
Physical Modelling of Rainfall-Induced Sandy and Clay-
Like Slope Failures

Vivoda Prodan, Martina; Peranić, Josip; Pajalić, Sara; Arbanas, Željko

Source / Izvornik: Advances in Materials Science and Engineering, 2023, 2023

Journal article, Published version
Rad u časopisu, Objavljena verzija rada (izdavačev PDF)

https://doi.org/10.1155/2023/3234542

Permanent link / Trajna poveznica: https://urn.nsk.hr/urn:nbn:hr:157:816202

Rights / Prava: Attribution 4.0 International / Imenovanje 4.0 međunarodna

Download date / Datum preuzimanja: 2024-05-09

Image not found or type unknownRepository / Repozitorij:

Repository of the University of Rijeka, Faculty of Civil 
Engineering - FCERI Repository

Image not found or type unknown

https://doi.org/10.1155/2023/3234542
https://urn.nsk.hr/urn:nbn:hr:157:816202
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://repozitorij.gradri.uniri.hr
https://repozitorij.gradri.uniri.hr
https://www.unirepository.svkri.uniri.hr/islandora/object/gradri:1709
https://dabar.srce.hr/islandora/object/gradri:1709


Research Article
Physical Modelling of Rainfall-Induced Sandy and Clay-Like
Slope Failures

Martina Vivoda Prodan , Josip Peranić , Sara Pajalić , and Željko Arbanas
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Small-scale slope modelling was performed to evaluate the failure process of a landslide triggered by artifcial rainfall. Te model
platform 2.3m long, 1.0m wide, and 0.5m deep was used to build small-scale slope models with the same geometric conditions
but diferent soil types/materials, including sand and two sand-kaolin mixtures with the same slope angle. Te hydraulic response
of the slope models under simulated rainfall conditions was monitored using volumetric water content, pore water pressure, and
matric suction sensors installed at diferent depths and along diferent profles. Slope surface deformation and failure development
was also monitored. Tis paper discusses the factors afecting landslide initiation and propagation, and their relationship to the
slope material, infltration process, and overall soil resistance in a slope related to soil strength, efective stress, and matric suction
contribution in the unsaturated part of the slope. Rainfall infltration caused increase of volumetric water content, dissipation of
suction in initially partially saturated materials of the small-scale slope models, resulting in a decrease in efective stresses and
shear strength, which in turn led to the occurrence of movements and initiation of slope failures. Te main observations arising
from the results of the conducted tests relate to initiation and development of the observed instabilities of sandy and clay-like
slopes.Te test results have shown that within the slopes built from clean sand failure occurs due to groundwater level rising at the
slope foot and further retrogressive failure towards the top of the slope, while in the slopes built from sand-kaolin mixtures,
instabilities occur in the form of cracks in unsaturated conditions and are the result of matric suction dissipation due to rainfall
infltration.

1. Introduction

Te landslides are hazardous motions of a mass of rock,
Earth, or debris down the slope, under the infuence of
gravity [1] that pose a serious threat to the population all
around the world [2]. Te most frequent and widespread
damaging landslides are induced by prolonged or heavy
rainfall. Rainfall is the most relevant factor for the triggering
of both shallow and deep-seated landslides, and rainfall
analysis is the most frequently adopted approach for fore-
casting the occurrence of such phenomena. Terefore, the
prediction of rainfall-induced landslides constitutes one of the
key scientifc questions with signifcant social implications.

To model the relationship between rainfall and slope
stability, diferent approaches have been generally used. For

a long time, landslide modelling was based only on nu-
merical modelling results using soil strength parameters
obtained from soil laboratory testing in conventional lab-
oratory devices or obtained from the slope stability back-
analysis results. Numerical models to investigate behaviour
of both shallow and deep-seated landslides triggered by
rainfall have been studied (e.g., [3–8]). Direct measurement
of pressures and displacements in real slopes is only possible
for monitored sites during the occurrence of landslides and
artifcially induced failure in real slopes, and in both cases,
measurements are not repeatable. Direct observation of pore
water pressures and stresses in landslides artifcially induced
can be performed by physical modelling in the laboratory.

Te physical modelling of landslide processes can create
well documented, highly-instrumented case-studies of slope
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behaviour in which the material properties, initial state, and
boundary conditions are precisely defned. Physical mod-
elling of landslide behaviour using small-scale models was
introduced as a solution in diferent landslide research
studies in 1970 s and 1980 s in Japan [9, 10] on natural slopes
exposed to artifcial rainfall. Laboratory experiments on
landslide behaviour in a scaled physical model began in the
1980 s in Canada [11], Japan [12], and Australia [13] under
1 g conditions. Small-scale landslide modelling under in-
creased acceleration in a geotechnical centrifuge has also
been successfully adopted (e.g., [14, 15]) but under cir-
cumstances of centrifuge limitations. Scale efects are sig-
nifcant in small-scale physical models of landslides, and
Iverson [16] reduced them by performing a full-scale fume
test. Small- or large-scale physical landslide models have
been successfully used in combination with advanced
monitoring techniques and appropriate sensor networks, to
study the infltration process, landslide initiation, and the
propagation phase of landslides triggered by artifcial rainfall
under 1 g conditions. Numerous physical models have been
investigated infltration behaviour during rainfall on dif-
ferent materials. Wang and Sassa [17] performed a series of
tests to trigger rainfall-induced landslides using a small
fume built from silica sand no. 7, no. 8, and mixtures of
silica sand no. 8 with diferent contents of loess. Tey
concluded that grain size and fne-particle contents can have
a signifcant impact on the mobility of rainfall-induced
landslides. Moriwaki et al. [18] conducted a full-scale fail-
ure experiment triggered by rainfall using a laboratory slope
built from a loose sandy soil. It was inferred that the in-
creased water pressures in the upper slope resulted from
collapse of loose soil structure during shearing in the
translational slide, whereas those in the lower portion of the
slope and horizontal sections resulted from a mix of soil
compression and shearing by the sliding mass. To develop
physically based warning system for rainfall-induced slope
failures, Tohari et al. [19] performed a series of laboratory
experiments on two diferent sandy soils—river sand and
residual granite soil. Te results of model tests showed that
failures of the model slopes were essentially initiated by the
development of an unstable area near the slope toe, upon the
formation of the seepage area, with shallow noncircular
sliding being the dominant failure mode. Te volumetric
moisture content of the slope region where localized failures
initiated was noted to reach a nearly saturated value.
However, the major portion of soil slopes involved in overall
instability was still in an unsaturated condition. Precise
monitoring of the change in the moisture content can
provide the possibility of developing a reliable and efective
means for predicting failure or issuing hazard warning of
slope failures, during a particular rainfall. Olivares et al. [20]
investigated the mechanics of fow slides in cohesionless
pyroclastic soils using a full-scale fume test. Tey described
the instrumented fume and the procedures adopted for
monitoring the major aspects of slope behaviour to un-
derstand the mechanisms of infltration and to assess the soil
suction distribution in such layered deposits. To identify the
most useful variables to be monitored for building up ef-
fective early warning systems, Greco et al. [21] conducted

infltration experiments in instrumentedmodel slopes, made
up of a single layer of loose granular pyroclastic soil, until the
occurrence of slope failure. Monitoring of soil volumetric
water content seemed more useful than soil suction mon-
itoring for early warning purposes, since water content grew
smoothly during the entire infltration processes, while soil
suction showed abrupt steep fronts. Montrasio et al. [22]
performed numerous fume tests to analyse the triggering
process of soil slips and to verify the reliability of SLIP,
a simplifed stability model that is able to predict the oc-
currence of these phenomena. Tey consider that the ex-
perimental tests, excluding the laboratory and scale efects,
reproduce as accurately as possible the site conditions, on
the basis of the obtained results, and they suggest that the
model can be a useful tool for shallow landslide susceptibility
assessment even at the regional scale. Damiano et al. [23]
carried out infltration experiment in three-layered small-
scale slopes of pyroclastic deposits. Te results highlight that
the presence of coarse-textured unsaturated pumiceous
layers, interbedded between fner ashy layers, can delay the
wetting front advancement, thus initially confning the in-
fltration process within the uppermost fner layer. A di-
version of the fow from the vertical towards the slope
direction occurs when the soil approaches saturation.
However, whereas a high hydraulic gradient establishes
across pumices, water infltration into the deepest layer
begins, and part of the water crosses the pumices, before the
complete saturation of the uppermost soil profle. Chuea-
samat et al. [24] investigated the efects of surface sand layer
density and rainfall intensity on the slope failures due to
rainfalls using 1 g physical slope models constructed of sand
and silt soil.Tey concluded that the diference of generation
mechanism of PWP values may be the deciding factor in the
diference in the type of failure. An instrumented fume of
a homogeneous slope of pyroclastic soil was analysed by
Spolverino et al. [25].Te test showed that the role of suction
and soil density was essential for this type of soil and that
failure occurred when the suction was close to zero, reducing
the efects of apparent cohesion, while density strongly
conditioned the dynamics with which the instability man-
ifested itself. Tickened soil did not allow a mudfow to
occur. A fume test on weathered soil was conducted by Lee
et al. [26] to evaluate the failure mechanism of a rainfall-
induced landslide and to develop a physically based warning
system. Te results showed that rainfall infltration into the
partially saturated soil gradually increased the volumetric
water content and decreased the matric suction, resulting in
decrease of the soil strength and soil deformation and
landslide occurrence. Te matric suction and the degree of
saturation were used to calculate the generalized efective
stress of the solid to develop a warning system. Te authors
discussed that the infection point of the stress paths can be
used to defne threshold for a rainfall-induced landslide
warning system. Yang et al. [27] validated numerical model
by comparing the predicted displacement with those mea-
sured from a full-scale landslide fume test. Te numerical
results indicated that the slope deformation characteristics
are infuenced by various hydrological and geological
factors.

2 Advances in Materials Science and Engineering



Tis paper describes small-scale landslide modelling
under 1 g loading conditions. Te main task of landslide
physical modelling was to study the initiation, propagation,
and accumulation of landslides caused by infltration of
rainfall into the slope by monitoring the volumetric water
content and matric suction in the slope. Tis research was
conducted within the four-year research project “Physical
modelling of landslide remediation constructions’ behaviour
under static and seismic actions” at the University of Rijeka,
Croatia, funded by the Croatian Science Foundation [28].
Te paper gives an overview of the methods and monitoring
equipment used in the physical models of a slope exposed to
artifcial rainfall. Te hydraulic response of a sandy and clay-
like scaled slopes exposed to artifcial rainfall was monitored
using pore water pressure and soil moisture sensors. Te
results are presented and analysed in this paper.

2. Physical Model

Te main objective of the Project was modelling and ana-
lysing behaviour of landslide remedial measures in physical
models of scaled landslides under static [29–40] and seismic
conditions. Te platform for testing of downscaled slope
models was designed to enable the initiation of landslides by
controlled artifcial rainfall and equipped with adequate
photogrammetric equipment and a complex sensor network
within a slope.Te series of tests described in this paper were
carried out on a slope inclination of 35° with three diferent
soil type materials.

2.1. Model Platform. Te model platform was made of steel
elements and plates, while the side walls consisted of
transparent plexiglass panels to ensure that movements can
be both observed and flmed during the test. Te platform
was 0.5m high, 1.0m wide, while the upper, middle, and
lower sections were 0.3, 1.4m, and 0.8m long, respectively.
Slope inclination could be varied from 20° to 45° with the
adjustable upper part of the model. Te total depth of soil
material in all slope models was adopted to be 30 cm. To
prevent possible sliding of the soil mass at the contact with
the model base, the geogrid mesh was fxed to the platform
base to increase friction. Liquid rubber and silicone were
used to seal small gaps between plexiglass walls and per-
forations in the structure. Drainage pipes were installed in
the lower part of the model to control the water level during
the test and to drain the water after the test [31]. Figure 1
shows the model platform after the installation of the ma-
terial and monitoring equipment.

2.2. Soil Material Properties and Placement. Tree diferent
and simple soil materials were selected to build in the small-
scale physical model: sand (S) and sand-kaolin mixture with
10% (SK10) and 15% (SK15) kaolin content. Te fne-
grained (0-1mm) Drava River sand was chosen as the
base material to represent cohesionless slopes. Another
material was a mixture of the base material with 10% and
15% by mass of industrial kaolin and represents the be-
haviour of fne-grained, cohesive materials with stable

cohesion. Kaolin was chosen as clay with low plasticity and
a relatively well-graded grain size distribution curve and is
not too sensitive to changes in water content. Te sand-
kaolin mixtures were prepared by adding a predetermined
amount of dry kaolin to dry sand (gravimetrically) and then
mixing thoroughly with a laboratorymixer. During or before
mixing, the amount of clean water was also poured into the
soil mixture to achieve the desired initial soil moisture
content. Once a homogeneous mixture was achieved, the
material was placed in plastic bags, sealed, and left to rest
until the model was built. Te Mohr–Coulomb strength
parameters of the described materials-friction angle and
cohesion were determined in a direct shear device at low
normal stresses similar to those in the small-scale slope
model. Mohr–Coulomb failure envelopes are shown in
Figure 2(a). Grain size distribution curves were determined
using combination of sieving and sedimentation (hy-
drometer) analysis according to ASTM D7928, and are
presented in Figure 2(b). Te hydraulic conductivity was
determined using the constant and falling head test methods
in oedometer and triaxial apparatuses. Te ASTM standard
method D854-14 2014 was used to obtain specifc gravity of
solid soil particles using water pycnometer. Te basic
physical and mechanical properties of the described mate-
rials and the targeted initial conditions at the start of the tests
are given in Table 1.

Te three materials previously described were used to
build slope models with an inclination of 35°, by compacting
5 layers, each 6 cm thick, until a 30 cm high slope was
completed. Te prepared S material with a water content of
w= 2% and the SK10 and SK15material with a water content
of w= 5% and w= 8.1%, respectively, were placed using the
under-compaction method [41]. Te installation of the
material at the targeted initial water contents ensured ho-
mogeneous conditions within the slope models in terms of
overall density at the start of the tests. Te higher initial
water content for the sand-kaolin mixture was required for
efective compaction, as previously determined by the
Proctor test. Te initial water content could not be main-
tained during the sandy slope model construction; model
construction extends over several days and evaporation and
internal redistribution of water content are the reasons for
the nonuniform water content distribution in a model at the
start of the test. Soil moisture conditions were reached
during model construction and kept constant until the start
of the tests on the clay-like slopes [39]. Each layer was
compacted by hand compactor to the medium dense con-
ditions of relative densityDr= 50% for S and SK10 slopes. To
reduce the efects of volumetric deformation when the soil is
wetted and to facilitate placement and compaction during
model construction, SK15 mixture was placed with a higher
relative density (Dr= 75%) and a target soil moisture content
of 8.1%. Before placing the next layer, the surface of the
previous layer was raked and sprayed with a small amount of
water to maintain the initial moisture content and achieve
good contact between the particles of the two layers. Te
slope model was divided into three segments—the upper
(H), middle (M), and lower (L). To facilitate the placement of
the soil material, care was taken during compaction of the
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soil layers to ensure that lower segment consisted of one
more layer of soil than the upper segment during the
construction of the model. For example, a layer from

segment M was not placed until the second layer in segment
L was fnished. Te next step was to place the third layer in
segment L, the second in segment M, and then, the frst layer

(a) (b)

Figure 1: Photo of the small-scale landslide model at 35°: (a) front view; (b) side view.
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Figure 2: (a) Mohr–Coulomb failure envelopes and (b) grain size distribution curves of S (blue), SK10 (orange), and SK15 (green).

Table 1: Basic physical and mechanical properties of the S and sand-kaolin mixture SK10 and SK15 built in the small-scale model and the
initial conditions at the start of a test [37].

Parameters Sand (S)
Sand-kaolin mixture

Sand+ 10% kaolin (SK10) Sand + 15% kaolin (SK15)
Specifc gravity, Gs 2.70 2.69 2.67
Dry density, ρd (g/cm3) 1.52 1.43 1.51
Total density, ρt (g/cm3) 1.55 1.50 1.63
Efective particle size
D10 (mm) 0.19 0.038 0.056
D60 (mm) 0.37 0.31 0.207
Uniformity coefcient, cu 1.947 8.16 54.107
Minimum void ratio, emin 0.641 0.647 0.544
Maximum void ratio, emax 0.911 1.121 1.430
Hydraulic conductivity, ks (m/s) 1E− 05 6.78E− 06 3.5E− 06
Friction angle, ϕ (◦) 33.5 32.5 32.4
Cohesion, c (kPa) 0 2.7 3.4
Initial porosity, ni 0.44 0.469 0.434
Initial void ration, ei 0.78 0.884 0.766
Initial relative density, Dri 0.5 0.5 0.75
Initial water content, wi (%) 2 5 8.1
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of segment H. After compaction of each soil layer was
completed, the sensors were placed at predefned locations
of one of the three measurement profles in segments L, M,
or H, as described in the following part.

2.3. Monitoring Equipment. Te monitoring system estab-
lished in a physical model followed the principles used in the
observation of real landslides and consisted of a geotechnical
and a geodetic monitoring system.

Te geotechnical monitoring system comprised of
a complex network of miniature sensors equivalent to the
geotechnical monitoring devices used in the feld [42]. Tus,
accelerometers, soil water content sensors, mini tensiome-
ters, and pore-pressure transducers were installed to mea-
sure soil moisture, pore pressure, displacements, and matric
suction. All sensors used in the tests were constantly con-
nected to data loggers for continuous data collection during
the time of the test. Installation of the measuring sensors was
performed parallel to the soil layers after compaction was
completed. Te water-related sensors (Figure 3) that are the
focus of this paper were TEROS 10 and TEROS
12 frequency-domain refectometry-based soil moisture
sensors which provided an indirect measurement of the
volumetric water content of porous materials installed in all
three tests, while the TEROS 31 mini tensiometers and the
TEROS 21 maintenance-free matric potential sensor for
measurement of soil water potential were used only in the
tests with sand-kaolin mixtures. All the aforementioned
sensors were manufactured by the METER Group AG
(Munich, Germany). Te locations of the sensors were
chosen as critical points for monitoring the hydrome-
chanical response of slopemodels.Te sensors were installed
in the lower (L), middle (M), and upper (H) part of the slope,
on diferent depths of 6, 12, 18, and 24 cm along the same
profle to provide data at the same cross-section that enables
validation and numerical analysis of the observed landslide
initiation. Similar types of sensors to monitor volumetric
water content and soil potential in small-scale model were
used by Huang and Chien [43] andWu et al. [44]. A detailed
description of the equipment used in the geotechnical
monitoring system is described in Pajalić et al. [31] and
Peranić et al. [39, 40].

Te geodetic monitoring system was based on an in-
novative photogrammetric equipment for multitemporal
landslide analysis [45] of image sequences obtained by a pair
of high-speed stereo cameras. Terrestrial laser scanning
(TLS) and structure-from-motion (SfM) photogrammetry
surveys allowed determination of the slope model surface at
the beginning and end of the test.

2.4. Rainfall Simulator. Te landslide initiation and motion
caused by rainfall infltration in the small-scale model was
fully controlled by the rainfall simulator constructed as part
of the project. Te rainfall simulator consisted of three
sprinkler branches, each equipped with four diferent axial-
fow full-cone nozzles with a spray angle of 60° or 90°. Each
branch has been placed approximately 0.8m above the
model material. A wide range of rainfall intensities and the

possibility to change the location of the rainfall by opening
or closing valves on each of the branches allowed modelling
of diferent rainfall patterns and diferent rainfall intensities
applied to the slope model [29, 31].

3. Testing Results

After installing the soil and monitoring equipment within
the slope model, the slope models were exposed to artifcial
rainfall from three nozzles (Figure 4(a)), each delivering the
rainfall to one part of the slope—upper (H), middle (M), and
lower (L). Te slopes were exposed to diferent rainfall in-
tensities (Figure 4(b)). Te rainfall intensity on the sandy
slopes was 82mm/h, while the slopes built of sand-kaolin
mixture with 10% and 15%mass of kaolin had an intensity of
33mm/h. Te rainfall intensities were chosen based on
infltration conditions, with themain requirement being that
all water at the point of contact on the model surface in-
fltrate without causing surface runof. Te applied in-
tensities were in the upper range of rainfall infltration
capacity.

Te basic data of the three tests performed are presented
in Table 2. Test 1 used clean sand (S), while the mixture of
sand with 10% of mass of kaolin (SK10) was used in Test 2
and mixture of sand with 15% of mass of kaolin (SK15) in
Test 3. After the initial establishment of constant rainfall
intensity and a stable infltration process, the models were
subjected to constant rainfall intensity until the slope failed
or until the end of the test was declared. Te time from the
rainfall start to the frst signs of instability was 56minutes for
clean sand in Test 1 (Figure 5(a)), while the same was ob-
served after 24 and 35minutes in Test 2 and Test 3, re-
spectively (Figures 5(d) and 5(g)). Te end of the test was
declared when further retrogressive sliding was no longer
possible: after 126minutes for the S slope material
(Figure 5(c)), and after 155 and 245minutes for the slopes
built of SK10 and SK15, respectively (Figures 5(f) and 5(i)).

Te presented superfcial signs of instabilities as well as
causes of their occurrence in all three tests can be explained
from the detailed volumetric water content (VWC) records
obtained from soil moisture sensors, shown in Figure 6, and
measurements of matric suction obtained from tensiome-
ters, shown in Figure 7.

4. Discussion

Analysis of the measured results of change in volumetric
water content (VWC) and matric suction within the slope
were performed to investigate the efects of rainwater in-
fltration and groundwater level (GWL) rise process on the
hydromechanical response of the slope models. Knowledge
of these processes provides better understanding of landslide
initiation. Te observed modes of failure in all tests are also
discussed.

4.1. Modes of Failure. In Test 1, conducted on the sandy
slope, the slope remained stable until the groundwater level
reached the slope surface at the foot of the slope and
consequently caused a decrease in the soil shear strength.
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Soil mass failed and small rotational landslide occurred at
the toe of the slope. Following this, further cracking and
retrogressive sliding developed up to the top of the slope,
when the test was terminated.Te time from the rainfall start

to the frst signs of instability in the slope foot was relatively
long—56minutes (Figure 5(a)), while the retrogressive de-
velopment to the top of the slope occurred in the following
30minutes.
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Figure 4: (a) Detail of the sprinkler branch with axial-fow full-cone nozzles; (b) simulated rainfall in Test 1 (blue), Test 2 (orange), and Test
3 (green).

Table 2: Basic data of the performed tests.

Test no. Slope angle
(°) Materials Rainfall intensity

(mm/h)
Time to

initiation (min)
Test duration

(min)
Test 1

35
Sand (S) 82 56 126

Test 2 Sand + 10% kaolin (SK10) 33 24 155
Test 3 Sand + 15% kaolin (SK15) 33 35 245
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In contrast, in Tests 2 and 3 conducted on clay-like
slopes, the failure mode was completely diferent from that
observed for sandy slope. Although reduced infltration
capacity of sand-kaolin soil mixtures necessitated using
signifcantly lower rainfall intensities from those used on
sandy slope, frst signs of instability (cracks) appeared rel-
atively quickly after the rainfall began: 24 and 35minutes for
SK10 and SK15, respectively (Figures 5(d) and 5(g)). After
appearance of the frst tension cracks, the further cracking
development occurred towards the top of the slope without
signifcant movements in the slope—just new cracks were
opening. Te new stage occurred at the moment when the
groundwater level reached the slope surface in the middle
part of the slope, forming small springs, and surface fows
(Figures 5(e) and 5(h)). At this moment, the joint

mechanism of sliding and surface erosion started with
a relatively fast retrogressive instability development up to
the top of the slope. Te rainfall-induced slope failures in
clay-like soils were not initiated at the bottom of the slope,
but in the seepage area at the slope surface, more precisely in
the middle part of the slope.

4.2. Volumetric Water Content Analysis. Tere was no ho-
mogeneous moisture distribution at the start of Test 1 due to
retention characteristics of the sandy material. All sensor
measurements showed slightly higher initial values of VWC
at the start of the test, starting from an initial moisture
content of 2% that corresponds to VWC of 0.03m3/m3 at the
moment of sand material preparation. Te greatest difer-
ence could be seen for sensors in the lower (L) part of the

t=56 min t=110 min t=126 min

t=103 min t=155 mint=24 min

t=35 min t=60 min t=245 min
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 1

—
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Figure 5: First signs of instability (left), development of instabilities (middle), and conditions at the end of the test (right) for Test 1, Test 2,
and Test 3.
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slope: sensor at 6 cm depth (L-6) with 0.146m3/m3 value of
VWC from the one at 24 cm depth (L-24) with 0.211m3/m3.
Tis nonhomogeneous water content distribution in the

model at the beginning of the test could be explained by the
hydraulic properties of the sand and the time of model
construction, which extended over several days, during

12
 cm

24
 cm

18
 cm

0.0

0.1

0.2

0.3

0.4

0 40 80 120 160
Test duration (min)

Landslide 
initiation

V
W

C 
(m

3 /m
3 )

First 
cracks

First 
cracks

V
W

C 
(m

3 /m
3 )

Landslide 
initiation

First 
cracks0.0

0.1

0.2

0.3

0.4

0 40 80 120 160
Test duration (min)

V
W

C 
(m

3 /m
3 )

Landslide 
initiation

First 
cracks

First 
cracks

0.0

0.1

0.2

0.3

0.4

0 40 80 120 160
Test duration (min)

Landslide 
initiation

V
W

C 
(m

3 /m
3 )

First 
cracks

First 
cracks

0.0

0.1

0.2

0.3

0.4

0 40 80 120 160
Test duration (min)

V
W

C 
(m

3 /m
3 )

Landslide 
initiation

First 
cracks

First 
cracks

First 
cracks

Test duration (min)

0.0

0.1

0.2

0.3

0.4

0 40 80 120 160

Landslide 
initiation

V
W

C 
(m

3 /m
3 )

First 
cracks

First 
cracks

Test duration (min)

0.0

0.1

0.2

0.3

0.4

0 40 80 120 160

6 
cm

Landslide 
initiation

V
W

C 
(m

3 /m
3 )

First 
cracks

First 
cracks

Test duration (min)

0.0

0.1

0.2

0.3

0.4

40 80 120 1600

Landslide 
initiation

V
W

C 
(m

3 /m
3 )

First 
cracks

First 
cracks

Test duration (min)
0 40 80 120 160

0.0

0.1

0.2

0.3

0.4

V
W

C 
(m

3 /m
3 )

40 80 120 160

Landslide 
initiatio

First 
cracks

First 
cracks

Test duration (min)
0

0.0

0.1

0.2

0.3

0.4

Landslide 
initiation

V
W

C 
(m

3 /m
3 )

First 
cracks

First 
cracks

Test duration (min)
0 40 80 120 160

0.0

0.1

0.2

0.3

0.4

upper part (H) middle part (M) lower part (L)

Figure 6: Volumetric water content (VWC) in Test 1 (blue), Test 2 (orange), and Test 3 (green) in the upper (H), middle (M), and lower (L)
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which evaporation and internal redistribution of the water
content took place simultaneously.

Te frst increase of VWC occurred very quickly after the
start of the test and near the slope surface at the beginning of
the test, with the shallower sensors (at 6 cm depth)
responded earlier than those deeper within the slope profle
(at 12, 18, and 24 cm depth, respectively) in all three parts of
the slope and in all three tests. Te increase in soil moisture
was observed with the advancement of the wetting front
during the infltration of the rainfall. For example, in the
lower (L) part of the slope, in Test 1, 3minutes after the
rainfall started for the sensor at 6 cm depth and after 6, 8, and
13minutes for the sensor at 12, 18, and 24 cm depth, re-
spectively. In Test 2, increase in soil moisture was observed at
9, 30, 36, and 70minutes after the rainfall started for the
sensor at 6, 12, 18, and 24 cm depth, respectively. In Test 3,
the increase in soil moisture started at 13, 34, 43, and
66minutes after the rainfall started for the sensor at 6, 12, 18,
and 24 cm depth, respectively.

Te VWC readings became constant at a certain point in
the test, indicating that saturated conditions had been
reached. Measurement results showed that the VWC of the
sandy slope in the lower (L) part of the slope had almost
reached the saturated value indicating that the entire lower
section of the model was completely submerged at the
moment of landslide initiation. However, in case of clay-like
slopes, measured values show that the VWC increased even
after the appearance of the frst cracks.

Te rise in the GWL continued until the water level
reached the surface of the slope foot, frst in Test 1, then,
for the clay-like slope, for Test 3 and Test 2, respectively.
Ten, the highest drainage pipe was opened to maintain
the GWL at the soil surface in the lower (L) part of
the model.

In the middle (M) part of the slope, the GWL raised but
did not reach the maximum value for some time, and there is
a steady-state fow. Rise of the GWL in this part of the slope
was noticeable at the deepest sensors (M-24), after about
15, 32, and 51minutes of rainfall, in Test 1, Test 3, and Test 2,
respectively.

Te measurement results of the VWC values in Test 1
showed that the GWL reached the deeper sensors frst and
then also the shallower ones, more precisely the sensor at 24,
18, 12, and 6 cm after about 23, 39, 41, and 49minutes,
respectively, in the lower (L) part of the slope. Based on the
visual observations, the GWL reached the ground surface in
the L part of the model and the foot of the slope was
submerged after 51minutes. Tis time is 2minutes after the
GWL reached the shallowest sensor, L-6, which fts quite
closely. Failure in the form of small rotational slide in the
foot of the slope occurred 56minutes after the test started,
5minutes after the lower (L) part of the slope was sub-
merged, and there after the failure progressed retrogressively
towards the top of the slope. Te sensors in the middle (M)
part of the slope also showed that the GWL reached sensors
at 24, 18, 12, and 6 cm at 59, 64, 67, and 74min after the start
of the test, respectively. Data collected at monitoring point
M-6 started to fuctuate at approximately 80th minute of the
test that corresponds to the observed displacements

occurred in this part of the slope indicated by visual
observation.

Interpretation of the VWC sensor readings in the clay-
like slopes in Test 2 and Test 3 was difcult and did not show
the rise in the GWL as accurately as in sandy slope. In clay-
like slopes, the rise of the GWL was not only related to
infltration of rainfall, but several mechanisms acted si-
multaneously instead: rain infltration afected not only the
moisture change but also the change in soil’s weight, as
a result of which cracks appeared through which prefer-
ential fow occurred. Seepage face formed in the lower part
of the slope and surfcial fow toward the lower part of the
model began. Obviously, there was no clear relationship
between constant VWC readings and GWL conditions for
the case of clay-like slopes. In Test 2, sensor at 24, 18, 12,
and 6 cm showed WVC constant value after about 86, 89,
115, and 106minutes, respectively, after the test started in
the lower (L) part of the slope, and in the middle (M) part of
the slope, after about 96, 84, 106, and 111minutes, re-
spectively. In Test 3, sensor at 24, 18, 12, and 6 cm located in
the lower (L) part of the slope showed a constant WVC
value after about 81, 80, 83, and 82minutes after the start of
the test, respectively. For the middle (M) part of the slope,
the same was observed after about 59, 51, 59, and
63minutes, respectively.

4.3. Matric Suction Analysis. In Test 1, on the sandy slope
with a relatively high hydraulic conductivity, the VWC
increased until the full saturation in the deepest part of the
slope, due to infltration, forming the water table. Once
this was established, a fow down the slope started
resulting in a rapid rise in the GWL in the lower (L) part of
the slope. Tis resulted in an increase in pore water
pressure, a decrease in soil shear strength, failure, and
further retrogressive slides to the top of the slope. Soil
water potential sensors were not installed in the test on
clean sand.

In Test 2 and 3, on slope made of a sand-kaolin mixture
with lower hydraulic conductivity and relatively higher
retention capacity, a signifcant increase in saturation degree
occurred in the surface layer frst, causing an increase in the
weight of the surface layer, formation of cracks and shallow
instabilities in the middle part of the slope, without ob-
servation of signifcant movements. Te cracks opening
allowed water to penetrate in deeper layers and form sep-
arated saturated zones in the slope, but with a matric suction
maintained in most parts of the slope. In some isolated local
zones near the existing cracks, the GWL raised to the surface,
causing springs and surface fows.

Te tensiometers in the upper (H) and middle (M) parts
of the slope recorded a strong decrease of the matric suction,
frst in the shallower part (at 6 cm depth) and then also in the
deeper part (at 18 cm depth). In the lower (L) part of the
slope, there was also a sudden decrease of the matric suction
frst in the shallower layer (at 12 cm depth) L-12 and then in
the deeper layer (at 24 cm depth) L-24. Te exception was
Test 2, where instead of mini tensiometer T31, a large
tensiometer T32 was used. Due to its large volume and
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design, which is generally intended for feld measurements,
the T32 reacts more slowly to changes in pore water pressure
and therefore indicates a slow reduction in soil suction, in
contrast to soil moisture measurements.

In Test 2, at the upper (H) part of the slope, only
10minutes after the start of the test, the tensiometers at 6 cm
depth H-6 started to record larger changes in suction, from
11.1 kPa to 1.6 kPa in the 16th minute. Te matric suction
value in the H-18 point showed a decrease after 32minutes,
from 13.5 to 1.6 kPa in the 39th minute. It took only
6minutes for the matric suction to drop from 35.1 to 1.7 kPa
in the M-6 point. Te matric suction in the M-18 point
remained relatively high (27.5 kPa) until the 32nd minute of
the test, when a decrease to 1.9 kPa was observed in the
following 9minutes. Positive pore water pressure was
recorded after 111 and 93 minutes in the M-6 and M-18
point, respectively. At the lower (L) part of the slope,
a slower decrease in suction was recorded, and water
pressure remained positive until 132nd and 119th minute in
the L-12 and L-24 point, respectively.

In Test 3, tensiometer in the H-6 observed sudden
change in matric suction 6minutes after the start of the test,
from 8.7 kPa to 1.4 kPa in the 15th minute of the test. Te
matric suction value in the H-18 point started to decrease
after 35minutes, from 7.7 to 2.1 kPa in the 39th minute of
the test. It took only 7minutes for the matric suction to
rapidly decrease from 14.3 to 1.1 kPa in the M-6 point. Te
matric suction value in the M-18 point started to decrease
only 3minutes after the start of the test, from 76.2 to 11 kPa
in the 7th minute. Positive pore water pressure was recorded
after 98 and 89minutes at the M-6 and M-18 cm point,
respectively. A sudden decrease in matric suction in the L-12
point was observed 18minutes after the start of the test, from
24.1 to 1.8 kPa in the 32nd minute. Te matric suction in the
L-24 point remained constant (20.7 kPa) until the 37th
minute of the test, when a decrease to 1.8 kPa was observed
in the following 20minutes. Positive water pressure was
reached after 87 and 79minutes of the test in the L-12 and
L-24 point, respectively.

Finally, it should be emphasised that there are some
diferences and difculties in reconstructing infltration and
GWL rise with the two types of sensors, i.e., soil moisture
sensors and tensiometers. While poor preconditioning of
tensiometers can result in slow sensor response and long
calibration times, volumetric deformation of soils with fne-
grained particles during soil moisture increase, as is the case
with sand-kaolin mixtures, can also afect VWC readings,
making it difcult to detect fully saturated conditions in
the soil.

5. Conclusion

Laboratory tests on physical models of landslides are of great
importance because they allow the observation and mea-
surement of phenomena closely related to the landslide
mechanisms. For this reason, model platform designed and
built at the Faculty of Civil Engineering, University of Rijeka,
was successfully used to investigate small-scale physical

models of slope failures built in diferent soil types exposed
to artifcial rainfall.

In this paper, the results of the conducted tests on
homogeneous slopes built of three diferent soil types at the
same slope angle of 35°, exposed to artifcial rainfall were
presented. Te observed failure mechanisms were described
and explained, focusing on measurements of volumetric
water content and matric suction. In the sandy slope, rise of
the GWL triggered sliding at the toe of the slope and further
retrogressive sliding and cracking developed towards the top
of the slope. Meanwhile, in the less permeable clay-like
slopes, formation of soil cracks was observed very quickly
after the onset of rainfall. However, no signifcant move-
ments were observed until a seepage face was formed in the
lower part of the slope and surface fow towards the lower
part of the model began; only when the matric suction was
almost completely dissipated, a combined efect of surface
erosion and sliding lead to signifcant movements in the
slope model. In general, the observed hydromechanical
responses indicate that the matric suction played an im-
portant role in the performance of slope models built in
sand-kaolin mixtures.

Te rainfall infltration and the GWL rise in the sandy
slope model can be interpreted from the volumetric water
content measurements. In this case, the instability occurred
due to the groundwater rise, while no signifcant movements
were observed during the transient infltration stage. In the
clay-like slopes, several processes occur simultaneously
(from water infltration to surfcial fow and fow through
cracks) and the interpretation of the slope’s hydro-
mechanical response is not so simple.

However, the presented results need to be deeply in-
vestigated with respect to the evolution of the water content
profle and the changes in displacements which were also
carried out in tests. Furthermore, numerical analyses are also
recommended to better understand the processes and ini-
tiation of landslides in small-scale slope models. Compar-
ison of these experimental results with numerical model
results could provide a concept of a moisture content-based
warning system.
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