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Abstract. Slopes in flysch deposits areas wide within Europe are highly prone to landslide occurrence. 
Depending on the material properties and climate conditions, instabilities in a form of earthflows, shallow 
and deep-seated landslides were observed in these formations. Typically, slope instabilities occurred after 
prolonged periods of rainfall. The Rje�ina River Valley, Croatia, built in flysch formation, is well known by 
several landslides occurred in the past. The weathering process of flysch rock mass and local climate 
conditions resulted in a specific engineering geological profile of the valley, with the unsaturated residual 
soil covering the bedrock. Although the behaviour of residual soil is important for a landslide triggering 
both through the rainfall infiltration process and (unsaturated) shear strength, hydro-mechanical properties 
of this material in unsaturated conditions were not investigated in the past. This paper summarizes the 
results of different laboratory tests performed on intact samples for hydro-mechanical characterization of 
the residual soil from flysch rock mass. It was found that the unique shear strength envelope could be used 
to determine failure conditions both for saturated and unsaturated conditions. The results obtained from 
strain-controlled and wetting tests performed in conventional and modified direct shear apparatuses 
indicated high values of the apparent cohesion that the near-surface soil can experience due to the increase 
of matric suction. The hysteresis effects and hydraulic paths to which soil was exposed to in the past were 
found to affect the soil behaviour, while the soil formation process results with a complex soil structure that 
imposes the necessity of using intact soil samples for proper hydraulic characterization of the soil. 

1 Introduction  

This paper presents some of the results of laboratory 
tests performed within a novel study that focuses on the 
role of the unsaturated zone in rainfall-induced 
landslides in flysch deposits [1]. While the effect of 
rainfall on the landslide triggering was investigated 
through the build-up of (positive) pore-water pressure 
along the sliding surface (e.g., [2-4]), very few studies 
have investigated the physical process of rainfall 
infiltration in a flysch slope (e.g., [5-7]) and how it 
affects the stability of flysch slope with time (e.g., [7]). 
Soil-water retention curve (SWRC) and the hydraulic 
conductivity function (HCF) are the unsaturated soil 
property functions required to analyse the transient 
process of rainfall infiltration. In order to determine how 
the redistribution of water content and change of matric 
suction affect the available shearing resistance along the 
(part of) sliding surface above the phreatic line, the 
functional relationship between the matric suction and 
shear strength has to be known. The latter can be related 
to the SWRC through effective stress (e.g., [8-10]). 

Determination of unsaturated soil property functions 
involves the usage of expensive laboratory devices that 
enable control or measurement of (matric) suction during 
a test. Change of volume of a tested specimen due to 

change of matric suction, maintenance of the hydraulic 
contact, air diffusion and cavitation of water are some of 
the commonly encountered problems when performing 
laboratory or field measurements in partially-saturated 
soils (e.g., [11,12]). Test duration is another challenge 
when determining unsaturated soil properties 
experimentally. This especially refers to fine-grained 
soils, where low hydraulic conductivity further reduces 
under increasing soil suction conditions. Thus, aside 
from the need for covering a wide range of matric 
suction that fine-grained soil can typically exhibit, the 
above-mentioned problems are even more pronounced 
due to prolonged testing time. 

To overcome these shortcomings, various estimation 
methods for the prediction of unsaturated soil properties 
were developed. For example, grain-size distribution or 
basic index soil properties can be used to predict SWRC 
(e.g., [13,14]). Regression-based approaches can be used 
to determine HCF based on observed flow quantities 
(e.g., [15]). Another common approach is to estimate the 
HCF from the SWRC and some other soil properties 
(e.g., [16, 17]). SWRC can be used to predict the 
unsaturated shear strength as well (e.g., [18, 19]). 

In this study, the hydraulic conductivity and shear 
strength properties were determined experimentally on 
intact samples of residual soil from flysch rock mass. 
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Fig. 11. A unique shear strength envelope [
from two wetting tests (modified from [24])

5 Conclusions 

Some of the test results for the h
characterization of residual soil form 
are presented in this manuscript. The
suggest that soil formation process and
to which the soil was exposed in its hist
need for using intact samples to cor
hydro-mechanical properties. For a con
matric suction, measured kw was foun
with the estimated HCF for intact samp
of shear strength parameters was obtai
effective stress formulation proposed by
for saturated and unsaturated conditions
strength envelope was found to be able
conditions at failure in case of wetting
all cases, an increase of matric suction c
of shear strength, and change from cont
soil behaviour. 

The obtained results will be impo
researches of rainfall-induced lands
deposits. The obtained soil properties
useful for investigation of the rainfall in
and landslide triggering, especially in c
scale physical model of flysch slope, 
strength component associated with th
may represent a dominant part of the
shear strength along the sliding surface.
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