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Abstract Despite the considerable progress made in 
recent decades, there is still a need for a deeper 
understanding 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 extremes, 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. 
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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 scientific 
community and landslide practitioners in recent decades. 

Despite considerable efforts and progress in 
understanding the physical processes and mechanisms 
responsible for triggering rainfall-induced landslides, the 
issue remains an important topic for the landslide 
scientific community. Complex physical processes 
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 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 response 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 
landslides (e.g., Casagli et al. 2006; Rahimi et al. 2011; 
Comegna et al. 2013; Leung and Ng 2013; Cascini et al. 2014; 
Lollino et al. 2016; Hinds et al. 2019; Kang et al. 2020; 
Marino et al. 2021Ǣ�������©������Ǥ�͜͞͞͝Ȍ Field monitoring has 
been successfully used to observe the hydraulic and 
mechanical response of slopes in different geological and 
climatic contexts (e.g. Greco et al. 2013; Springman et al. 
2013; Bordoni et al. 2015; Leung and Ng 2016; Chen et al. 
ͤ͜͞͝Ǣ� ���� ��� ��Ǥ� ͜͞͞͝Ǣ� �������� ��� ��Ǥ� ͜͞͞͝Ȍ. Particularly 
valuable data have been obtained from field experiments 
on instrumented slopes exposed to artificial rainfall or soil 
moisture increase conditions (e.g. Krzeminska et al., 2014; 
Rahardjo et al., 2005; Sitarenios et al., 2021; Springman et 
al., 2013; Sun et al., 2021; Zhang et ��Ǥǡ� ͥ͜͞͝Ȍ. 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. Casini et al. 2013; Cuomo et 
al. 20ͣ͝Ǣ�������©�������������͜͜͞͞Ȍ. 

While size effects, problems associated with taking 
and testing intact soil samples, and stress conditions and 
loading paths that cannot fully replicate field conditions 
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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 conditions. 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 propagation phase of landslides triggered by artificial 
rainfall under 1g conditions (e.g., Moriwaki et al. 2004; 
Take et al. 2004; Tohari et al. 2007; Damiano et al. 2017; 
����������������Ǥ�ͥ͜͞͝Ǣ�������©������Ǥ�͜͞͞͝Ǣ�����������Ǥ�͜͞͞͝Ȍ.  

This paper presents a model platform for physical 
modelling of small-scale slopes under 1g rainfall conditions 
developed 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 examples of 
monitoring data are presented and analysed with working 
frameworks relevant to the study of scaled slope models 
initiated by rainfall. 

 
 

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 
���������� ������� ������ ������� ȋ��������Ȍ� ���� ��������
ȋ����������Ȍ�����������Ǥ������������������������������������
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 ����������� ��������Ǥ� �� ������� �������� ����������� ���
miniature pore water pressure ȋ���Ȍ 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 

����Ǥ�������������������������������������in �����������al. 
(2020Ȍǡ Jagodnik et al. (2021Ȍǡ���� ������©������Ǥ�(͜͞͞͝Ȍ. 

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 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. 

 
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 
��������� �������Ǥ� ���� ��� ���� ������������ ���������
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 
���������� ����Ǥ��� ����-grained sand was used as the base 
 

 

 
Figure 1 D����������������������������������������ǣ��Ȍ�The empty 
model ��������Ǣ� �Ȍ� Compaction of the soil material and 
�����������������������������������������Ǣ��Ȍ�Scaled slope model 
with installed measuring instruments before the start of the test. 

a) b) 

c) 
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soil and the ����������������������Ǥ�����������������������
obtained by adding 15% by weight of kaolin clay to a clean 
sand (hereafter referred to as SK15ȌǤ�The clean sand was 
installed at 50% of the relative density (DriȌ and at 2% of 
the initial moisture content (wiȌ, while the Dri and wi were 
75% and 8.1% for the SK15, respectively. For both soil 
materials, Ladd's method of under-compaction (Ladd 
ͥͣ͝͠Ȍ 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 
ȋ	��Ǥ�͝�Ȍ. ����� the model was built, the entire model was 
covered with nylon to prevent excessive drying due to 
evaporation until the start of the test ȋ	��Ǥ�͝�Ȍ. Tab. 1 shows 
the basic soil properties of the previously described soils. 

 
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, 
�������������������Ȁ�����������������Ȍǡ�������������ity 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 
 
Table 1 Basic soil properties of sand and sand with 15 % kaolin by 
mass (SK15Ȍ�with the target initial conditions. 

Parameter (unit)  
Material 

Sand SK15 
Specific gravity, Gs 2.70 2.67 
Effective particle size    

D10 (mm) 0.19 0.056 
D60 (mm) 0.37 0.207 

Uniformity coefficient, cu 1.95 54.11 
Minimum void ratio, emin 0.64 0.54 
Maximum void ratio, emax 0.91 1.43 
Hydraulic conductivity, ks (m/s) 1.0E-05 3.5E-06 
Friction angle, I ( ) 34.9 31.8 
Cohesion, c (kPa) 0 4.4 
Initial porosity, ni 0.44 0.43 
Initial relative density, Dri 0.50 0.75 
Initial water content, wi (%) 2.0 8.1 

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 
�������� ȋ	��Ǥ� ͞ȌǤ� ��� the reference pressure of 2 bar, the 
axial-flow full-����� �������� ȋ���Ǥ� ͞Ȍ� ���� ��������
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. 

 
Monitoring equipment 
The monitoring equipment can be divided into two main 
�����ǣ��Ȍ������������������������������������������������
photogrammetric equipment for multitemporal landslide 
analysis ȋ�������������Ǥ�͞ ͥ͜͜Ȍ. of image sequences obtained 
from a pair of high-speed stereo cameras ȋ	���������Ǥ�͜͢͞͝Ȍ 
and terrestrial laser scanning and structure-from-motion 
ȋ���Ȍ� ��������������� �������� ����� ������ ����
determination of the surface model of the slope in the pre- 
and post-failure phase ȋ�������������Ǥ�͜͜͟͞ȌǢ���Ȍ��������������
monitoring system consisting of a network of miniature 
sensors to measure changes in soil moisture, pwp, soil 
temperature and electrical conductivity, displacements, 
etc. 

���� ������� ��� ��� ������l, non-contact 3D 
������������ ������� ȋ
��� 
���Ȍ� ����� ��������� ����
entire workflow from taking measurements to analysing 
���� ����� ���� ����������� ���� �������Ǥ� �� ���� ��� ���� ͠-
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 
������Ǥ�������������������������������	����	�����͟����͟͜͝�
ȋ	���� ������������� ���ǤȌ� ��� ����� ��� �������� ���� ����- 
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 
 

 
Figure 2 Simulated rainfall with an intensity of 23 mm/h with a 
detail of the sprinkler branch with axial flow full-cone nozzles. 
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Table 2 Technical characteristics of full-cone nozzles used to 
simulate rainfall: s����� ������ ���� ����� ������ ȋ�Ȍ� ���� ����������
������������������ȋ�Ȍ�ȋ�������Ǥ���Ȍ. 

Spray 
angle Type 

v (l/min) 
p (bar) 

1.0 2.0 3.0 5.0 
60° 490.404 0.76 1.00 1.18 1.44 
60° 490.444 0.95 1.25 1.47 1.80 
60° 490.484 1.21 1.60 1.88 2.31 
60° 490.524 1.52 2.00 2.35 2.89 
90° 460.524 0.30 0.40 0.47 0.58 

 
scanned points, while reference points are used to overlap 
the scanned areas and define the relative coordinate 
������Ǥ����������͜͜͡� ������������ ��� �����-wide angle 
������� ��-�� ͝͝-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 ������©������Ǥ�ȋ͜͞͞͝Ȍ. 

The geotechnical monitoring system consists of a 
complex network of miniature sensors equivalent to the 
���������� ����� ���� ������ ����������Ǥ� ���� �������� ����
connected to data loggers that allow continuous data 
collection of soil moisture, positive pwp and soil suction, 
������������ǡ����Ǥ����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. 
 
 
Equipment for monitoring the hydraulic response 

�����������������������������������������l 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 physical 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 
occurring in different soil textures, while ensuring 
sufficient precision, resolution, and responsiveness. 

 

 
Figure 3 Geodetic monitoring ���������ǣ��Ȍ���������������������
���������������������������������ȋ
���
���Ȍ��������������
��� ���� ȋ�����Ȍ� ͝͞� ���������� ������� ����������� ��������������
���������������������������Ǣ��Ȍ�����	����	�����͟����͟͜͝�ȋ	����
������������� ���ǤȌ� ������������ ������ ������r and a detail of the 
position of the reference sphere. 

The solution was found in the capacitance-based soil 
water content sensors, which provide rapid detection of 
changes in soil �������������������������ȋ���Ȍ�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 �������������������������������������������Ǥ���������
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 
���������� ������� ���� �������� ������ ������� ȋ��������Ȍ� ����
��������ȋ����������Ȍ����������s. 

a) 

b) 
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Sensors for measuring the water content of the soil 
The TEROS 10 and TEROS 12 are soil moisture sensors 
�����������
�����ȋ���ǤȌ���������������������������������
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 ����������Ǥ�ȋͥͤ͜͝Ȍ. 
�������������������������ȋͣ͜���������������������Ȍ���������
to measure the apparent dielectric permittivity ȋɉaȌ�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 
dielectricity of the substrate and the VWC of the substrate 
(TEROS 10 manualȌǤ������������������������������������
time, a microprocessor outputs �������������������ȋ���Ȍ�
based on the substrate ɉa. Finally, a calibration equation 
�����������������������������������������������������������
VWC values. The high measurement frequency ensures 
insensitivity to variations in soil texture and 
electromagnetic conductivity (TEROS 10 manualȌǤ� ��� ����
tests, a generic calibration equation from the 
manufacturer for mineral soils was used to predict VWC, 
���������������������������������������������������͢ǣ� 
 

ȣ ൌ ͶǤͺʹͶ ή ͳͲିଵ ή ଷܹܣܴ െ ͳǤʹʹʹ ή ͳͲି ή ଶܹܣܴ �����
�������ʹǤͺͷͷ ήή ͳͲିଷ ή ܹܣܴ െ ʹǤͳͷͶ   [1] 

 
For ��� outputs from the METER data logger, the 

apparent dielectric permittivity can be used to determine 
���ǡ��Ǥ�Ǥǡ��������������ǯ�����������ȋͥͤ͜͝Ȍǣ 
 

ɂ ൌ ͳǤͲͷͶ ή ͳͲିସ ή ݁ଶǤଵήଵషయήோௐ    [2] 
 

TEROS 10 has a VWC range for mineral soils of o.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 manualȌ. On the other hand, 
TEROS 12 has a slightly larger VWC measurement range 
(0.00-0.70 m3/m3Ȍ������the same resolution and accuracy 
as TEROS 10. The temperature range for TEROS 12 is -40 
to 60 Υ, with a resolution of 0.1Υ and a measurement 
accuracy of s1Υ. 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 manualȌǤ� 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 
͟͜͠� ��� ȋ	��Ǥ� ͠ȌǤ� 	��Ǥ� ͡� ������ ����� �etails on the 
installation and calibration of the sensors. 
 

 
Figure 4 Influence volume for VWC measurements with TEROS 
10 (leftȌ�����������͝͞�ȋ�����Ȍ sensors (TEROS ������ȌǤ 

 
Figure 5 Installation of TEROS 10 during model build-up ȋ����Ȍ�
and calibration for clean sand. 

 
Sensors for measuring the water potential of the soil 
�����������������������������������������������ǡ����������
tensiometers with vacuum gauges (IR -͠͡� ���� �͝Ȍ� and 
�������� ȋ������ ͟͞Ȍ� ������������ǡ� ����� �������������
ȋ������͟ ͝Ȍ�����������͞ ͝�����������������������������������
purchased to measure soil water potential, depending on 
project needs and available funds. The non-digitised 
standard tensiometers IR -45 (Irro�������������ǡ� ���ǤȌ�
���� �͝� ȋ���� ����� �������� 
���� Ƭ� ��Ǥ� �
Ȍ� �����
already purchased in the initial phase of the Project and 
used for the first test on clean sand ȋ	��Ǥ�͢�Ȍ. The TEROS 
32 ȋ	��Ǥ�͢�Ȍ and TEROS 31 ȋ	��Ǥ�͢�Ȍ�digitised tensiometers 
(METER Group, ���ǤȌ��������������������������������������
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 
ȋ������
����ǡ����ǤȌ������������������������������sed in 
�� ������������ ������ ������� ����� ��� ��������� ȋ����Ȍ�
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 ������Ȍ. It uses a similar 
approach as the VWC sensors TEROS 10 and TEROS 12: 
The sensor measures the ɉa of a solid matrix (porous 
�������������Ȍ�������������������������������Ǥ�����������ɉa 
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 r��������������� ȋ����Ȍ����
porous stones. 

The measuring range for the water potential of the 
TEROS 31 mini-tensiometer is -85 to +50 kPa with a 
resolution of s0.0012 kPa and an accuracy of s0.15 kPa. 
It also provides temperature measurements in the range of 
-30 to +60Υ with a resolution of s0.01 Υ and an accuracy 
of s0.5 Υ. The TEROS 21 has a measuring range of -9 to -
100 000 kPa for water potential and -40 to 60 Υ for soil 
temperature. 
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Figure 6 �Ȍ�Standard, non-digitised IR and T1 tensiometers; �Ȍ�
preconditioning of TEROS 32; and �Ȍ�TEROS 31 tensiometers. 

 
 

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 
mechanisms 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. 

 
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 
��������������������������������������������������Ǥ�����������
first slide, further instabilities developed in the form of 
retrogressive slides up to the top of the slope. Fig. 7 shows 
����������������������������������������������������������
����ǡ�������������������������������������������������ȋ�Ȍǡ�
������� ȋ�Ȍ� ���� ������ ȋ�Ȍ� ������ ��� ���� ������ ȋ�ȌǢ� ͥ͠�
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. ͣ�Ȍ�ȋ�ȌǢ�͡͝���������������
the start of the rainfall, when the entire base is submerged 
ȋ�ȌǢ�����͡ ͢����������������������������������������������������
ȋ�Ȍ, when the first small rotational landslide occurs at the 
�����������������ȋ����������������ȋ�ȌȌǤ 

For the same test, the VWC values measured with 
TEROS 10 and TEROS 12 sensors at the base of the model 
ȋ�Ȍ��������������	��Ǥ�ͤǤ�������������������������������te 
that the GWL reaches the sensors installed at 24, 18 and 12 
cm after about 23, 39 and 41 minutes, respectively. The 
readings become constant (indicating saturated 
����������Ȍ����������������������������������������������
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. 
 
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 
���������������������ȋ	��Ǥ�ͥȌǤ 

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 1͜� �������Ǥ� ������ ����ǡ� ����
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-͢Ȍ�
located at 6 cm depth in the middle section of the model 
(M-profile - the same analogy as in Example 1 is used, i.e., 
����	��Ǥ�ͣ�ȌǤ���������������������������������������������
pair of TEROS 10 and TEROS 31 sensors, both the changes 
in pwp ȋ��� ������� �������Ȍ� ���� ���� ���� ����������
throughout the test. 

a) b) 

c) 
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Figure 7 ���������������������������������͟͡ϓǡ�����������������������������: �t the beginning of the test with measurement profiles in 
����������ȋ�Ȍǡ��������ȋ�Ȍ�����������ȋ�Ȍ����������������������ǡ��������������ȋ�ȌǢ�ͥ͠����������������������������������������ǣ������������������
of GWL reaching �������������������������������������������ȋ�ȌǢ�͡͝����������������������������������������ǣ������������������������������
ȋ�ȌǢ�The first sm��������������������������������������������������ȋ������������Ȍǡ�͢͡���������������������������������������������������Ǥ 

 

 
Figure 8 VWC values measured with TEROS10 and TEROS12 
��������������������ȋ�Ȍ section of the model at 6, 12, 18 and 24 cm 
depth in Example 1. 

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 process (Fig. 10; "1"-̾̾͞ȌǤ� ��� 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, ��������������������������������������������ȋͥͥ͝͡Ȍǣ 
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Figure 9 Simulated rainfall in Example 2. 

 
Figure 10 Pwp ȋ��������������Ȍ����������������������������͢�
�����������������������ȋ�Ȍ������������������������������������͞ Ǥ 

 
Figure 11 Hydraulic response in ���ሺݑ െ ���������������௪Ȍ���Ǥݑ
measuring point M-6 during the test in Example 2. 
 

�������������������������������������ɝ���������������������
effective degree of saturation. For the residual VWC set to 
ߠ  = 0.05 m3/m3 (an assumption based on observations 
from other tests on SK15 soil materialȌ�������������������
VWC is set to ߠ௦ = 0.3 m3/m3 (according to the VWC 
����������������	��Ǥ�͜͝Ȍǡ����������������������������������
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. 

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 construction 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. ������ ���� ����� ��������
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 (apparently also 
�������������Ȍ� ��������� ����� ���� ���������� ������� ���
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 second 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 
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 ����ሺ� െ �௪ሻ 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-͠����	��Ǥ�͝͝ȌǤ�������������� 
 

 
Figure 12 ������������������������������Ǥ�ȋ͟Ȍ��������������������
point M-6 undergoes during the rainfall infiltration from the 
Example 2. 
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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. 

 
 

Acknowledgments 

The research presented in this paper was supported by 
Croatian Science Foundation under the Project IP-2018-01-
1503 “Physical modelling of landslide remediation 
constructions behaviour under static and seismic actions 
(������������Ȍ”. This work has been supported in part 
by Ministry of Science, Education and Sports of the 
Republic of Croatia under the project Research 
Infrastructure for Campus-based Laboratories at the 
University of Rijeka, number RC.2.2.06-0001. The project 
has been co-funded from the European Fund for Regional 
Development ȋ���	ȌǤ� ������ ��������� ���� �����������
acknowledged. The authors would like to thank laboratory 
technician Juraj Stella for his help in conducting the tests. 
 
References 

Arbanas , Jagodnik V, Perani  J, et al (2020) Physical Model of 
Rainfall Induced Landslide in Flume Test : Preliminary Results. 
Proceedings of 4th European Conference on Physical Modelling in 
Geotechnics - ECPMG 2020, 15-17 March 2020. Luleå, Sweden. pp. 
115-122. 

Bitelli G, Dubbini M, Zanutta A, et al (2003) Terrestrial Laser Scanning 
and Digital Photogrammetry Techniques to Monitor Landslide 
Bodies. Interiors. 1-6. 

Bordoni M, Meisina C, Valentino R, et al (2015) Hydrological factors 
affecting rainfall-induced shallow landslides: From the field 
monitoring to a simplified slope stability analysis. Eng. Geol. 193: 
19-37. https://doi.org/10.1016/j.enggeo.2015.04.006 

Casagli N, Dapporto S, Ibsen ML, et al (2006) Analysis of the landslide 
triggering mechanism during the storm of 20th-21st November 
2000, in Northern Tuscany. Landslides. 3(1): 13-21. 
https://doi.org/10.1007/s10346-005-0007-y 

Cascini L, Sorbino G, Cuomo S, Ferlisi S (2014) Seasonal effects of 
rainfall on the shallow pyroclastic deposits of the Campania region 
(southern Italy). Landslides. 11(5): 779-792. 
https://doi.org/10.1007/s10346-013-0395-3 

Casini F, Serri V, Springman SM (2013) Hydromechanical behaviour of 
a silty sand from a steep slope triggered by artificial rainfall: From 
unsaturated to saturated conditions. Canadian Geotechnical 
Journal. 50(1): 28-40. https://doi.org/10.1139/cgj-2012-0095 

Chen P, Lu N, Formetta G, et al (2018) Tropical storm-induced 
landslide potential using combined field monitoring and numerical 
modeling. J. Geotech. Geoenviron. 144(11): 05018002. 
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001969 

Comegna L, Picarelli L, Bucchignani E, Mercogliano P (2013) Potential 
effects of incoming climate changes on the behaviour of slow 
active landslides in clay. Landslides. 10(4): 373-391. 
https://doi.org/10.1007/s10346-012-0339-3 

Cuomo S, Moscariello M, Foresta V (2017) Wetting tests of partially 
saturated soils under simple shear conditions. Geotechnique 
Letters. 7(2): 197-203. https://doi.org/10.1680/jgele.17.00019 

Damiano E, Greco R, Guida A, et al (2017) Investigation on rainwater 
infiltration into layered shallow covers in pyroclastic soils and its 
effect on slope stability. Engineering Geology. 220: 208-218. 
https://doi.org/10.1016/j.enggeo.2017.02.006 

Feng T, Mi H, Scaioni M, et al (2016) Measurement of surface changes 
in a scaled-down landslide model using high-speed stereo image 
sequences. Photogrammetric Engineering and Remote Sensing. 
82(7): 547-557. https://doi.org/10.14358/PERS.82.7.547 

Greco R, Comegna L, Damiano E, et al (2013) Hydrological modelling 
of a slope covered with shallow pyroclastic deposits from field 
monitoring data. Hydrology and Earth System Sciences. 17(10): 
4001-4013. https://doi.org/10.5194/hess-17-4001-2013 

Hinds E, Lu N, Mirus B, Wayllace A (2019) Effects of Infiltration 
Characteristics on Spatial-Temporal Evolution of Stability of an 
Interstate Highway Embankment. Journal of Geotechnical and 
Geoenvironmental Engineering. 145(9): 02019008. 
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002127 

Jagodnik V, Perani  J, Arbanas  (2021) Mechanism of Landslide 
Initiation in Small-Scale Sandy Slope Triggered by an Artificial Rain. 
Understanding and Reducing Landslide Disaster Risk. Arbanas , 
Bobrowsky P T, Konagai K, Sassa K, Takara K (eds). Springer, Cham. 
(978-3-030-60712-8). pp. 177-184. 

Kang S, Cho SE, Kim B, Go GH (2020) Effects of two-phase flow 
ofwater and air on shallow slope failures induced by rainfall: 
Insights from slope stability assessment at a regional scale. Water 
(Switzerland). 12(3). https://doi.org/10.3390/w12030812 

Kim KS, Jeong SW, Song YS, et al (2021) Four-year monitoring study 
of shallow landslide hazards based on hydrological measurements 
in a weathered granite soil slope in South Korea. Water 
(Switzerland) 13(17). https://doi.org/10.3390/w13172330 

Krzeminska DM, Bogaard TA, Debieche TH, et al (2014) Field 
investigation of preferential fissure flow paths with hydrochemical 
analysis of small-scale sprinkling experiments. Earth Surface 
Dynamics. 2(1): 181-195. https://doi.org/10.5194/esurf-2-181-
2014 

Ladd RS (1974) Specimen Preparation and Liquefaction of Sands. 
Journal of the Geotechnical Engineering Division. 100(10): 1180-
1184. https://doi.org/10.1061/ajgeb6.0000117 

Leung AK, Ng CWW (2013) Analyses of groundwater flow and plant 
evapotranspiration in a vegetated soil slope. Can. Geotech. 
50(12): 1204-1218. https://doi.org/10.1139/cgj-2013-0148 

Leung AK, Ng CWW (2016) Field investigation of deformation 
characteristics and stress mobilisation of a soil slope. Landslides. 
13(2): 229-240. https://doi.org/10.1007/s10346-015-0561-x 

Lollino P, Cotecchia F, Elia G, et al (2016) Interpretation of landslide 
mechanisms based on numerical modelling: two case-histories. 
European Journal of Environmental and Civil Engineering. 20(9): 
1032-1053. https://doi.org/10.1080/19648189.2014.985851 

Marino P, Santonastaso GF, Fan X, Greco R (2021) Prediction of 
shallow landslides in pyroclastic-covered slopes by coupled 
modeling of unsaturated and saturated groundwater flow. 
Landslides. 18(1): 31-41. https://doi.org/10.1007/s10346-020-
01484-6 

Moriwaki H, Inokuchi T, Hattanji T, et al (2004) Failure processes in a 
full-scale landslide experiment using a rainfall simulator. 
Landslides. 1(4): 277-288. https://doi.org/10.1007/s10346-004-
0034-0 

Pajali  S, Perani  J, Maksimovi  S, et al (2021) Monitoring and data 
analysis in small-scale landslide physical model. Applied Sciences 
(Switzerland). 11(11). https://doi.org/10.3390/app11115040 

Perani  J, Arbanas  (2020) Impact of the wetting process on the 
hydro-mechanical behavior of unsaturated residual soil from 
flysch rock mass: preliminary results. Bulletin of Engineering 
Geology and the Environment 79:985–998. 
https://doi.org/10.1007/s10064-019-01604-0 

Perani  J, Mihali  Arbanas S, Arbanas  (2021) Importance of the 
unsaturated zone in landslide reactivation on flysch slopes: 
observations from Vali i Landslide, Croatia. Landslides. 18(12): 
3737-3751. https://doi.org/10.1007/s10346-021-01757-8 



J. ������©ǡ��. Jagodnik, N. ,�� et al. – Small-scale physical landslide models under 1g infiltration conditions and the role of hydrological monitoring 

180 
 

Rahardjo H, Lee TT, Leong EC, Rezaur RB (2005) Response of a residual 
soil slope to rainfall. Canadian Geotechnical Journal. 42(2): 340-
351. https://doi.org/10.1139/t04-101 

Rahimi A, Rahardjo H, Leong EC (2011) Effect of antecedent rainfall 
patterns on rainfall-induced slope failure. Journal of Geotechnical 
and Geoenvironmental Engineering. 137(5): 483-491. 
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000451 

Sattler K, Elwood D, Hendry MT, et al (2021) Quantifying the 
contribution of matric suction on changes in stability and 
displacement rate of a translational landslide in glaciolacustrine 
clay. Landslides. 18(5): 1675-1689. 
https://doi.org/10.1007/s10346-020-01611-3 

Sitarenios P, Casini F, Askarinejad A, Springman S (2021) Hydro-
mechanical analysis of a surficial landslide triggered by artificial 
rainfall: The Ruedlingen field experiment. Geotechnique. 71(2): 
96-109. https://doi.org/10.1680/jgeot.18.P.188 

Spolverino G, Capparelli G, Versace P (2019) An instrumented flume 
for infiltration process modeling, landslide triggering and 
propagation. Geosciences (Switzerland). 9(3). 
https://doi.org/10.3390/geosciences9030108 

Springman SM, Thielen A, Kienzler P, Friedel S (2013) A long-term 
field study for the investigation of rainfall-induced landslides. 
Geotechnique. 63(14): 1177-1193. 
https://doi.org/10.1680/geot.11.P.142 

Sun P, Wang H, Wang G, et al (2021) Field model experiments and 
numerical analysis of rainfall-induced shallow loess landslides. 
Engineering Geology. 295. 
https://doi.org/10.1016/j.enggeo.2021.106411 

Take WA, Bolton MD, Wong PCP, Yeung FJ (2004) Evaluation of 
landslide triggering mechanisms in model fill slopes. Landslides. 
1(3): 173-184. https://doi.org/10.1007/s10346-004-0025-1 

Tohari A, Nishigaki M, Komatsu M (2007) Laboratory Rainfall-Induced 
Slope Failure with Moisture Content Measurement. Journal of 
Geotechnical and Geoenvironmental Engineering. 133(5): 575-
587. https://doi.org/10.1061/(asce)1090-0241(2007)133:5(575) 

Topp GC, Davis JL, Annan AP (1980) Electromagnetic determination 
of soil water content: Measurements in coaxial transmission lines. 
Water Resources Research. 16(3): 574-582. 
https://doi.org/10.1029/WR016i003p00574 

Yang KH, Nguyen TS, Rahardjo H, Lin DG (2021) Deformation 
characteristics of unstable shallow slopes triggered by rainfall 
infiltration. Bulletin of Engineering Geology and the Environment. 
80(1): 317-344. https://doi.org/10.1007/s10064-020-01942-4 

Zanutta A, Baldi P, Bitelli G, et al (2009) Qualitative and quantitative 
photogrammetric techniques for multi-temporal landslide 
analysis. Annals of Geophysics. 49(4-5). 
https://doi.org/10.4401/ag-3117 

Zhang M, Yang L, Ren X, et al (2019) Field model experiments to 
determine mechanisms of rainstorm-induced shallow landslides in 
the Feiyunjiang River basin, China. Engineering Geology. 262. 
https://doi.org/10.1016/j.enggeo.2019.105348 

http://publications.metergroup.com/Manuals/20788_TEROS10_Ma
nual_Web.pdf  [Last accessed: 13 January 2022]. 

http://publications.metergroup.com/Manuals/20587_TEROS11-
12_Manual_Web.pdf  [Last accessed: 13 January 2022]. 

http://library.metergroup.com/Integrator%20Guide/18204%20TER
OS%2021%20Gen1%20Integrator%20Guide.pdf  [Last accessed: 
12 January 2022]. 

http://library.metergroup.com/Manuals/20799_TEROS%2031_Man
ual_Web.pdf  [Last accessed: 16 January 2022]. 

https://tms-lab.com/product/soil-water-potential-sensor-meter-
teros-21/  [Last accessed: 13 January 2022]. 

  
 
 


