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Abstract Physical modelling of landslides has started in 
the 1970s in Japan on natural slopes exposed to artificial 
rain. Subsequently, small-scale laboratory models’ 
development began in the 1980s with the aim of studying 
landslide behaviour such as triggering, movement, and 
accumulation. The research presented here is part of the 
Project funded by the Croatian Science Foundation 
entitled “Physical modelling of landslide remediation 
constructions’ behaviour under static and seismic actions”. 
When remediation constructions become part of a small-
scale model, the determination of a scale ratio and the 
need to establish, at least partially, similarity laws with 
regard to a real slope is inevitable. Although many studies 
use a small-scale model to research landslide behaviour of 
a real slope, there are only few studies that consider the 
scale ratio and similarity laws. In this paper, a summary of 
some of these studies is provided, along with an overview 
of all similarity laws and the characteristics that make 
them up in relation to landslides. Since the most 
important problem with small-scale models at 1g are low 
values of the overburden stresses in a model, laboratory 
tests are performed in an attempt to determine the 
relationship between the constitutive behaviour of the 
material in a small-scale model and a real slope. An 
example of geometric similarity is given here using the 
grain-size distribution curve and its influence on other 
similarities and their characteristics like infiltration rate, 
weight, and strength of soil, etc. Some preliminary results 
of laboratory tests are presented together with a discussion 
about possibilities and limitations in achieving better 
similarity of small-scale models to real slopes. 
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Introduction 

As one of the major geohazards, landslides are vastly 
investigated all over the world in a variety of fields, 
including landslide modelling and landslide remediation. 
Initially, landslide modelling was based solely on 
numerical methods. The development of landslide 
physical modelling began in the early 1970s in Japan on 
natural slopes subjected to artificial rainfall (Oka 1972; 
Yagi et al. 1985) Laboratory experiments on scaled physical 
models started in 1980s and 1990s, designed to study 

landslide initiation and behaviour under 1g conditions 
(Hungr and Morgenstern 1984; Eckersley 1990). The 
greatest advantage of using physical models in research is 
their wide range of applications. So, in the years that 
followed noticed researches, studies using landslide 
physical models, covered a wide range of topics, from 
landslide initiation and motion (Wang and Sassa 2001; 
Okura et al. 2002; Moriwaki et al. 2004), rainfall 
infiltration and permeability (Damiano and Olivares 2010) 
to modelling partially saturated conditions and the effects 
of suction on slope stability (Greco et al. 2010; Yang et al. 
2021). 

Although there are numerous studies and literature 
on landslide physical models and their behaviour, most of 
the studies present only the results of the experiments, 
completely or partially neglecting the theory and laws of 
similarity. In 1957, Rocha (1957) was the first to 
systematically describe the problems of scaling models of 
shallow foundations and retaining walls in soil mechanics. 
He proposed scaling the constitutive behaviour of soil 
models and assumed a linear stress–strain relationship 
between a model and a soil “prototype”. Roscoe (1968) 
conducted model experiments on walls, monitoring 
stresses at the wall–sand contact and deformations in the 
sand. He emphasized the ability of the model to fully 
replicate the behaviour of the soil whose response depends 
on its own unit weight. The deformation behaviour will be 
the same when two soil elements are subjected to similar 
stress paths, which is the case when their initial state is 
equidistant from the critical state line. Iai and others 
(1989; 2005) determined the similarity for experiments 
with a saturated soil–structure–fluid model conducted 
under 1g conditions on a shaking table. This similarity was 
determined based on the basic equations for equilibrium 
of soil mass and pore fluid pressure. An assumption was 
made that the stress–strain relationship is independent of 
overburden stresses when scaling factors are introduced 
for both stress and strain. The results showed that this 
assumption is only applicable in the range of small 
deformations, i.e., the deformation before a failure 
occurrence. Altaee and Fellenius (1994) continued the 
path of Roscoe and emphasized the need to determine the 
critical state line, since the behaviour of a cohesionless soil 
is a function of its position in the ݁ െ� ��  Ԣ plane and its 
vertical distance from the critical state line, as it was 
mentioned by Roscoe. Some researchers (e.g. Gibson 1996; 
Meymand 1998) used an approach of the distance of soil 
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element state from the critical state line to achieve a 
normalized constitutive behaviour of a material when 
using scaled models. 

The research presented here is funded by the 
Croatian Science Foundation as a part of the Project 
“Physical modelling of landslide remediation 
constructions’ behaviour under static and seismic actions”, 
whose main objective is to model and study the behaviour 
of remediation constructions. The results could provide a 
basis for improving the standard design of remediation 
constructions in engineering practice. While results from 
small-scale landslide physical models are undoubtedly 
very useful in researching certain problems (e.g., debris 
flow initiation, propagation), even without considering 
scaling laws, the law of similarity becomes necessary and 
unavoidable when considering remediation constructions. 
The focus of this research is to analyse the different 
similarity laws and to determine the mutual 
influences/relations between the different types of 
similarity. In this paper, an overview of the similarity laws 
and their mutual influences will be given, along with 
simple examples of their application. 

 
 

Similarity laws in small-scale landslide physical models 

There is a wide field of engineering problems, including 
both fluid, solid mechanics, and their interaction, in which 
various types of physical models are used to predict a 
behaviour of particular physical systems, also known as 
prototypes (Buckingham 1914; Baker et al. 1991). The three 
main laws of similarity are: geometric similarity, kinematic 
similarity, and dynamic similarity (Baker et al. 1991). 
Geometric similarity means that the corresponding linear 
dimensions are in the same proportion, i.e., the model has 
the same or similar dimensions as the prototype; in our 
case, this would be a real slope. Kinematic similarity 
means that displacements, velocities, and accelerations 
change uniformly on both the model and the real slope. 
Finally, dynamic similarity means that the ratios of all 
forces acting on both the model and the real slope are 
constant. Geometric similarity is the easiest to achieve, 
and even models that are not completely similar 
geometrically can behave similarly. It will be shown later 
that even a change in such a simple law of similarity as 
geometric similarity can have a major effect on all other 
similarity laws. 

When considering the similarity between a small-
scale landslide model and a real slope, the main challenge 
is to achieve constitutive behaviour similar to that of a real 
slope, whose response is closely related to the overburden 
stresses present in the soil due to its own weight. In small-
scale models, the height of the soil layer is much lower 
than in real slopes, and consequently the overburden 
stresses in the model are much smaller that have 
significant impact to soil resistance. 

A complete similarity implies that all three similarity 
laws are satisfied, which is very difficult to achieve in 

practice regardless of which engineering problem is 
observed. Depending on the problem considered, each 
similarity law includes different characteristics. Tab. 1. 
gives an overview of the characteristics that are included 
in each of similarity laws. 

The process of determining similarity is significantly 
complex and requires linking several similarity 
characteristics, each of that affects several other 
characteristics in different ways. Often, due to the 
complexity of a model, satisfying the conditions for just 
one or two similarity laws are adopted. Complete 
similarity between the real slope and a model that 
accurately predicts the behaviour of the real slope is 
probably impossible to be achieved. 

As an example, a geometric similarity characteristic, 
grain-size distribution, can be taken and its influence on 
other characteristics and similarity laws considered. 
Grain-size distribution affects dynamic similarity by 
changing of soil strength parameters – cohesion and 
internal friction. Also, a change in grain-size distribution 
affects kinematic similarity by change in the shearing 
velocity, infiltration rate, flow velocity, etc. The mutual 
influence of similarities and individual characteristics in 
landslide similarity is very extensive and hard to 
encompass all at once. 

 
 

Materials and Methods 

A small-scale physical model was designed to enable 
landslide initiation under the influence of rainfall and 
equipped with a complex monitoring system. Since the 
focus of this research is on the similarity of small-scale and 
real landslides and the possibility of achieving it as much 
as possible, the focus of this paper is on laboratory tests on 
the materials used in the model. More on the experiments 
performed on the physical model can be found in Jagodnik 
et al. (2021)and ������©������Ǥ (2022). 
 
Table 1 Similarity laws and their characteristics in relation to 
landslides modelling. 

Geometric 
similarity 

Kinematic 
similarity 

Dynamic  
similarity 

Model 
dimensions 

Particle 
displacements Soil unit weight 

Slope angle 
inclination 

Particle 
velocities 

Strength 
parameters 

Friction 
angle 

Cohesion 

Grain-size 
distribution 

Particle 
accelerations  

Moisture 
content 

Water flow 
velocity  

Soil 
volumetric 
characteristics 

Rainfall 
intensity  

 Infiltration  
 



Proceedings of the 5th Regional Symposium on Landslides, Rijeka, 2022

215 
 

Material 
Because of relatively simple behaviour in terms of 
infiltration and landslide initiation, sand was chosen as the 
basic material in initial small-scale experiments and for 
determination of similarity laws in this study. A further 
simplification is that the influence of suction on hydraulic 
and mechanical response of sand is completely neglected, 
considering very small values of suction that may exist in 
such a soil. This makes the characteristics of the similarity 
laws much less complicated. 

The used sandy material is the Drava River fine 
graded sand with a maximum grain size of 2.0mm. The 
grain-size distribution curve is shown in Fig. 1, while Tab. 
2. presents the basic physical properties of the soil and the 
initial conditions at the beginning of the experiments. 

 
Methodology 
Laboratory testing includes direct shear tests, large shear 
tests, and triaxial tests on the sandy material, but the last 
will not be discussed in detail here. The main objective of 
conducting laboratory tests is to determine relationships 
between soil material behaviour in a small-scale model 
and a prototype, i.e., a real slope in nature. The geometric 
scale ratio selected for this study is 1:20, i.e., ߣ ൌ ʹͲ. The 
1:20 scale ratio was chosen in view of the depth of the 
shallow sliding surfaces of several meters. This is 
consistent with the depth of the sliding surfaces in the 
model of 15 to 20cm in the total slope layer height of 30cm. 
As mentioned in the previous section, the biggest problem 
in small-scale models is the influence of the soil stresses 
magnitude in a model to the shear strength of the slope 
material caused by small overburden (self-weight) 
 

 
Figure 1 Grain-size distribution curve of the Drava River sand.

Table 2 Basic physical properties of the Drava River sand and the 
initial conditions at the beginning of the experiments. 

Soil properties Values 
Specific gravity ܩௌ�ሺȀሻ 2.70 
Dry density ߩ�ሺ݃Ȁܿ݉ଷሻ 1.52 
Total density ்ߩ�ሺ݃Ȁܿ݉ଷሻ 1.55 
Effective particle size ܦଵ�ሺ݉݉ሻ 0.183 
Effective particle size ܦଷ�ሺ݉݉ሻ 0.237 
Effective particle size ܦ�ሺ݉݉ሻ 0.320 
Uniformity coefficient ܥ௨�ሺȀሻ 1.749 
Curvature coefficient ܥ�ሺȀሻ 0.959 
Minimum void ratio ݁�ሺȀሻ 0.641 
Maximum void ratio ݁௫�ሺȀሻ 0.911 
Hydraulic conductivity ݇ௌ�ሺ݉Ȁݏሻ 1E-05 
Peak/residual friction angle ߮�ሺιሻ 35 /33 
Cohesion ܿ�ሺ݇ܲܽሻ 0 
Initial porosity ݊�ሺȀሻ 0.437 
Initial void ratio ݁�ሺȀሻ 0.776 
Initial relative density ݎܦ�ሺΨሻ 50 
Initial water content ݓ�ሺΨሻ 2 

 
stresses. The differences in the magnitude of the soil 
stresses in the small-scale model and a real slope (factor of 
1:20) can be seen in Fig. 2. Stress–strain analysis was 
performed in Rocscience software, program package RS2, 
version 2020 11.003 (2020). 

To illustrate the complexity of using similarity laws 
in landslide modelling, an example is given here. A 
geometric similarity, i.e., grain-size distribution, is chosen 
here as one of the characteristics to show how much the 
characteristics of similarity are intertwined. If the grain-
size distribution as a geometric characteristic and a scale 
ratio of 1:20 is taken as, the grain-size distribution curve is 
determined that is 20 times larger, as it can be seen in Fig. 
3. In reality, this is a much coarser material (i.e., gravel) 
than the sand used in the model. It has a much larger 
permeability and water flow, which affects the kinematic 
similarity, and different strength parameters (friction 
angle and cohesion), which affect the dynamic similarity. 

Both the sand and this 20 times larger material (i.e., 
gravel) were tested in direct shear and large shear tests, 
respectively, to determine shear strength parameters. 

 

 

 
Figure 2 Magnitude of effective vertical soil stress in: a) small-scale model, b) real slope (factor 1:20). 

ba
4.54 90.82 
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Figure 3 Grain-size distribution curve of the Drava River sand and 
scaled material 20 times larger. 

Tests on sand in direct shear apparatus were 
performed at small normal stresses (4, 8, 15kPa) and at 
larger normal stresses, similar to the standard tests (25, 50, 
100kPa). Large shear tests on the scaled material were 
performed at stresses 20 times larger than those present in 
the small-scale slope model. The results are presented in 
the next section. 
 
 
Preliminary results 

Laboratory tests 
In this section, the preliminary results of the soil testing 
are presented. In Fig. 4a, shear strength envelopes are 
presented, obtained from the direct shear tests under very 
small normal stresses, similar to those of the small-scale 
model, and at larger normal stresses, similar to those of a 
real slope or model slope scaled by a factor of 20. The 
difference between the friction angle of the soil at small 
normal stresses (߮ ൌ ͵ͻιሻ  and at large normal stresses 
(߮ ൌ ͵ͷιሻ can be noticed. Since the results suggest that 
the relationship is not linear over the entire stress range, 
more detailed tests should be performed under the stress 
conditions that exist in the small-scale model. In Fig. 4b, 
the results from the large shear tests performed on the 
larger, scaled material can be seen. The friction angle of 
the scaled material is much larger (߮ ൌ ͷͳιሻ than those of 
the original material. 
 
Slope stability analysis 
Fig. 5 shows a stability analysis performed in the software 
Rocscience, program package Slide2, version 2020 9.008 
(2020), in which the factor of safety (FoS) is compared for 
the following simple examples: small-scale sandy slope, 
real slope with sandy material, and real slope with gravelly 
material. The stability analysis performed is the simplest 
possible, with the aim of showing and comparing these few 
examples of similarities in landslides. All three analyses are 
performed at a slope inclination of 35° for the same initial 
conditions and at a water level rise to the toe of the slope. 
It can be observed that the small-scale model with sand 
(Fig. 5a) has a higher FoS (1.211) with respect to the real 

slope model with sand (Fig. 5b), while the real slope model 
with gravel (Fig. 5c) has a significantly higher FoS (1.846) 
than both sand models. 

These examples of stability analysis give two 
directions in observing the similarity laws - one from the 
aspect of changing the dimensions of the geometric model 
and the other from the aspect of changing the grain-size 
distribution curve. Both characteristics are aspects of 
geometric similarity, which is the easiest law to achieve. 
To even begin to compare the results of the stability 
analysis in Fig. 5, you must consider the overburden 
stresses present in both slopes, as shown in Fig. 2. While 
the small-scale slope has effective stresses of about 4kPa in 
the middle of the slope layer (Fig. 2a), the real slope has 
effective stresses of about 90kPa in the same profile area 
(Fig. 2b). Although the increased stress level in the 
laboratory tests reduces the friction angle, there are some 
aspects that need to be considered when comparing FoS in 
Fig. 5a and Fig. 5b. Here, a unit weight of the material in a 
real slope is much larger, which consequently means 
greater compaction of the material and greater 
overburden stresses in the slope, which in turn contributes 
to greater shear resistance of the soil. Thus, the stability 
analysis and the FoS cannot be unambiguously considered. 

The stability analysis shows a similar position of the 
sliding surface in all three models. Of course, the 
conditions in these models are different, with the 
exception of the water level at the toe of the slope, but it is 
likely that the mechanism of slope failure is very similar to 
that which occurred in the experiments on the physical 
model. Because of the nature of the material in Fig. 5c and 
the initial conditions of the material in Fig. 5b (i.e., 
infiltration to a larger soil layer height, required rainfall 
intensities, rainfall duration, etc.), the conditions leading 
to failure of the slope will be different from those in the 
small-scale slope model in Fig. 5c. 
 

 

 
Figure 4 Soil strength parameter results from: a) direct shear 
tests, b) large shear tests. 

20x

a

b
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Figure 5 Stability analysis for slope at 35ι: a) small-scale model, 
b) real slope with sandy material (factor 1:20), c) real slope with 
gravelly material (1:20). 

 
 

Discussion and conclusions 

An application of the similarity laws to the physical 
modelling of landslides is presented here. Two 
characteristics of geometric similarity are presented here 
as the simplest examples - geometric similarity of model 
dimensions and similarity of the grain-size distribution 
curve. It is necessary to highlight other characteristics and 
influences of different similarity laws in relation to 
landslide physical models, which are listed in Tab. 1. 

This paper analyses the geometric similarity of the 
model dimensions for the sandy material used in the 
small-scale model and for the real slope using a slope 
stability analysis. The original material was tested in direct 
shear under a range of stresses corresponding to the 
overburden stresses in the small-scale model (Fig. 2a) and 
the real slope with dimensions 20 times larger (Fig. 2b). 
The preliminary results of the tests indicate that the shear 
strength envelope depends on the magnitude of the 
effective stresses and that increasing the stress level 
decreases the friction angle (Fig. 4a). The geometric 

similarity of grain-size distribution curve is analysed by 
scaling the grain-size distribution curve to a material 20 
times larger (i.e., gravel). Due to the size of the particles, 
this material was tested in the large shear under stresses 
similar to those in the real slope to determine the soil 
strength parameters. The results of the scaled material 
give a much greater friction angle compared to the original 
material (Fig. 4b). 

The change in the grain-size distribution curve 
affects a variety of other similarity characteristics. Both 
materials (i.e., sand and gravel) have relatively simple 
behaviour - they are cohesionless soils with high 
permeability and infiltration rates, while the values of 
suction that can occur in sand are very low, so suction can 
be completely neglected. However, if the similarity of the 
grain-size distribution curve is used to obtain a different 
type of material, the same aspects and their influence can 
be observed. For example, if this material is a clayey soil, 
the conditions and processes in the model would be very 
different. Behaviour of clay is completely different than 
sand or gravel because of existence of cohesion, much 
lower permeability, and higher soil suction values. When 
these physical properties are combined with a change in 
model dimensions to those of a real slope, several other 
problems arise, and the effects on a variety of similarity 
characteristics should be considered. In a real slope model 
with a much larger soil layer height and a much lower 
infiltration rate, the conditions that lead to failure would 
take much longer to develop. In addition, an appropriate 
amount of rain must fall on a such slope in a given period 
of time. Unlike sandy and gravelly material, the time to 
failure here could be measured in days or months, not just 
a few hours. Since it is unlikely that this type of material 
will absorb all of the rainfall, runoff must also be 
considered in the slope model. 

Two simple changes in geometric similarity (i.e., 
model dimensions and grain-size distribution) would 
cause a change in dynamic similarity by changing the soil 
weight, which depends on model dimensions and 
corresponding overburden stresses, and a change in soil 
strength parameters, which depends on a material 
obtained by scaling the grain-size distribution curve. The 
above-mentioned effects are the result of considering only 
two simple characteristics, the dimensions, and the grain-
size distribution curve, although there are more 
characteristics that could be taken into account. It is 
obvious that the process of obtaining similarity is very 
complex. 

The best results in achieving similarity can be 
obtained with the simplest similarity characteristics 
presented in this paper - the model dimensions and the 
grain-size distribution curve, since they represent the 
geometric similarity. Achieving similarity becomes more 
complicated when dealing with more complex soil 
materials with a higher percentage of fine particles. In this 
case, other characteristics must be also considered – 
cohesion, suction, infiltration rate, rainfall intensities, etc. 
In these small-scale models under 1g conditions caused by 
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rainfall, kinematic behaviour in terms of particle velocity 
and acceleration is not so much significant. In this type of 
experiment, where the mechanism of sliding (but not 
flowing) is observed, the displacement velocity is not so 
important as a results. Here, the mechanism of the sliding 
and failure along with all the conditions that lead to failure 
are of the most important interest. These conditions are 
rainfall and its associated intensity, the rate of infiltration 
into the slope, the amount of runoff, the rainfall duration 
necessary for a given intensity to cause sliding, etc. 

In the literature, a very few results obtained in small-
scale models were back-analysed to examine what actually 
happened in real slopes. Although the results are 
undoubtedly useful to investigate certain problems in 
landslide research, when combining a physical model with 
a scaled construction such are retaining walls or pile walls, 
the similarity law must be considered, at least to some 
degree of acceptance. Only then the models and the real-
size mitigating solutions can be comparable and thus 
provide more realistic results. Establishing the similarity 
between the various characteristics presented in this paper 
is a necessary prerequisite for further research and 
detailed development of similarity aspects as well as small-
scale remediation designs. 
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