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Preface

Physical modelling is widely used research technique despite its limitation. The application of physical modelling on
landslides has been a subject of many research in the past. Most of them are based on the use of geotechnical
centrifuges which makes possible to use very small models with corresponding gravity enhancement (ng, where n is
the scale of acceleration). Despite that, 1g models need not to be neglected. Small scale modelling of landslides at
1g comes with many challenges. One of the main challenge is taking into consideration the low confining stress that
usually occurs due to small height of soil layer in a model. Those low confining stresses have an influence on shear
stress and strain. Another challenge of 1g models is how to obtain appropriate displacements in 1g conditions. Fur-
thermore, a great consideration has to be made about scaling laws and similarity rules which govern the appropriate
scaling factors for data analysis.

The aim of this Workshop is to provide new insights in the behavior of landslides obtained through the research of
small scale landslide models at 1g conditions. The more widespread view into available measuring methodologies
and techniques leads to further development in the field of physical modelling, especially in the domain of 1g physical
models.zz By sharing the scientific ideas and creative approaches, we hope to provide useful information and insights
to the landslide community and facilitate the development of new technologies and methods.

The editors would like to express their sincere gratitude to the authors for sharing their knowledge and experiences
in small-scale modelling of landslides at 1g.

The document is divided in two main section sections: (i) monitoring techniques for small scale landslide models, and
(i) numerical modelling of landslides . The first section is covered with three papers entitied "Small-scale physical
landslide models under 1g infiltration conditions and the role of hydrological monitoring”, "Physical modelling investi-
gation and integrated analysis of landslides for defining risk scenarios” and "Digital image correlation and the use of
high-speed cameras for 3D displacement monitoring in 1g small-scale landslide models”. The presented papers are
focused on the physical modelling of landslides and the use of various techniques and methodologies to measure
displacements and water content of soil. The second section, covered with paper "Numerical simulations of landslide
physical model results”, concerns about the use of advanced numerical modelling to simulate landslide behaviour.
This Workshop is organized in the frame of the Project IP-2018-01-1503 "Physical modelling of landslide remediation
constructions behaviour under static and seismic actions (ModLandRemSS)” and supported by Croatian Science

Foundation.
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Abstract

Despite the considerable progress made in recent decades, there is still a need for a deeper un-
derstanding of the physical processes, mechanisms and crucial factors that lead to rainfall-induced
landslides. With ongoing climate change affecting the frequency and intensity of meteorological ex-
tremes, and the imperatives of continuous urban expansion undoubtedly influencing the frequency
and magnitude of landslides, it is no coincidence that the issue of rainfall-induced landslides has
received increasing attention from both the scientific community and landslide practitioners in recent
decades. Close observation of the hydromechanical response of slopes exposed to different rainfall
loads plays a crucial role in understanding the driving mechanisms and factors affecting rainfall-
induced landslides. In combination with appropriate monitoring techniques, small-scale physical
landslide models can provide accurate insight into the relevant variables under precisely controlled
initial and boundary conditions. This paper presents a model platform for physical modelling of
scaled slopes under 1g rainfall infiltration conditions, developed at the Faculty of Civil Engineering,
University of Rijeka, Croatia, within the four-year research project "Physical modelling of landslide
remediation constructions’ behaviour under static and seismic actions”. Some of the main features
of the model platform and the materials used for testing are described. Special attention is given
to the sensor network that allows precise monitoring of soil moisture and pore water pressure in
a scaled slope during rainfall simulation. Finally, two interesting examples of monitoring data are
singled out and analysed with working frameworks relevant to the study of scaled slope models
exposed to rainfall.

Keywords: physical modelling, scaled slopes, landslides, rainfall, hydraulic monitoring, sensors

1 Introduction

Landslides are one of the most common geological hazards, usually caused by intense and/or prolonged
rainfall. With the ongoing climate change, the continuous expansion of urban areas and the development of
infrastructure, the increasing interaction between humans and landslides seems inevitable. It is therefore no
coincidence that the issue of rainfall-induced landslides has received increasing attention from both the sci-
entific community and landslide practitioners in recent decades. Despite considerable efforts and progress
in understanding the physical processes and mechanisms responsible for triggering rainfall-induced land-
slides, the issue remains an important topic for the landslide scientific community. Complex physical pro-
cesses controlling the hydro-mechanical response of slopes during transient infiltration of rainfall, highly
non-linear material properties and spatial variations of the soils involved, quantification of time-dependent
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boundary conditions, associated hysteresis effects exhibited by the soil as a function of flow direction, and
strong spatial and temporal variations in rainfall characteristics are just some of the aspects contributing to
the complexity of the problem. Various approaches have been successfully used to study the hydraulic re-
sponse and failure mechanisms of landslides triggered by a rainfall. For example, numerical models have
been used to investigate how different factors affect the stability of both shallow and deep-seated land-
slides (e.g., [1-10] ) Field monitoring has been successfully used to observe the hydraulic and mechanical
response of slopes in different geological and climatic contexts (e.g. [11-17] ). Particularly valuable data
have been obtained from field experiments on instrumented slopes exposed to artificial rainfall or soil mois-
ture increase conditions (e.g. [12, 18-22]). Various laboratory devices have provided useful information on
the hydromechanical behaviour of soil samples tested under conditions similar to those found on field slopes
during rainfall infiltration (e.g. [23-25] ). While size effects, problems associated with taking and testing
intact soil samples, and stress conditions and loading paths that cannot fully replicate field conditions are
often highlighted as major shortcomings of laboratory sample-size experiments, the interpretation of data
from large-scale field experiments can also be complicated by complex soil profile conditions, difficulties in
installing monitoring equipment, introducing preferential water flow paths into the slope, etc. Testing small-
or large-scale physical landslide models is an additional useful approach that allows accurate observation
of the hydraulic and mechanical responses of a slope under precisely controlled initial and boundary con-
ditions. In combination with advanced monitoring techniques and appropriate sensor networks, they have
been successfully used, for example, to study the infiltration process, landslide initiation and the propa-
gation phase of landslides triggered by artificial rainfall under 1g conditions (e.g., [9, 26-31]). This paper
presents a model platform for physical modelling of small-scale slopes under 1g rainfall conditions devel-
oped at the Faculty of Civil Engineering, University of Rijeka, Croatia. The main features and capabilities of
the model platform are described, with particular emphasis on the advanced sensor network that enables
precise monitoring of the hydraulic response of scaled slopes under simulated rainfall conditions. Two ex-
amples of monitoring data are presented and analysed with working frameworks relevant to the study of
scaled slope models initiated by rainfall.

2 Physical model

One of the main objectives of the four-year research project "Physical modelling of landslide remediation
constructions’ behavior under static and seismic actions”, which started in October 2018 at the Faculty of
Civil Engineering, University of Rijeka, Croatia, was to develop platforms that enable the study of small-scale
physical landslide models under static (rainfall) and seismic (earthquake) conditions. The main idea of the
Project is to compare the responses of scaled slope models that are built of different soil types and geometric
conditions, with and without remediation measures, exposed to different loading conditions. It was expected
that the results obtained would provide useful data that could be used to predict the behaviour of real-scale
slopes and to improve design procedures and the selection of appropriate landslide remediation measures.
The physical model for testing small-scale soil slopes under 1g rainfall infiltration conditions considered in
this paper was developed to enable the triggering of landslides by an artificial rainfall. A sensor network
consisting of miniature pore water pressure (pwp) and soil moisture sensors allows observation of the
hydraulic response of the scaled models, while suitable photogrammetric equipment and accelerometers
allow measurement of displacements during a test. The model consists of several main parts, which are
briefly described in the following text. A detailed description can be found in [32], [33], and [30]. The model
platform itself consists of steel elements and plates with transparent plexiglass side walls that allow the
advancement of the wetting front and the onset of displacement to be observed during the experiment.
Three basic steel segments, 1 m wide and 0.3 m, 1.4 m and 0.8 m long, form the upper, middle and lower
parts of the platform respectively. The joint connections and adjustable height of the upper part allow the
models to be built with different inclinations from 20 to 45 degrees. The geogrid attached to the bottom of
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the platform prevents the soil from sliding along the impermeable steel plates during the test. Liquid rubber
and silicone are used to seal small gaps between plexiglass walls and perforations in the structure to ensure
that the model is watertight during a test. Drainage pipes inserted through the plexiglass in the lower part
of the model allow the water level to be controlled during the test and the water to be drained after the test.
The empty platform before the installation phase is shown in Fig. 1a.

Figure 1: Details from the model construction phase: a) The empty model platform; b) Compaction of the
soil material and installation of the measuring instruments; c) Scaled slope model with installed measuring
instruments before the start of the test.

2.1 Model construction and soil properties

The platform is suitable for any soil type and installation at any predefined conditions in terms of initial density
and moisture content. Any of the appropriate standard laboratory methods commonly used to install soil
samples in conventional soil testing laboratory equipment can be used to create the model at the desired
density or moisture content. The results presented in this study were obtained on two different soil materials,
which are described in the following text. A fine-grained sand was used as the base soil and the simplest soil
material. Another soil type was obtained by adding 15% by weight of kaolin clay to a clean sand (hereafter
referred to as SK15). The clean sand was installed at 50% of the relative density (D,.;) and at 2% of the
initial moisture content (w;), while the D,.; and w, were 75% and 8.1% for the SK15, respectively. For both
soil materials, Ladd’s method [34] of under-compaction was used to construct 30 cm deep slope models.
This involved compaction of 5 layers of soil, each 6 cm high, and attempting to achieve as homogeneous
conditions as possible in terms of density and soil moisture distribution (Fig. 1b). After the model was built,
the entire model was covered with nylon to prevent excessive drying due to evaporation until the start of
the test (Fig. 1c). Tab. 1 shows the basic soil properties of the previously described soils.
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Table 1: Basic soil properties of sand and sand with 15 % kaolin by mass (SK15) with the target initial
conditions.

. Material
Parameter (unit) Sand SK15
Specific gravity, G5 2.7 2.67
Effective particle size
D10 (mm) 0.19 0.056
Dgo (mm) 0.37 0.207
Uniformity coefficient, c,, 1.95 54.11
Minimum void ratio, €,in 0.64 0.54
Maximum void ratio, e, qq 0.91 1.43
Hydraulic conductivity, ks (m/s) 1.00E-05  3.50E-06
Friction angle, ¢ (°) 34.9 31.8
Cohesion, c (kPa) 0 4.4
Initial porosity, n; 0.44 0.43
Initial relative density, D,.; 0.5 0.75
Initial water content, w; (%) 2 8.1

2.2 Rainfall simulator

In addition to the hydraulic properties of the soil, the rainfall characteristics play a decisive role when it comes
to rainfall-induced landslides. The development of the rainfall simulator that meets the specific requirements
of the Project was an important step in the early stages of developing a small-scale physical landslide model.
In particular, the ability to apply a wide range of rainfall intensities depending on the soil material tested and
the specific objectives of the experiment, sufficient spatial uniformity of the simulated rainfall and the ability
to modify rainfall patterns and characteristics, preventing excessive erosion due to raindrop impact forces
(which are closely related to the diameter of simulated raindrops, impact velocity and/or water pressure),
the portability of the rainfall simulator due to its possible use not only with the platform for testing under static
conditions but also under dynamic conditions, and the limited budget available for the construction of the
simulator were the main considerations in the design and construction of the rainfall simulator. The rainfall
simulator developed consists of three independent branches that deliver water from the main control block
to the spray nozzles. The main control block is connected to a water supply and consists of the control units
that regulate the intensity and work of the rainfall simulator, such as pressure regulators, manometers, flow
meters, filters, etc. High-density polyethylene pipes convey the pressurised water from the control block to
three sprinkler branches, which are adjustable in height and equipped with various spray nozzles (Fig. 2).
At the reference pressure of 2 bar, the axial-flow full-cone nozzles (Tab. 2) can produce intensities ranging
from less than 30 mm/h to more than 150 mm/h. The setup can be easily modified to achieve any other
desired rainfall intensity or pattern.

2.3 Monitoring equipment

The monitoring equipment can be divided into two main parts: i) geodetic monitoring system based on inno-
vative photogrammetric equipment for multitemporal landslide analysis [35] of image sequences obtained
from a pair of high-speed stereo cameras [36] and terrestrial laser scanning and structure-from-motion
(SfM) photogrammetry surveys that allow the determination of the surface model of the slope in the pre-
and post-failure phase [37]; ii) geotechnical monitoring system consisting of a network of miniature sen-
sors to measure changes in soil moisture, pwp, soil temperature and electrical conductivity, displacements,
etc. The ARAMIS is an optical, non-contact 3D measurement system (GOM GmbH) that provides the
entire workflow from taking measurements to analysing the data and displaying the results. A set of two
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Figure 2: Simulated rainfall with an intensity of 23 mm/h with a detail of the sprinkler branch with axial flow
full-cone nozzles.

Table 2: Technical characteristics of full-cone nozzles used to simulate rainfall: spray angle and flow rates
(v) for different working pressures (p) (lechler.com).

vV (I/min)

Spray angle Type p (bar)
1 2 3 5

60° 490.404 0.76 1 1.18 1.44
60° 490.444 0.95 1.25 1.47 1.8
60° 490.484 1.21 1.6 1.88 2.31
60° 490.524 1.52 2 2.35 2.89
90° 460.524 0.3 04 0.47 0.58

4-megapixel and two 12-megapixel high-speed cameras is used for multitemporal analysis of landslides
from captured stereo image sequences. The system allows continuous monitoring of the 3D coordinates
of reference points through all stages of the activity of scaled landslide models. The terrestrial laser scan-
ner FARO Focus 3D X 130 (FARO Technologies Inc.) is used to capture the high- resolution 3D model
surface before the start and at the end of the test. The scanner uses phase shift technology to accurately
determine the relative 3D position of the scanned points, while reference points are used to overlap the
scanned areas and define the relative coordinate system. A Nikon D500 camera with an ultra-wide angle
Tokina AT-X 11-20 lens is used for the SfM photogrammetry survey of the physical models. This technique
allows the creation of 3D models from multiple overlay images taken at different triangulation angles. Fig.
3 shows the mentioned equipment, a detailed technical description can be found in [30]. The geotechnical
monitoring system consists of a complex network of miniature sensors equivalent to the equipment used
for field monitoring. All sensors are connected to data loggers that allow continuous data collection of soil
moisture, positive pwp and soil suction, displacement, etc. As the focus of this presentation is on the role of
hydraulic monitoring of scaled slopes, the measuring devices are described in more detail in the following
section.
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Figure 3: Geodetic monitoring equipment: a) A view of the model from the ARAMIS measuring system
(GOM GmbH) and a detail of the (front) 12 megapixel camera monitoring displacements through the plex-
iglass wall; b) The FARO Focus 3D X 130 (FARO Technologies Inc.) terrestrial laser scanner and a detail
of the position of the reference sphere.

3 Equipment for monitoring the hydraulic response

Accurate monitoring of the hydromechanical response of scaled slopes under controlled initial and boundary
conditions provides valuable information on the variables controlling the instability phenomena of rainfall-
induced landslides. The development of a suitable sensor network for the test conditions and the selection of
appropriate measurement techniques are therefore crucial steps in the development of small-scale phys-
ical landslide models. The following part describes the main components that make up the hydrological
monitoring system of the physical model. There were several requirements that were considered in the
selection of the measurement equipment. Firstly, information on soil moisture and changes in pwp had to
be available at appropriate time intervals, which necessitated the use of digitised sensors in combination
with suitable data loggers. Secondly, the Project envisaged testing a wide range of soils, from sand to
clay. Therefore, the selected measurement equipment had to be able to cover a wide measurement range
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occurring in different soil textures, while ensuring sufficient precision, resolution, and responsiveness. The
solution was found in the capacitance-based soil water content sensors, which provide rapid detection of
changes in soil volumetric water content (VWC) for a wide range of soil textures and conditions, and in
the simultaneous use of mini tensiometers for rapid measurement of pwp and matric suction values within
the measurement range of standard tensiometers. The soil water potential sensors based on the dielectric
constant measurement method were intended for measurements in soils where high soil suction values
are expected. Another consideration concerns data redundancy: data had to be collected simultaneously
at several depths and along different profiles in order to obtain a complete picture of the temporal-spatial
evolution of the different variables during the experiment. Finally, the chosen monitoring equipment should
be used in both the small-scale physical landslide models for testing under static (rainfall) and seismic
(earthquake) conditions.

3.1 Sensors for measuring the water content of the soil

The TEROS 10 and TEROS 12 are soil moisture sensors from METER Group (Inc.) for indirect measure-
ment of the VWC of porous materials. Both sensors are based on the capacitance method for predicting
the amount of water in the soil based on the electrical properties of the soil and the calibration procedure
proposed by Topp et al. [38]. An electromagnetic field (70 MHz oscillating wave) is used to measure the
apparent dielectric permittivity (e,,) of the soil. The sensor delivers an oscillating wave to sensor needles
that charge according to the dielectricity of the material. The charging time is proportional to the dielectric-
ity of the substrate and the VWC of the substrate (TEROS 10 manual [39]). Depending on the measured
charging time, a microprocessor outputs a raw sensor value (RAW) based on the substrate €,. Finally,
a calibration equation specific to the substrate is used to convert RAW values to VWC values. The high
measurement frequency ensures insensitivity to variations in soil texture and electromagnetic conductivity
(TEROS 10 manual [39]). In all tests, a generic calibration equation from the manufacturer for mineral soils
was used to predict VWC, based on the RAW output of the METER data logger ZL6:

©=4824-10""" - RAW® —1.222.107°. RAW? +2.855-10"% - RAW — 2.1564 (1)

For RAW outputs from the METER data logger, the apparent dielectric permittivity can be used to
determine VWC, e.g., with the Topp’s equation [38]:

—3
€=1.054.107%. 2 0THIOTT RAW ()

TEROS 10 has a VWC range for mineral soils of 0.00-0.64 m3/m3 with a resolution of 0.001 m3/m3
and an accuracy of +0.03 m3/m3 in mineral soils with a solution EC<8 dS/m (TEROS 10 manual [39]).
On the other hand, TEROS 12 has a slightly larger VWC measurement range (0.00-0.70 m3/m3) with the
same resolution and accuracy as TEROS 10. The temperature range for TEROS 12 is -40 to 60 °C, with
a resolution of 0.1°Cand a measurement accuracy of +1°C. The measuring range of the TEROS 12
for total electrical conductivity is 0-20 dS/m with a resolution of 0.001 dS/m and a measuring accuracy of
+3% (TEROS 12 manual [40]). The volume of the measuring sensitivity of the TEROS 12 with 1010 mL is
significantly larger than the measuring volume of the TEROS 10 with 430 mL (Fig. 4). Fig. 5 shows some
details on the installation and calibration of the sensors.

3.2 Sensors for measuring the water potential of the soil

At some point in the development of the Project, standard tensiometers with vacuum gauges (IR-45and T1)
and digital (TEROS 32) tensiometers, mini tensiometers (TEROS 31) and TEROS 21 soil water potential
sensors were purchased to measure soil water potential, depending on project needs and available funds.
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Figure 4: Influence volume for VWC measurements with TEROS 10 (left) and TEROS 12 (right) sensors
(TEROS manual).

Figure 5: Installation of TEROS 10 during model build-up (left) and calibration for clean sand.

The non-digitised standard tensiometers IR -45 (Irrometer Company, Inc.) and T1 (MMM Tech Support
GmbH & Co. KG) were already purchased in the initial phase of the Project and used for the first test on
clean sand (Fig. 6a). The TEROS 32 (Fig. 6b) and TEROS 31 (Fig. 6c¢) digitised tensiometers (METER
Group, Inc.) were procured in the later stages of the Project and used with ZL6 data loggers from METER to
continuously record measurements at time intervals of up to 1 minute in other soil materials. The TEROS 21
(METER Group, Inc.) sensors were intended to be used in a measurement range beyond that of standard
(mini) tensiometers. In addition to good hydraulic contact of the ceramic with the surrounding soil, which
is necessary for accurate measurement of all the above sensors, the tensiometers must be appropriately
conditioned before insertion into the soil to achieve the full measuring range and a fast response during
the equilibration phases. TEROS 21 is a maintenance-free matric potential sensor designed for long-term,
continuous field measurements (TEROS 21 manual [41]). It uses a similar approach as the VWC sensors
TEROS 10 and TEROS 12: The sensor measures the €, of a solid matrix (porous ceramic discs) to de-
termine its water content. Since the €a of porous ceramic discs strongly depends on the amount of water
present in the pore spaces and the porous ceramic discs tend to reach a hydraulic equilibrium with the
surrounding soil, the measured water content of the solid matrix is used to determine the water potential of
the soil based on a known soil water retention curve (SWRC) of porous stones. The measuring range for
the water potential of the TEROS 31 mini-tensiometer is -85 to +50 kPa with a resolution of +-0.0012 kPa
and an accuracy of +0.15 kPa. It also provides temperature measurements in the range of -30 to +60°C
with a resolution of +0.01 °C and an accuracy of +0.5 °C. The TEROS 21 has a measuring range of -9
to -100 000 kPa for water potential and -40 to 60 °C for soil temperature.
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Figure 6: a) Standard, non-digitised IR and T1 tensiometers; b) preconditioning of TEROS 32; and c)
TEROS 31 tensiometers.

4 Examples of measurement and data analysis

This section presents some examples of hydraulic monitoring results for different soil materials, geometric,
initial and boundary conditions. The results are interpreted in the context relevant to the study of the mech-
anisms and factors driving the instability of rainfall-induced landslides. For two different soil materials and
tests, particular details were singled out and discussed in detail.
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4.1 Example 1: Initiation of a sandy slope due to the rise of the groundwater level
(GWL)

The first example considers the case of the initiation of a scaled slope built of clean sand with a slope of 35°,
subjected to a constant rainfall intensity of 72.6 mm/h until the occurrence of the first instability in the form
of a small rotational landslide at the toe of the slope. After the first slide, further instabilities developed in
the form of retrogressive slides up to the top of the slope. Fig. 7 shows images taken by the Aramis system
at the beginning of the test, together with measurement profiles in the upper (H), middle (M) and lower (L)
parts of the model (a); 49 minutes after the start of the rainfall, when the first traces of GWL reaching the
surface in the central part of the base are visible (yellow square in Fig. 7a) (b); 51 minutes after the start of
the rainfall, when the entire base is submerged (c); and 56 minutes after the start of the rainfall simulation
(d), when the first small rotational landslide occurs at the toe of the slope (bottom right in (d)).

Figure 7: Test with clean sand inclined at 35 °, taken with the Aramis system: At the beginning of the test
with measurement profiles in the upper (H), middle (M) and lower (L) sections of the slope, respectively (a);
49 minutes after the start of the rainfall: the first traces of GWL reaching the surface in the middle part of the
base (b); 51 minutes after the start of the rainfall: the entire base is submerged (c); The first small rotational
landslide at the foot of the slope (bottom right), 56 minutes after the start of the rainfall simulation.

For the same test, the VWC values measured with TEROS 10 and TEROS 12 sensors at the base of
the model (L) are shown in Fig. 8. The measurement results indicate that the GWL reaches the sensors
installed at 24, 18 and 12 cm after about 23, 39 and 41 minutes, respectively. The readings become
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constant (indicating saturated conditions) and the maximum value is reached after about 48 minutes at a
depth of 6 cm, which is exactly in line with the observations during the experiment and timing reported in
Fig. 7 . This indicates that, despite certain deviations in the absolute reading values, which could be due
to various reasons such as requirements on the calibration procedure of each sensor, different readings of
the TEROS 10 and TEROS 12 sensors or different soil densities achieved around the moisture probes, or
unequal conditions in terms of contact and presence of gaps between the surrounding soil and the needles
of the sensor, can provide useful data on the trend of soil moisture increase in general, providing information
on the saturation state during the infiltration process.

0.4

Volumetric water content (m3/m?)

0.1 :
0 50 100 150
Test duration (min)
6cm --—— 12cm -------- 18cm - 24cm

Figure 8: VWC values measured with TEROS10 and TEROS12 sensors at the base (L) section of the
model at 6, 12, 18 and 24 cm depth in Example 1.

4.2 Example 2: Hydraulic pathways and a reduction in the shear strength of the
soil due to infiltration

The second example deals with the hydraulic paths and stress states experienced by the scaled 40° slope
of SK15 material under simulated rainfall conditions. In this test, the continuous rainfall intensity of 20.5
mm/h was interrupted by 10-minute breaks to observe the hydraulic response of the soil (Fig. 9). The
numerical markers in Figs. 9 to 12 serve as reference points to follow the course of the experiment and the
simulated rainfall conditions when the data are presented in different forms and planes. The number "1”
marks the beginning of the experiment, i.e. the start of the rainfall simulation for the first 30 minutes. The
numbers "2” and "3” mean that all three nozzles are closed and that the rainfall is stopped for 10 minutes.
After that, the rainfall simulation continues for the next 30 minutes with the same intensity as in the previous
phase of the test. The number "4” represents the start of another 10-minute rainfall break. Finally, the
number "5” indicates the point in the test where the end has been declared and the rainfall simulation has
ended. For the sake of brevity, the hydraulic path in Figs. 10 and 11 is shown only for one monitoring point
(M-6) located at 6 cm depth in the middle section of the model (M-profile - the same analogy as in Example
1is used, i.e., see Fig. 7a). As the monitoring point was equipped with a pair of TEROS 10 and TEROS 31
sensors, both the changes in pwp (or matric suction) and VWC are available throughout the test.

Fig. 12 shows how infiltration of rainfall affects the shear strength of the soil by reducing the effective
stresses at measurement point M-6. The initial stress state and corresponding shear strength, located on
the right-hand side of the path, reflect the soil moisture conditions at the start of the test, most of which are
reached during model construction and kept constant until the start of the test. With the onset of rainfall
infiltration, the VWC increase and dissipation of the matric suction take place in the form of a transient
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Figure 9: Simulated rainfall in Example 2.
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Figure 12: Stress path calculated with Eq. (3) that the monitored point M-6 undergoes during the rainfall
infiltration from the Example 2.

process (Fig. 10 ; "1”-"2"). If a simplified assumption is made that capillarity is the only retention mechanism,
a reduction in effective stress during rainfall infiltration can be quantified from the VWC and pwp values
observed during the experiment, using, for example, the equation for effective stress by Bishop [42]:

o' =0 —us+x (Ua — Uw) (3)

where the effective stress parameter x is set equal to the effective degree of saturation. For the residual
VWC set to ©,. = 0.05 m3/m3 (an assumption based on observations from other tests on SK15 soil material)
and the saturated VWC is set to © ,= 0.3 m3/m3 (according to the VWC measurements in Fig. 10 ), the
monitored values result in a stress path shown in Fig. 12. Movement from right to left indicates that the
matric suction is dissipating, and saturation is increasing. The cross on the left side of the path indicates the
effective stress at the observed point at the beginning of the test, without taking into account the correction
of the effective stress for unsaturated soil conditions, i.e., as defined in Terzaghi’s effective stress equation.

5 Discussion and concluding remarks

This paper presented a newly developed platform for physical modelling of small-scale slopes under 1g
rainfall conditions, developed at the Faculty of Civil Engineering, University of Rijeka, Croatia, as part of a
four-year research project "Physical modelling of landslide remediation constructions’ behaviour under static
and seismic actions”. The main features of the platform and its main components, namely the monitoring
equipment and the rainfall simulator, as well as the characteristics of the soil materials used for the con-
struction of the scaled slopes are presented. Since the focus of the paper was on monitoring the hydraulic
response of scaled slope models, special attention was given to the sensor network that allows monitoring
soil moisture and pore water pressure changes during rainfall simulation. Among the many results obtained
through the various research activities of the Project, two interesting examples were singled out to analyse
hydrological monitoring data in the context of instability mechanisms of scaled slopes exposed to simulated
rainfall. The first example showed how monitoring changes in soil moisture can provide accurate (appar-
ently also instantaneous) insights into the different stages of moisture content increase during the different
phases of transient infiltration as well as the subsequent GWL rise. These results are placed in the context
of the initiation of a scaled sandy slope due to the GWL rise. The data on the observed hydraulic response,
known initial and boundary conditions can be used as valuable tools for establishing relationships in a
scaled slope model, an investigation of the conditions and mechanisms leading to slope failure. In the sec-
ond example, the hydraulic paths exhibited by the scaled slope of a sand mixture with 15% kaolin content
during a simulated rainfall were investigated. The results show how simultaneous observation of VWC and
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pore water pressure, when embedded in appropriate working concepts, can provide valuable insights into
the hydraulic paths and effective stress states experienced by the model during tightly controlled infiltration
conditions during rainfall. Results interpreted in the log (uq — u.,) vs. VWC plane for the monitored point
indicate that the soil exhibits hysteresis effects as it undergoes multiple drying-wetting cycles (e.g., points
2-3-4in Fig. 11). This suggests the possibility of using small-scale physical slope models to investigate the
role of hydraulic hysteresis effects on the behaviour of slopes under different rainfall patterns, in general.
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Abstract

Small-scale physical models of landslides triggered by rainfall and seismic conditions provide a good
insight into the initiation and progression of full-scale landslides in nature. In order to track and doc-
ument the displacements on the surface of the small-scale model, a digital image correlation-based
optical measuring system with high-speed cameras is used here. Each model is prepared for the
optical measurements by adding specially chosen marker points (pins) that are monitored by a pair
of high-speed cameras during each experiment. An additional set of non-high-speed cameras with
higher resolution is used to monitor the deformation field on a selected smaller part of the model.
This enables to obtain the 3D displacements and velocities of each marker point in order to de-
tect any movement or crack opening on the surface both visually and accurately from the optical
measurement results. The described system and established measurement procedure are advan-
tageous as they provide the 3D displacement and velocity data for a large number of points on the
surface with less equipment than conventional contact measurement methods. The collected data,
in combination with other monitoring sensors, allow the observation of landslide initiation and the
analysis of landslide evolution in all parts of the model slope during the sliding process. In this paper
we present the measurement procedure and the results obtained optically in selected small-scale
experiments.

Keywords: landslides, 1g small-scale models, digital image correlation, optical measurement, sur-
face displacements.

1 Introduction

Landslides are one of world’s major hazards with serious consequences for both infrastructure and human
lives. Heavy and prolonged rainfall alone and in combination with dynamic events such as earthquakes
increase landslide risk [1, 2]. Monitored and well-documented laboratory experiments conducted on small-
scale landslide models allow for a better understanding of the conditions that influence and trigger landslide
initiation, as well as the investigation of possible landslide mitigation measures. Motivated by this, a re-
search project with an extensive experimental programme on small-scale landslide models was initiated,
with an aim to investigate the behaviour of structures used for mitigation of landslides triggered in static or
dynamic conditions. Static conditions imply rainfall, whereas dynamic conditions imply earthquake excita-
tion (in combination with significant saturation of the soil in a slope) [2]. In order to monitor the displacement
field at the slope surface in a small-scale landslide model, it is necessary to use an approach that does not
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interfere with the model’s geometry and the mass distribution on the slope. Non-contact optical measure-
ment systems are chosen here, which can replace most of the conventional measurement devices for
displacement and strain, as shown in [3—11].

2 Digital image correlation (DIC) and optical measuring system

A 3D optical measuring system comprises a set of two cameras connected to a control unit and a suitable
software used to conduct the measurement as well as post-process the data [12, 13]. Here we use two
optical measuring systems: GOM Aramis 4M and GOM Aramis 12M. Their characteristics are given in Tab.
1.

Table 1: Characteristics of the two Aramis optical measuring systems.

System Frame rate Resolution (pixels)
) 168 fps 2400 x 1728
Aramis 4M 1300 fps 2400 x 168
25 fps 4096 x 3000 pixels (full resolution)
Aramis 12M 75 fps 4096 x 1000 pixels (1/3 of image)
100 fps Reduced resolution (binning)

The optical measuring procedure consists of calibration (with respect to the measuring volume or size
of the monitored surface), surface preparation (which includes dyeing the whole surface or attaching marker
points at discrete positions of interest, as shown in Fig. 1), measurement (obtaining pairs of snapshots at a
given frequency throughout the experiment) and post-processing of the raw data. The results in the form of
displacements of the surface points are obtained based on digital image correlation procedure in the post-
processing, whereas the strains, velocities and any other values need to be derived from the displacements.

Figure 1: Pins with attached markers on the surface of the model.

3 Experimental set-up (experiment 14/02/2022)

The analysed experiment was conducted on a sandy slope with an angle of 35° exposed to a constant
rainfall intensity of 73 mm/min [2, 14]. The optical measuring equipment is positioned as shown in Fig.
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2 for all experiments with static conditions: the high-speed Aramis 4M system positioned to capture the
entire surface of the model, and the high-resolution 12M system focused on a small part on the side of the
model. The view from the left and right cameras of the 4M system is shown in Fig. 3, with the detected

=

- |
X

Figure 2: Setup of the optical measuring system in models subjected to static loading conditions (simulated
rainfall).

points marked in green. With a grid of 5 by 24 points, a total of 120 points were monitored. The experiment
was optically monitored for 2 hours and 11 minutes, with a lower measurement frequency at the beginning,
which was increased when surficial movements were detected (Tab. 2).

Table 2: The measuring frequency and duration of the optical measuring system.

Part Measuring dt Duration
frequency
1 1/300 fps 300s 52min59 s
2 1/10 fps 10s 1 h 18 min
1Ms

3.1 Results

The results are presented for the longitudinal profile shown in Fig. 4, which begins with point 2,1 in the lower
part of the slope and ends with point 2,24 in the upper part of the slope. The position data of some markers
are lost during the experiment due to water droplets accumulating on the markers and physical obstacles
such as the elements of the sprinkler system or the reinforcements of the plexiglass side walls. Longitudinal
profile 2 is chosen here for analysis, as all points (except point 2,1) were visible to both cameras. In addition
to the profile considered, Fig. 4 shows the location of 2 points that are analysed in more detail due to their
particular location in relation to the development of the landslide: points 2,19 and 2,21 near the upper part
of the slope.

The orientation of the coordinate system used with the corresponding signs is given in Fig. 5. The
shape of the profile throughout the experiment is shown in Fig. 6(top). There is clear evidence of the
development of larger displacements in the top of the slope between stages 300 and 434, specifically
between stages 390 and 434. These stages correspond to a test time of 121 and 128 minutes (or 7262
and 7702 seconds) after the start of the test, i.e. the rainfall simulation (see Fig. 6, bottom). Snapshots of
stages 390 and 434 from the left camera are also shown in Fig. 13.

The behaviour of the points in the upper part of the slope in profile 2 is analysed in detail. The points
at the top were not covered by water at any time during the rainfall simulation, so both cameras were able
to take clear photos of them until the end of the experiment. The time courses of the vertical displacements
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Figure 3: Left-camera (top) and right-camera (bottom) view of the model with monitored points (green dots)
(from [2, 15]).

Figure 4: Longitudinal profile no. 2 in the reference stage and the location of the points used for the detailed
analysis of the displacement evolution.

for the two chosen points (2,19 and 2,21) (marked in Fig. 4) are shown in Fig. 7. Fig. 7 shows that the
vertical displacements of the monitored points in the upper part of the slope are close to zero until about
3700 seconds (which roughly corresponds to the time when the first instability at the very bottom of the
slope is noticed), which is followed by a slow linear increase until the last part of the experiment, when a
rapid non-linear increase occurs, announcing a failure of the slope. This can also be seen in Fig. 8, where
the stage (i.e. time) corresponding to the significant increase in displacements and cracking at the top of
the slope can be accurately identified.

A similar behaviour can be observed for the time courses of the horizontal displacements (Figs. ??
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Figure 5: Coordinate system orientation used in the optical measurement and post-processing.
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Figure 6: Longitudinal profile no. 2 shown in the x-y plane throughout the experiment (top) and the upper
part of the profile between stage 390 and 435 (bottom) [2, 15].

and ??). The two horizontal directions are defined so that the x-direction is longitudinal and the y-direction
is transverse (see Fig. 5). Positive and negative values in the y-direction mean a movement down and up
the slope, respectively, while positive and negative values in the x-direction mean a movement to the right
and to the left, respectively, as seen from the crown.

We can again notice a slow linear increase between 3700 and 7500 seconds and a significant non-
linear increase after that in x direction displacements, while y direction displacements increase as well, but
the displacements are lower. Both directions are better analysed in Figs. 11 and 12, where the time when
the displacements start to increase in a non-linear manner can be determined more precisely.

A series of nine snapshots taken by the left camera during the last part of the experiment is shown in
Fig. 12.

Anincrease in the vertical displacements of points 2,19 and 2,21 in Figs. 6-11 can be seen after t=7400
s. However, as can be seen from stage 420 (t=7562 s) in Fig. 12, itis difficult to see only by visual inspection
of the scaled slope model, that the points experience significant movements in the period before they are
affected by the retrogressive sliding, as can be clearly seen for stage 430 (t=7662 s) in the same figure.
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Figure 7: Time course of the displacements along the z-axis of points 2,19 and 2,21 in the upper part of the
scaled slope: displacements on a scale up to -100 mm (top) and up to -5 mm (bottom)
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Figure 8: Time course of the displacements along the z-axis of points 2,19 and 2,21 between 116 and 130
minutes in the experiment (7000 and 7800 seconds, respectively).

The rapid increase in vertical displacements in Fig. 7 corresponds to the progression of instability in the
form of the retrogressive sliding towards the top of the slope. As given in Tab. 2 the optical measurements
are obtained from snapshots taken every 10 seconds in this part of the experiment, which results in 10
snapshots between the two stages of interest: stage 420 and 430. The used optical system, however, is
able to monitor the model with frequency up to 168 fps, but limited to less than 60 seconds of continuous
monitoring due to RAM capacity of the system. It is important to note that the time from the first instability
in the model, which took the form of a small rotational slide at the foot of the slope due to groundwater
level rise, to when the retrogressive slide reached the analysed points at the top of the slope was about
60 minutes. Thus, monitoring the entire instability evolution with high frequency is not possible. These
observations suggest that in the case where high frequency data of surface displacements are needed, i.e.
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Figure 9: Time course of the displacements along the y-axis of points 2,19 and 2,21 in the upper part of the
scaled slope: displacements on a scale up to -30 mm (top) and up to -5 mm (bottom)
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Figure 10: Time course of the displacements along the x-axis of points 2,19 and 2,21 in the upper part of
the scaled slope: displacements on a scale from -15 to 45 mm (top) and from -5 to 5 mm (bottom)

in the analysis of processes that develop relatively quickly after a long period of inactivity, as is the case with
fast moving flow-like landslides, rockfalls and tracking of the rockfall trajectories and/or the impact forces and
interaction of fast moving slope material with the landslide remediation structures in scaled slope models
etc., the usefulness of the non-contact measurement system, as the one presented in this study, becomes
limited due to the requirement of postprocessing of the measurement data. However, the data obtained
concurrently with some of the conventional monitoring techniques (geodetic and/or geotechnical) that allow
real-time monitoring of displacements or other quantities that can be used as indications that the scaled
slope is approaching conditions of instability could be used to adjust the frequency of data collection and
optimise the monitoring process of such non-contact systems during all phases of instability development,
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Figure 11: Time course of the displacements along the y-axis of points 2,19 and 2,21 in the upper part of
the scaled slope.
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Figure 12: Time course of the displacements along the x-axis of points 2,19 and 2,21 in the upper part of
the scaled slope.

i.e. from stable conditions through the phase of initiation of movement to deposition at the end. This could
be the approach that would provide adequate data for a detailed analysis of the instability process and the
mechanisms involved.

4 Discussion and Conclusions

Displacement data obtained with an optical measurement technique from an experiment conducted on a
small-scale sandy slope initiated by simulated rainfall are presented. Two non-contact optical measurement
systems, a high-speed camera system and a slower system with higher resolution, are used to monitor the
3D displacements of the surface of the model. Based on sets of snapshots from two precisely tuned cam-
eras, the displacements of the marker points on the slope are obtained, post-processed and analysed.
A longitudinal profile of interest is presented here, where we can easily keep track of the profile shape
throughout the experiment. Furthermore, the displacement data of two selected points at the top of the
slope, combined with a series of snapshots, show how a significant increase in displacement can be de-
tected and used to accurately detect any instability or cracking. Such an optical measurement method
using high-speed camera systems in combination with other monitoring sensors installed in the model can
provide much important and well-documented data describing the behaviour of the surface in a small-scale
landslide test.
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Figure 13: Left camera snapshots on the stages shown in Fig. 4 (corresponding to time between 7261.85
s in stage 390 and 7261.85 s in stage 434).
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Abstract

Predicting natural processes, such as rainfall-induced landslides, is a problem of great impor-
tance. Every year, meteorological events trigger both superficial and deep landslides on many
slopes, causing damage and victims. The study presented here focuses on the hydraulic and hy-
drologic issues that take place in an unstable slope under the rainfall infiltration. The mentioned
studies are dealt through a physical modelling, a numerical simulation techniques, and through in
situ experimental measurements. Our research is based on an integrated approach which, starting
from the observation of the real phenomenon, reproduces the observed phenomenon in the labora-
tory and models it using an appropriate mathematical scheme. The in situ data refer to a monitoring
station installed near the site where a large mudflow occurred. The physical model consists of 2
connected, independently tilting flume branches (respectively designed to study landslide triggering
and propagation), each 1m wide and 3m long. The flume is equipped with tensiometers for mea-
suring soil water potential inside the slope, a Time Domain Reflectometry (TDR) system and probes
for measuring soil volumetric water content, and laser transducers for measuring soil surface dis-
placements in the direction orthogonal to the sliding plane. The analysed landslide-prone area is
located in Campania (southern Italy), where disastrous mudflows occurred in May 1998, with many
human casualties. The applications allow a better understanding of the role of the rainfall infiltration
and pore water pressure changes in the triggering mechanism, and suggests how the porosity of
the soils involved can affect the kinematic behaviour. The author believes that these changes must
be carefully considered when assessing hazard levels, planning mitigation interventions regarding
slope stability and designing future mitigation strategies for risk reduction.

Keywords: Laboratory flume tests, triggering model, hazard assessment

1 Experimental Site

Catastrophic mudflows often occur in mountains covered with volcanic soils. Some examples of these
landslides are those that occurred in southern Italy, near the volcano Vesuvius and those that occurred
in Mexico. In fact, significant rainfall-induced landslides have taken place in Mexico. In particular, in the
Sierra Norte de Puebla, a mountain system in the state of Puebla within the transition of the physiographic
provinces the Sierra Madre Oriental and the Trans-Mexican Volcanic Belt, these phenomena are recurrent
[1, 2] . Such recurrence derives from the physical characteristics of the territory, characterized by its expo-
sure to hydro-meteorological events including tropical storms and hurricanes, but also due to the presence
of mountain ranges with steep slopes and complex geology composed by sedimentary and metamorphic
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rocks overlaid by volcanic material such as ignimbrite and ash-pumice flow deposits [2, 3] resulted from
the activity of the Los Humeros caldera [4] . Owing to the vulnerability conditions of people living in these
areas, disasters triggered by rainfall-induced landslides are frequent in this region [5] . The worst and latest
episode took place in October 1999 in the municipality of Teziutlan. This municipality is located on a large
plateau extent of a non-welded pyroclastic deposit of ignimbrite type, characterized by a sandy texture and
the presence of pumice fragments. In 1999, extraordinarily heavy rains associated with Tropical Depression
N°11 in the Gulf of Mexico triggered a large number of landslides leading to the largest disaster in decades,
with significant human and economic losses, including 263 fatalities [2, 5, 6] . The instability of pyroclastic
soils is one of the most topical and catastrophic problems involving also the Campania region (southern
Italy). In this area, several volcanic eruptions of large complexes, i.e. Somma-Vesuvius, Campi Flegrei and
Roccamonfina, have occurred over the last 40,000 years [7, 8]. The resulting materials are spread over
a large area around the City of Naples and the slope coverings are frequently affected by to rain-induced
landslides. (e.g. [9-11]). In recent years, the scientific community has been urged to study and investigate
the instability of soils of pyroclastic origin covering the slopes around the Vesuvius area (Naples, Italy). In
particular the Pizzo d’Alvano ridge has been analyzed, especially following the tragic landslide events of
5-6 May 1998 which killed 152 people. In this area the deposits are incoherent, varying in grain size from
sands, silty sands and silts (ashes) to gravels and sands with gravels (pumices). In particular, the ashes
show a rather variable degree of compaction, with porosity ranging from 0.5 to 0.75 [12] . Along the slopes,
the hydrogeological characteristics of the pyroclastic deposits are mainly related to the continuity of the ash
and pumice layers, which affect the rainfall infiltration process. In the area described, the decision was
made to install a monitoring station to study the infiltration processes responsible for triggering landslides.
The station was installed in particular geological-stratigraphic and geomorphologic conditions. Specifically,
the monitored site is located in the upper part of the slope of Pizzo d’Alvano, near the relief known as “Torre
Savaio” and close to some of the landslides that occurred in Sarno in May 1998. This site is of particular
interest because it represents an area that was not affected by the landslide events of May 1998 at Sarno
and it represents, with good approximation, the pre-event hydrogeological conditions.

1.1 Monitoring Station

The monitoring station consists of 7 tensiometers and 8 Time Domain Reflectometry (TDR) probes at differ-
ent depths to measure suction (/) and volumetric water content (©), respectively. The sensors continuously
record the state of the soil, taking systematic measurements every minute. The data is sent to a data logger
at 10-minute intervals and can be downloaded directly on site or from a remote server. In addition to the
sensors monitoring the ground conditions, a tipping rain gauge was installed to record rainfall events at the
site. The station uses electricity from a battery which is recharged by a solar panel. The installation of the
station was preceded by the construction of a hand-dug trench, approximately 2m wide and 2m deep. The
TDR probes were pushed horizontally into the walls of the trench at various depths (depths indicated in Fig.
2). At the points where they emerged from the ground, the sensors were protected by concrete manholes.

The cables were routed through a spiral pipe, which in turn was protected by a double-walled cable
duct. The schematic of the monitoring station is shown in Figure 1. Direct investigations carried out on
site (exploratory pits and trenches) delineated the stratigraphy and thickness of the pyroclastic blanket,
revealing the alternation of sandy-gravelly pumices interspersed with silt-sandy-clay cineritic palaeosols.
The stratigraphy and the levels affected by the installation of the sensors are shown schematically in Figure
2.

The data recorded by the monitoring station for the hydrological year from 01.10.2015. to 30.09.2016.
were analysed and an initial screening was performed, eliminating all "no-data” readings and all unreliable
figures. Pairs of suction and water content measurements recorded at the same time at the same depths
were correlated in order to construct the soil water retention curve. These values were interpolated with
the mathematical formulation of the van Genuchten model curve [13]. Figure 3 shows the pairs of suction
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Figure 2: Stratigraphy and the levels affected by the installation of the sensors.

and saturation degree values and the curve identified by their interpolation. The graph also shows the main
imbibition and drying curves obtained from a laboratory test [14].

The curve obtained by interpolating the on-site data lies within the hysteresis formed by the two main
curves. This was to be expected, since the data used to construct the curve refer to both periods of infiltration
and drying. The result is therefore, an average water retention curve that takes into account both imbibition
and drying processes.

2 Physical model

The physical model is a channel with a rectangular cross-section that is homogeneous and constant along
its entire length [15]. The structure, supported by metal pipes, is 1 m high, 6 m long in total, divided into 3
m for the triggering and 3 m for the propagation, and 1 m wide. Figure 4 shows the side and front views of
the channel. Both the side walls and the bottom wall are made of transparent plexiglass panels to ensure
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Figure 3: Pairs of suction and saturation degree values, the curve identified by their interpolation, and the
main imbibition and drying curves obtained from a laboratory test.

that the movement can be both viewed and filmed during the landslide. On the flume bed it is possible to
reproduce both an impermeable and permeable bottom-base. In the former case, an impermeable rough
bed is laid, which acts as an interface with the test soil, consisting of a plastic sheet on which gravel grains
are glued; in the latter case, a permeable geotextile or geonet is used. To hold the deposit, a draining grid
is laid at the foot of the reconstructed slope.

Figure 4: Physical model: (a) side view; and (b) frontal view.

Grids of different heights can be inserted according to the thickness of the reconstructed deposit.
The grid is formed by a perforated metal sheet, on which a permeable geotextile is placed which permits
drainage. Moreover, on the front part of the grid, transversal to the slope, small water collection channels
can be mounted to measure both surface runoff and runoff from the individual soil layers. Atrtificial rainfall
was applied with a 24-nozzle water particle sprinkler system, fed by a main 1000-liter tank and four 200-liter
auxiliary tanks. The rainfall system integrates four pressure sensors and three auxiliary rain gauges. The
arrangement of the nozzles was optimized so as to ensure rainfall uniformity, and minimize surface erosion
and interference with the video system. The pressure range varies between 0.1 and 7 bar with an intensity
that can vary according to the nozzles used. The maximum variation, for each nozzle, ranges from 0.28
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to 6.13 mm/h. In addition to the artificial rainfall system, further acquisition systems are installed which
permit data collection with a series of sensors for a total of 48 channels from tensiometers, pressure trans-
ducer, laser sensors to detect the soil level, auxiliary sensors (inclination and pressure) and rain gauges.
The individual sensors are placed in various positions and each may be positioned to operate on various
measurement configurations and simulations. Finally, a series of motorized activation and control systems
were installed, including pneumatic and hydraulic controls. The instrumentation in the artificial channel is
able to measure the main parameters that control the physical phenomenon, thanks to the installation of
the following equipment:

Tensiometers (used to measure soil suction);
+ Pressure transducers (used to measure pore water pressure);

« TDR device (used to measure soil water content);

Rainfall system (used to simulate rainfall);

« Laser sensors (used to measure the soil profile and uz displacements );

.

High-resolution video cameras (used to measure displacements along ., and u,).

This sensor system is essential for measuring and monitoring the main parameters that control and
regulate the phenomenon of landslides triggered by rainfall infiltration.

2.1 First test with homogeneous soil

The pyroclastic soil used for the experimental tests was collected in the area of Sarno in southern ltaly,
about 15 km from the volcano Vesuvius. In May 1998, in this area, large and rapid landslides devastated
the town, causing an enormous number of victims. At these sites, the stratigraphy consists of limestones
covered by layers of pyroclastic deposits. These soils are the product of different eruptions of more vol-
canoes like Somma-Vesuvius, Flegrei fields and other volcanoes present in the region that are no longer
active. The ashes, coming out after the eruption and carried by the wind, travel for kilometres from the
eruption zone, resulting in a non-uniform stratigraphy throughout the region ([9, 16, 17]). Generally, they
are incoherent deposits with variable granulometry, ranging from sands, silty sands and silts (ashes) to
sands with gravel (pumice) and gravels. Inside the flume test, a homogeneous deposit of pyroclastic ash
has been reconstructed, which can be attributed to the Plinian eruption of "Pollena” of 472 B.C. The slope
was formed by a layer of volcanic ash 20 cm thick, occupied the entire width of the flume (100 cm) and
was 150 cm long. This geometry allows the deposit to be assimilated to an indefinite slope. At the base
of the model there was an impervious rough bed to simulate conditions similar to those of a natural slope.
At the foot of the slope a geotextile-coated drainage grid was placed. The ash in question was sieved with
a 0.4 cm mesh to remove coarse contamination occurring during the sampling phase. The artificial slope
was re-constituted inside the flume by layers with the moist-tamping technique, with volcanic ash porosity
of between 68% and 76%. The volumetric water content of the ash (©) was about 20%. Inside the artificial
slope, 12 tensiometers were installed to measure suction and six TDR probes to measure volumetric water
content. The sensors were installed at depths of 5 cm, 11 cm and 17 cm below the ground surface, both
in the upslope and downslope zones of the deposit. Three neutral pressure transducers were arranged on
the flume bed, while four laser displacement transducers were installed to measure displacements perpen-
dicular to the slope surface. Figure 5 shows schematically the location of the sensors installed inside the
deposit. Rainfall was generated by a sprinkler system placed about 100 cm above the sliding surface. The
nozzles were arranged so as to ensure rainfall uniformity and avoid surface erosion. Several test stages
were carried out:
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1. The first test was conducted with the deposit in a horizontal position. A constant rainfall of consid-
erable intensity was simulated (about 220 mm/h) for about 50 minutes. The test was performed to
activate infiltration phenomena so as to stabilize the slope before tilting.

2. Thedeposit was then left under natural evaporation for about 14 days, acquiring the values recorded
by the various sensors.

3. The slope was then inclined at 38° an exposed to evaporation for about 8 days to redistribute the
suction values and water content in the new configuration.

4. Finally, a new infiltration phase was simulated with constant rainfall at an intensity of about 220
mm/h, which lasted until slope failure (about 40 minutes).

Pyroclastic ash

o=
I Laser transducers 1 Tensiometers
O Pressure transducer =—TDR Probes

Figure 5: Position of the sensors in section in test n.1.

2.2 Testresults

During the various tests, values of suction and volumetric water content were acquired both in the upslope
and downslope zones at different depths. Displacements perpendicular to the slope surface were also
measured, produced by the variation in the tension state, and the water pressure on the flume bed. The final
infiltration phase was initiated with inclined deposit, with a high-intensity artificial rainfall (about 220 mm/h)
to reach conditions that trigger a landslide along the artificial slope. The suction pattern during the last
infiltration phase (Figure 6) clearly shows that saturation conditions at many of the tensiometers are swiftly
reached. It is also possible to note the moment in which the curves for tensiometers placed downslope at
5 cm and 11 cm of depth have a rapid variation in slope, that is when part of the slope is detached and
a small surface landslide is triggered. Trends in soil volumetric water content are reported in Figure 7. It
appears evident, also in this phase of infiltration in a sloping channel, the progressive advancement of a
wetting front from the top, although some differences are observed between the upslope and downslope
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zones Where, perhaps due to the imperfect homogeneity of the spatial distribution of the artificial rainfall, but
especially due to the subsurface flow parallel to the slope, the increase in water content appears anticipated.
It should also be pointed out that all the TDR probes, despite there being absolute evidence that much of
the deposit reaches complete saturation conditions, detected water content values between 50% and 55%.
This is doubtless to be attributed to compaction experienced by the deposit during the previous test phases,
which had led to a reduction in height from the initial 20 cm to around 18 cm, corresponding to a estimated
reduction in porosity of around 10%. This graph also shows the moment in which a small landslide is
detached, producing an abrupt change in the steepness of the curve for the TDR positioned in the most
superficial part downslope. In this case the landslide brought the TDR to the surface and from this point on,
the values measured by the sensor are no longer representative of the actual water content.
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Figure 7: Volumetric water content vs. time.

Slope failure, consistent with the compacted configuration assumed by the deposit during the previous
test phases, did not trigger a mud-flow. The instability took the form of a progressive erosion of the more
superficial soil layers, initially and chiefly concentrated in the downslope zone, where the intense sub-
surface flow resulted in conditions of greater moisture being reached and, at the same time, encouraged
soil mobilization. The first local failures began to occur about 20 minutes after the beginning of artificial
rainfall, and only after that did they extend so far as to affect the points in which some of the tensiometers
and TDR probes had been installed.
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2.3 Second test with homogeneous soil

A homogeneous deposit of volcanic ash was reconstructed, similar to that of the previous test: 20 cm thick,
60 cm wide and 270 cm long (Figure 8). Also in this case, an impervious rough bed was placed, while a
geotextile-coated drainage was placed at the foot of the slope. The porosity was between 68% and 76%
and the volumetric water content of the ashes was about 20%. Inside the deposit, 12 tensiometers were
installed to measure the suction, and 7 TDR probes to measure the volumetric water content. At the bottom
of the flume, 6 pressure transducers were arranged, while 6 laser technology displacement transducers
were installed to measure the displacements orthogonal to its surface of the slope. Figure 8 shows the
position of the sensors in section. Rainfall was generated by a sprinkler system placed about 100 cm
above the sliding surface. The nozzles were arranged so as to ensure rainfall uniformity and avoid surface
erosion.

Pyroclastic ash

o=38°

=+ TDR Probes l Tensiometers

Figure 8: Position of the sensors in section in test n.2.

Various test stages were carried out:

1. The first phase was performed with the deposit in a horizontal position simulating a constant rain
of 50 mm/h intensity for about 20 minutes, to activate infiltration phenomena so as to stabilize the
slope before tilting it.

2. Subsequently, the slope was inclined at 38° and left to evaporate for about 20 days, in order to
redistribute the suction and water content values in the new configuration.

3. Finally, an infiltration phase was carried out, simulating a rainfall with a constant intensity of 50
mm/h, which lasted about 4 hours, until the slope failure.
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2.4 Test results

The last infiltration phase with the inclined deposit was characterized by artificial rainfall with an intensity
of 50 mm/h. The evolution of suction during this phase until the slope failure is represented in Figure 9.
This shows that all the values recorded by the tensiometers tend to converge to a suction value equal to
zero, which indicates the achievement of the saturation condition in the entire deposit. The values of the
volumetric water content were measured with 7 TDR probes. The trends are shown in Figure 10 from
which note the progressive advancement of the wet front from top to bottom. Differences can be observed
between the upstream and downstream areas, presumably due to an imperfect homogeneity of the spatial
distribution of rainfall, but above all due to the sub-surface flow parallel to the slope. From the graph it can
be seen that failure phenomena occurred about 120-130 minutes from the start of the test. There was a
detachment of a large area of the soil which caused the triggering of an evident mudflow (Figure 11). In
this test, in contract to the first, there was a sudden detachment of the soil and the formation of a mudslide.
This difference in behavior is due to the greater porosity of the soil in the second test.
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Figure 10: Volumetric water content vs. time.

This avoided the formation of volumetric collapse and therefore of soil compaction. We can therefore
deduce that these soils lead to the formation of mudslides only if they maintain a high porosity, otherwise
the detachments will be minor and retrogressive in nature.
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Figure 11: Detachment niche of the mudflow.

3 Conclusions

In this work, experimental data on site were presented, measured by a monitoring station installed in Sarno,
in southern Italy. This area was affected by several mudflows in May 1998, causing a lot of damage and
deaths. The suction values and saturation degrees recorded at different depths for an entire hydrologi-
cal year were analyzed. Pairs of values of these quantities made it possible to define the water retention
curves. It has been shown that the SWRC of these soils show a strong hysteresis between the wetting
and drying phases. This aspect must be taken into consideration when performing numerical simulations
aimed at defining the mechanical response of the slope. Two experimental tests performed with a physical
laboratory slope model were also presented. In both cases, the deposits were homogeneous and com-
posed of pyroclastic ashes. Tests were developed in different test stages: phases of rainfall infiltration and
evaporation with horizontal deposit, and rainfall phases with the deposit inclined. The mechanical response
of the deposits in the two tests was decidedly different. In the first test, the instability occurred in a form of
small detachments of a retrogressive nature. In the second, however, there was a mudflow. This difference
is due to the different porosity of the soil. In fact, in the second test, the rainfall and evaporation phases with
the horizontal deposit lasted much shorter than in the first test. This avoided the phenomenon of volumetric
collapse and thus the compaction of the soil. This experimentation is grounds for the study of pyroclastic
soil samples from other areas such as Sierra Norte de Puebla in Mexico, with the aim of highlighting any
similarities in behavior and response to rainfall infiltration.
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Abstract

Physical models are widely used in landslide research. They allow direct and accurate measure-
ment of the main driving forces and features of the fundamental processes regulating a landslide.
Physical modelling is principally used to: i) investigate specific or general landslide mechanisms, ii)
validate mathematical formulations or numerical codes, iii) infer how a real in-situ slope and land-
slide scenario may evolve. This paper will provide some remarks on the first two issues. The FEM
(Finite Element Method) and MPM (Material Point Method) analyses of a reduced-scale slope model
that is gradually saturated by water table raising, is used as a benchmark. In this case, the exper-
iment shows that the slope fails by shear and then liquefaction occurs, and numerical simulations
can capture such slope instability sequence. On the other hand, flume tests of saturated granu-
lar flows are simulated via SPH (Smooth Particle Hydrodynamics) to interpret the spatio-temporal
evolution of the pore water pressure within the rapid flow. An example of test regarding Landslide-
Structure-Interaction is also proposed. The paper discusses the extent to which physical models
and numerical simulations are complementary. The limitations of both types of approaches are also
highlighted, such as scale-effects or computational costs.

Keywords: mechanisms, experimental, numerical

1 Introduction

There are several reasons that make the analysis of landslides a complex task. These include, for instance,
multiple combined mechanisms, the strain-dependent behaviour of the involved soils, and the transient
groundwater regime, especially in partially saturated soils and in fast-moving landslides. It is generally ac-
cepted that landslide recognition and diagnosis are the first two fundamental steps to be taken. Landslide
recognition includes the assessment of site boundary conditions and the evolution of the slope over time.
Landslide diagnosis involves relating the causes (factors) and the effects. These relationships are usually
named mechanisms. The individuation of landslide mechanisms can be pursued at different scales, from
regional/territorial to local/micro scales. Qualitative or quantitative, empirical or physically based interpre-
tations are applicable depending on the general scope of the activities, for instance, land-use planning or
design of protection structures. In the most complex cases, landslide physical modelling is a powerful tool
for direct observation of landslide mechanisms. An undoubtable advantage is the high accuracy of the
measurements it allows. Nevertheless, a simplification of the site stratigraphy and geometrical conditions
is always required. Another important limitation concerns the reduced dimensions of the landslide model
compared to the site problem. In this sense, scale effects can be opportunely managed, and even much
reduced if a centrifuge device is used. Independent on the type of physical model, its combination with
geomechanical numerical simulations has proven to be efficient for an advanced landslide diagnosis. This
paper reports 4 emblematic cases, where complex scientific questions could be answered thanks to the
combined use of physical and numerical landslide models.
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2 Failure first, then liquefaction: a lesson learnt

2.1 Experimental results

The scientific question was: Is static liquefaction of soil the only cause of flow-like landslides? In other words,
is liquefaction the cause or the effect of a slope instability when a flow-like landslide occurs? Eckersley [1]
and several later slope model results (including [2]) have demonstrated that a slope model of loose material
subjected to a rise in the groundwater table (eventually in conjunction with water inflow from the ground
surface) first fails, then liquefaction occurs, and finally a retrogressive slope instability is initiated (Fig. 1).
Images of slope instabilities observed through transparent side walls and measurements of pore water
pressure at different points inside the slope were supported this explanation. The interested readers may
refer to the references given.
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Figure 1: Experimental results of one flume test of Eckersley [1]: failure and post-failure stages.

2.2 Small-deformation FEM modelling

How to confirm these experimental results via numerical modelling? Analyses based on no-deformation
or small-deformation approaches could be used. Definitions and examples are reported in Cuomo et al.
[3](2021a). For instance, while it is no possible to simulate the slope multiple retrogression failures ob-
served by Eckersley [1], static liquefaction is capturable if an advanced soil constitutive model is used.
First, a simplified limit equilibrium analysis pointed out a slope safety factor close to one for a groundwater
table equal to that observed at the occurrence of slope failure. This means that soil shear failure plays a
role. Then, the liquefiable behaviour of the soil measured in undrained compression triaxial tests for differ-
ent values of porosity was simulated by an advanced constitutive model based on Generalised Plasticity
[4]. Some of these results are reported in Cascini et al. [5]. Finally, FEM analyses, based on a hydro-
mechanical fully coupled approach, were performed. A series of numerical simulations carried out with the
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GHM (GeHoMadrid) code [6] outlined that the failure of the toe of the slope can be simulated consistently
to the flume test results. In conclusion, numerical modelling corroborated the experimental evidence in a
physically based framework, which has been appropriately implemented in the numerical code.

2.3 Large-deformation MPM modelling

The same experiments have been simulated again some years later by Cuomo et al. [7]. As in the previous
case, the geomechanical framework relied on full hydro-mechanical coupling and advanced constitutive
modelling. The latter was based on the hypoplasticity theory [8]. However, this time the problem this time
was casted in terms of large soil deformations and the numerical technique of the Material Point Method
(MPM) was used by the Anura3D code. MPM is an enhancement of the classical FEM. The use of MPM
in this context implies that both shear failure and subsequent liquefaction at the base of the slope could
be captured. In addition, the spatio-temporal evolution of soil liquefaction on the slope was tracked, and
the retrogressive type of the slope instability (Fig. 2) was captured [7]. It was demonstrated that static
liquefaction is attained at the toe of the slope, which then largely deforms. Hence, a retrogressive landslide
is triggered, which causes a lateral decompression and an increase in shear stress in the rear of the slope.
Static liquefaction propagates backwards, thus triggering other multiple retrogressive failures. As the failed
material propagates and finally comes to rest, global instability brings to the final flat deposit. What is the
lesson learnt? The failure stage depends on the hydraulic boundary conditions. The post-failure stage, i.e.,
the transition of a slide into a flow, is regulated by soil static liquefaction. The later slope evolution until it
stops is controlled by large deformations of the soil and the change in geometry.

Time=04s

Time=07s

Time=13s

U Deviatoric Strain

Figure 2: Displacements and deviatoric shear strains computed at different times by Cuomo et al. [7].
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3 Loose and dense sands both prone to flow landslides?

3.1 Experimental results

A fundamental scientific question is that: soil behaviour or site condition, what is the most important factor?
This issue is especially relevant for flow-like landslides, sometime called runaway landslides. It is agreed
that loose, saturated sands may undergo static liquefaction and generate flowslides. However, from field
observations, there are also known cases where the soils were not so loose but still suffered from slope
instabilities that later evolved into flow-like landslides. Take et al. [9] provided convincing experimental
evidence for the first time by using an unsaturated slope model in a centrifuge. A two-layer slope model
was prepared, with coarser material at the top and finer material at the contact with the impervious bedrock.
Displacements were measured with a high-speed camera and image processing, and pore water pressures
with transducers embedded in the slope. A transient seepage was induced in the upper layer, leading to
the formation of a perched water table at the top of slope (Fig. 3).
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Figure 3: Centrifuge slope model for loose and dense soils: (a) centrifuge model scheme, (b) displacement
measured at PIV1, and (c) pore-water pressures measured at PPTT1 (modified from Take et al. [9]).

The most-important evidence was that a flow-like landslide was triggered in the coarser material, re-
gardless of soil density, either in the loose or dense case. This experimental evidence has important prac-
tical implications. It means that the chance for flow-like landslides in the field cannot be absolutely limited
to the case of loose materials. Dense materials also deserve attention. However, how to explain such
evidence from a geomechanical viewpoint?

3.2 FEM modelling

Both soil constitutive response (static liquefaction) and transient seepage (constrained in the layered slope
stratigraphy) are the two key factors. This was the working idea of Cascini et al. [5]. The authors set
up a numerical model corresponding to the prototype of the centrifuge tests of Take et al. [9]. The GHM
(GeHoMadrid) code was used also in this case in combination with a Generalized Plasticity soil constitutive
model [4]), which can reproduce static liquefaction for loose sand. The main numerical outcomes can be
summarized as follows: slope instability is simulated in both loose and dense slope models; the failed soil
volumes are similar in the two cases; transient constrained seepage plays a role in both cases; however, in
the dense slope model, localized failure occurs (a shear band starts at the toe of the slope and propagates
backwards); in the loose slope model, diffuse failure due to static liquefaction occurs; failure is brittle for
dense slopes and more delayed in time for loose ones.
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Figure 4: Time trend of the equivalent plastic strains computed for (a) loose and (b) dense soils by Cascini
et al. [5].

4 Pore water pressure during propagation: new insights

4.1 Experimental results

Excess pore water pressures in fast-moving landslides are recognized as responsible for long runout dis-
tances travelled even along gentle piedmont areas. Small and (more recent) large flume tests have helped
to understand how much interstitial fluid is important. When flow thickness, total weight and basal pore wa-
ter pressures are measured at specific locations, information about a liquefied state (or not) of the flowing
material can be obtained. In the experiments of Iverson et al. [10], such measurements were performed at
the terminal part of an 80 m long flume. Pore water pressures close or equal to the total stress values were
measured. It entails that the material is completely liquefied while propagating downslope. However, such
high pore water pressures are dissipated during flow deposition.

4.2 SPH modelling

In this case, a large deformation framework is absolutely needed to reproduce the movement of the initial
soil mass along the slider. However, the hydro-mechanical coupling of the soil is also fundamental. Among
a series of approaches potentially applicable to this case, Cascini et al. [11] selected a compromise solu-
tion approach based on the following: hydro-mechanical coupled propagation approach; depth-integrated
formulation instead of a 3D model; Smooth Particle Hydrodynamics (SPH) numerical tool to ensure fast
computation with good numerical accuracy. Details about the used SPH formulation are given in Pastor et
al. [12]. However, a SPH-FDM formulation [13] was also employed, which combines the SPH model with a
1D vertical FDM (Finite Difference Method) model for a more accurate evaluation of pore water pressures
along the height of the flowing mass. Both formulations are available in the GeoFlowSPH code developed
by Prof. Pastor and coworkers. In both models, a frictional rheological behaviour of soil was assumed with
the pore water pressure computed separately. Fig. 6 shows the accurate reproduction of the measure-
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Figure 5: Photo of a 10 m3 debris flow tested in the USGS flume (from [10])

ments obtained along the slope at two different distances from the gate. Both the SPH and the SPH-FDM
formulations were adequate to reproduce the observed behaviors.
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Figure 6: Experimental results versus numerical simulations. Measurements taken at 32 m (circles) and 66
m (triangles) from the gates. The mean values and standard deviation (o) of the two set of measurements.
Empty symbols: SPH model. Solid symbols: SPH-FDM model. (modified from Cascini et al. [11])

5 Landslide structure interaction: challenges for flows

5.1 Experimental results

Complementary to the previous debris flow flume experiments are those investigating the interaction of
flows (dry or saturated) against walls, obstacles or structures, reproduced at reduced scale in flume or
centrifuge tests. Song et al. [14] performed a series of centrifuge tests with saturated granular materials
initially stored into a tank and then released through a bottom gate. The material flows downwards very
rapidly and impacts against a fixed, rigid wall. In some cases, the material stops behind the wall; in other
conditions, the flow overcomes the wall; even combined modes are observed. In all tests, the time-trend of
lateral pressure exerted against the wall is measured at five locations along the wall. This provides complete
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experimental evidence is for the so-called Landslide-Structure-Interaction (LSI).
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Figure 7: Centrifuge device used in the experiment of Song et al. [14]. All dimensions in millimetres.

5.2 MPM modelling

Modelling such complex behavior is not an easy task. It requires a formulation of large-deformations, a
fully coupled hydro-mechanical approach, and efficient numerical algorithms to accurately reproduce such
a dynamic problem (rapid propagation) and an impulsive action (impact against the wall). MPM modelling
of these tests was proposed by Cuomo et al. [15] using a version of the Anura3D MPM code developed by
Deltares (Delft, Netherlands), and a simple non-associative elasto-plastic constitutive model. Fig. 8 shows
a time lapse where the material is extremely elongated, with the front part impacting the wall at about 20 m/s
and the rear part of the flow not yet having moved from away from the bottom of the tank. Such numerical
result is consistent with the experimental measurements. Interested readers can find details about the
calibration and validation of the modelling approach in Cuomo et al. [15]. This demonstrates the capability
of the numerical model to reproduce the complex geometrical configurations of the flow during the flow.
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Figure 8: Example of velocity distribution for SL50 test run by Song et al. [14]. (Image modified from Cuomo
et al. [15])
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On the other hand, it is worth noting that the experimental centrifuge facility can reproduce such high
(realistic) velocities well for the flow-structure impact scenarios. The dynamic behaviour of landslides is well
simulated by the numerical modelling and, interestingly, the time-trends of the LS| are also well captured.
For instance, Fig. 9 shows the experimental values of the impact pressure over time at the base of the
wall compared to the numerical results. In this case, three different hypotheses for the Ergun coefficient
[16], which regulates the non-linear contribution of the seepage velocity on the solid—liquid interaction forces
(relevant in high porosity mixtures) are reported; and a negligible role of this factor is highlighted. In general,
either the peak pressure or the subsequent drop over time is well captured by the modelling.
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Figure 9: Experimental measurements and simulated values of the pressure at the impact zone for the
SL50 test run by Song et al. [14]. (Image modified from Cuomo et al. [15])

6 Concluding remarks

The paper has presented 4 selected cases of landslide physical models: 2 flume tests (one with a length of
2 m for triggering, and another 80 m long used for propagation); and 2 centrifuge tests (one with a length
of 0.6 m for triggering at N=30 times the gravity acceleration, and another 1.2 m long used for landslide-
structure-interaction at N=22). In all cases, the size of the model (although amplified by N in the centrifuge
tests) is smaller than the real site conditions. Thus, some scale effects are expected in comparison to the
real landslide behaviour. Another important issue is the high complexity of the (i) landslide model and (i)
numerical model. The former strongly depends on the quality (accuracy and readiness) of the sensors,
and an adequate slope geometry simplification is relevant as well. The latter relies on an appropriate ge-
omechanical framework (equations to be solved), a robust numerical technique and a sound constitutive or
rheological soil model. Based on the experience achieved so far, two combined analyses seem particularly
well suited. i) Detailed field investigations combined with traditional geomechanical analyses of ground-
water seepage and slope limit equilibrium conditions are especially useful to establish landslide diagnosis
and recognition. ii) A physical model combined with numerical analysis is the next step to corroborate the
landslide mechanisms identified by the field evidence and the analyses from step i).
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Project Physical modelling of landslide remediation
constructions behaviour under static and seismic actions
(1P-2018-01-1503)

Physical modelling of landslide using scaled landslide models
behaviour was established at the end of 1980s when in a scaled
physical model (flume or flume test) behaviour of flowslide and
liquefaction of sliding material were investigated. The main task of
landslide physical modelling in last 25 years was research of initiation,
motion and accumulation of fast flow like slides caused by infiltration
of surface water in a slope. The numerous established landslide
physical models and researches can be divided in two main groups
related to landslide main triggering factors: rainfall and earthquakes.
The existing studies of landslide remedial construction behaviour
using physical modelling are very rare. The proposed Project will
encompass researches of behaviour of different construction applied
for landslide remediation in physical models of scaled landslides

in static and dynamic conditions where static conditions imply
conditions for rainfall triggered landslides and dynamic conditions
imply conditions for earthquake induced landslides. Observations

of landslide movements in a physical model will be carried out by
sensor network for measuring displacements, pressures, forces and
pore pressures and innovative photogrammetric equipment including
terrestrial laser scanner and infrared camera. Scaled remedial
constructions will be constructed by 3D printer that will enable
precise scaled construction elements. The measured parameters
from physical model will be included in 3D numerical simulation.

The results of both physical and numerical modelling will enable
better understanding of landslide remedial construction behaviour.
Methods of stability analysis used for landslide remediation design in
engineering practice are still very rough and result with selection of
conservative remedial constructions. For that reason, research results
would represent the base for new approaches to the rational landslide
remedial construction designing in engineering practice.

The Project is funded by

Croatian Science Foundation, IP-2018-01-1503
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