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Abstract
Rainfall-induced slope instability is actual hazardous phenomena in many regions
around the world. High intensity and short duration rainfall can be significant
triggering factor for slope failures in both natural and engineering slopes. In this
paper, a part of an ongoing research project is presented. The main goal is to define
the infiltration rate and failure mechanism due to high intensity rainfall on smallscale physical model of slope in unsaturated sandy soils. To evaluate the rainfall
infiltration effect on slope stability, sensors installed in the physical model
monitored the changes in suction and moisture content. The results show that the
infiltrated water increases the volumetric water content and reduces the suction.
As the rainfall continues, a surface failure occurred at the slope crest caused by
water runoff. To better understand the unsaturated soil behaviour due to rainfall
infiltration it is recommended to monitor the pore pressure. A coupled hydromechanical approach can also be used for numerical modelling of the slopeatmospheric interaction.
Keywords: Rainfall, Slope stability, Physical model, Suction, Volumetric
water content.

1 Introduction
Rainfall is one of the most significant triggering factors for slope failures in many
regions around the world (Zhang et al. 2011). There are numerous researches
studying the effect of water infiltration into a slope or so-called soil atmospheric
interaction. Montoya-Dominguez et al. (2016) studied the effect of rainfall
infiltration on the hydraulic response and failure mechanisms of four sandy slope
models with changing the initial water content, rainfall intensity and duration of
rainfall. They found that initial water content is controlling the time for failure and
failure mechanism. Also that the rainfall intensity significantly influences the
slope’s deformation process.
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Eckersley (1990), Shimoma et al. (2002) and Chaminda (2006) presented the
results of slope model tests subjected to artificial rainfalls, and instrumented with
pore pressure and moisture content sensors. They found that failure was initiated
when the soil at the toe of the slope was fully saturated, and excess positive pore
water pressure developed. Orense (2003) explained how soil suction is reduced
when rainwater infiltrates through the soil profile.
The rainfall-induced slope failure in unsaturated soil is mainly due to rainfall
infiltration and loss in shear strength when soil suction decreases (Fourie et
al.1999, Fredlund & Rahardjo 1993). Cascini et al. (2010) classified rainfallinduced shallow landslides based on the stages of failure and acceleration of the
failed mass as slide, slide to flow and flow slide.
The conceptual infiltration models in unsaturated soils are based on Darcy’s law.
According to the Green & Ampt model (1911), the soil is assumed to be completely
saturated above the wetting front, while the soil below this front remains at the
initial water content. The coefficient of permeability in the wetted zone does not
change with time and there is constant soil suction just above the wetting front.
Mein & Larson (1973) modified this model and developed a simple two-stage
model for predicting infiltration before and after surface ponding.
The slope stability also depends on soil properties and rainfall characteristics.
This investigation deals with physical modelling of a slope built from unsaturated
silty sand subjected to an artificial rainfall to evaluate the hydraulic behaviour and
its failure mechanism. The model was instrumented with moisture content and
suction sensors to provide some insights relating to infiltration and suction
(negative pore pressure) changes during the rainfall. These are one of the key
factors in unsaturated soil mechanics and the coupled hydro-mechanical analysis
of rainfall-induced landslides.

2 Model preparation
2.1 Material description
The slope is made of silty sand by-product from the copper mine and flotation,
which is used for construction of Topolnica tailings dam near the city Radovis,
Macedonia. Many laboratory tests have been made to determine the physical and
mechanical properties of the soil. The analyzed results show that the soil has
average values: Gs=2.72 of specific gravity of the solid, dry unit weight γd=14.7
kN/m3 and natural moisture content ω=22.6 %. The strength and compressibility
parameters were obtained through the direct shear and Oedometer test,
respectively. The average value of the angle of internal fiction is φ=32.5° and
cohesion c=9.0 kPa. The modulus of compressibility for different normal stresses
is Mv25-800 kPa=1459.3-16814.7 kPa.
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Figure 1 shows the grain size distribution curve of the investigated soil. It contains
82.5% sand and 17.5% silt which classify this soil as silty sand. The coefficient of
uniformity Cu=4.29 and the coefficient of curvature Cc=1.51 (Susinov &
Josifovski 2018).
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Fig. 1:

Grain size distribution curve

The unsaturated hydraulic conductivity measured with Mini Disk Infiltrometer is
k=0.0207 [cm/s].

2.2 Slope model
The slope model was built in rectangular box 92cm in length, 48cm in height and
28cm in width made of transparent glass for observation the infiltration and failure
process (Fig. 2). The slope angle was 45°.

Fig. 2:

Model box and downstream drainage holes

All joints were sealed with silicone to prevent water leakage. Only three geotextileprotected holes were opened downstream to drain the water after fully saturation.
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A quadratic grid 5x5cm was drawn on the front wall to control the compaction
process of the layers, sensor installation and to observe the slope deformations
during the water infiltration process (Fig. 3).

Fig. 3:

Longitudinal and transverse views of the model, location of sensors

The soil was compacted in 5 cm-thick layers to a dry density of 15.5 kN/m3.

2.3 Measurement system
A systems of four (I to IV) volumetric water content (VWC) EC-5 and four (I to
IV) suction MPS-6 sensors were used to monitor the changes in soil moisture and
suction during rainfall infiltration, respectively (Fig. 4). EC-5 measures the
volumetric water content via the dielectric constant of the soil using capacitance
technology. Is has range from 0% (dry air) to 60% (pure water) VWC and high
accuracy. The MPS-6 (TEROS 21) is a calibrated matrix water potential sensor
that provides long term, maintenance – free soil water potential and temperature
measurements without sensitivity to salts. It has wide range from field capacity to
air dry (-9 to -100000 kPa).

Fig. 4:

EC-5 VWC and MPS-6 suction sensors

The output signals from the sensors were sent to an EM50 data logger, which
records data at a required frequency, and send them to a computer program that
presents them in real time.
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3 Testing procedure
After the slope preparation and sensors installation, a system of three activated
foggers was installed above the model and connected to water supply system to
simulate the projected rainfall. Rainfall intensity of 28 mm/h during 135 minutes
controlled by adjusting a water pressure regulator was applied as homogeneously
as possible on the model surface area.

Fig. 5:

Rainfall simulation system and foggers

The rainfall duration was not defined at the beginning in order to allow fully soil
saturation and slope failure. Figure 6 presents the test progress in terms of slope
saturation from the beginning to the end. Figure 6 shows the test progress.

a)

b)

c)

d)

Fig. 6:

Test progress: a) photo taken 5 minutes after rainfall starts, b) after 40
min., c) after 65 min. and d) after 135 min (end of rainfall)
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4 Results
Figure 7 presents the response of the VWC sensors during the rainfall event.

Fig. 7: Time dependence of volumetric water content
The initial registered volumetric water content of the soil was 0.021 - 0.026 m3/m3.
Upon rainfall initiation, VWC sensors IV placed near the crest and III placed at
the mid height showed slower increase in water content indicating the rainfall
infiltration and development of the wetting front. After 15 minutes the increase in
VWC was significant. After approximately 60 minutes, VWC remains constant
indicating saturation near the surface. The significant increase in VWC at sensor I
begins after 40 minutes and continues until the end of the test but not with the same
increment. The deepest placed sensor II begins to react after 95 minutes because
of the prolonged saturation process in that zone. Table 1 presents the maximal
reached values for each VWC sensor.
Tab. 1:

Maximal reached values for VWC
Sensor
I
II
III
IV

VWC [m3/m3]
0.326
0.273
0.326
0.313

Time [minutes]
134
141
136
120

Figure 8 presents the suction changes during water infiltration.
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Fig. 8: Changes in suction over time
The initial suction value is 100000 kPa which is the maximum value that this
sensor can measure. The suction is effected when the infiltrated water reach the
sensor depth. After that point, the suction significantly decreases and reaches
approximately 20 kPa after 20-30 minutes depending on sensor position.
After 110 minutes as the rainfall continues, the slope surface reached nearly fully
saturation and failure occurred at the slope crest i.e. the runoff water begins to
move down the slope surface and drain through the downstream holes. This causes
concentrated surface flows which erode the slope surface (Fig. 9).

a)
Fig. 9:

b)

c)

d)

Slope condition: a) after 30 min., b) after 100 min., c) after 120 min.
and d) after 135 min (end of rainfall)
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Such failure mechanism agreed well with the failures (formed gullies) recorded on
the downstream slope of the Topolnica tailings dam after high intensity rainfalls
(Fig. 10).

Fig. 10:

Failures (gullies) of the downstream of Topolnica tailings dam
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5 Conclusion
To evaluate the effect of extreme rainfall event on unsaturated slope, a scaled
physical model was constructed. Through the model a hydro-mechanical soil
behavior was studied by measuring of volumetric water content and suction during
water infiltration at different locations. The slope was subjected to 28 mm/h
rainfall intensity and duration of 135 min.
The results confirm that the infiltrated water during the rainfall event increases the
volumetric water content of the unsaturated soil thus the suction reduces. This
causes reduced shear strength and after 110 minutes a failure occurs caused by
runoff water down the slope surface. Hence, the concentrated surface flows erode
the slope surface and form gullies. Such gullies were also registered at the
downstream slope of the tailings dam Topolnica.
Finally, it can be concluded that it is possible to predict the slope failure by
measuring the volumetric water content and suction within the unsaturated soil
during rainfall event as one of the most common trigger factors for landsliding.
Obviously, the pore pressure also plays significant role in this prediction process
and it is recommended to monitor its response. In the next stage this study will use
coupled hydro-mechanical analysis to describe the measured behavior of rainfall
intensity, duration, initial water content and slope angle.
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