Lucas et al., 2017).

A critical intensity of GW flow to trigger surficial failure, for
each slope geometry at prototype scale (50g) (Figure 16),
could be estimated from numerical simulations. An expected
water table was predicted (Figure 6). This critical flow was
then converted using centrifugal scaling relationships
(Askarinejad, 2013; Dell’Avanzi and Zornberg, 2002).

The magnitude of GW flow required to cause a slope failure
for various shapes of the bedrock, predicted using numerical
and centrifuge modelling, is summarised in Figure 16. The
results from numerical models show that the height of the
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bedrock step has a major influence on the minimum required
hydro-geological discharge to trigger a slope failure; the higher
the step, the lower the required GW flow rate to trigger a failure.
This observation is valid for all of the bedrock step lengths.

A comparison of the results from centrifuge tests to the
numerical modelling results indicates a difference between
the two values for the same bedrock geometry (Figure 16,
Table 3). The minimum magnitude of GW discharge to
cause a failure predicted by the centrifuge models is generally
higher than that calculated from the numerical models (by
factors of 1·16 for test 1.a, 1·59 for test 2.b, 1·26 for test 7.a).
Reasons for this discrepancy could be that the hydro-
mechanical properties of the soil defined for the numerical soil
model are not exactly the same as those of the soil used for the

centrifuge models. Additionally, the GW flow rate applied in
the centrifuge increases by discrete steps (500, 1000,
1500 ml/min).

More specifically, the permeability used for the numerical soil
model is expected to be higher than that of the soil used in the
centrifuge tests, under comparable states. Furthermore, the 3D
shape of the failures in the centrifuge tests also contributes to
the slightly more stable behaviour, compared to the assumed
2D plane-strain numerical models, although tension cracking
could counter some of these effects.

4.4 Failure mechanisms
The extension of the slip surfaces obtained from numerical
and physical models agreed for the tests under GW flow and

Table 3. Comparison of GW flow rates calculated/observed to cause a slope failure

Case Numerical test GW flow rate numerical: ml/min Physical test GW flow rate physical: ml/min Difference factor: %

1 GP_1.5_0.75_8.5 1296·0 1.a 1500·0 15·7
2 GP_1.5_0.75_3.0 1576·8 2.b 2500·0 58·5
3 GP_1.25_0.6_3.0 1584·0 7.a 2000·0 26·3
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showed that failure would be conditioned to step geometry,
developing upstream of the bedrock step in the most unfavour-
able case. Numerical simulations and physical modelling
results at failure are shown in Figures 6 and 11, respectively,
indicating that the mechanism is initiated where GW emerges
at the ground surface (Figure 17).

If the bedrock step is low, no spring emerges, and failure
starts at the junction between the slope and the horizontal
berm, mobilising the greatest volumes of soil for the entire test
series. This is also dependent on soil depth – for example,
Figure 6 cases (a), (b), (e), (i) and ( j); however, retrogressive
failures could occur in reality when a spring emerges on the
slope.

When the soil depth is thicker (case (h)), a local failure has
occurred at the bottom of the slope. Progressive failure is
expected to follow here too, which would lead to the mobilis-
ation of a larger failure mass, with successive releases at differ-
ent times.

Figures 11(d)–11(h) and Figures 6(c), 6(g) and 6(k) show that
the combination of water table springs directly above the step
lead to smaller mobilised volumes and failure above the
bedrock step, whereas the other cases 6(f), (d) are somewhat
mixed and indicate intermediate failure volumes.

Tension cracks were observed in centrifuge model tests (with
GW and GW plus rain) to develop at the crest of the slope,
where water accumulated behind the bedrock step. Evidence
of partial liquefaction of the soil can be seen in the form of

apparently fluidised tongues, showing significant displacement
and greater run-out (Figures 11(d), 11(e), 11(f) and 11(h)).
Table 4 includes the PWP, effective stresses in the slope at the
time of failure as well the excess PWP ratio (Ru = u/γz, with u is
the pore pressure and γz is the total vertical stress) for tests 1.a,
2.b, 5.a, 7.a and 8.a. Ru increases during the PWP build-up
phase and reaches 1·0 if liquefaction occurs. The highest
values were found for PPTs 3 and 4, in tests 1.a and 2.b, but
these were still below Ru = 0·6.

A combination of GW flow plus intense rainfall, for bedrock
steps with y/h>0·6, caused sudden landslides and run-out,
which reached the berm (Figures 11(f) and 11(h)). This indi-
cates greater hazard. A longer slope would probably experience
either a local failure with multiple progressive failures, as
expected in Figure 6(h), or a much longer translational mech-
anism that would destabilise a greater volume of debris on the
slope.

5. Summary and conclusions
A combination of physical and numerical modelling using a
prototype ground model of a steep scree slope, which inte-
grated together field monitoring data and soil characterisation
from previous studies, has exposed likely mechanisms of failure
and how these are triggered. Each simulation method can
complement one another so that the following statements can
be made about the landslide hazard.

& Prediction of the behaviour of unsaturated granular
material in steep slopes subjected to hydraulic

Table 4. Effective stress at failure determined at the locations of PPTs 1–6: centrifuge models HN31_1·5_0·75_8·5 (test 1.a),
HN31_1·5_0·75_3 (test 2.b), HN31_1·5_0·75_8·5_R (test 5.a), HN31_1·25_0·6_3 (test 7.a) and HN31_1·25_0·6_8·5_R (test 8.a)

PPT

1 2 3 4 5 6

σv (Y=17 kN/m3): kPa 1.a, 2.b, 5.a 32·50 32·50 8·10 8·10 32·50 32·50
7.a, 8.a 27·00 27·00 10·80 10·80 27·00 27·00

u: kPa 1.a 8·39 3·46 3·86 2·83 1·40 2·72
2.b 5·72 — 2·72 4·74 4·24 3·08
5.a 4·95 — 3·74 −0·94 −3·01 0·98
7.a 5·97 5·52 −0·05 −1·26 −2·50 −1·26
8.a 5·55 5·48 1·70 0·79 −0·68 −2·89

σ0v: kPa 1.a 24·11 29·04 4·24 5·27 31·10 29·78
2.b 26·78 — 5·38 3·36 28·26 29·42
5.a 27·55 — 4·36 9·04 35·51 31·52
7.a 21·03 21·48 10·85 12·06 29·50 28·26
8.a 21·45 21·52 9·10 10·01 27·68 29·89

Ru: dimensionless 1.a 0·26 0·11 0·48 0·35 0·04 0·08
2.b 0·18 — 0·34 0·59 0·13 0·09
5.a 0·15 — 0·46 <0 <0 0·03
7.a 0·22 0·20 0·00 <0 <0 <0
8.a 0·21 0·20 0·16 0·07 <0 <0
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perturbations and their mechanical interactions with the
underlying bedrock using numerical simulations requires a
rigorous hydro-mechanical coupled analysis, accompanied
by various assumptions and simplifications regarding the
material constitutive model and input parameters.
Moreover, features such as the failure timing, run-out
extent and 3D effects cannot be readily predicted,
numerically. Therefore, an advanced, state-of-the-art
physical modelling technique was used to study the
impacts of rain and GW flow, coupled with the shape of
the bedrock, on the response of the slope. The observations
from the physical modelling were supported using the
simplified uncoupled hydro (Seep/W) and mechanical
(LEM: Slope/W) numerical modelling.

& Numerical simulation was useful in studying a wide variety
of cases and helped select the worst-case scenarios to be
investigated further, and quantified, using centrifuge
modelling. Different types of bedrock geometry and soil
thicknesses, under combined effects of GW flow and
rainfall, were simulated in some of the physical models.
A steady-state condition for the hydraulic processes was
assumed in the numerical models and the results of pore
pressure distribution were applied in a 2D limit
equilibrium stability analysis to provide a prediction for the
failure location and volume.

& Centrifuge tests were used to verify numerical results,
and provided insights into the development of PWP in
the scree slopes subjected to GW flow and rainfall,
as a function of time. Location and triggering of the
shallow failures were monitored in the centrifuge tests
and detailed features of the extent and timing of tension
cracking and displacement regime of the mobilised mass
were recorded. The results of the centrifuge tests in terms
of the thresholds for GW flow discharge for the triggering
of a landslide, as well as the shape and location of the
failure surfaces, were compared to those derived from
numerical modelling.

& Results from both approaches supported the
hypothesis that, under similar methodological and
hydrological boundary conditions, slopes with no steps
in the bedrock are more stable than slopes with shallow
bedrock combined with a bedrock step, and the larger
the step, the lower the flow rate required to cause the
slope failure.

& The GSD of the soil used in the centrifuge tests differed
from that of the field, due to the limitations imposed
by the scale effects. Therefore, the exact values of the
rain intensity, and GW flow discharge leading to
instabilities cannot be directly compared with the field
data. Moreover, it should be mentioned that these
investigations were done as parametric studies and
naturally, the geometrical parameters of the steps in
the bedrock were extremely idealised in the centrifuge

and numerical models, compared to the field conditions.
Therefore, the centrifuge test results cannot be
directly used as class A prediction tools for the field
measurements, although they can be applied to define
the potentially critical combinations of the bedrock shape
and hydraulic input.

& The landslide potential of a slope subjected to a hydraulic
regime of GW flow and or rainfall increases when water
can pond uphill over higher and longer bedrock steps.
Ponding of water locally increases the PWP in the soil
mass and subsequently results in a reduction of the
effective stress and hence the shear strength, leading to
a shallow landslide. However, it was observed that these
landslides are generally smaller in volume and have less
run-out extent compared to those that are triggered in
‘long’ slopes with no steps in the bedrock. However, the
hydraulic triggering threshold for a slope with no bedrock
step is generally higher than that of a slope with a stepped
bedrock under similar conditions.

5.1 Practical relevance and potential applications
The hypothesis presented in this study is based on observations
and measurements collected from a steep scree slope, for a
period of 3 years. The ground model has been designed as a
prototype, based on geophysical measurements and laboratory
testing. The results from this study can be used as a reference
to address failure mechanisms in steep gravelly slopes that are
under the influence of seasonal precipitation and hydro-
geological changes. The challenges and solutions presented
here, especially for the physical modelling of landslides using a
drum centrifuge, could be relevant for future studies of
complex interactive hydro-mechanical processes leading to
mass movements.
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