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Abstract 

Factors primary controlling rainfall-induced slope failures are both rainfall characteristics and 

soil properties. Rainfall causes a transient infiltration process through the unsaturated part of 

the slope which affects sloping material by increasing the moisture content and pore-water 

pressure, changing the effective stress and hydro-mechanical properties of the soil. To study 

the physical process of rainfall infiltration and how it affects the slope stability state, the 

dependency between water retention properties, hydraulic permeability, shear strength 

properties and the water content or negative pore-water pressures existing above the phreatic 

surface have to be known. Unlike for the shallow-type landslides, very few studies were 

performed for the case of deep-seated landslides built of material with relatively low hydraulic 

conductivity. This kind of studies were never performed for landslides occurring in flysch 

deposits. 

This study presents the results of different field investigations, laboratory tests, and 

numerical activities that were performed to build up a numerical model capable to determine 

the influence of rainfall infiltration process on slope stability state through time. Undisturbed 

samples of the residual soil from a flysch rock mass were used to perform different laboratory 

tests in saturated and unsaturated conditions, aimed to provide an advanced hydro-mechanical 

characterization of the soil behavior under negative pore-water pressure. For the first time, the 

water retention curves, hydraulic conductivity functions, and unsaturated shear strength 

characteristics of the investigated soil were determined. Simulation results showed that rainfall 

duration, instead of intensity, is the crucial factor causing the landslide instability. Results 

suggest that only about 8 mm of rainfall can infiltrate into the slope during a day. The shear 

strength component associated with the negative pore-water pressure was found to have a 

negligible influence on the slope stability at the time of failure since positive pore-water 

pressure exists along the entire sliding surface. However, it is the unsaturated zone with specific 

hydraulic features that delay the landslide triggering event. Reduced hydraulic permeability and 

retention capacity of the soil between the phreatic line and slope surface are factors that 

postpone build-up of positive pore-water pressure along the sliding surface and enable the slope 

to remain stable during a long-lasting heavy precipitation. 

 

Keywords: flysch, unsaturated residual soil, rainfall-induced landslides, water retention 

curve, hydraulic conductivity function, unsaturated shear strength, numerical analysis.
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Prošireni sažetak 

Klizišta uzrokovana oborinama učestalo se događaju diljem svijeta u različitim klimatskim, 

geološkim i topografskim uvjetima. Rastući broj studija provedenih unazad dva desetljeća 

ukazuje kako promjene značajki oborina, vezano uz moguće globalne klimatske promjene, 

mogu dodatno povećati učestalost nastanka klizišta. Uz značajke oborina, karakteristike tla 

drugi su faktor od krucijalne važnosti za nastanak klizišta uzrokovanih oborinama. Ovisno o 

odnosu intenziteta kiše i hidrauličkih značajki materijala koji sačinjavaju površinski dio padine, 

infiltracija oborine u kosinu tijekom vremena odvija se kao nestacionarni proces pri kojem 

dolazio do promjene vlažnost tla i preraspodjele pornih pritisaka unutar nesaturirane zone 

geotehničkog presjeka. Pritom najvažniji utjecaj na količinu i brzinu infiltracije, promjenu 

efektivnih naprezanja i mogući pad čvrstoće materijala imaju hidrauličke i mehaničke značajke 

tla. Kako bi se riješila jednadžba koja opisuje tečenja vode kroz nesaturirano tlo u vremenu i 

kvantificirao utjecaj oborine na stanje stabilnosti kosine, potrebno je poznavati funkcije 

značajki tla u nesaturiranim uvjetima: retencijsku krivulju, funkciju hidrauličke propusnosti te 

odnos između značajki čvrstoće i vlažnosti tla ili negativnih pornih pritisaka. Matrična sukcija 

je termin koji se u mehanici nesaturiranih tala najčešće koristi za negativni porni pritisak. Za 

razliku od plitkih klizišta u materijalima veće propusnosti, studije u kojima se proučava utjecaj 

nestacionarnog procesa infiltracije oborina na stabilnost dubokih klizišta izgrađenih od 

materijala relativno niske propusnosti vrlo su rijetke. Prethodna istraživanja klizišta u 

naslagama fliša u dolini Rječine bavila su se prvenstveno porastom pozitivnih pornih pritisaka 

uslijed dugotrajnih oborina i utjecajem procesa trošenja flišne stijenske mase na fizičko-

mehaničke značajke tla. Pritom je utjecaj dugotrajnih oborina uzet u obzir u analizama 

stabilnosti jednostavnim podizanje razine podzemne vode (vrlo često i do površine terena), 

čime se smanjuju efektivna naprezanja i reducira posmična čvrstoća materijala duž klizne 

plohe. Budući da u ovoj vrsti analiza vrijeme nije jedna od varijabli, distribuciju pornih pritisaka 

i stabilnost kosine nije moguće analizirati u vremenu. Također, pretpostavlja se da je materijal 

ispod razine podzemne vode potpuno saturiran, odnosno potpuno suh iznad te razine. Utjecaj 

matrične sukcije unutar nesaturirane zone geotehničkog presjeka se zanemaruje, kao i svi efekti 

na hidro-mehaničke značajke tla. 

Kako bi se, po prvi puta u slučaju istraživanog materijala i predmetnog područja, 

aplicirali principi nesaturirane mehanike tla na nastanak klizišta uzrokovanih oborinama, 
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provedene su brojne terenske i laboratorijske aktivnosti. Dva osnovna razloga zbog kojih je 

klizište Valići odabrano kao pilot područje za provedbu istraživanja su prisutnost rezidualnog 

tla u površinsko dijelu padine za koje je primijećeno značajno isušivanje tijekom sušnih ljetnih 

mjeseci, te činjenica da su reaktivaciji klizišta u veljači 2014. godine prethodile višemjesečne 

intenzivne oborine. Neporemećeni uzorci tla uzeti s površinskog dijela klizišta korišteni su za 

određivanje hidro-mehaničkih značajki tla u nesaturiranim uvjetima. Različitim tehnikama 

mjerenja i korištenjem ukupno šest laboratorijskih uređaja, određene su retencijske krivulje za 

proces adsorpcije i desorpcije pri različitim vertikalnim naprezanjima. Metodom nelinearne 

regresije određeni su parametri najčešće korištenih jednadžbi za opis retencijskih funkcija. 

Mjerenja hidrauličke propusnosti u saturiranim i nesaturiranim uvjetima, u kombinaciji s 

retencijskim krivuljama omogućili su definiranje funkcije propusnosti tla u nesaturiranim 

uvjetima. Time je definirana zavisnost hidrauličke propusnosti materijala od matrične sukcije 

ili vlažnosti tla. Korištenjem modificiranih uređaja za direktno smicanje tla baziranih na 

principu translatiranih osi, određen je utjecaj matrične sukcije na značajke čvrstoće tla. 

Definirane funkcije značajki tla u nesaturiranim uvjetima i rezultati terenskih mjerenja 

iskorišteni su za definiranje dvodimenzionalnog numeričkog modela kojim je moguće 

simulirati nestacionarni proces infiltracije oborina u kosinu, te odrediti utjecaj ovog procesa na 

stanje stabilnosti kosine u vremenu. Kako se parcijalna diferencijalna jednadžba tečenja vode 

kroz nesaturirano tlo rješava u prostoru i vremenu, pri čemu nelinearnost jednadžbe proizlazi 

iz nelinearnog odnosa materijalnih značajki i matrične sukcije, rješavanje iste najčešće 

podrazumijeva iterativne postupke i upotrebu numeričkih metoda. Komercijalno dostupni 

program SEEP/W (GEO-SLOPE International, Ltd.) baziran na metodi konačnih elemenata 

korišten je za rješavanje problema infiltracije oborina u kosinu korištenjem realnih ili umjetno 

generiranih zapisa oborina. Distribucije pornih pritisaka izračunate za različite vremenske 

trenutke integrirane su u program koji implementira metodu analize granične ravnoteže 

SLOPE/W (GEO-SLOPE International, Ltd.) kako bi se za svaki od proračunatih profila 

raspodjele pornih pritisaka izračunao faktor sigurnosti kosine. Time je utvrđena vremenska 

promjena stanja stabilnosti kosine izgrađene u naslagama fliša, uzimanjem u obzir različitih 

inicijalnih i rubnih uvjeta. Rezultati analiza potvrdili su dugotrajnost oborina kao presudan 

faktor za nastanak nestabilnosti, dok ekstremne količine oborina u kraćem vremenskom periodu 

rezultiraju značajnim površinskim otjecanjem. Čak i kada su mjereni intenziteti u periodu od 

rujna do veljače 2014. godine reducirani za 50 posto, rezultati analiza ukazuju kako se na dan 

reaktivacije kosina nalazi u stanju marginalne stabilnosti. Iako komponenta posmične čvrstoće 

povezana s matričnom sukcijom u trenutku sloma nema utjecaja na stabilnost kosine, utvrđeno 
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je kako upravo nesaturirana zona geotehničkog presjeka, sa svojim specifičnim hidrauličkim 

značajkama, odgađa gubitak stabilnosti kosine pri ekstremnim oborinama. U tom smislu, 

smanjena hidraulička propusnost i retencijski kapacitet nestaturirane zone s negativnim pornim 

pritiscima, faktori su koji usporavaju porast pornih pritisaka duž klizne plohe i osiguravaju 

stabilnost kosine tijekom dugotrajnih oborina.  

 

Ključne riječi: fliš, nesaturirano rezidualno tlo, klizišta uzrokovana oborinama, retencijska 

krivulja, funkcija hidrauličke propusnosti, čvrstoća tla u nesaturiranim uvjetima, numeričke 

analize. 
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1. INTRODUCTION 

 

This chapter provides an introduction to the research topic. The basic theory of rainfall-induced 

landslides is presented, with a review of the current state of research for landslides in flysch 

deposits caused by long-term heavy precipitation. Hypotheses and research objectives are 

stated, and the methodology is presented. The outline of the thesis is provided at the end of the 

chapter. 
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1.1. Research background 

Landslides are one of the most widespread natural hazards that cause human casualties and 

enormous economic losses worldwide. According to the World Bank report (2005), 3.7 million 

km2 of the land surface is prone to landslides worldwide (Haque et al. 2016), and nearly 300 

million people live in areas of potential landslide risk (Dilley et al. 2005). Due to climate change 

and increasingly frequent extreme weather events, mass movements have become common 

natural phenomena, which cause considerable damage and economic losses in many European 

countries (e.g., Schuster 1996; Klose et al. 2015). According to Jaedicke et al. (2014), 

approximately 3.6 million Europeans live in landslide-prone areas, while 20,000 km of roads 

and railways are highly exposed to landslides. The International Disaster Database reported 

that, in the last century, Europe was the second highest in the world among all continents in 

fatalities and had the greatest economic losses (1.55 billion Euros) as a result of landslides 

(Sassa and Canuti 2009; Guha et al. 2015). 

The failure of earth material existing on a slope can be triggered by a wide range of 

geologic and extreme weather conditions, including eruptions of volcanos, earthquakes, and 

heavy precipitation (Wieczorek 1996). Human activities may also initiate landslides. Growing 

urbanization, uncontrolled land-use, deforestation, and extreme weather conditions associated 

with global climate change are factors causing an increase in landslide disasters. In the last 

decades there has been a steadily increasing number of scientific papers dealing with impacts 

of climate change on landslides (Wu et al. 2015; Gariano and Guzzetti 2016), where 

temperature change and change of precipitation patterns are the key factors influencing slope 

stability (Crozier 2010; Coe 2016). 

Many researchers try to link various phenomena occurring in nature due to the increase 

in mean land-surface air temperature, which causes increased landslide activity all around the 

globe. For example, increased landslide activity is related to processes, such as: i) glacial retreat 

in mountain regions, which increases landslide activity due to removal of ice support (e.g., 

Hürlimann et al. 2012; Haeberli 2013; Fischer et al. 2013); an increased quantity of available 

loose debris for debris flows and increased rainfall infiltration into loose debris material due to 

removal of snow and ice cover (e.g., Lancaster et al. 2012; Fischer et al. 2012; Legg et al. 2014); 

ii) degradation of permafrost in rock (e.g.,Geertsema et al. 2006; Ravanel and Deline 2011 ) 

and soil (e.g., Francani et al. 2011); iii) increased sea level (e.g., Collins et al. 2007; Lee 2011; 
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Brooks et al. 2012); and iv) changes in droughts and wildfires (e.g., Nott et al. 2001; Cannon 

and DeGraff 2009; De Graff 2018).  

Precipitation, either rainfall or snowmelt, is the most common cause of landslides. 

Landslides are being triggered by precipitation in all parts of the world in a wide variety of 

climatic, geologic, and topographic settings (Lu and Godt 2013). The factors that primarily 

control rainfall-induced slope failures are both rainfall characteristics and soil properties (e.g., 

Rahardjo et al. 2007; 2016). In general, rainfall causes a transient infiltration process in the 

slope which affects slope material by changing the moisture content and pore water pressure 

distribution in the soil profile, thereby changing the effective stress which can cause changes in 

shear strength of the soil, and finally, can lead to movements of soil mass and slope failure. 

Depending on the type of analysis, quantities such as rainfall characteristics, potential and 

actual evaporation, evapotranspiration, net infiltration, initial water content or pore water 

pressure distribution, constant and time-changing boundary conditions, water retention curves, 

unsaturated hydraulic conductivity functions, and shear strength functions of materials involved 

in the study usually have to be quantified or known, and accounted for. The latter, known as 

the unsaturated soil property functions (USPFs), have to be known since they define hydro-

mechanical properties of unsaturated soil and have a direct influence on both the water 

infiltration process and stability of the slope. Different types of landslides are more or less 

sensitive to varying rainfall characteristics (e.g., Alonso et al. 1995; Van Asch et al. 1999; 

Rahardjo et al. 2007). Extreme storms with high intensities will often cause shallow landslides 

and debris flow, while deep-seated landslides in a material with low hydraulic conductivity are 

usually influenced by long-term infiltration, rise of the groundwater table, and antecedent 

rainfall. Varied approaches are used to assess how changing precipitation patterns and 

migration due to climate change affect the stability of slopes. As outlined by Crozier (2010), 

existing hydrologic and slope-stability models are capable of predicting landslide response from 

climate change, but there are great margins of error in global- and downscaled-climate 

projections that make landslide predictions uncertain. While some studies account only for the 

impact of precipitation characteristics changes (e.g., Chiang and Chang 2011; Kristo et al. 2017; 

Robinson et al. 2017), other account for changes in characteristics of both evapotranspiration 

and precipitation on occurrence of deep-seated and shallow landslides (e.g., Buma and Dehn 

2000; Coe 2012; Comegna et al. 2013). 

According to many papers dealing with rainfall-induced landslides, two types of 

instabilities could be distinguished respective to the mechanism leading to failure of the slope 

due to rainfall infiltration. The above is usually reflected in landslide depth, dividing landslides 
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into deep-seated or shallow landslides, and pore-water pressures existing on a sliding surface 

when a failure occurs, which in general can be positive or negative. In the context of the 

unsaturated soil mechanics, term matric suction is commonly used to denote negative pore-

water pressure existing in the soil. In the case of deep-seated landslides with the low hydraulic 

conductivity of the soil, pore-water pressure conditions existing on the failure surface are 

typically positive. Failure generally occurs due to the rise of groundwater table which generates 

an increase in positive pore-water pressure, causing a decrease of effective stress and finally 

reducing the shear strength of soil along the potential surface of rupture. Depending on the 

hydraulic conductivity and retention properties of soil existing between the slope surface and 

phreatic line, longer infiltration periods are required to initiate landslide of this type. The time 

of landslide occurrence greatly depends on antecedent rainfall, since it defines the position of 

initial groundwater level and moisture content along the soil cross-section which affects 

retention capabilities, soil permeability and thus infiltration rates. On the other hand, the 

stability of steep, shallow landslides very often relies on the shear strength component 

associated with the matric suction existing within the cross-section of a slope. In case of rainfall, 

water content increases through the transient process of rainfall infiltration, causing a decrease 

of matric suction and the decrease of available shear strength. High-intensity rainfall can cause 

the more rapid elimination of matric suction within the steep slope built of highly-permeable 

material, and can possibly cause instability in shallow layers under unsaturated or saturated 

conditions. 

Many studies focus on the rainfall-induced shallow landslides. For example, shallow-

type landslides triggered by rainfall in pyroclastic soils frequently occur in Italy (e.g., Pasuto 

and Silvano 1998; Crosta and Dal Negro 2003; Aleotti et al. 2004; Casagli et al. 2006; Cuomo 

2006; Pagano et al. 2010; Cascini et al. 2010; 2011; 2013; 2014; Pirone et al. 2016, and Santo 

et al. 2018). High-intensity rainfall frequently causes shallow-type slope failures in steep 

residual slopes of Singapore (e.g., Toll et al. 1999; Toll 2001; Rahardjo et al. 2001; 2005; 2007; 

2007b; 2010; Rahimi et al. 2011; Rahardjo et al. 2016; and Kristo et al. 2017). Lu and Godt 

(2008) performed a case study for the colluvial deposits that mantle many steep bluffs along 

the Puget Sound in the Seattle, Washington area, where extreme precipitation commonly 

induces shallow landslides. Cho and Lee (2001) and Kim et al. (2012) investigated the influence 

of rainfall infiltration on shallow landslides in Korea. Ng and Shi (1998), Ng and Pang (2000); 

Lan (2004), Zhang and Ng (2003), and Li et al. (2005) analyzed the influence of rainfall 

intensity and duration on stability of shallow slopes in Hong Kong, while Gofar and Lee (2008) 
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and Xue et al. (2016) completed similar studies of landslides in Malaysia and China, 

respectively. 

There is a far smaller number of rainfall-induced deep-seated landslide studies in the 

literature, in which interaction between rainfall infiltration process, existing ground conditions 

and unsaturated soil properties of low-conductivity materials are analyzed. There could be 

several reasons for this. First, as already mentioned, the stability of deep-seated slope mostly 

depends on the groundwater level conditions. Except in the highest part, potential sliding 

surface is mostly completely saturated and exposed to positive pore-water pressure conditions. 

Since the failure occurs due to increased pore pressures, Terzaghi's effective stress approach 

and principles based on saturated soil mechanics are sufficient for performing the slope stability 

analysis. At the same time, to rely on the shear strength component associated with soil suction 

seems to be contradictory from the standpoint of common engineering practice, since the soil 

suction dissipates as the water content of the slope exposed to rainfall increases. The second 

thing is that to quantitatively analyze the rainfall infiltration process through the low-

permeability soil above the phreatic line, USPFs have to be known. USPFs can be obtained 

either from direct measurements performed in the laboratory or in-situ, or estimated from some 

of the basic geotechnical properties of soil. The latter are usually determined through more 

simple laboratory tests for soil characterization. Many studies have shown that in case of high-

plasticity, fine-grained soils which undergo significant volume changes when matric suction 

(or water content) is changed, estimation techniques used to predict, instead of directly measure 

dependency between matric suction and water retention properties, hydraulic permeability or 

shear strength characteristics, generally become unreliable and inaccurate. The latter implies 

direct measurements of unsaturated soil properties which, unlike for saturated conditions, 

cannot be considered material constants but, rather, usually have a non-linear relationship 

respective to matric suction. The non-linear feature implies a significant number of measuring 

points required to determine different USPFs. Desaturation of soil reduces the cross-section 

area of water in soil-pores, thereby, reducing the hydraulic conductivity of soil respective to the 

water phase. Measurements of material properties under varying negative pore-water pressure 

values usually imply modifications of standard laboratory testing equipment and procedures, 

resulting in higher operating costs and need of expensive equipment. As the laboratory 

procedures used to determined the shear strength, deformation and permeability characteristics 

of low-permeability soils are typically time-consuming by themselves, the effort required for 

experimental determination of the USPFs in case of fine-grained soils, which are the key-in 

input parameters governing the transient rainfall infiltration process and affecting the slope 
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stability state, could be another important reason for the limited number of studies performed. 

For example, Sun et al. (2009) developed a numerical model based on the finite element method 

(FEM) and the limit equilibrium method (LEM) to study the effects of rainfall infiltration on 

deep slope failure. They performed a case study of Nongji Jixiao landslide in Wanzhou District, 

Chongqing of China with an average thickness of landslide body of 14.2 m. However, compared 

with the permeability features and retention properties of residual soil from a flysch rock mass 

obtained in this study, the material under consideration is much more coarse, with an air entry 

value (AEV) bellow 1 kPa and around three orders of magnitude higher value of saturated 

coefficient of permeability (1.3E-05 m/s). Zhao et al. (2017) published a paper in which the 

influence of the coupling effect of rainfall infiltration and reservoir water level fluctuations on 

the stability of the Baijiabao Landslide in China's Three Gorges Reservoir Area was 

investigated. They used the FEM to simulate the coupling effect of rainfall and reservoir water 

level decline on the Baijiabao landslide during the drawdown of reservoir water level from 1 

December 2014 to 18 August 2015, a period for which the mutation of field monitoring 

displacements was most obvious. They showed that the model could achieve the dynamic 

response of the seepage field, stress field and displacement field in the landslide under complex 

dynamic hydraulic boundary conditions, and that rainfall and reservoir water level decline have 

varying effects on landslide deformation at different stages.  

However, these type of studies are completely absent in the literature in case of rainfall 

infiltration process through flysch deposits. Landslides in flysch deposits frequently occur in 

European countries such as Italy, Slovenia, Austria, Czech Republic, and Poland and are mainly 

caused by heavy precipitation. Previous studies of landslides in flysch slopes have mainly 

focused on the increase in pore water pressure caused by long-term, heavy precipitation as a 

landslide triggering factor (Arbanas et al. 2014) and on the effects of the weathering process of 

flysch rock masses on physical and chemical changes of material.  

For the first type of studies in flysch deposits, different researchers (e.g., Miščević et al. 

2009; Vivoda et al. 2013; Berisavljević et al. 2015; Berti et al. 2017; Arbanas et al. 2017b), 

utilized conventional slope stability analyses, which are still most frequently employed in 

geotechnical engineering practice. This type of slope stability analysis account for rainfall 

influence on slope stability by changing the groundwater flow conditions, where the rising of 

the groundwater table increases pore water pressures and reduces the slope stability. This type 

of analysis is based on simple LEM or FEM formulations without physics and governing 

equations required for solving the problem of transient rainfall infiltration through the 

unsaturated soil. Since time is not a variable in the governing equations, the analysis is typically 
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performed for specific scenarios, while coupling between the rainfall infiltration and change of 

slope stability state through time is not possible with this approach. This type of analysis 

assumes saturated, steady-state water flow, where in the worst-case scenario, the phreatic 

surface is often assumed to coincide with the soil surface (Collins and Znidarcic 2004). In this 

case, further infiltration is not possible, and further rainfall does not affect the stability of the 

slope (Collins and Znidarcic 2004).  

For the second type of study in flysch deposits, the effects of the weathering process of 

flysch rock masses on strength, physical properties and/or mineralogical composition was 

investigated by, e.g., Vivoda Prodan and Arbanas (2016), Vivoda Prodan et al. (2017), and 

Vlastelica et al. (2018). 

Berti and Simoni (2012) presented the results of monitoring activities carried out in two 

slopes prone to landslide occurrence, made of clay-shales in the Northern Apennines of Italy. 

Descriptive statistics and simple, physically-based theories for infiltration and groundwater 

flow were adopted to analyze and interpret the collected field data. Maček et al. (2016) 

investigated the Slano blato, one of the oldest and largest landslides in Slovenia, reactivated in 

the form of a large earthflow in November 2000. For a material classified as fat clay (CH), 

water retention properties and saturated coefficient of hydraulic permeability were determined 

for samples produced in the laboratory, by using only fine-grained portion of material. The 

results indicated high AEV (1300 kPa) and low saturated coefficient of permeability (around 

5.0E-10 m/s). Simple conceptual rainfall infiltration models were used to compare rainfall 

infiltration results with in-situ measurements. The conclusion of conducted study was that 

material and climate features on the Slano blato landslide result in sliding mass to exist in 

always saturated state. The exception is only the top few centimeters of soil where desiccation 

can occur due to excessive evaporation in the dry season. 

However, none of these studies analyses the influence of the rainfall infiltration process, 

rainfall pattern and antecedent rainfall, coupled with the USPFs that govern the complex 

infiltration processes between the soil surface and phreatic line, on the state of stability of flysch 

slopes. Due to direct exposure to the atmosphere, the weathering process of the flysch rock 

mass is the most pronounced in the near-surface part of the slope, where a specific type of 

residual soil is formed. The weathering impact typically fades as the depth increases from the 

soil surface, resulting in complex soil-profile with different physical and hydro-mechanical 

features of soil along the geotechnical cross-section. Previous studies of landslides in the 

Rječina River Valley indicate that infiltration in the unsaturated part, together with groundwater 

level rise, occurs relatively slowly, which influences the rate of increase in pore pressures and 
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a decrease in the shear strength of soil (e.g., Benac et al. 2011; Dugonjić Jovančević and 

Arbanas 2012). Long rainy periods have shown to be crucial for landslide initiation, and all 

landslide occurrences came after long periods of heavy rainfall (Benac et al. 2011). Good 

examples of recent landslides triggered after few months of heavy rainfall are the Grohovo 

Landslide, which occured in December 1996, and the landslide reactivated above the Valići 

Lake in February 2014. With the residual soil present at the slope surface and directly exposed 

to the atmosphere, the Valići Landslide was chosen as an investigation site for a novel 

comprehensive study of rainfall-induced landslides in flysch deposits with consideration of 

unsaturated soil mechanics principles. A novelty of this study consists in consideration of 

hydro-mechanical properties governing the transient process of rainfall infiltration into the 

slope and affecting the slope stability state through time. Preliminary laboratory tests performed 

on samples obtained from a near-surface part of the landslide body indicated that the 

investigated material is a lean clay (CL) with prevailing silt-size particles (above 50 %). After 

the dry summer period, the superficial part of the slope was found to have low water contents, 

with a degree of saturation very often around 50 %. After a few rainstorms in September and 

October 2014, in-situ measurements showed that only the very superficial part of the material 

was saturated, while at 0.5 m of depth material remained partially saturated. The first insights 

from permeability measurements in saturated conditions indicated that hydraulic features were 

dramatically different for specimens obtained from undisturbed samples and specimens 

prepared in laboratory conditions with the remolding and consolidation technique. The latter 

suggested that, in case of direct measurements of USPFs, undisturbed specimens should be 

preferred. The complex nature of this material and long periods of heavy rainfall that precede 

instability phenomena on these slopes suggest that the negative pore water pressure and 

desaturation of residual soil in the superficial part of slope could play an important role on 

landslide occurrence in flysch deposits. To study dependency between the state of slope stability 

in time and change in water content and pore-water pressure distribution along the cross-section 

of the slope, the relationship between water content (or matric suction) and water retention, 

permeability, and shear strength properties of the investigated soil have to be determined first. 

Such procedures should account for all of the relevant processes that are known to affect the 

USPFs, such as the hysteresis effect for soils undergoing a drying and wetting process, and 

stress state, which are reflected in all of the above-mentioned USPFs. 
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1.2. Hypotheses 

Considering the current state of research in the field of rainfall-induced landslides in flysch 

deposits, the following hypotheses are stated: 

(i) Unsaturated hydraulic properties and negative pore water pressures have a 

significant influence on the rainfall infiltration process in the unsaturated zone of a slope in 

flysch deposits; 

(ii) Long-term rainfall infiltration causes a decrease of matric suction in the soil, 

resulting in a reduction of stiffness and shear strength of the residual soil. Antecedent rainfall 

and rainfall patterns have an important role when analyzing the slope stability in residual soil 

from a flysch rock mass. 

(iii) Matric suction has an important role on the state of slope stability in the 

unsaturated part of a slope in flysch deposits. 

1.3. Research objectives 

To verify the research hypotheses, extensive experimental work should be performed to define 

USPFs which are required when solving equations describing the rainfall infiltration process 

and assessing the state of slope stability over time. USPFs should account for hysteresis effects 

that soil exhibits when undergoing the drying and wetting process, with special accentuation on 

the wetting process, as it is relevant for the the rainfall infiltration process in the unsaturated 

part of the slope. Great care should be devoted to possible differences in engineering behavior 

of soil regarding the sample preparation technique and sample disturbance. Due to the complex 

process which residual soil from the flysch rock mass undergoes during the formation process, 

including physical and chemical changes of the original bedrock material, it is expected that 

hydro-mechanical properties of undisturbed samples and of those reproduced under laboratory 

conditions by using various techniques, could greatly differ. Thus, to reflect features of material 

present in-situ, the use of undisturbed samples should be preferred when conducting laboratory 

experiments for the determination of soil properties in unsaturated conditions. This particularly 

applies on measurements for determination of water-retention and permeability properties, 

where features and interconnectivity of voids are known to have a dominant effect. Finally, 

material features should be obtained considering the stress conditions and loading paths that 

material undergoes on a slope.  
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Considering the previously stated and research hypotheses, the following are considered 

as the main research objectives: 

(i) Determination of the soil-water retention curves, permeability functions and shear 

strength characteristics of the residual soil from the flysch rock mass during the wetting and 

drying process. 

(ii) Determination of the importance of geotechnical cross-section unsaturated zone for 

the rainfall infiltration process and landslide occurrence in flysch deposits. 

1.4. Methodology 

To investigate the importance of geotechnical cross-section unsaturated zone for the rainfall 

infiltration process and landslide occurrence in flysch deposits, research activities included 

laboratory measurements, field surveys and investigation works, and conduction of numerical 

simulations. All activities could be divided into several interrelated steps, whose fulfillment 

ensured reaching the defined research objectives. The proposed research methodology is 

elaborated in the following part. 

The collection of soil samples from the Valići Landslide was performed in the very early 

stage of research. One of the most important aims of this study was to define material properties 

on samples which are representative for in-situ conditions. In that sense, sampling techniques 

should ensure the preservation of soil structure, density and, when required, water content as 

close as possible to those existing in-situ in time of sampling. For example, in the initial stage 

of research, undisturbed samples were collected in a small sampling pit by using the steel cutters 

of various testing devices directly in-situ, or with hard plastic tubes which were statically 

inserted into the soil and excavated to minimize disturbance effects, avoiding the use of 

dynamic forces. The hand-equipment for undisturbed soil sampling (Eijkelkamp Soil&Water, 

Inc.) was used on several occasions to determine water content and density in the first few 

meters of soil. In the latter part of the research, during May and June 2018, two boreholes were 

drilled with machine rotary drilling. Inclinometer casing was installed in borehole B1 up to the 

depth of 30 m, while the piezometer standpipe was installed in borehole B2, up to 20 m of 

depth. Periodical inclinometer surveys were performed using the portable inclinometer 

measuring system Digitilt Classic Inclinometer System (Durham Geo-Enterprises Inc.), while 

the Rugged TROLL 100 Data Logger and Rugged BaroTROLL Data Logger (In-Situ Inc.) were 

installed in piezometer for continuous measuring and logging of groundwater level. Disturbed 
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samples were used when soil structure did not affect the results of laboratory tests. For example, 

disturbed samples were used for classification tests and determination of basic geotechnical 

properties. The following basic geotechnical properties were determined: specific gravity of 

solid particles, 𝐺𝑠; saturated, 𝜌𝑠, and dry density of soil, 𝜌𝑑; granulometric composition (wet 

sieving tests combined with the hydrometer and SediGraph methods); and Atterberg’s limits 

(liquid limit, plastic limit, and plasticity index). Classification of soil was performed according 

to the Unified Soil Classification System (USCS). 

Undisturbed samples were used in experimental procedures aimed to provide advanced 

hydraulic and mechanical characterization of soil in both saturated and unsaturated conditions. 

Soil-water retention curve (SWRC) relates the water content of soil with the (matric) suction 

values. Differentiation of the SWRC presented in the volumetric water content form enables 

the determination of the water storage capabilities of soil as a function of matric suction. SWRC 

can be used to estimate different USPFs as well. The following hydraulic properties of soil were 

determined using the undisturbed samples, considering different stress conditions and wetting 

paths that the soil undergoes in-situ: 

(i) SWRC was defined by using the measurement results obtained with a variety of 

devices and measurement techniques in their optimum measuring range 

(suction-controlled oedometer-type devices; standard pressure plate and 

volumetric extractor devices; mini-tensiometers; and dew-point potentiometer 

WP4-T). Used procedures enabled to investigate the effect of overburden 

pressure on retention properties, hysteresis during the drying and wetting 

processes and the influence of the matric suction on effective stress. 

(ii) The coefficient of permeability was determined for saturated conditions (falling 

head method in conventional oedometer apparatus and constant head method in 

conventional triaxial apparatus) and under negative pore water pressures 

(HYPROP evaporation method device). 

The following mechanical characteristics were obtained by using different testing 

procedures: 

(i) Consolidation properties (conventional oedometer apparatus). 

(ii) Saturated shear strength characteristics of soil (conventional direct shear 

apparatus). 

(iii) Unsaturated shear strength characteristics of soil (modified direct shear 

apparatuses). 
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A non-linear regression analysis was performed on the fragmented SWRC laboratory 

measurement results to obtain the best-fit parameters for some of the most commonly used 

SWRC equations. Due to the significant hysteresis observed during the wetting and drying 

process, SWRC parameters were obtained for both desorption and adsorption process. The 

obtained SWRC parameters and saturated coefficient of permeability values, 𝑘𝑠, were used to 

estimate the unsaturated hydraulic conductivity functions (UHCFs) for the soil undergoing the 

drying and the wetting process. The influence of sample disturbance on hydraulic conductivity 

was determined by measuring the saturated coefficient of permeability on both undisturbed and 

disturbed (completely remolded and consolidated) samples. To assess the possible influence of 

sample disturbance on shear strength and stiffness characteristics, standard direct shear tests 

were performed on both undisturbed and disturbed samples. Modified direct shear apparatuses 

implementing the axis translation technique to control or measure matric suction were used to 

perform strain-controlled tests under constant values of matric suction (herein, suction-

controlled tests). Due to the long testing time (around one month per test), only two tests were 

performed as stress-controlled wetting tests to determine if an increase of water content due to 

the reduction of matric suction could induce failure of the specimen under imposed loading 

conditions (herein, wetting tests). In wetting tests, specimens were wetted at different rates until 

failure conditions were reached in terms of acceleration of shear displacement under constant 

stress conditions. The obtained results enabled quantification of the increase in shear strength 

of the investigated soil due to an increase of the matric suction. The unsaturated shear strength 

envelope was obtained in terms of χ method (Bishop’s effective stress correction approach) and 

𝜙𝑏 method (extended Mohr-Coulomb failure criteria). The above activities have determined 

how matric suction affects the retention properties, hydraulic conductivity and shear strength 

of residual soil from a flysch rock mass, and have ensured fulfillment of the first research 

objective. At the same time, all of the previously mentioned activities have provided necessary 

input data for conduction of numerical analysis of slope stability during a rainfall infiltration 

process. 

The final part of the research was to assess the influence of the unsaturated zone between 

the phreatic line and soil surface on landslide occurrence due to rainfall. Numerical analysis 

were performed for the Valići Landslide case study. All of the in-situ investigation works and 

measurements, available digital terrain models (DTMs) obtained from different studies and 

determined USPFs (SWRC, UHCF, and unsaturated shear strength) were used to build a 

numerical model, define initial and boundary conditions, and define key-in material properties. 

Transient FEM seepage analysis was performed by using the SEEP/W (GEO-SLOPE 
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International, Ltd.) software to determine pore water pressure distribution during the rainfall 

infiltration. The generated model enables investigation of the influence of different USPFs, 

initial, and boundary (time-dependent) conditions on simulation results. Different rainfall 

patterns, with changing intensities and durations can be applied as the flux boundary conditions 

at the slope surface. The influence of different power-water pressure distributions (or moisture 

conditions) on the rainfall infiltration process can be determined as well. Calculated pore-water 

pressure profiles were integrated into the SLOPE/W (GEO-SLOPE International, Ltd.) 

software, which uses the limit-equilibrium method (LEM) to determine the factor of safety 

(FoS) of the slope. In this way, the change of slope stability state over time due to the rainfall 

infiltration process can be analyzed. The obtained results ensured the fulfillment of the second 

research objective. 

1.5. Outline 

The investigated problem is elaborated through several interrelated chapters. Each chapter starts 

with a literature review, where the most important works and latest findings relevant to the field 

of research are presented. Research methodology is presented in the following part, where all 

of the employed experimental procedures, devices, measuring techniques, and performed 

analysis are described in detail. The obtained results are presented and interpreted in the closing 

part of chapter. 

 

are presented and interpreted in the final part of the chapter. which is closed by underlying 

important results, findings and conclusions.  

The introduction to the topic of research is provided in Chapter 1. Research background 

introduces the basic problems of rainfall-induced landslides and provides background and 

motivation for the research. A detailed review of the current state of research in the area of 

rainfall-induced landslides in flysch deposits is provided first. Research hypotheses are stated, 

and the main objectives of the research are defined next. Finally, the employed methods and 

workflow of the research are presented in more details. An outline of the thesis is provided at 

the end. 

Chapter 2 describes the study area and investigated materials. The main features of the 

flysch rock mass and previous researches dealing with landslides in the Rječina River Valley 

are described in the first part. Features of the case study Valići Landslide from February 2014, 
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sampling procedures, in-situ investigation works, and field surveys are described in the 

following part. The results of various laboratory tests for determination of basic geotechnical 

properties and soil classification are presented as well. Climate conditions relevant for the 

research topic are presented and the main features of precipitation characteristics, whose role is 

crucial for the landslide triggering in the investigated area, are elaborated. Precipitation 

measurements obtained from the nearby location, which were used to define the flux boundary 

condition in numerical analysis are presented in the final part of the chapter. 

The basic concepts of the unsaturated soil mechanics are provided in Chapter 3. Basic 

properties of the air-water interface are described, and the four-phase soil model is introduced 

first. Relations used to quantify each phase and basic variables are defined. Surface tension and 

capillary phenomena with application in geotechnical engineering are presented, matric suction 

is defined, and Kelvin’s capillary model is derived here. The chapter closes with a definition of 

soil suction components and their relevance in various engineering applications. 

The importance of the SWRC in unsaturated soil mechanics and procedures and 

measuring techniques employed to obtain SWRCs of investigated soil are described in Chapter 

4. Some definitions and features of water retention properties of soils with different textures are 

presented first. Development of measurement techniques and devices with an application on 

different types of soil are presented in the following part. Material properties that were found 

to control water retention properties of soil are discussed as well. The testing program, including 

different techniques and measuring devices used to define SWRC of investigated material, 

under different stress conditions and during the drying and wetting path are described in detail. 

The obtained results are presented in the following part, regarding soil suction vs. different 

forms of water content. The influence of matric suction change on volume changes and change 

of the effective stress are presented and discussed as well. A non-linear regression analysis 

procedure is performed on obtained SWRC results to obtain the best-fit parameters of some of 

the most frequently used SWRC equations. The interpreted SWRC results are compared with 

retention properties of materials found in the literature. Finally, two models used to predict 

SWRCs of fine-grained soils are tested and compared with the results obtained in the final part 

of the chapter. 

Chapter 5 is devoted to unsaturated hydraulic conductivity. Theoretical basics of water 

flow through the unsaturated porous medium is described first. A detailed overview of existing 

methods, which can be used to obtain permeability function is provided, including both direct 

and indirect measurement procedures which can be used in laboratory or in-situ. Some of the 

estimation techniques are introduced as well. Different set-ups of soil column tests, devices 
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based on the axis translation methods and methods that use centrifuge are described among 

direct measurement methods. Different regression-based approaches such as parameter 

estimation method, empirical models, and closed-form equations that utilize, for example, 

SWRC properties and 𝑘𝑠, are discussed among indirect methods for estimation of permeability 

function. The testing program for determination of hydraulic conductivity of investigated soil, 

both in saturated and unsaturated conditions is described in the following part. A falling head 

method in conventional oedometer apparatus and constant head method in conventional triaxial 

apparatus were utilized for measurements in saturated conditions. Measurements for 

determination of SWRC obtained with the HYPROP device were used to calculate the 

coefficient of permeability respective to water phase for matric suction values up to 130 kPa, 

according to the Darcy-Buckingham law and the Extended Evaporation Method (Schindler et 

al. 2015). Finally, the estimation procedure of the UHCF for the investigated soil is presented.  

The influence of the matric suction on shear strength characteristics of investigated soil 

is elaborated through the Chapter 6. According to numerous experimental works performed 

on different soil textures and under different ranges of matric suction, some general 

observations on the shear strength characteristics are summarized first. Two basic approaches 

commonly used to determine the shear strength of unsaturated soils, namely the effective stress 

approach (Bishop 1959) and the independent state variables approach (Fredlund and 

Morgenstern 1977) are presented. Some of the more recently developed advanced concepts, 

such as the suction stress concept (Lu and Likos 2006), which consider different interparticle 

mechanisms that affect the effective stress of the unsaturated soil are presented. Limitations and 

advances of these approaches, along with modifications proposed by different authors are 

discussed as well. The next part of the chapter summarizes results from previous studies in 

which shear strength properties of flysch samples from the Rječina River Valley were 

investigated. These studies include laboratory tests performed on completely disturbed soil 

samples in saturated conditions, by using the conventional direct shear and ring shear apparatus. 

Methods used for determination of shear strength properties in saturated and unsaturated 

conditions in this study are described, and test results are shown in the following part of the 

chapter. Test results obtained on undisturbed and disturbed specimens are interpreted, and some 

general conclusions on the influence of the matric suction on the behavior of investigated 

material during shear are made. The chapter is concluded by summarizing and interpreting 

results obtained from the long-lasting wetting test. 

All of the findings brought up through previous chapters are utilized to build a numerical 

model and perform numerical analysis described in Chapter 7. Various approaches which can 
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be used to determine the influence of rainfall on the landslide triggering are reviewed first. 

Basic concepts, theoretical framework and governing equations used to describe transient water 

flow through unsaturated soil are presented. The most important findings from previously 

performed numerical studies dealing with the influence of various factors on the stability of 

slope exposed to rainfall, such as rainfall intensity, duration and pattern, different initial 

moisture conditions and pore water pressure profiles, material properties of different soil 

textures, etc. are discussed in the following part. An overview of some of the most important 

studies where numerical simulations were employed to investigate the rainfall-induced 

landslides of shallow- and deep-seated type is provided as well. Finally, works found in the 

literature that investigate the influence of the rainfall on the stability of slopes built in flysch 

deposits are presented. The FEM model built in SEEP/W (GEO-SLOPE International, Ltd.) for 

modeling of the rainfall infiltration process and the procedure of coupling with the SLOPE/W 

(GEO-SLOPE International, Ltd.), which implements the LEM to perform stability analysis, 

are described afterwards. Geometrical conditions and domain discretization, initial and 

boundary conditions including various flux boundary conditions derived from collected rainfall 

data, key-in material properties, and calculation methods used in numerical simulations are 

described first. The obtained results are presented in the form of change of pore-water pressures 

and degree of saturation in slope during the rainfall infiltration through time, and change of the 

factor of safety for the analyzed sliding surface and calculated pore-water pressure distributions. 

The latter determine the influence of rainfall infiltration on the state of slope stability through 

time. Finally, results are presented and interpreted for various flux boundary conditions applied, 

representing rainfalls of different characteristics. 

The final Chapter 8 concludes the thesis by outlining the key scientific contributions 

and the most important findings of the conducted research. A possible application of findings 

is addressed, and some guidelines for possible further research are provided. 
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2. STUDY AREA AND GEOTECHNICAL PROPERTIES 

OF THE RESIDUAL SOIL FROM A FLYSCH ROCK 

MASS 

 

This chapter provides information about the study area and the investigated material in the 

context of research. Materials composing slopes of the Rječina River Valley are described first, 

with accentuation on the flysch rock mass, which is typically present at the lower parts of the 

valley. Being highly prone to the weathering process, especially its incompetent fine-grained 

members, landslides typically occur in these formations. Due to direct exposure to the 

atmosphere, the weathering process of the flysch rock mass is the most pronounced in the near-

surface part of the slope, where residual soil is formed. The weathering impact typically vanes 

with the depth, resulting in a complex soil-profile with varied physical and hydro-mechanical 

features. A deep-seated landslide reactivated above the Valići Lake in the winter of 2014 was 

chosen as an investigation site for a comprehensive study of rainfall-induced landslides in 

flysch deposits. The results obtained from a series of laboratory tests performed to determine 

basic index and classification properties of soil are presented first. Field investigations, 

including the investigation drilling, water content, and density measurements, inclinometer and 

groundwater level surveying, and precipitation measurements are presented. Finally, basic 

climate and rainfall characteristics, which is considered to be the major landslide triggering 

factor in the investigated area, for the last few decades are analyzed and presented.
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2.1. Investigation site 

The Rječina River Valley, located in the outback of the City of Rijeka, Croatia, is well known 

to have experienced numerous historical and recent landslides on both slopes of the valley 

(Arbanas et al. 2014). The valley is composed of Cretaceous and Paleogene limestone at the 

top of the slopes and Paleogene siliciclastic rocks at the lower slopes and the valley bottom, 

where the sliding processes have primarily developed. 

The term flysch was introduced in 1827 by the Swiss geologist Bernhard Studer and 

originates from the German word fliessen, which means flow. Actually, flysch is a sequence of 

alternations of various clastic sedimentary rocks that were deposited as deep marine facies 

during an early stage of orogenesis. Well-known flysch deposits are found in the forelands of 

the Pyrenees, Dinarides, northern Alps and Carpathians and tectonically similar regions in Italy, 

the Balkans and Cyprus. Flysch is characterized by rhythmic alternations of sandstone and fine-

grained layers that contain siltstones, silty shales, and clayey shales. Flysch deposits may also 

include breccias, conglomerates and limestone beds. From a geotechnical point of view, a flysch 

rock mass could be described by the following characteristics (Marinos and Hoek 2001): i) 

heterogeneity due to alterations of competent and incompetent members; ii) the presence of 

clay minerals; iii) tectonic fatigue and sheared discontinuities, often resulting in a soil-like 

material; and iv) generally low permeability and significant weakening where free drainage 

does not occur due to the presence of clay minerals. 

Numerous studies in the Rječina River Valley focused on the determination of basic 

physical and mechanical material properties, modeling and monitoring of landslides in flysch 

deposits. For example, the Grohovo Landslide is the largest active landslide in the Rječina River 

Valley which was studied in detail by many researchers. After a long period of heavy 

precipitation, the instability event occurred in the form of a complex retrogressive landslide in 

December 1996. The first monitoring, and field investigation works were performed in the 

period from 1999 to 2010. Topographical, geophysical surveyings, and engineering geological 

mapping, drilling of several boreholes, laboratory testing of obtained samples, and periodical 

inclinometer, groundwater level, and geodetic measurements of benchmark movements 

obtained in the following decade provided information for description of the landslide 

geometry, engineering geological cross-section of the landslide, and sliding mechanism, insight 

into displacement magnitudes and groundwater conditions. Obtained samples were used to 
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determine mineralogic composition, basic index properties and to perform classification of 

materials (e.g., Benac et al. 1999, 2005, 2011, 2014). The next part of the extensive research of 

the Grohovo Landslide was conducted in the framework of the Croatian-Japanese joint research 

project “Risk Identification and Land-Use Planning for Disaster Mitigation of Landslides and 

Floods in Croatia,” which was conducted from 2009 to 2014. Being chosen as one of three pilot 

areas, a comprehensive monitoring system was installed on the Grohovo Landslide which still 

operates, although in somewhat reduced volume. Advanced field and laboratory equipment, 

software for numerical simulations, and knowledge gained through this bilateral scientific 

project enabled investigation of shear strength properties of investigated materials under more 

complex loading conditions, performing advanced numerical slope stability analysis, including 

both landslide initiation and propagation process, and establishment of the advanced monitoring 

system with fully-automated continuous collection of in-situ data (e.g., Oštrić et al. 2012; 

Vivoda et al. 2013; Ljutić et al. 2013; Arbanas et al. 2014, 2014b; Vivoda Prodan et al. 2017). 

Dugonjić Jovančević et al. (2016) presented a research of the dormant landslide located on the 

south-western slope of the Valley, which was reactivated in 1885 due to intense and long-term 

rainfall. The same landslide was studied by Benac et al. (2009) regarding the origin of the 

instability phenomena along the karst-flysch contacts. Both of the above-mentioned landslides 

are indicated in Figure 1.  

The Valići Landslide occurred on 13 February 2014 at the southwestern slope of the 

Rječina River Valley after a long period of heavy rain. High landslide risk due to potential 

damage to the reservoir and the Valići Dam, demanded urgent landslide mitigation measures in 

the form of lowering of the water level in the reservoir and surface drainage from the landslide 

body (Arbanas et al. 2017). Preliminary field investigations, including remote sensing-

mapping, field mapping, and ground surveying are summarized in Mihalić Arbanas et al. 

(2017). Detailed field geomorphological mapping of the active landslide was performed the day 

after the landslide reactivation using the existing LiDAR (Light Detection and Ranging) DTM 

derived topographic map from 2012. Geodetic surveys with the purpose of deriving a detailed 

topographic map of the landslide were finished in November 2014 (Mihalić Arbanas et al. 

2017). The obtained results indicated that the instability occurred as a reactivation inside the 

displaced mass of the larger historical landslide, which was developed more than 50 years ago 

and was partially stabilized by drainage at the time of the construction of the Valići Dam 

(Mihalić Arbanas et al. 2017). The landslide type was identified as a translational landslide, 

with the approximate length and width of the displaced mass of  230 m and 120 m, respectively. 

Due to the lack of detailed field investigations, slope stability analysis using the shear strength 
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reduction method was performed to investigate the possible position of the yielding zone and 

the approximate volume of displaced mass (Arbanas et al. 2017b). An approximate depth of the 

sliding surface was found to be about 20 m. Figure 2 shows the results of the preliminary 

investigation works summarized in Mihalić Arbanas et al. (2017) in the form of a) landslide 

map and b) defined engineering geological cross-section.  

Features such as residual soil covering the landslide surface, observed desaturation of 

the superficial material during the dry summer periods, the fact that the landslide was triggered 

after few months of heavy precipitation and the risks posed by possible landslide reactivation 

(see Arbanas et al. 2017) have resulted in the Valići Landslide to be chosen as a pilot area for 

a new, comprehensive study of rainfall-induced landslides in flysch deposits. Unlike previous 

ones, this study focuses on applying the principles of unsaturated soil mechanics, where the 

crucial part is defining the hydro-mechanical properties of the material that directly affect the 

stability of the slope under the transient rainfall infiltration process. With this objective, field 

investigations were performed to define moisture and groundwater table conditions, while 

various laboratory tests that were performed defined required USPFs. 

 

Figure 1: LIDAR-derived bare-earth DTM of the Rječina River Valley with contours of historical 

(yellow) and more recent (red) landslides. The zones colored in red and yellow represent the areas 

of the Grohovo Landslide from 1996, and the Valići Landslide reactivated on 13 February 2014, 

respectively (modified from Arbanas et al. 2017). 

 



University of Rijeka, Faculty of Civil Engineering 

Peranić, J. 2019. The importance of geotechnical cross-section                                                        21 
unsaturated zone for landslide occurrence in flysch deposits 

 

 

Figure 2: Results of preliminary investigations: a) landslide map; and b) engineering geological 

cross-section of the historic and reactivated Valići Landslide (modified from Mihalić Arbanas et al. 

2017). 

2.2. Physical properties of the soil 

Undisturbed soil samples were collected from the sample pit in the central part of the Valići 

Landslide (location 2 in Figure 4), and a series of tests were conducted to determine the basic 

index properties of the soil. Sampling was performed from the surface at a small hand-drilled 

pit by using hard-plastic tubes (Figure 3a). The sampling depths for all the samples varied from 

0.5 to 1 m. After pushing the tubes into the soil, they were excavated and sealed to prevent 

evaporation. The natural water content ranged from 28% at the ground surface to 10% at a depth 
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of 1 m, while the in situ density varied from 1.91 to 2.13 g/cm3 (Peranić et al. 2018). Mean 

values of the basic properties of tested material, including the specific gravity of soil solids 

(ASTM D854-14), saturated unit weight, particle size distribution (ASTM D1140-17 and 

ASTM D7928-17), liquid limit (𝑤𝐿), plastic limit (𝑤𝑃), plasticity index (𝑃𝐼) (ASTM D4318-

17) and classification of material according to the USCS (ASTM D2487-11), are summarized 

in Table 1.  

Table 1: Mean values of the basic properties of the residual soil samples used in this study (Peranić 

et al. 2018). 
 

    Particle size distribution Atterberg’s limits     

Specific 

gravity, 

𝐺𝑠  

Sat. unit 

weight, 

𝛾𝑠 
[kN/m3] 

Clay, C Silt, M Sand, S Gravel, G 
Liquid 

limit, 𝑤𝐿  

Plastic 

limit, 𝑤𝑃 

Plasticity 

index, PI USCS 

[/] [%] [%] [%] [%] [%] [%] [/] 

2.7 20.9 30.3 53 10.4 6.3 44 24 20 CL 

 

 

Figure 3: a) Sampling pit; b) half of the oven-dried specimen from a depth of 0.75 m. 

 

2.3. Grain-size distribution analysis and plasticity 

limits 

The inverse distribution of the solid particles (e.g., the distribution of the voids), for each 

material type, provides an insight into the possible retention properties and behavior of the 

unsaturated soil. The distribution of different pore sizes that are present in the material indicate 

the AEV, desaturation rate and water storage capability of the soil; therefore, the grain-size 
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distribution (GSD) curves have an important role in unsaturated soil mechanics (Fredlund et al. 

2012). 

To analyze the GSD characteristics of the material in the landslide body, samples were 

taken from the landslide surface at ten different locations, which are marked in Figure 4. Wet 

sieving tests, the hydrometer method and particle sizing by using the SediGraph method were 

combined to obtain the GSD curves. The obtained results (Figure 5) show that fine-grained 

particles dominate in the tested samples with the highest average contents of silt and clay. 

However, larger siltstone grains with different weathering degrees were often present in the 

undisturbed samples used in these tests. Generally, larger particles of siltstone are surrounded 

by the fine-grained silty-clayey matrix. Portion, size, and strength of siltstone particles typically 

increase with depth in the soil profile, as the degree of weathering decreases. Small and soft 

(easily fractured with fingers) brown siltstone particles become grey, harder, and larger below 

the first few meters of depth. 

GSD curves show a similar grain-size composition of the material along different parts 

of the landslide surface, indicating similar conditions in material origin due to the weathering 

process of the bedrock siltstone. The only sample that had a slightly higher content of sand 

particles (28.2%) was a sample collected from location no. 10, outside the landslide body at the 

lowest position of the slope. The largest quantity of particles larger than 2 mm was found in 

samples collected from the central part of the landslide body (locations no. 2, 8 and 9), and 

sample from location no. 9 had the highest content (9.5%) by weight. 

The Atterberg’s limits were determined, and most of the samples could be classified as 

lean clay (CL). Only samples that were taken from locations no. 8 and 10 plot beneath the A-

line in the plasticity chart. The obtained results cluster in the plasticity chart, indicating that the 

near-surface soil has relatively uniform classification properties along the landslide body 

(Figure 6).
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Figure 4: Map of the reactivated landslide on a detailed topographic map with sampling locations and borehole B1 and B2 locations (modified from Mihalić 

Arbanas et al. 2017).
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Figure 5: GSD results for samples collected at ten locations along the landslide body and slope. 

 

Figure 6: Plasticity chart of the samples. 

2.4. Field investigations 

The determination of in-situ water content was performed in several campaigns in the period 

from October 2017 to June 2018. Superficial undisturbed samples were collected from the 

sampling pit location using the equipment for undisturbed soil sampling (Eijkelkamp 

Soil&Water, Inc.) on 14 October 2016, 18 July 2017, 13 September 2017 and 2 October 2017. 

The equipment employed enabled collection of samples in steel cutters with diameter/height of 



University of Rijeka, Faculty of Civil Engineering 

Peranić, J. 2019. The importance of geotechnical cross-section                                                        26 
unsaturated zone for landslide occurrence in flysch deposits 

50/50 mm, from the surface up to a few meters of depth. Depending on the soil type, sampling 

depth is very limited in this case, since the drilling is performed by hand. The obtained samples 

were closed with plastic lids from both sides and sealed in nylon to prevent evaporation. Natural 

water content and densities at various depths were determined. Depending on the quality of the 

obtained samples, volumetric water content and the degree of saturation were determined as 

well. If the SWRCs are known for investigated soil, natural water content can be used to 

estimate existing in-situ matric suction values. Several details of sample collection in October 

2017 are shown in Figure 7, while the obtained results are summarized in Table 2. 

      

 

Figure 7: Collection of near-surface soil samples by using the equipment for undisturbed soil 

sampling (Eijkelkamp Soil&Water, Inc.) for determination of natural water content and basic 

physical properties. Sampling depths (0.05; 0.25; 0.45; 0.75: and 1.05 m) are indicated below 

samples in Figure 7 d). 

(a) (b) (c) 

(d) 
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Table 2: Natural water content determination of near-surface soil by hand-drilling using the 

equipment for undisturbed soil sampling (Eijkelkamp Soil&Water, Inc.). 
 

14 October 2016 

Depth 

Natural water 

content, 𝑤𝑛 

Dry density, 

𝜌𝑑 

Volumetric water 

content, 𝜃𝑤 

Degree of 

saturation, 𝑆 

[m] [%] [g/cm3] [cm3/cm3] [%] 

0.05-0.1 28.1 / / / 

0.25-0.3 24.5 / / / 

0.45-0.5 18.8 1.79 0.34 100.0 

0.75-0.8 13.0 1.69 0.22 58.6 

1.05-1.10 9.9  / /  /  

 

18 July 2017 

Depth 

Natural water 

content, 𝑤𝑛 

Dry density, 

𝜌𝑑 

Volumetric water 

content, 𝜃𝑤 

Degree of 

saturation, 𝑆 

[m] [%] [g/cm3] [cm3/cm3] [%] 

surface 16.5 / / / 

0.12-0.17 15.3 1.54 0.23 54.4 

0.32-0.37 16.3 1.53 0.25 57.6 

0.57-0.62 13.1 1.65 0.22 56.1 

0.87-0.92 11.3 1.60 0.18 44.1 

 

13 September 2017 

Depth 

Natural water 

content, 𝑤𝑛 

Dry density, 

𝜌𝑑 

Volumetric water 

content, 𝜃𝑤 

Degree of 

saturation, 𝑆 

[m] [%] [g/cm3] [cm3/cm3] [%] 

0.02-0.05 25.1 / / / 

0.20-0.25 25.2 1.46 0.37 80.3 

0.35-0.40 19.7 1.69 0.33 88.8 

0.60-0.65 19.9 1.34 0.27 52.7 

0.79-0.84 18.6 1.77 0.33 96.3 

0.91-0.96 19.2 1.78 0.34 99.6 

1.06 8.5 / / / 

1.16-1.21 7.3 1.93 0.14 48.9 

 

2 October 2017 

Depth 

Natural water 

content, 𝑤𝑛 

Dry density, 

𝜌𝑑 

Volumetric water 

content, 𝜃𝑤 

Degree of 

saturation, 𝑆 

[m] [%] [g/cm3] [cm3/cm3] [%] 

0-0.05 29.2    

0.21-0.26 21.5 1.46 0.37 80.3 

0.32-0.37 19.2 1.69 0.33 88.8 

0.63-0.68 21.4 1.34 0.27 52.7 

0.80-0.85 13.5 1.77 0.33 96.3 

0.87-0.92 12.5 1.78 0.34 99.6 

1.10-1.15 15.4 / / / 

1.28-1.33 10.9 1.93 0.14 48.9 
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Two investigation boreholes and in total 50 m of material were drilled by conventional 

machine rotary boring technique in the period from 28 May to 18 June 2018. To measure water 

content at depths greater than was possible with hand-drilling, drilling fluid was used only after 

the groundwater table was reached. Table 3 summarizes the natural water content, degree of 

saturation and volumetric water content measured for samples obtained from different depths 

during drilling works at the sampling pit location. After being arranged in wooden boxes, 

samples were trimmed with a knife and sealed in nylon. When possible, wax dipping and the 

water displacement technique (ASTM D7263-09) were used to determine the total density of 

irregularly-shaped samples. Natural water contents and volumetric water contents determined 

for superficial soil at the sampling pit location during various field investigations are 

summarized in Figure 8. 

Table 3: Natural water content determination during machine borehole drilling at sampling pit 

location.  
 

May and June 2018 

Depth 

Natural water 

content, 𝑤𝑛 

Total density, 

𝜌 

Volumetric water 

content, 𝜃𝑤 

Degree of 

saturation, 𝑆 

[m] [%] [g/cm3] [cm3/cm3] [%] 

0 32.6 1.71 0.42 80.8 

0.20 22.4 1.89 0.35 80.9 

0.55 19.1 1.94 0.31 78.6 

0.80 12.8 2.05 0.23 71.5 

1.10 14.6 2.03 0.26 74.9 

1.60 17.8 1.96 0.30 77.5 

2.00 14.6 2.10 0.27 83.0 

2.50 10.2 2.23 0.21 82.3 

3.00 18.2 / / / 

3.40 10.8 / / / 

3.90 9.8 / / / 

4.10 14.0 / / / 

6.50 11.8 2.31 0.24 103.6 

7.60 5.3 2.51 0.13 107.1 

9.40 10.9 2.15 0.21 74.9 

18.00 12.2 2.29 0.25 101.9 

18.00 11.2 2.29 0.23 96.4 

18.00 11.7  / / / 
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Figure 8: Determination of a) natural water content; b) degree of saturation; and c) volumetric water 

content for superficial soil at sampling pit location (B1) during various field investigations. 
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Borehole B1 was performed next to the sampling pit location up to 30 m of depth 

(marked with B1 in Figure 4). Dry boring was performed in the first 4.5 m of depth, without 

the use of drilling fluid. Groundwater was found at around 2.7 m of depth. A change of material 

color from brown to grey was observed at a depth of approximately 3 m. Possible indication of 

the shearing plane was observed at a depth from 18.3 to 18.5 m, where the zone of highly 

disturbed brownish material with very soft consistency turns into hard siltstone, extracted in the 

form of intact rock cylinders. The hardness of the rock from 18.5 until 22.5 m of depth required 

the use of the diamond crown, while sampling of the drilled material by using the knife was not 

possible. The return of the drilling fluid at the ground surface was observed continuously. 

Figure 9 shows the core material obtained with machine drilling arranged in wooden boxes with 

marked depths. Upon reaching the target depth of 30 m, inclinometer casing was installed, and 

grouting was performed. After a few days of rest, the first (null-reading) survey was performed 

using the portable inclinometer measuring system Digitilt Classic Inclinometer System 

(Durham Geo-Enterprises, Inc.) to obtain the initial profile of the casing. Subsequent 

measurements were performed approximately every two weeks. Measurements were collected 

using the Digitilt DataMate II (Durham Geo-Enterprises, Inc.), while the interpretation of 

results was performed with DigiPro2 software (Durham Geo-Enterprises, Inc.). Several details 

of borehole drilling and installation of inclinometer chasing at location B1 are shown in Figure 

10. Inclinometer reading during the first few months indicates that shearing occurs at a depth 

of approximately 18 m at the B1 location, which corresponds to observed characteristics of core 

material during in-situ drilling works. The slope stability results obtained in previous and this 

study indicated that the surface of rupture is located at 17.7 m below the ground surface at the 

B1 location. Inclinometer readings are reported in Figure 11. 

 

Figure 9: Core samples obtained by machine-drilling at the B1 location with marked depths. 



 

 

  

Figure 9: Continued.
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Figure 10: Details of a) inclinometer chasing installation at the B1 location; b) portable inclinometer 

measuring system Digitilt Classic Inclinometer System (Durham Geo-Enterprises, Inc.); and c) 

measurements in progress. 
 

Due to the inaccessibility of the terrain, borehole B2 was performed at a higher location 

next to the existing road damaged during the landslide reactivation (marked with B2 in Figure 

4). Groundwater level was found at approximately 8 m of depth. Unlike for the B1 borehole, 

the occasional presence of isolated sandstone blocks at a depth of 4 m made drilling more 

difficult and required the use of a diamond crown with drilling fluid. Material at a depth from 

7.5 to 8. m was highly disturbed, indicating a possible zone at which shearing has occurred. 

Slope stability results closely match the those regarding the sliding surface depth at the B2 

location as well. Also, the change of color from brown to grey was observed at a depth of 8.5 

m. A return of the drilling fluid at the ground surface was not observed, probably due to lateral 

outflow to the nearby road embankment with high conductivity. When the drilling garniture 

reached a depth of 20 m, a piezometer standpipe was inserted into the boring hole, the space 

between the perforated tube and borehole was filled with coarse-grained material and grouted 

close to the surface. Rugged TROLL 100 Data Logger was installed in piezometer for 
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continuous measuring and logging water level, non-vented (absolute) pressure and temperature. 

Readings were started on 21 June 2018 at 30 min recording intervals. Rugged BaroTROLL 

Data Logger (In-Situ Inc.) was used for compensation of atmospheric pressure, while the 

Rugged TROLL Docking Station was utilized for periodical download of recorded data on a 

laptop with installed Win-Situ 5 software (In-Situ Inc.). Some details of data collection during 

a site visit on 9 July 2018 are shown in Figure 12. Groundwater level was checked occasionally 

with Water Level Meter 100 (In-Situ Inc.) or fox whistle as well. The data obtained indicate a 

slow lowering of the groundwater level in piezometer with respect to the soil surface, from 7.5 

m at the end of June to 7.8 m at the end of August. The results are summarized in Figure 13.  

  

Figure 11: Inclinometer surveys at the B1 location. 
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Figure 12: Collection of continuous groundwater pressure measurements at the B2 location: a) 

Rugged TROLL 100 Data Logger and BaroTROLL Data Logger (In-Situ Inc.), and b) TROLL 

Docking Station for periodical download of the recorded data with the Win-Situ 5 software (In-Situ 

Inc.). 
 

 

Figure 13: Groundwater level and atmospheric pressure measurements expressed as the pressure 

height. 
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or actual infiltration, potential evaporation (PE), actual evaporation (AE), evapotranspiration, 

ponding water, soil cover, runoff, rainfall intensity and pattern, etc., are some of the quantities 

that, depending on the nature of the problem, have to be defined and calculated when 

performing advanced numerical analysis of a “flux-driven” problems. Long-term and short-

term climate conditions and atmospheric events, along with the hydro-mechanical properties of 

the unsaturated soils included in the analysis, determine the conditions existing in the slope 

cross-section. The above determine the flow rates through the unsaturated zone when the slope 

is exposed to a rainfall event. The latter is typically applied across the ground surface in the 

form of Neumann-type boundary conditions. Although the assessment of the water balance and 

calculation of the actual evapotranspiration, which should account for reduced evaporation 

comparing to the fully saturated soil due to matric suction, go beyond the calculus and needs of 

this study, some basic climate conditions existing in the investigation area are presented in the 

following part. Historical rainfall characteristics and obtained in-situ rainfall measurements that 

were used in the numerical simulations are presented and discussed in greater detail. 

Great time and spatial variations of air temperature in Croatia are mostly affected by the 

sea and land distribution. For example, the mean annual temperature in Croatia ranges from 

3°C in the highest mountain areas, to 17°C in coastal areas (Zaninović et al. 2008). In the 

northern Adriatic area, where the investigation site is located, the mean annual air temperature 

ranges around 14°C and 15°C (Zaninović et al. 2008). The lowest average daily air temperature 

in the period from 1948 to 2017 increased from around 5°C in January and February to around 

25°C in the mid of July and August (http://meteo.hr/klima.php?section=klima_pracen 

je&param=sr ednja_temperatura&Grad=ri_sred&Godina=2018), with the greatest differences 

typically occurring in March (Zaninović et al. 2008). Although during the winter period 

negative temperatures are not unusual, according to the probabilities of occurrence, from 

November to February, the most frequent mean daily air temperatures on the northern Adriatic 

range from 5°C to 10°C (Zaninović et al. 2008). The mean annual temperature for Croatia is 

shown in Figure 14, while a comparison of the average air temperature for Rijeka in the period 

from 1948 to 2017 is shown in Figure 15. 

The mean annual amount of precipitation in Croatia ranges from 300 mm on some of 

the most distant islands, up to slightly over 3500 mm in mountainous areas (Zaninović et al. 

2008). According to the Thorntwaite climate classification system, a humid climate prevails in 

the wider investigation area of the Northern Adriatic (Zaninović et al. 2008). The City of Rijeka 

with its surrounding is well known to have extremely high precipitation amounts during the wet 

part of the season. Beside the cyclogenetic effect, the mountainous hinterland and its orographic  
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effect greatly intensify precipitation in this area (Zaniniović et al. 2008). According to the 

Zaninović et al. (2008), the investigation area falls into the maritime type of annual course of 

monthly precipitation amounts, where the month with the lowest precipitation amount occurs 

during the warm period of the year (April to September). For this type of annual course, the 

main maximum rainfall amounts occur in November, while the main minimum rainfall amounts 

typically occur in July. Although there are some changes on the seasonal scale, the mean annual 

precipitation amount hardly changed in the period from 1971-2000 (Zaninović et al. 2008). The 

rainiest period along the Adriatic coast is from November to May, whereby the Kvarner Littoral 

gets a slightly higher amount of rainfall during summer than the rest of the shore (Zaninović et 

al. 2008). 

 

Figure 14: The mean annual air temperature for Croatia (Zaninović et al. 2008). 
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Unlike for the inland, where the days with the highest amounts of precipitation occur 

more often during summer and are the result of short-term heavy precipitation, for the 

mountainous areas, and on the Adriatic coast they occur more frequently during the cold part 

of the year as a result of long-term precipitation (Zaninović et al. 2008). Zaninović et al. (2008) 

state that from 1971-2000 a change in seasonal precipitation occurred in a way that the number 

of days with precipitation decreased for the winter, spring and summer, while it increased in 

autumn. They highlight that these changes are smaller and more pronounced for rainy days with 

smaller intensities, which have contributed to the changes in seasonal and annual precipitation 

amounts. Rainfall is the most common form of precipitation in Croatia, while snowfall is very 

rare in the investigation area, comprising only from 3% to 5% of days with precipitation along 

the Adriatic coast (Zaninović et al. 2008). Figure 16 shows the mean annual precipitation 

amounts for Croatia. 

 

Figure 15: Comparison of the average air temperature in Rijeka for the period from 1948 to 2017 

(http://meteo.hr/klima_e.php?section=klima_pracenje&param=srednja_temperatura&Grad=ri_en_s

red&Godina=2018). 
 

Daily rainfall amounts for the period from 1958 to 2015 were obtained on request from 

the Meteorological and Hydrological Service of Croatia (DHMZ) and statistically analyzed. 

The measurements were collected at the meteorological station Kozala in Rijeka, located 
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around 4 km south from the Valići Landslide. According to the data obtained, the average 

annual precipitation amount in the analyzed period was 1,567 mm with the maximum of 2,339 

mm in 1960 and the minimum amount of 832 mm recorded in 2011. Average, maximum and 

minimum monthly and annual precipitation values for the analyzed period are summarized in 

Table 4. For the same period, Figure 17 shows cumulative annual precipitation amounts with 

linear trend-line indicating no changes over the analyzed period. Interestingly, the year 2010 

had the same or even higher cumulative amount of precipitation than the year 2013, or 2014, in 

which the Valići Landslide was triggered. In the period from 1994 to 2015, there were several 

years with the cumulative precipitation much higher than the average value for the analyzed 

period as well. 

 

Figure 16: The mean annual precipitation for Croatia (Zaninović et al. 2008). 
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Table 4: Average, maximum and minimum monthly and annual precipitation amounts analyzed for 

the period 1958-2015, according to DHMZ data for the meteorological station Kozala (Rijeka). 
 

Month I II III IV V VI VII VIII IX X XI XII Annual 

Avg 134 119 118 112 105 106 75 103 178 180 187 162 1579 

Max 448 347 388 248 276 230 201 351 481 527 483 456 2339 

Min 1 3 0 1 2 19 2 1 11 0 13 28 832 

 

Figure 17: Cumulative annual precipitation analized for the period from 1957 to 2015 for the 

meteorological station of Kozala, Rijeka (data obtained on request from DHMZ). 
 

A change of precipitation trend on an annual basis is visible if the cumulative 

precipitation is summarized for two distinct parts of each year: the part of year with a small 

amount of precipitation (i.e., start of March till the end of August) and the part of the year with 

higher amounts of precipitation (start of September till the end of February). Despite the regular 

fluctuation of derived data, results summarized in Figure 18 a) and b) reveal that the cumulative 

rainfall amount continuously decreases in the period from March to September, while the 

amount of precipitation steadily increases from September to March. Amounts seem to be 

inversely proportional, which means that if the trend continues, the wet period of the year will 

receive increasingly higher amounts of rainfall, while the amount of the rainfall will be reduced 

for the same quantity in the dry period of the year. Again, cumulative annual precipitation 

amounts should remain unaltered.  

Another interesting observation is that in the year before the landslide occurrence, 

cumulative precipitation during the autumn and winter 2012/13, even in the autumn and winter 

2000/2001, was higher than in the year 2013/2014. Figure 19 summarizes cumulative 

precipitation measured in the period from September till March for the more recent years with 

extreme quantities, marked with red color in Figure 18 a). Although the cumulative 

precipitation for the year 2012/13 was the highest (1645 mm), and the year 2000/01 had the 

same amount of precipitation (1469 mm) as the year 2013/14 (1469 mm), the rainfall intensities 
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of the year 2013/14 were much lower, which, as the results of numerical analysis will show, 

affects the slope stability in an unfavorable manner. The total precipitation of the year 2013/14 

was distributed over a larger number of days (89), respective to the year 2012/13 (79), and 

especially of the year 2000/01 (65), which was characterized by shorter precipitations of higher 

intensity. According to this analogy and given the low permeability of material covering slopes 

of the Rječina River Valley, precipitation from the years 1996/97 and 1993/94 could have a 

more critical pattern for the stability of slopes in the investigated area (Figure 19 b), although 

the cumulative precipitation was not as extreme as for the years 2012/13 and 2000/01 (Figure 

19 a). Indeed, the precipitation from 1996/97 is responsible for the triggering of the Grohovo 

Landslide at the end of December 1996. Finally, the daily precipitation was normalized relative 

to the saturated coefficient of permeability of the investigated soil, which was found to be 

around 𝑘𝑠 = 3.6e-08 m/s (Table 11). The latter indicates the approximate rate at which rainfall 

can infiltrate into the soil. The precipitation from the year 2013/14 had the most days with the 

daily quantity of precipitation above the 𝑘𝑠 value (58). The second one is, again, the rainfall 

from the 1996/97 period with 55 days of rainfall with the average intensity above the 𝑘𝑠, value. 

Results obtained from numerical simulations performed for different values of constant flux 

boundary conditions (details in Chapter 7), showed that the rainfall intensities of 2𝑘𝑠 reduce the 

slope stability at the highest rate. Rainfall intensities higher than 2𝑘𝑠 were found to have a 

negligible effect on the time required to reach slope failure (Figure 120). The rate at which FoS 

is reduced remains unaffected for flux boundary conditions higher than 4𝑘𝑠. The above-

mentioned quantity of 2𝑘𝑠 corresponds to 0.33 mm of rainfall per hour, or 7.95 mm/day, and 

could be considered a critical rainfall intensity in this study. Again, rainfall characteristics for 

the year 2013/14 summarized in Figure 19 c) and d) support the simulation results. To conclude, 

it seems that the rainfall pattern of the year 2013/14 was the most unfavorable with respect to 

the triggering of the Valići Landslide due to several reasons:  

i) among the considered years with extreme precipitation quantities, the 

precipitation from 2013/14 was distributed along the highest number of days (58 

days with rainfall, 𝑞 > 0), ensuring the required duration to trigger the landside;  

ii) intensities were high enough to cause the reduction of slope stability state 

through time at the highest rate (of 58 days, 52 days with rainfall 𝑞 > 2𝑘𝑠); 

iii) intensities were not too high to cause excessive runoff. The year 2013/14 had 

the least days with the daily amount of precipitation above 4𝑘𝑠 (only 25 days 

with rainfall 𝑞 > 4𝑘𝑠), as summarized in Figure 19 d). 
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Figure 18: Cumulative precipitation summarized from a) the start of September till the end of 

February (wet part of the season); and b) from the start of March till the end of August for the period 

analyzed (1957 to 2015).  
 

Precipitation measurements used to define the flux boundary condition for analysis 

performed in this study were obtained with the Tipping Bucket Rain Gauge and Transmitter 

RS-2 with Precipitation Data Logger NetLG-201E (Osasi Technos Inc.) and Vantage Pro2TM 

Weather Station (Davis Instruments). The instruments were installed on the nearby Grohovo 

Landslide in the frame of the Croatian-Japanese joint research project “Risk Identification and 

Land-Use Planning for Disaster Mitigation of Landslides and Floods in Croatia”. The aerial 

distance from the Valići Landslide is around 900 m for both devices. Precipitation 

measurements were performed every 10’ with measuring resolution (minimum quantity of 

rainfall generating tip of the bucket) of 0.5 and 0.2 mm, respectively. Precipitation 

measurements obtained with the above-mentioned devices matched closely and are summarized 

in Figure 20 for the period considered to be relevant for the triggering of the Valići Landslide. 
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These measurements were used to define a boundary condition in the performed analysis of 

transient rainfall infiltration in different forms (10’, hourly and daily records). 

      

      

Figure 19: Precipitation characteristic of the latest years with extreme quantities during the wet 

period of the season (September to March): a) cumulative precipitation; b) a number of days with 

precipitation and number of days with precipitation intensity higher than 𝑘𝑠; c) 2 𝑘𝑠; and d) 4𝑘𝑠 of 

the soil. 

 

Figure 20: Precipitation measurements in period preceding the landslide event: daily rainfall for the 

period 1 September 2013 to 14 February 2014. 
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Figure 21 and Figure 22 show the average air temperature and precipitation amounts for 

summer, autumn and winter of 2013/2014, compared with the multi-annual average in a period 

from 1961 to 1990. According to the data available at the DHMZ website, thermal conditions 

at the investigation site were extremely warm during summer 2013, warm during the autumn 

(September to November) 2013, and extremely warm during the winter 2013/2014 (December 

to February). According to the precipitation amounts, the same periods could be classified as 

dry for the summer, and very wet for both the autumn and winter.  

 

   

Figure 21: Average air temperatures in Croatia for a) summer 2013; b) autumn 2013; and c) winter 

2013/2014 compared with the corresponding multi-annual average in the period from 1961 to 1990, 

according to the DHMZ (http://meteo.hr/klima_e.php?section=klima_pracenje&param=ocjena). 
 

   

Figure 22: Average precipitation amounts in Croatia for a) summer 2013; b) autumn 2013; and c) 

winter 2013/2014 compared with the corresponding multi-annual average in the period from 1961 to 

1990, according to the DHMZ 

(http://meteo.hr/klima_e.php?section=klima_pracenje&param=ocjena). 
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3. THE BASIC CONCEPTS OF THE UNSATURATED 

SOIL MECHANICS 

 

The basic concepts of unsaturated soil mechanics, such as surface tension, capillary phenomena 

and Kelvin’s capillary model, four phase soil model, different variables of unsaturated soil and 

basic relations for their quantification are presented in this chapter. Soil suction components 

are defined, and their importance for the rainfall-induced landslides is discussed. 
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3.1. Phase properties of unsaturated soil 

Saturated soil below the groundwater table consists of two phases: solid particles and the water 

phase filling all voids between them. In unsaturated soil, the air and water phases can occupy 

voids in different portions. Hydro-mechanical properties of unsaturated soil greatly depend on 

water content (e.g., the degree of saturation). The interface between air and water, called the 

contractile skin, has some unique physical features and is distinguished as a fourth phase when 

considering the stress–strain relationship in unsaturated soil. An element of unsaturated soil 

consisting of solid particles, water, air, and contractile skin is sketched in Figure 23, along with 

the phase diagram defining volume and mass relationship of the multiphase soil system.  

      

Figure 23: An element of unsaturated soil consisting of solid particles, water, air, and contractile 

skin (left), and phase diagram (right) describing volume and mass relations for unsaturated soil 

(Fredlund et al. 2012).  
 

With the thickness of only a few molecular layers, the contractile skin can be considered 

as part of the water phase when establishing volume-mass relations of an unsaturated soil 

(Fredlund et al. 2012). In this case, the three-phase system can be used without introducing 

significant error. From the stress-strain point, the contractile skin has to be considered as a 

separate phase since it affects the soil structure and stress state of unsaturated soil through its 

essential property called surface tension. It is the contractile skin that provides equilibrium 

conditions between two fluid phases in unsaturated soil and, thus, an independent flow of air 

and water (Fredlund et al. 2012).  
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3.1.1. Quantifying each phase 

The basic quantities used for the determination of volume and mass properties of the multiphase 

system shown in Figure 23 b) are defined here. A specific volume or density has to be known 

for each phase in order to solve the phase diagram. 

The density of solid particles, ρs, is defined by the equation 

𝜌𝑠 =
𝑀𝑠

𝑉𝑠
 (1) 

where 𝑀𝑠 is mass of solid particles or dry soil, and 𝑉𝑠 volume of solid particles. 

The ratio of the density of solid particles to the density of water presents the specific 

gravity of the solid soil particles, Gs, and is defined by the equation 

𝐺𝑠 =
𝜌𝑠

𝜌𝑤
 (2) 

where 𝜌𝑤 is the density of water, which is exactly 1,000 kg/m3 at usual atmospheric pressure 

conditions (101.3 kPa) and a temperature of 4°C. 

The density of air, ρa, strongly varying with pressure and temperature changes, can be 

derived from the ideal gas law and Boyle’s law as follows: 

𝜌𝑎 =
𝑀𝑎

𝑉𝑎
=

𝜔𝑎

𝑅𝑇𝐾
𝑢𝑎̅̅ ̅ (3) 

where 𝜔𝑎 is the molecular mass of air, R is the universal (molar) gas constant, 𝑇𝐾 is the absolute 

temperature in (K) and 𝑢𝑎̅̅ ̅ is the absolute air pressure. 

For the geotechnical application, it is important to note that the amount of water vapor 

in the air can vary the most of all air components (Harrison 1965; Fredlund et al. 2012). Air not 

containing water vapor is called dry air. Relative humidity, RH, is a term used to quantify the 

concentration of water vapor in the air 

𝑅𝐻 =
𝑢𝑣

𝑢𝑣0
(100) (4) 

where RH is relative humidity (%), while 𝑢𝑣 and 𝑢𝑣0 are the partial pressures (kPa) of water 

vapor in the air and the saturation pressure of water vapor at the same temperature, respectively. 

A nonlinear relationship between saturated vapor pressure and the temperature is 

described by several empirical equations (e.g., Lowe 1977). One part of experimental 

equipment used to measure suction in soil is based on the calculation of RH of an air-water 
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mixture by precisely measuring the dew-point temperature 𝑡𝑑 and the actual air temperature T. 

For example, the Bosen (1958) equation can be used 

𝑅𝐻 = 100 [
𝑡𝑑 − 0.1𝑇 + 112

112 + 0.9𝑇
]

8

 (5) 

if the dry bulb temperature T (°C) and dew-point temperature 𝑡𝑑 (°C) are known. 

Several important relations are used to express different properties of soil in 

geotechnical engineering application. Porosity 𝑛, void ratio 𝑒, and degree of saturation 𝑆 are 

basic quantities that are defined in the same way as for the saturated soil. However, the 

volumetric portion of each phase in the unsaturated soil can be defined respective to the total 

volume. Water porosity, 𝑛𝑤 (%), and air porosity, 𝑛𝑎  (%), are defined by the following relations 

𝑛𝑤 =
𝑉𝑤

𝑉
(100) (6) 

and 

𝑛𝑎 =
𝑉𝑎

𝑉
(100) (7) 

where 𝑉𝑤 and 𝑉𝑎 are the volumes of water and air inside the soil pores, while 𝑉 represents the 

total volume of soil. 

The quantity used to describe the volume of water relative to the total volume of soil is 

called the volumetric water content, θ (cm3/cm3), and is defined as 

𝜃 =
𝑉𝑤

𝑉
= 𝑆𝑛 =

𝑆𝑤𝐺𝑠 

𝑆 + 𝑤𝐺𝑠
 (8) 

where 𝑤 (%) is the gravimetric water content, which can be commonly measured in the 

geotechnical laboratory. 

Volumetric water content is among the essential quantities used in unsaturated soil 

mechanics since it is used to derive the equation describing the water flow through unsaturated 

soil, or the relationship between water content and (matric) suction in SWRC-𝜃 form. Change 

in (matric) suction does not cause only changes in the volume of water, but, depending on the 

soil texture, stress history, etc., can cause smaller or greater total volume changes of soil. In the 

case of deformable soil, it is essential to measure the instantaneous total volume of soil 𝑉 when 

results are used to describe the relationship between volumetric water content and (matric) 

suction. 



University of Rijeka, Faculty of Civil Engineering 

Peranić, J. 2019. The importance of geotechnical cross-section                                                       49 
unsaturated zone for landslide occurrence in flysch deposits 

The effective degree of saturation (Corey 1954) accounts only for the free part of the 

water in soil pores between the residual and saturated water content and is defined as 

𝑆𝑒 =
𝑆 − 𝑆𝑟

1 − 𝑆𝑟
 (9) 

where 𝑆𝑟 (%) is the residual degree of saturation and can be graphically determined from the 

SWRC as suggested by Brooks and Corey (1964). 

Similar to the effective degree of saturation, van Genuchten (1980) used the normalized 

volumetric water content 𝛩, between saturated and residual water content conditions, expressed 

by the following relation 

𝛩 =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
 (10) 

where 𝜃𝑟 and 𝜃𝑠 (m3/m3) are residual and saturated volumetric water contents, respectively. 

Both the effective degree of saturation and normalized volumetric water content are 

often used when defining various USPFs and will be defined in more detail later. They are part 

of the equations that describe stress state, retention and conductivity properties or shear strength 

of soil in unsaturated conditions. 

3.2. Air-water interaction and implications in 

geotechnical engineering 

The air compressibility and solubility of air in water have a direct impact on many experimental 

techniques used to control or measure matric suction of soil. The equation (3) states that, under 

constant temperature conditions, the density of air depends only on the absolute air pressure 

value. Air can exist in the form of free air or as air dissolved in water. In the case of soil with 

continuous air phase, the pressure of air in voids is generally equal to the ambient air pressure 

surrounding the soil. If the pressure of free air is changed, the pressure differential between free 

and air dissolved in water would cause diffusion of air through the water until equilibrium 

conditions are reached. Boyle’s law can be used to relate air volume and pressure changes in 

the closed system. Henry’s law can be used to relate the quantity of air dissolved in water due 

to a change in air pressure. Henry’s law states that, at the constant temperature, the mass of gas 

dissolved in a liquid is directly proportional to the absolute pressure of the gas above the 
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solution (Sisler et al. 1953). Fick’s law of diffusion can be used to describe the rate at which air 

passes through water 

𝑞𝑎 =
𝜕𝑀𝑎

𝐴 𝜕𝑡
= −𝐷 𝛻𝐶 (11) 

where 𝑞𝑎 is the air flux (mol/s ∙ m2), 𝑀𝑎 is the mass of air (mol), 𝐴 is the area of cross-section 

through which the flow process takes place (m2), 𝐶 is the air concentration (mol/m3), and 𝐷 is 

the diffusion coefficient (m2/s). The diffusion coefficient 𝐷 is an intrinsic material property of 

a specific gas in a particular liquid under specific thermodynamic conditions (Lu and Likos 

2004).  

Instead of measuring the gradient of the air concentration, an alternative way to assess 

the air concentration gradient is to estimate the air pressure gradient. For a one-dimensional air 

diffusion problem (commonly encountered in laboratory application), using the ideal gas 

equation (3) and Henry’s law, the equation (11) can be re-written in the following form (Lu and 

Likos 2004) 

𝑞𝑎 =
�̅�𝑎𝜔𝑎

𝑅𝑇𝐾

𝜕𝑉𝑎

𝐴 𝜕𝑡
= −𝐷 

ℎ𝑎𝑖𝑟𝜔𝑎

𝑅𝑇𝐾

𝜕�̅�𝑎

𝐴 𝜕𝑧
=  

𝑢𝑎𝜔𝑎

𝑅𝑇𝐾
𝑣𝑎  (12) 

where ℎ𝑎𝑖𝑟 is the volumetric coefficient of solubility. The discharge velocity of the dissolved 

air 𝑣𝑎 (m/s) can be calculated by the following expression 

𝑣𝑎 = −𝐷 
ℎ𝑎𝑖𝑟

�̅�𝑎

𝜕�̅�𝑎

𝜕𝑧
=  −𝐷 

ℎ𝑎𝑖𝑟 𝜌𝑎 𝑔

�̅�𝑎

𝜕ℎ𝑎

𝜕𝑧
 (13) 

where ℎ𝑎 is the head of dissolved air (m) (Lu and Likos 2004).  

Equations (12) or (13) can be useful for practical application with the axis translation 

technique. The volume of water expelled from the specimen or imbibed by the specimen during 

the test has to be corrected for the amount of air dissolved in water inside the measuring system 

itself. A flux of dissolved air can be calculated if the value of air pressure dissolved in water in 

the compartment below the high air-entry value porous disc (HAEPD), and air pressure inside 

the pressure chamber with the soil specimen are known. The manufacturer usually provides the 

information required to calculate the total volume of air that diffused in water during the time 

of the test: porosity, thickness and the area of the HAEPD. Another way of accounting for the 

volume of air diffused in water during the test when using the axis translation technique is using 

some of the flushing techniques to physically remove the air accumulated below the HAEPD 

in water compartment. Some of these techniques and devices are described later, where the 

employed laboratory devices are presented. 
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3.3. Surface tension and capillary phenomena 

Surface tension is an important property of the contractile skin, which enables it to exert a 

tensile pull. Surface tension, Ts (N/m) is measured as the tensile force per unit length of 

contractile skin and acts tangentially to the contractile skin surface (Fredlund et al. 2012). It 

slightly varies with temperature (Table 5) and is equal to 72.75 mN/m at 20°C (Kaye and Laby 

1973). Figure 24 shows balanced forces acting on molecules in the interior of water and 

unbalanced forces acting on molecules in the contractile skin. The latter causes the phenomenon 

of surface tension – the resultant force which maintains a mechanical equilibrium of the system 

(Lu and Likos 2004).  

 

Figure 24: Surface tension phenomenon at the air-water interface: intermolecular forces acting in 

the contractile skin and interior of water, and tension forces associated with a curved two-

dimensional surface (modified from Fredlund et al. 2012). 
 

Table 5: Surface tension of contractile skin at various temperatures (Kaye and Lany 1973). 
 

Temperature 

[°C] 

Surface tension 

[mN/m] 

0 75.7 

10 74.2 

20 72.75 

30 71.2 

40 69.6 

60 66.2 

80 62.6 

100 58.8 

 

The contractile skin acts as a thin elastic membrane with the radius of curvature 𝑅𝑠, 

subjected to the pressure differential 𝛥𝑢 acting across its curved surface and a surface tension 

force 𝑇𝑠 (Figure 24). Equilibrium of the vertical forces provides the relationship between the 
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pressure differential 𝛥𝑢, the radius of curvature of the membrane 𝑅𝑠s, and the surface tension 

force 𝑇𝑠 

∆𝑢 =
𝑇𝑠

𝑅𝑠
 . (14) 

The equation (14) can be extended for a case of the three-dimensional membrane with 

the same radii of curvature in two orthogonal principal planes equal to Rs, using the Laplace’s 

equation as follows (Fredlund et al. 2012): 

∆𝑢 =
2𝑇𝑠

𝑅𝑠
 . (15) 

The vertical component of the surface tension holds the water column of height 

ℎ𝑐¸inside the capillary tube with radius 𝑟, shown in Figure 25. If 𝛼 is the contact angle between 

the contractile skin and wall of a capillary tube, equilibrium of vertical forces provides the 

height of the water column inside the tube of radius 𝑟 (Fredlund et al. 2012): 

ℎ𝑐 =
2𝑇𝑠 𝑐𝑜𝑠 𝛼

𝑟𝜌𝑤𝑔
 . (16) 

A capillary phenomenon occurs when a contact angle between the liquid and solid 

surface 𝛼, is less than 90°. In this case, the liquid is said to wet a surface since the drop of the  

 

Figure 25: Physical model of capillarity (Fredlund et al. 2012). 
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liquid tends to spread over a solid surface (Marinho et al. 2008). The value of the contact angle 

depends on cohesive forces in the liquid and the adhesive forces between solid and liquid, and, 

like many other quantities in unsaturated soil mechanics, exhibits hysteretic behavior (Johnson 

and Dettre 1969). A critical review and brief explanation on surface tension and capillarity from 

the multidisciplinary point of view is provided by Sophocleous (2010). 

All of the above analogies can be applied conceptually to soil. For example, in 

unsaturated soil with continuous air and water phases, contractile skin is subjected to the 

pressure differential 𝛥𝑢, which is equal to the difference between the pore-air pressure 𝑢𝑎, and 

pore-water pressure 𝑢𝑤. For the unsaturated soil, the pore-water pressure is generally lower 

than the pore-air pressure. In the case of soil in-situ, such as natural slope, pore-air pressure 𝑢𝑎, 

is equal to the atmospheric pressure, 𝑝𝑎𝑡𝑚. For the sample installed in the laboratory device 

implementing the axis translation method, the pore-air pressure is equal to the value of the air 

pressure inside the testing chamber, which is artificially raised to some value 𝑝𝑎 > 𝑝𝑎𝑡𝑚. In 

both cases, the pressure differential 𝑢𝑎 − 𝑢𝑤 is called a matric suction in unsaturated soil 

mechanics, and the equation (17) is known as Kelvin’s capillary model: 

𝑢𝑎 − 𝑢𝑤 = ∆𝑢 =
2𝑇𝑠

𝑅𝑠
 . (17) 

Matric suction is a component of the total soil suction responsible for holding the weight 

of a water column with height ℎ𝑐 in a capillary tube (Figure 25). The radius of a capillary tube 

is analogous to the pore size in the soil. At some depth below the soil surface, the phreatic line 

exists where atmospheric and pore-water pressure is equal. The pore-water pressure becomes 

negative relative to the atmospheric pressure above this level. According to the equation (17), 

water can be elevated at higher distances above the water table as the radius of capillary tubes 

(voids in the soil) decreases. In other words, more negative values of pore-water pressure can 

be expected in case of fine-grained soils with a small size of voids. Figure 26 shows 

observations of silica microspheres by the Environmental Scanning Electron Microscope with 

indicated water menisci at the air-water interface and measurable contact angle (Lourenço et al. 

2008). However, the conceptually simple capillary model cannot correctly explain the 

mechanical behavior of unsaturated soil (Fredlund et al. 2012). Limitations arise from many 

complex properties of natural soil, such as non-uniform distribution of voids, hysteresis 

between the drying and wetting process in natural soil, varying contact angles between pore 

fluid and solid particles, adsorptive forces between clay particles, air entrapment and volume 

changes occurring in deformable soils, and many more. 
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Figure 26: The Environmental Scanning Electron Microscope micrographs of silica spheres with 

indicated pressures along the air-water interface (water menisci) and measurable contact angle 

(modified from Lourenço et al. 2008). 

3.4. Soil suction components 

The free energy of the soil-water can be measured with respect to the partial vapor pressure 

adjacent to the soil-water (Richards 1965). The ratio between the partial pressure of pore-water 

vapor with saturation pressure of water vapor over a flat surface of the pure water at the same 

temperature is defined in equation (4) as the RH (%) (Fredlund et al. 2012). The thermodynamic 

relationship between soil suction and the partial pressure of the pore-water vapor, written using 

Kelvin’s equation in terms of the total suction, 𝜓 (kPa), and RH (%) can be written as follows 

𝜓 = −
𝑅𝑇𝐾

𝜐𝑤0𝜔𝑣
𝑙𝑛(𝑅𝐻) (18) 

where 𝜔𝑣 is the molecular mass of water vapor (18.016 kg/kmol), 𝜐𝑤0 is the specific volume of 

water (0.0094 m3/kg), and 𝑅𝐻, 𝑅, and 𝑇𝐾 were defined before in (3) and (4). Various laboratory 

devices and techniques use the above equation to calculate total suction in a soil sample. The 

theoretical relationship between RH and total suction 𝜓, is shown in Figure 27 by plotting the 

equation (18) for a complete range of suction and RH at a constant temperature of 20° C (293.16 

K). In the case of the rainfall-induced landslides and probably most of the problems encountered 

in engineering practice, suctions existing in the area with high values of RH are of particular 

interest. 
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Figure 27: Theoretical relationship between relative humidity, RH, and total suction, ψ, according 

to Kelvin’s equation for a constant temperature of 20° C (293.16 K). 
 

Among numerous factors that have been suggested as contributing factors to the total 

soil suction, 𝜓 (kPa), matric suction, 𝑢𝑎 − 𝑢𝑤, and osmotic suction, 𝜋, appear to be the two 

primary components: 

𝜓 = (𝑢𝑎 − 𝑢𝑤) + 𝜋. (19) 

According to Fredlund et al. (2012), the terms total suction or free energy of soil-water, 

matric or capillary component of free energy, and osmotic (or solute) component of free energy 

were defined by Aitchison (1964) as follows: 

- matric suction is the equivalent suction derived from the measurement of the partial 

pressure of the water vapor in equilibrium with the soil-water relative to the partial pressure of 

the water vapor in equilibrium with a solution identical in composition to the soil-water; 

- osmotic suction is the equivalent suction derived from the measurement of the partial 

pressure of the water vapor in equilibrium with a solution identical in composition to the soil-

water relative to the partial pressure of water vapor in equilibrium with free pure water; 

- total suction is the equivalent suction derived from the measurement of the partial 

pressure of the water vapor in equilibrium with the soil-water relative to the partial pressure of 

water vapor in equilibrium with free pure water. 

The partial pressure of the water vapor above the curved contractile skin of soil water 

is less than the partial pressure of water vapor above the flat surface of the same soil (Fredlund 

et al. 2012). According to equation (4), the RH will decrease as the radius of curvature of the 

water surface decreases and the first component of total suction, called matric suction, 
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contributes to a reduction in the RH and to an increase in soil suction (Figure 27). The water 

vapor pressure over a flat surface of salt solution is less than the water vapor pressure over a 

flat surface of the pure water (Fredlund et al. 2012). In other words, an increase of the 

concentration of dissolved salts in a pore-water of soil causes a decrease of the RH (Figure 27). 

An increase in soil suction due to a decrease in RH caused by the presence of dissolved salts in 

a soil pore-water is referred to as the osmotic suction. 

Change of any or simultaneous change of both suction components can cause a change 

in soil (total) suction. Changes in pore salt concentration can affect consolidation and swelling 

properties of clays (Rao and Shivananda 2005; Rao and Thyagaraj 2007a; Rao et al. 2017), 

changes in effective stress (Rao and Thyagaraj 2007b), and become relevant when dealing with 

problems that include problems such as infiltration of chemical solutions through soil, sea-water 

intrusion in coastal aquifers or lowering of groundwater table caused by excessive pumping ( 

Barbour and Yang 1993; Carretero et al. 2013; Pulido-Leboeuf 2004). A detailed review of the 

osmotic suction of high plastic clays and its role on soil behavior is provided by Arifin and 

Schanz (2009) and Rao (2019). Osmotic suction due to the presence of dissolved salts in soil 

pore-water exists both in the saturated and unsaturated soil. However, in most cases, it is the 

matric suction component that is of primary interest in geotechnical engineering practice. 

Experimental evidence shows that the influence of osmotic suction on soil behavior is relatively 

small compared to the effects of changes in matric suction (Miller and Nelson 2006; Leong and 

Abuel-Naga 2017).  

Most of the engineering problems in unsaturated soil mechanics, including rainfall 

induced landslides, are commonly the result of weather-imposed conditions (Fredlund et al. 

2012). These weather-imposed conditions are primarly manifested by changing the water 

content of the soil, through the infiltration or evapo(transpi)ration process, which have a 

dominant effect on the matric suction component. Figure 28 presents changes of the total, matric 

and osmotic suction due to the change of water content in the soil. While the osmotic suction 

component is relatively constant over a considered range of water content, matric and total 

suction curves seem to be almost congruent (Fredlund et al. 2001). In other words, the change 

of soil suction is practically equal to the change of matric suction when the water content is 

changed. 
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Figure 28: Total, matric, and osmotic suction measurements on compacted Regina clay (Krahn and 

Fredlund 1972). 
 

To emphasize another critical reason why it is unnecessary to account independently for 

the osmotic suction component, Fredlund et al. (2012) outline that most of the laboratory 

procedures used to relate soil behavior to changes in matric suction, essentially simulate 

changes in osmotic suction that occur in the field. 

Although common engineering problems include relatively low values of matric suction 

and high water contents of the soil, sometimes it is useful to define USPFs for the entire range 

of possible water contents, that is, from saturated to residual conditions. One example is a 

determination of the residual water content of soil for obtaining SWRC fitting parameters. Since 

the standard techniques used to measure soil matric suction can be used only up to 

approximately 1,500 kPa, it is common practice in engineering to use the total suction as a 

substitute for matric suction. The latter especially pertains to the higher range of total suctions 

(above 1,000 kPa) where psychrometric techniques have found broad application. Finally, in 

the case where the salt content of the soil is altered by chemical contamination or deliberate 

chemical change, the effect of the osmotic suction change on the soil behavior may be 

significant, and the two main suction components have to be examined separately (Fredlund et 

al. 2012). 
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4. SOIL-WATER RETENTION CURVE 

 

Defining the relationship between water content and soil suction, the soil-water retention curve 

(SWRC) is one of the most important features in unsaturated soil mechanics. To date, no single 

technique has been developed, which can be used to attain the complete water retention curve 

in all types of soil ranging from sand to clay. This chapter provides a review of the measurement 

methods and devices used to determine the SWRCs of different soil textures. The material 

properties that were found to control the water retention properties of soil are discussed. 

Methodology and laboratory procedures used to determine the SWRC of the investigated soil 

are described and the obtained results are presented. The influence of matric suction change on 

volume and the effective stress changes are presented and discussed, as well. The best-fit 

parameters of the Brooks and Corey, van Genuchten and Fredlund and Xing SWRC equations, 

obtained by performing a non-linear regression on experimentally measured data are presented 

and compared with parameters of similar materials that were found in the literature. Finally, the 

two models that can be used to predict SWRCs of fine-grained soils were tested and compared 

with the obtained results.  

 

The experimental test results included in this chapter were obtained in three different 

Laboratories of geotechnics: (i) University of Rijeka (Croatia), (ii) University of Salerno (Italy), 

and (iii) University of Ljubljana (Slovenia). A major part of the chapter was published as a 

research article in the journal Geofludis (Peranić et al. 2018). 
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4.1. Role of the SWRC in unsaturated soil mechanics 

SWRC is one of the most important features in unsaturated soil mechanics and relates to the 

potential energy of a liquid phase, which is usually characterized by the suction ψ, to the 

variations in the water content w in the soil (Salager et al. 2010). Depending on the material 

behavior as the suction varies, the soil water content is commonly designated in terms of the 

gravimetric water content 𝑤, volumetric water content 𝜃, or degree of saturation 𝑆. For 

compressible soils that undergo volume deformations with the variation of suction, both the 

changes in water content and total volume should be measured (Fredlund and Houston 2013). 

For the same type of material, the SWRC should be presented in terms that take into 

consideration both phenomena (θ, S). Various approaches were developed for the accurate 

determination of the SWRCs of different types of soils. Different measuring techniques and 

devices were designed to measure the water retention characteristics at different suction ranges. 

Laboratory equipment and testing procedures were often modified to adjust for different factors 

that affect the measurement results. For highly deformable Regina clay specimens prepared 

from a slurry under various consolidation pressures during the compaction process, Fredlund 

and Houston (2013) combined the shrinkage curve and measurements in a standard pressure 

plate device for the interpretation of the SWRC results.  

4.2. Literature overview 

Many studies were conducted to assess the influence of various factors on the water 

retention properties of the soil in geotechnical engineering applications. Vanapalli et al. (1999) 

studied the influence of the initial water content, soil structure and stress history on the soil-

water characteristics of statically compacted clayey till specimens. They combined a pressure 

plate apparatus and osmotic desiccators to develop the SWRC for the entire suction range (0-

300,000 kPa). Ng and Pang (2000) developed a new stress-controllable volumetric pressure 

plate apparatus to investigate the influence of the stress state on the SWRCs of undisturbed, 

completely decomposed volcanic soil from Hong Kong. Using varying net vertical stress 

values, they identified a strong relationship between the soil-water characteristics and confining 

stress. Tarantino (2009) performed an experimental study on the water retention behavior of 

two reconstituted soils (silty clay and sandy clayey silt) and two compacted soils (silty clay and 
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silty sandy gravel) using a modified oedometer apparatus. Covering a wide range of soil types 

and soil fabrics, he showed that the AEV and the residual degree of saturation 𝑆𝑟 of a given soil 

are inversely proportional to its void ratio 𝑒. Zhang et al. (2017) investigated the influence of 

lime-treatment of statically compacted London Clay on the drying and wetting water retention 

properties. By using the contact filter paper method, pressure plate apparatus and a suction-

controlled triaxial system incorporating the axis translation technique, they showed that the 

treatment with lime increased volumetric stability but reduced water retention ability (Zhang et 

al. 2017). 

Numerous investigations noted that the void ratio, water content and stress state of soil 

have a strong influence on the SWRC. Standard laboratory equipment based on the axis 

translation technique, such as the pressure plate, volume extractor, suction controlled 

oedometer, modified triaxial apparatuses, and standard tensiometers are the most common 

devices used to control or measure matric suction. Although every type of equipment mentioned 

above has some advantages and limitations, they can be combined to measure or control matric 

suction up to 1,500 kPa. Generally, capillary forces dominate the wet range, and adsorptive 

surface forces dominate the dry range of the SWRC. Measurement accuracy in the dry area of 

the SWRC, such as those above 1 MPa of suction, has greatly benefited from the development 

of precise chilled hygrometers (Gee et al. 1992). Gee et al. (1992) used a water activity meter 

(CX-1 model, Decagon Devices Inc.) based on a chilled mirror dew-point technique to obtain 

water potentials for soils ranging in texture from sand to clay. After measuring water potentials 

on air-dried surface soils, Gee et al. (1992) noted that the structural changes induced by 

sampling should have a minimal impact on the measured water potential at low water contents. 

They concluded that, for low water contents, SWRCs are controlled by a surface area rather 

than a pore geometry. Vanapalli et al. (1999) came to similar conclusions using the osmotic 

desiccators to create suctions as high as 300,000 kPa on statically compacted clayey till 

specimens. They found that, unlike for the low-suction range, the soil-water characteristic 

behavior appeared to be consistent at higher suction levels (i.e., 20,000-300,000 kPa), 

unaffected by the stress history or initial water content. They concluded that the inter-aggregate 

structure appears to be the same for all of the specimens at high suction values, presuming that 

the films of water are so thin that all of the water is within the range of influence of the osmotic 

and adsorptive fields. Tuller and Or (2005) used a WP4 dew-point potentiometer (Decagon 

Devices Inc.) on oven-dried samples mixed with small amounts of water to achieve targeted 

gravimetric water contents at the dry end of the SWRCs. The obtained results indicate that for 

a wide range of soil textures, the capillary contributions became negligible for suction values 
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higher than 10 MPa. Leong et al. (2003) used the same device for measuring the total suction 

of compacted residual soils from Singapore. By comparing independent measurements of the 

matric and osmotic suctions using the null-type axis translation apparatus and pore fluid 

squeezer, they concluded that more research is needed to improve the accuracy of suction 

measurements. 

Cardoso et al. (2007) performed measurements on two compacted clayey soils to study 

the performance of two different high-range psychrometers. Thakur et al. (2006) took 

measurements for the drying path by determining the gravimetric water content after each 

reading step with the WP4 apparatus on air-dried fine-grained soils. The specimens were dried 

and mixed with the required amount of demineralized water and compacted at a desired dry 

unit weight. Using the dry and wet weights of the specimen, the gravimetric water content 𝑤 

was computed for each stage of suction measurements. Agus and Schanz (2005) compared four 

laboratory methods commonly used for measuring total soil suction by using two bentonite-

sand mixtures: the noncontact filter paper method, the psychrometer technique, the relative 

humidity sensor, and the chilled-mirror hygrometer technique. They concluded that the chilled-

mirror hygrometer technique was the most accurate among the four methods used in the study. 

Campbell et al. (2007) presented a procedure for specimen preparation, suction and water 

content measurements during a wetting process using the WP4-T apparatus. Their sample 

preparation procedure consisted of sieving air-dried samples through a 2 mm sieve and then 

thoroughly mixing the samples with water before leaving them to equilibrate for a minimum of 

24 hours. All samples that were prepared with suction lower than 1 MPa were discarded. Using 

the above technique, they obtained soil water characteristics of four soil samples ranging in 

texture from sand to bentonite. 

In this study, various testing devices were used to cover the wide suction range, which 

investigated material can exhibit. All tests were performed to measure both the (matric) suction 

and volumetric water contents during the drying and wetting processes on undisturbed 

specimens.  

4.3. Testing program 

All the undisturbed samples used to determine the SWRC were taken from the sample pit in the 

central part of the Valići Landslide (location 2 in Figure 4). By using different devices and 

measurement techniques in their optimum measuring ranges and combining the measurements 
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results, a SWRC was defined in all three characteristic zones of desaturation. For testing the 

residual soil from the flysch rock mass at a low range of matric suctions, various testing 

conditions were used to simulate the field conditions that can affect SWRC. The effect of the 

overburden pressure on the SWRC was analyzed using different values of the net vertical stress 

in suction-controlled oedometer-type devices. The measurements collected during the drying 

and wetting processes were performed using multiple devices to identify the hysteresis and 

retention characteristics that material exhibits in situ during rainfall infiltration or evaporation. 

The influence of varied initial water contents and saturation conditions was examined by 

measuring different scanning curves, starting from initially saturated conditions, natural water 

content or air-dried conditions. To identify the possible effects of the soil structure and sample 

preparation method on the suction measurements using a WP4-T device, the measurements 

were taken on undisturbed specimens that were prepared using commonly adopted specimen 

preparation techniques for testing with the WP4-T device, as proposed by various authors (e.g., 

Thakur et al. 2006; Campbell et al. 2007), both for the drying and wetting paths. Due to 

shortcomings of the axis translation technique for measurements of soil suction at high degrees 

of saturation (Bocking and Fredlund 1980), mini-tensiometer measurements were used to 

determine the wet part of the SWRC more precisely. 

4.3.1. Standard and volumetric pressure plate extractor apparatus 

A pressure plate extractor apparatus (Soilmoisture Equipment Corp.) with 1,500 kPa ceramic 

plates was used on undisturbed samples to obtain results of the drying branch of the SWRC, for 

up to 700 kPa of matric suction. The tests were performed on undisturbed specimens with the 

diameter of 51 mm and the height of 10 mm. A short specimen height was used to shorten the 

equilibration time. At higher water contents, caliper measurements of the total volume have 

shown to be inapplicable due to the soft consistency of the samples. Wax dipping and water 

displacement techniques (ASTM D7263-09) were used to determine the total density of a single 

specimen after every equilibration step. The volume of a specimen could be calculated from the 

volume of the water displaced by the immersion of the wax-coated specimen and is determined 

by using the wax density and weight measurement. The total volume measurement, combined 

with the gravimetric measurement for the determination of the water content according to 

ASTM D6836-02, enabled use of the conventional pressure plate extractor apparatus to obtain 

a more advanced characterization of the soil-water retention properties than is possible with a 

conventional ψ-w relationship. The results obtained using this device and adopted testing 
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procedure enabled evaluation of the change in void ratio 𝑒 and degree of saturation 𝑆 due to the 

increase in matric suction during the drying process of the undisturbed samples. Gravimetric 

water content measurements were performed on multiple specimens during the RP03 test 

(samples se1 to se7), starting from the natural water content 𝑤𝑛. To minimize evaporation from 

the samples during the density measurement, volume measurements were performed only on 

one sample (RP03-se1) after every equilibration stage. 

A volumetric pressure plate (Soilmoisture Equipment Corp.) extractor with 200 kPa 

ceramic plate and hysteresis attachments was used to determine the hysteresis of the soil in the 

low matric suction range. Test VE-1w was performed on an undisturbed specimen previously 

equilibrated in a standard pressure plate extractor apparatus at a matric suction of 300 kPa. The 

total volume change was measured after every equalization step, using the previously described 

procedure. The water content was calculated after every equilibration step using the gravimetric 

or volumetric measurements of the water volume change. Devices used in the Geotechnical 

laboratory at the University of Salerno, Italy (UniSa) are shown in Figure 29. 

 

Figure 29: Pressure plate extractors and volumetric pressure plate extractors with hysteresis 

attachments used at the UniSa, Italy. 

4.3.2. Suction-controlled oedometer apparatus 

Two different suction-controlled oedometer-type devices were used for a more advanced 

investigation of the soil-water retention properties through control of the stress state variables 

(net vertical stress and matric suction) and measurements of the axial deformations of the 
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sample and water volume variations during the test. Automated data acquisition during the test 

is an important advantage over the previously described null-type axis-translation devices, 

especially for the long-lasting wetting tests. The main advantage of the suction-controlled 

oedometer apparatus (SCOED) at UniSa is the advanced air-flushing system, which eliminates 

the diffused air beneath the HAEPD and consists of two double-wall burettes connected to a 

differential pressure transducer and a peristaltic pump. HAEPDs with AEV of 200 and 500 kPa 

were used to perform different types of tests. The Hydrocon hydraulic consolidation cell for 

unsaturated samples (Controls S.p.A.), used in a Geotechnical laboratory at the University of 

Rijeka, Croatia (UniRi), enables sample saturation through back pressurization in a confined 

system. The apparatus was equipped with a 1 MPa HAEPD. The flushing of defused air beneath 

the HAEPD was performed by rapidly opening a flushing port connected to the water 

compartment beneath the HAEPD using pressurized water directly from an air/water bladder. 

These devices, shown in Figure 30, were used to perform multiple (main and scanning) drying 

and wetting tests on undisturbed specimens under different net vertical stress values. Tests 

UVH-1, UVH-2 and UVH-3 were performed using the Hydrocon device to obtain the main 

drying curves under 25, 100 and 200 kPa of net vertical stress, respectively. Test OEUVCJ01 

was performed using the SCOED apparatus and included a scanning drying and wetting test at 

the net vertical stress of 200 kPa, while test OEUVCJ03w was performed on an oven-dried 

sample during the wetting path, using 5 kPa of net vertical stress to measure the vertical 

deformations during the wetting test. Following this test, the sample was consolidated at 200 

kPa, and test OEUVCJ03 was performed during the drying path.  

   

Figure 30: Suction-controlled oedometer devices: a) the Hydrocon consolidation cell (Controls 

S.p.A.) at the UniRi, and b) the suction-controlled oedometer apparatus (SCOED) at the UniSa. 

(a) (b) 
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4.3.3. The HYPROP evaporation method device 

The HYPROP evaporation method device (Decagon Devices Inc.) shown in Figure 31 a) was 

used in the Geotechnical laboratory at the University of Ljubljana, Slovenia (UniLj), to 

determine the wet part of the SWRC more precisely. Tests were performed on three undisturbed 

specimens with different initial water contents, starting from the saturated or natural water 

content. Sample saturation prior to testing was performed inside a steel cylinder by either 

immersion into water or by immersion into water with the application of a small vacuum. The 

water loss from the sample due to evaporation is automatically recorded by placing the sample 

on a high-precision scale. The negative water pressures are measured directly using two mini-

tensiometers installed in predrilled holes (Figure 31 b) at different heights. Volume changes 

due to evaporation during the suction increase were not measured; therefore, the obtained 

results are shown only regarding the gravimetric water 𝑤. Information on the hydraulic gradient 

between two matric suction-measurement points and the water flux can be used to calculate the 

unsaturated hydraulic conductivity in the measured range, according to the Darcy-Buckingham 

law. Due to cavitation problems when using direct tensiometer measurements, the simplified 

evaporation method (Schindler 1980) is frequently used for simultaneous measuring of the 

SWRC and the suction permeability curve in sands and silts. By using the tensiometer-

preconditioning procedure (Schindler et al. 2010), the results were obtained for matric suction 

values up to 130 kPa. HYPROP-2 denotes the SWRC results obtained from the sample starting 

from the natural water content. To decrease the matric suction difference between two 

tensiometers, the evaporation rate was reduced by putting a screen around the specimen. The 

heterogeneous cavitation occurred in the upper tensiometer after approximately two weeks.  

   

Figure 31: The HYPROP evaporation method device (Decagon Devices Inc.): a) test performed at 

UniLj, and b) pre-conditioned mini-tensiometers and saturated undisturbed specimen. 

(a) (b) 
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4.3.4. Dew-point potentiometer WP4-T 

The WP4-T (Decagon Devices Inc.) potentiometer device shown in Figure 32 was used in the 

Geotechnical laboratory at the UniLj to measure soil suction in the dry area of the SWRC, 

extending into the mid-range. A detailed description of the dew point device that measures the 

total suction by the vapor pressure method is provided by Leong et al. (2003) and Campbell et 

al. (2007). The device was used to obtain the water retention characteristics of undisturbed and 

remolded specimens undergoing drying and wetting processes. Testing procedures were 

conducted according to ASTM D 6836-02, in combination with density measurements after 

each suction measurement, by using the wax dipping and water displacement technique (ASTM 

D7263-09). The measurements were extended into the mid-range of the SWRC for undisturbed 

and remolded soil specimens to compare the measurement results. In the first test (WP4-T-1), 

a total of 8 completely remolded specimens were prepared and equilibrated at different water 

contents, using the specimen preparation procedure similar to that described by Campbell et al. 

(2007). After a few days of rest in a sealed metal container, the total matric suction was 

measured using the WP4-T device, and the total density was calculated using the wax and water 

displacement method. Test WP4-T-2 was performed during the wetting process on 11 

completely remolded samples prepared using the specimen preparation procedure proposed by 

Campbell et al. (2007). In this test, only the water content was measured during the wetting 

process. Another test (WP4-T-3) was performed on 9 undisturbed samples prepared at a natural 

water content. The first three specimens (WP4-T-3se1, -2 and -3) were submerged in water and 

left to saturate for 24 h. The measurements of the next three specimens were taken starting from 

the natural water content and were slowly air-dried (WP4-T-3se4, -5 and -6). To prevent sample 

cracking, the evaporation rate was reduced by sealing the sample in a plastic bag. The last three 

specimens (WP4-T-3se7, -8 and -9) were used to perform measurements during the wetting 

process, starting from the air-dried condition. Air-dried specimens were wetted with a small 

amount of water and rested for approximately 24 hours in small sealed plastic bags. After each 

step of the equilibration, the suction and weight of the specimen were measured. Then, the total 

density of the specimens was measured, and the procedure was repeated until the suction values 

became too low during the wetting process or until the air-dried conditions were achieved 

during the drying process. During both the drying and wetting processes, multiple 

measurements of the suction and density were performed. Suction values as low as 230 kPa and 

higher than 90 MPa were measured using the WP4-T device. 
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Figure 32: The WP4-T (Decagon Devices Inc.) potentiometer device used at UniLj: a) soil suction, 

and b) density measurements performed on undisturbed sample undergoing the wetting process. 

4.4. Test results 

The results obtained using various measurement techniques and devices are provided in this 

part. The matric suction and total suction measurements were combined to define the soil-water 

characteristics from the capillary saturation zone to the zone of residual saturation. All the 

results were obtained from undisturbed specimens, except for the drying test WP4-T-1 and 

wetting test WP4-T-2. Different colors are used to highlight different specimen conditions at 

the start of the test, concerning the saturation and preparation technique. Markers with solid fill 

indicate that disturbed specimens were used in the test. Red and blue colors indicate drying path 

starting from the saturated or natural water content conditions, respectively, while the green 

color is used to represent the measurements obtained from specimens undergoing wetting. 

The results obtained from air-dried samples undergoing the wetting path were used for 

hydraulic characterization of the soil in the wetting process, and results obtained from only 

undisturbed soil samples were used for the development of the SWRC. The influence of the 

specimen preparation method and soil structure on the retention properties was evaluated by 

comparing the results obtained from the disturbed and undisturbed samples using the same 

device or measurement technique.  

The measurement results used to obtain the suction 𝜓 vs. the water content 𝑤 

relationship (SWRC-𝑤) are presented in Figure 33 a). Some of the results obtained using the 

(a) (b) 
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standard and volumetric pressure plate extractor devices, suction-controlled oedometer devices, 

HYPROP, and WP4-T devices are included. The suction 𝜓 vs. the volumetric water content 𝜃 

(SWRC-𝜃) measurement results are presented in Figure 33 b). The latter representation 

accounts for changes in both the water volume and total volume (or density) due to the suction 

change during the test. For the suction-controlled oedometer devices, the total volume was 

calculated using the measured axial deformations, assuming no sidewall detachment of 

specimen from the sample ring occur. 

A slope of the drying branch in the SWRC before reaching the AEV of the material is 

visible for both the SWRC-𝑤 and SWRC-𝜃, indicating that, due to the increase in the stress 

state of the soil, the material undergoes a volume change when the suction is changed. Many 

studies (e.g., Pham and Fredlund 2005; Pasha et al. 2016) have concluded that the rate of the 

volume change in the saturated part of the SWRC depends on the stress history of a soil. For 

over-consolidated soil, the slope of the SWRC-𝑤 before the AEV is generally small and 

depends on the swelling index 𝐶𝑠 in the log(𝜓)-𝑤 plane. For normally consolidated soil, a 

steeper slope depends on the compression index 𝐶𝑐 in the log(𝜓)-𝑤 plane (Pham and Fredlund 

2005). The slope of the saturated part of the SWRC corresponds to the slope of the unloading-

reloading curve in the ln p’-υ plane for over-consolidated soils or to the slope of the normal 

compression line for normally consolidated soils (Pasha et al. 2016). However, the total volume 

change should not affect the degree of saturation 𝑆 of deformable soil before the AEV of the 

soil is reached. The degree of saturation remains equal to unity, and the SWRC-𝑆 plot should 

remain horizontal until the AEV of the material is reached. After this point, desaturation starts 

at a rate which depends on the features of the material being tested. By plotting a large number 

of experimental data on a log-log plot of the suction 𝜓 vs. the effective degree of saturation 𝑆𝑒, 

Brooks and Corey (1964) found that the rate of desaturation exhibits a linear shape for the 

unsaturated part of the SWRC. This approach was used to avoid common difficulties in 

determination of the true AEV due to the volume changes in the saturated part of SWRC 

(Wijaya et al. 2015; Pasha et al. 2016). 

The SWRC results are shown in the SWRC-𝑆 form in Figure 34 a) in a semi-log plot, 

for tests in which the degree of saturation could be calculated. For the remolded specimens, the 

density measurements were combined with the standard WP4-T suction and water content 

measurements for only the drying test WP4-T-1, while the WP4-T-2 test results are not 

included. In Figure 34 b), the SWRC-𝑆 results are presented in a log-log plot. Using the plot 

and results from the unsaturated linear part of the SWRC, the AEV of 210 kPa and air expulsion 
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value (AExV) of 56 kPa were determined for the drying and wetting paths, respectively. The 

regression lines for the drying and wetting processes are parallel, and the pore-size distribution 

index value 𝜆 = 0.26 (Brooks and Corey 1964) seems to be unaffected by the ongoing process 

type. On the other hand, the results obtained from the remolded specimens along the drying 

path (WP4-T-1) show a deviation from the values mentioned above, with a higher AEV (450 

kPa) and higher desaturation rate (𝜆 = 0.33) (Peranić et al. 2018). 

 

 

Figure 33: SWRC in terms of a) gravimetric water content; b) volumetric water content for the 

drying and wetting process. Symbol (RS) indicates remolded samples; all other samples are 

undisturbed (Peranić et al. 2018). 
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Figure 34: Drying and wetting paths of the SWRC-S in the a) semi-log and b) log-log form (Peranić 

et al. 2018). 
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similar to silty soil than clayey soil (Fredlund et al. 2011). Another important observation from 

the wetting tests is that the specimens did not reach full saturation. Similar results are obtained 

for drying tests performed on samples that were saturated prior to testing by immersion into 

water. The obtained volumetric water contents typically corresponded to 80-95% of the 
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saturated water content values. Other researchers reported similar observations. Chiu and 

Shackelford (1998) obtained maximum volumetric water contents 𝜃𝑚 from 0.84 to 0.90 of the 

saturated value 𝜃𝑠 during the wetting process of compacted sand-kaolin mixtures. After several 

days of soaking, Perera et al. (2005) determined that the degree of saturation was 87% - 100% 

for the clayey samples. 

The influence of the sample preparation technique on the measurement results obtained 

using the WP4-T device is highlighted in Figure 33 a), both for the drying and wetting paths. 

For the drying path, the measured results from the remolded specimens plot higher than the 

results obtained from the undisturbed specimens, especially for suction values below 1,000 kPa. 

The effects of the sample preparation method and soil structure on the measurements start to 

wane above a suction of 1,000 kPa for the drying branch. The influence of the specimen 

preparation method is even more emphasized in the case of the results obtained during the 

wetting process (WP4-T-2). The results start to deviate from those obtained from the 

undisturbed samples when the suction values become lower than 6,000 kPa. In contrast, the 

measurements obtained from the undisturbed specimens using the WP4-T device seem to be in 

align with the measurements obtained using the axis translation technique, even for the suction 

values well below 1,000 kPa. This could indicate that the soil structure does have an important 

effect on the results obtained using the WP4-T device in the part of the SWRC with lower 

suction values and that the measurements from the undisturbed specimens should be preferred 

when using the WP4-T device and when the suction values of interest are lower than 1 MPa 

(Peranić et al. 2018). 

The results obtained on undisturbed specimens underline the smooth and gradual 

transition between the saturated and unsaturated parts of the SWRC, consistent with the wide 

range of solid-particle sizes present in the studied material and low value of 𝜆. This feature of 

the soil is closely related to the water retention and permeability characteristics of the soil, and 

should thus have a direct influence on the rainfall infiltration process occurring in slopes in-

situ. For sands and slits, the transition zone of the SWRC is generally steep, indicating higher 

rates at which the material can be saturated during the infiltration process or desaturated during 

evapotranspiration. Consequently, short-duration precipitation with higher intensities are the 

common triggering factors for landslides occurring in these types of material (Clarizia et al. 

1996; Crosta and Fratini 2001; Guzzetti et al. 2008). In contrast, the SWRCs with gentle slopes 

in the transition zone implies low rates of change in the water content of the soil. Long 

evaporation periods are required to dry these types of soil significantly, and long infiltration 

periods are necessary for the water to saturate these types of soil. (Peranić et al. 2018).  



University of Rijeka, Faculty of Civil Engineering 

Peranić, J. 2019. The importance of geotechnical cross-section                                                       73 
unsaturated zone for landslide occurrence in flysch deposits 

The density measurements combined with the standard 𝜓-𝑤 measurements from the 

pressure plate and WP4-T devices, and the measurements by the suction-controlled oedometer 

devices can provide insight into the volume changes affected by the change in suction. Figure 

35 presents the 𝑒-𝑆-𝜓 relationship for the specimens that underwent zero total stress and total 

density measurements after every measurement of the (total) suction or equilibration step. The 

results obtained using the standard pressure plate apparatus and WP4-T device were included. 

The results obtained using the standard and suction-controlled oedometer apparatuses 

are shown in terms of the effective stress 𝜎′ vs. the void ratio 𝑒 in Figure 36 a). The effective 

stress is defined using the Bishop’s effective stress formulation (Bishop 1959) defined by (42) 

and the Khalili and Khabbaz (1998) expression for the effective stress parameter (49). Some of 

the more recent findings on the effective stress of unsaturated soils and advanced formulations 

(e.g., Oh et al. 2012; Chen et al. 2013; Nikooee et al. 2012; Likos 2014; Greco and Gargano 

2015, etc.) are presented in the chapter devoted to determination of the unsaturated shear 

strength of the investigated soil. The results show that the effective stress approach works well 

for the results obtained on the undisturbed specimens in the range of the effective stress 

considered in these tests, both during the drying and wetting processes. The undisturbed 

specimen in the UVH-1 test was saturated using the incremental back-pressurization procedure 

 

Figure 35: S-ψ-e measurements obtained using the WP4-T and pressure plate extractor apparatus 

(Peranić et al. 2018). 
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Figure 36: Results in terms of σ’- e compared with the conventional oedometer test results for the a) 

UVH-1, OEUVCJ03w and OEUVCJ03; b) RP-3se1 and RP4-se8 tests (Peranić et al. 2018).  
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following the slope of the swelling curve in the log (𝜎′) - 𝑒 plane. The results obtained using 

the standard pressure plate extractor on the samples that start the drying process from the natural 

water content, the RP-3se1 and RP-4se8 tests, are shown together with the results obtained 

using the conventional oedometer apparatus in Figure 36 b). Using the same formulation to 

determine 𝜎′, the pre-consolidation pressure due to the suction seems to be slightly higher for 

this sample (Peranić et al. 2018). 

Using the same formulation for the effective stress, the results obtained using the WP4-

T device in the WP4-T-1 and WP4-T-3 tests are shown in Figure 37. Depending on the achieved 

suction during the drying process, the undisturbed samples from the WP4-T-3 test follow the 

same behavior pattern as seen in the results from the suction-controlled oedometer tests. A 

completely different behavior pattern is observed in the case of the remolded specimens in the 

WP4-T-1 test, where samples behave as a normally consolidated material, undergoing a 

significant reduction in the void ratio from the beginning of the drying process.  

The Khalili and Khabbaz (1998) effective stress parameter seems to predict the effective 

stress for suctions up to 8,000 kPa correctly. However, according to the standard oedometer 

results, using a fixed value for the fitting parameter (-0.55) for soil suctions higher than 8,000 

kPa, the formulation (49) seems to overestimate the increase in effective stress due to the 

increase in suction (Peranić et al. 2018). 

 

Figure 37: Results in terms of 𝜎′- 𝑒 compared with the conventional oedometer test results for the 

WP4-T-1 and WP4-T-2 tests (Peranić et al. 2018). 
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4.5. Interpretation of the SWRC results 

For modeling, comparison and characterization purposes, it is useful to present the fragmented 

SWRC laboratory measurements in the form of a mathematical equation. Consequently, a 

continuous function is obtained for a wide range of suctions. A non-linear regression analysis 

was performed using the “solver” add-in in Microsoft Excel on the results obtained during the 

drying and wetting process. The best-fit equation parameters were obtained by minimizing the 

objective function with respect to the sum of the squared residuals (SSR). Smaller values of the 

SSR implies a better fit between the measured and calculated values using different SWRC 

equations. Three of the most frequently used equations were used to fit the obtained 

measurement data: Brooks and Corey (1964) (BC), van Genuchten (1980) (VG), and Fredlund 

and Xing (1994) (FX).  

The Brooks and Corey (1964) SWRC equation is defined as 

𝜃 = 𝜃𝑠;               𝜓 ≤ 𝜓𝑏      

𝜃 = 𝜃𝑠 (
𝜓𝑏

 𝜓
)

𝜆

;       𝜓 > 𝜓𝑏

 (20) 

where 𝜃 is the volumetric water content, 𝜃𝑠 is the saturated volumetric water content, 𝜓 is the 

matric suction, 𝜓𝑏 is the AEV of the soil and 𝜆 is a constant.  

The van Genuchten (1980) SWRC equation is given by 

𝜃 = 𝜃𝑠 [
1

1 + (𝛼𝜓)𝑛
]

𝑚

 (21) 

where 𝛼, 𝑛, and 𝑚 are constants.  

The Fredlund and Xing (1994) SWRC equation is given by 

𝜃 = 𝐶(𝜓)
𝜃𝑠

{𝑙𝑛 [𝑒 + (
𝜓
𝑎)

𝑛

]}
𝑚 

(22) 

where 𝑎, 𝑛, and 𝑚 are constants, and 𝐶(𝜓) is a correction function defined as  

𝐶(𝜓) = 1 −
𝑙𝑛(1 + 𝜓 𝜓𝑟)⁄

𝑙𝑛(1 + 1,000,000 𝜓𝑟)⁄
 (23) 

where 𝜓𝑟  is a constant related to the suction at residual water content, 𝜃𝑟. 

Although a sharp discontinuity near saturation in the BC equation very often limits its 

practical application for modeling purposes, it is one of the oldest equations and is valuable for 
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comparing the soil-water characteristics of various soils using the existing databases. As it is 

expected from the obtained SWRC shape, the sigmoidal equations (VG and FX) performed 

better than the non-sigmodal (BC) equation, while the FX equation performed slightly better 

than the VG equation. A higher number of fitting parameters provided a stronger correlation in 

all the considered cases. 

4.5.1. Interpretation for the drying branch of the SWRC 

The UVH-1 test results were used for the fitting in the initial part of the desorption branch of 

the SWRC and determination of the saturated water content 𝜃𝑠. Starting from the saturated 

conditions and using the results from only those tests with the net vertical stress of 25 kPa, the 

UVH-1 test results represent the upper bounding curve. The WP4-T-3 test measurements on 

initially saturated specimens were used to extend the SWRC in the region of higher suction 

values. The results obtained from the WP4-T-3se3 test plot higher than the rest of the results 

obtained starting from the saturated conditions. Although this is probably due to the specimen 

inhomogeneity, the exclusion of the WP4-T-3se3 resulted in a significant decrease in the SSR 

value, from 0.00270 to 0.00039 in the case of the FX equation and from 0.00283 to 0.00054 in 

the case of the VG equation. In the case of the BC equation, only a slight decrease in the SSR 

value, from 0.00702 to 0.00428, was obtained by omitting the WP4-T-3se3 results.  

Using the three-parameter form of the FX equation (“correction“ factor 𝐶(𝜓)= 1) causes 

an increase in the SSR value, from 0.00039 to 0.00058. Leaving the 𝑚 and 𝑛 parameters with 

no fixed relationship provides a slightly lower value of the SSR (0.00049) than that obtained 

when fixing these parameters using the relation 𝑚 = 1 − 1/𝑛 (0.00054), as used in van 

Genuchten (1980) when trying to obtain a closed-form expression for hydraulic conductivity.  

Considering that suctions as low as 2.1 and 1 kPa were used in the fitting procedure for 

the drying branch, the saturated volumetric water content 𝜃𝑠 did not affect the result 

significantly if kept as a constant value (𝜃𝑠= 0.4625) or used as another fitting parameter for 

the VG and FX equations. However, due to the limitation of the BC equation to predict the 

water contents of soils that exhibit volume changes below the AEV, the best fit was obtained 

for a slightly lower value, 𝜃𝑠= 0.450 (Peranić et al. 2018).  

The curves and best-fit parameters obtained by using the non-linear regression 

procedure on measurements performed on undisturbed specimens in the (main) drying and 

wetting processes are presented in Table 6 and 7, and Figure 38. 
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4.5.2. Interpretation for the wetting branch of the SWRC 

The results obtained from the VE-1w and WP4-T-3se7, -8 and -9 tests were used to fit the 

parameters of all three equations in the case of the adsorption branch of the SWRC. Only the 

last measurement from the WP4-T-3se7 test, at a total suction of 370 kPa, was excluded from 

the non-linear regression procedure, since it plots slightly lower in the 𝜓-𝜃 plane, causing a 

slight increase in the SSR value from 0.00025 to 0.00047 for the FX equation. The results 

obtained from air-dried samples represent the lower bounding curve of the SWRC. 

The highest volumetric water content of 0.335 did not change significantly when used 

as a fitting parameter for the FX and VG equations. Again, for the BC equation, the best fit was 

obtained for a slightly lower value (0.307) (Peranić et al. 2018). 

 

Figure 38: Best-fit Brooks and Corey (1964), van Genuchten (1980) and Fredlund and Xing (1994) 

equations plotted with the measurements in ψ-θ plane (Peranić et al. 2018). 

 

Table 6: Best-fit parameters and SSR values for the Brooks and Corey (1964) and van Genuchten 

(1980) three-parameter equations (Peranić et al. 2018). 
 

  Brooks&Corey eq. (1964) van Genuchten (1980); 𝑚∗ = 1 − 1/n 

𝜃𝑠𝑑= 0.4625; 

𝜃𝑠𝑤= 0.335 
SSR (𝑟2) 𝜃𝑟 𝜓𝑏  𝜆 SSR (𝑟2) 𝜃𝑟 𝛼 𝑛 𝑚∗ 

Bounding 

drying curve 
0.00428 0 99.491 0.260 0.00054 0.013 0.005 1.332 0.249 

Bounding 

wetting curve 
0.00203 0 72.567 0.246 0.00033 0.000 0.008 1.280 0.219 
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Table 7: Best-fit parameters and SSR values for the four-parameter equations: the van Genuchten 

(1980) and Fredlund and Xing (1994) equations (Peranić et al. 2018). 
 

 van Genuchten (1980); 𝑚 free Fredlund and Xing (1994) 

𝜃𝑠𝑑= 0.4625; 

𝜃𝑠𝑤= 0.335 
SSR (𝑟2) 𝜃𝑟 𝛼 𝑛 𝑚 SSR (𝑟2) 𝜓𝑟  𝑎 𝑛 𝑚 

Bounding 

drying curve 
0.00049 0.028 0.004 1.186 0.323 0.00039 177720.9 299.753 1.073 0.907 

Bounding 

wetting curve 
0.00021 0.011 0.005 0.973 0.348 0.00022 254164.3 284.117 0.859 1.053 

 

4.6. SWRC prediction models 

Two correlation models that predict the SWRC for plastic materials were tested on the obtained 

results along the drying and wetting paths. The FX equation parameters were obtained using 

the correlation models proposed by Zapata (1999) and Perera (2005). Both models use only two 

basic material properties: the percent passing through a No. 200 sieve (P200) and plasticity index 

(PI). The SSR values indicate the level of convergence between the measured and model-

predicted values. The obtained curves are shown in Figure 39, together with the previously 

derived best-fit FX curve. Table 8 presents the calculated parameter values. During both the 

drying and wetting process, the Zapata (1999) model seems to perform reasonably well. On the 

other hand, the model proposed by Perera et al. (2005) was unable to accurately predict the 

SWRC, especially for the drying process (SSR=0.103). However, it was noted that, if the clay 

percentage (30.3%) was used instead of P200, the model performed much better (Figure 39). 

The hydro-mechanical features of the tested soil were compared with Guadalix Red silty 

clay (Escario and Juca 1989), which is 48% silt, with 𝑤𝐿  = 33% and PI=13.6%. According to 

the SWRC parameters 𝜓𝑟 = 19.6 MPa, 𝑎 = 242.1, 𝑛 = 0.81, and 𝑚 = 0.79 (Vanapalli et al. 

1998), the two materials closely match. If the obtained retention model parameters are 

compared with the average values for different soil textural groups (Carsel and Parrish 1988), 

it is clear that the complex origin process generates interesting hydro-mechanical features in 

this soil. The saturated and residual volumetric water contents correspond to the silts, while 𝛼 

= 0.005 and 𝑛 = 1.332 are characteristic values for the silty clay and clay loam textures. On the 

other hand, the saturated shear strength parameters determined in this and previous studies (e.g., 

Vivoda Prodan et al. 2017) are commonly obtained in materials with a significant portion of 

sandy particles. 
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Table 8: Fredlund and Xing (1994) equation parameters and SSR values obtained using the Zapata 

(1999) and Perera (2005) SWRC correlation models (Peranić et al. 2018). 
 

  Fredlund and Xing (1994) equation 

𝜃𝑠𝑑= 0.4625; 𝜃𝑠𝑤= 0.335 𝑆𝑆𝑅𝑑 (𝑟2) 𝑆𝑆𝑅𝑤 (𝑟2) 𝜓𝑟  𝑎𝑓 𝑛𝑓 𝑚𝑓 

Zapata (1999) correlation 0.01109 0.00227 5385.4 121.911 1.085 0.690 

Perera (2005) correlation 0.10287 0.07522 500.0 123.599 0.587 0.116 

Perera (2005)* correlation 0.01526 0.01237 500.0 91.597 0.801 0.326 

*clay percentage, C (%) instead of P200 

 

Figure 39: Performance of the two prediction models compared with the Fredlund and Xing (1994) 

equation obtained by using the non-linear regression procedure on the measured data (Peranić et al. 

2018).  
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5. PERMEABILITY FUNCTION 

 

This chapter presents a methodology for the determination of the unsaturated hydraulic 

conductivity function of the investigated soil. Along with the soil-water retention function, it is 

the key-in material property governing the transient rainfall infiltration process. Theoretical 

basics of the water flow through unsaturated soil are described, and a detailed overview of the 

available methods for direct measurements or indirect estimation of hydraulic permeability 

under negative pore-water pressure conditions are presented. Permeability measurement results 

obtained in saturated and unsaturated conditions and the determined conductivity functions are 

presented.
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5.1. Determination of UHCF – literature overview 

Hydraulic conductivity or coefficient of permeability k is a quantity, generally assumed to be a 

constant in case of saturated soil, which regulates the rate at which water flows through the soil. 

Although it depends on the size and interconnectivity of voids, it can be considered a constant 

value for a certain type of soil. Thus, the coefficient of permeability of saturated soil 𝑘𝑠 is often 

measured at different values of the effective stress, or in another words, for different void ratio 

values 𝑒. However, this is not the case for unsaturated soil: as the matric suction is increased 

beyond the AEV, soil starts to desaturate, and the volume of water and volume of voids become 

unequal. Space available for the water to flow is reduced, along with the reduction of the degree 

of saturation. The air-water interface (meniscus) separates the air and water phases inside the 

voids of unsaturated soil, providing the equilibrium for flow through the unsaturated soil 

(Fredlund et al. 2012). Thus, when describing the flow of water through unsaturated soil with 

two phases that can flow through voids, air and water, the term coefficient of permeability with 

respect to the water phase 𝑘𝑤 is often used. Depending on the matric suction value and ongoing 

process, different values of the degree of saturation can exist in the soil. Depending on the soil 

type and stress history, change of matric suction can cause negligible or significant total volume 

change of soil. Consequently, the coefficient of permeability in an unsaturated soil becomes a 

function of the soil water content, defined by the degree of saturation, volumetric water content, 

or, in case of non-deformable soil, gravimetric water content, which in turn depend on the 

matric suction existing in the soil. 

The coefficient of permeability is the primary (and the only) soil property required when 

analyzing the steady-state water flow through the soil (Fredlund et al. 2012). In the case of 

transient water flow through soil, the water storage properties have to be defined. Since both 

quantities depend on the water content of a soil, which again depends on matric suction, the 

latter two are unsaturated soil property functions, known as the unsaturated hydraulic 

conductivity function and the water storage function. The first one describes the variation of 

permeability respective to water phase as a function of water content 𝑘𝑤(𝑆, 𝜃), or matric suction 

𝑘𝑤(𝑢𝑎 − 𝑢𝑤), while the other one describes the ability of the soil to store or release water under 

some change of matric suction. The water storage function of soil is calculated by 

differentiation of the SWRC respective to matric suction, where SWRC is always expressed in 

terms of the volumetric water content 𝜃 (i.e., 𝑑𝜃/𝑑(𝑢𝑎 − 𝑢𝑤)) (Fredlund et al. 2012). The slope 
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of the SWRC on the arithmetic soil suction scale gives the water storage modulus 𝑚2
𝑤 at 

designated soil suctions (Fredlund et al. 2012).  

Among the first measurements of the hydraulic permeability of porous medium under 

negative pore water pressure values was that performed on glass beads by Mualem (1976). 

Starting from saturated conditions, the coefficient of permeability was measured at increasing 

matric suction values at first (drying path) and then for the wetting path. For the non-deformable 

glass beads, he noticed several important findings that were confirmed in numerous studies 

conducted on soils with different textures. First, after the matric suction value exceeded the 

AEV of soil beds, the coefficient of permeability started to decrease significantly. Figure 40 

indicates that the coefficient of permeability is equal to some constant value at first and then 

reduces for several orders of magnitude as the matric suction is increased above 4 kPa, value 

which seems to be the AEV for used glass beads (Figure 40 b). Another important feature that 

can be clearly distinguished from Figure 40 is hysteretic behavior. Both the SWRC and 

permeability function are not unique but strongly depend on whether the soil undergoes drying 

or wetting process. Any procedure used to measure or predict the hydraulic conductivity 

function (HCF) should consider the type of flow process occurring in the field (i.e., drying or 

wetting process). Observed similarities between the SWRC and permeability functions have 

subsequently become the basis for a wide range of procedure that are used to estimate, rather 

than directly measure the water permeability function (Fredlund et al. 2012).  

   

Figure 40: Measurements on glass beads undergoing drying and wetting process: a) permeability 

functions, and b) SWRC (Mualem 1976). 
 

(a) (b) 
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The coefficient of permeability respective to the water phase 𝑘𝑤 in the unsaturated soil 

can be obtained by using various approaches. Different testing methods and devices can be used 

to directly measure points on the UHCF for different types of soil. These methods are usually 

based on Darcy’s law for calculation of the hydraulic conductivity from the observed water 

flow rate due to the imposed hydraulic gradient. However, varying soil textures result in a wide 

range of matric suction for which the UHCF should be defined. Different stress conditions and 

hysteresis during the drying and wetting process can cause the need for determination of UHCF 

under specific conditions. Those usually reflect conditions that soil undergoes in-situ. In many 

studies problems that are specific for the soils undergoing volumetric deformation due to 

change of matric suction were reported. Long testing times, issues of control or measurement 

of matric suction, as well as maintaining the intimate hydraulic contact between tested soil and 

sensor during the test, result in expensive procedures for the determination of UHCF and very 

often some degree of uncertainty in measurement results. All of the above results with the fact 

that, to-date, no single test procedure or device could be used for determination of the UHCF 

for all types of soils, considering the wide matric suction range and varying testing conditions 

that might affect hydraulic properties of unsaturated soil. Another approach for obtaining the 

UHCF is to employ the inverse-analysis on measured water flow response data obtained under 

certain initial and boundary conditions. In this case, the water flow event is modeled by using 

some of the available UHCF models, and unknown model parameters are obtained by 

minimizing the objective function, which is usually defined as a difference between calculated 

and observed flow quantity. Various types of flow process can be modeled analytically or 

numerically, using different UHCF models. This technique requires specific engineering 

analyses but enables quick determination of UHCF by using the data obtained for a wide range 

of testing set-ups, from both transient and steady-state flow process. The most commonly used 

procedures to estimate the UHCF combine the coefficient of permeability in saturated 

conditions, which is much more easily measured in the laboratory, and the SWRC. In this case, 

similarities in shape of the SWRC and UHCF that were observed from numerous experimental 

studies are used to predict the shape of the UHCF, given that both the SWRC and 𝑘𝑠 are 

quantities that are much easier to obtain experimentally than the UHCF itself. Direct and 

indirect methods for obtaining the UHCF are described in the following chapter. 
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5.1.1. Direct measurement of water flow properties 

ASTM D7664-10 describes a family of test methods that can be used to define points on the 

UHCF for different types of soils, separating them in three main categories.  

Category A includes different set-ups of column tests used to obtain UHCF from water 

content or suction measurements along the column of soil compacted into a rigid wall 

permeameter, during imposed transient and steady-state water flow process (ASTM D7664-

10). UHCF can be obtained on initially unsaturated soil during either the downward infiltration 

or upward imbibition of water. In case of using initially saturated soil samples, the UHCF can 

be determined either for downward drainage or evaporation of water. While the first two 

methods are used for obtaining 𝑘𝑤 values of fine-grained soils for matric suctions ranging from 

0 to 80 kPa, the third method is used for coarser soil and matric suction values up to 200 kPa. 

An evaporation column test can be adopted to perform measurements from 0 to more than 1000 

kPa of matric suction on all types of soil, except for high plasticity clays (ASTM D7664-10). 

For example, McCartney et al. (2007) performed an infiltration test on a clay specimen to obtain 

the hydraulic conductivity function. The schematic of soil column with a peristaltic pump for 

applying steady moisture flux at the specimens top, tipping bucket rain gauge for the collection 

of water draining out of the soil column, and different sensors for measurement of matric 

suction and water content along the specimen height during the infiltration process are shown 

in Figure 41 a). They obtained UHCF for both steady-state vertical infiltration of water (i.e., 

suction is constant with height of column and water flow is gravity-driven, since a unit hydraulic 

gradient exists in profile), when the hydraulic conductivity was equal to the applied flow rate 

(McCartney et al. 2007), and, transient flow of water by means of the instantaneous profile 

method (Watson 1966; Meerdink et al. 1996; Fujimaki and Inoue 2003). As a conclusion, 

McCartney et al. (2007) outlined several issues when using the transient and steady-state 

infiltration data for calculation of UHCF, including the outflow boundary effects on the 

moisture profile, the use of the SWRC to calculate suction values from measured volumetric 

moisture content values, calculation of the gradient terms, and fitting of the time series with 

smooth curves. Also, they found that the UHCF predicted by the van Genuchten – Mualem 

model (1980) generally under-estimated the measured values. Depending on the soil type, the 

instantaneous profile method can be time-consuming. For example, Cui et al. (2008) used the 

instantaneous profile method to determine the unsaturated hydraulic conductivity of compacted 

sand/bentonite mixture specimens by performing infiltration tests under constant volume and 

free-swell conditions. It took around 2200 h to complete the test. Finally, the accuracy of the 
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test is proportional to the distance between water content and suction measuring points. A 

greater number of sensors increases the experimental costs and can involve possible installation 

difficulties (Li et al. 2009). Li et al. (2009) proposed a wetting front advancing column test for 

measuring unsaturated hydraulic conductivity, as a modification of instantaneous profile 

method enabling measurements for a wider range of soils and suction values. This procedure 

combines theta-probes for monitoring of volumetric water content and tensiometers for matric 

suction measurements up to 80 kPa. Known SWRC and theta probes are used to predict matric 

suction values in a higher suction range. The wetting front advancing velocities for initially 

owen-dried specimen (Figure 41 b) are required for the calculation of the UHCF according to 

proposed data interpretation procedure. For five different types of soil, calculated UHCF agreed 

reasonably well with results obtained from the instantaneous profile method. Although 

observing wetting front advancement reduces the number of monitoring points along the soil 

column, measuring time is generally shortened and hydraulic conductivity data can be obtained 

from residual up to saturated conditions, the proposed method depends on an observed wetting 

front. Therefore, this method is applicable only to wetting tests performed on initially dry 

specimens, usually starting from high initial suction values, and that change color upon wetting 

(Li et al. 2009). For example, it can be challenging to observe wetting front in fine-grained 

soils, such as high-plasticity clays.  

   

Figure 41: a) The schematic of soil column (McCartney et al. 2007), and b) wetting front 

advancement process in an initially air-dried soil column during the capillary-rise process (Li et al. 

2009). 

(a) (b) 
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Category B includes two axis-translation methods commonly used for determination of 

SWRCs (ASTM D7664-10). Both the rigid-wall oedometer and flexible-wall permeameter 

methods are best suited for direct measurements of 𝑘𝑤 for fine-grained soils, such as clays, 

from saturated conditions up to several hundred kPa of matric suction. The highest matric 

suction under which the measurement of permeability can be performed is usually defined by 

the AEV of the used ceramic disk and the highest air pressure that can be applied inside the 

testing system. The upper limit for the axis translation technique is usually considered to be 

1,500 kPa. The HCF is defined from the outflow measurement when a hydraulic gradient is 

applied over the unsaturated soil specimen (ASTM D7664-10). The same limitations 

encountered when performing SWRC measurements exist in case of measuring the hydraulic 

permeability respective to the water phase at certain matric suction level, or degree of 

saturation. Those are, for example, the non-uniformity in soil suction value across the specimen 

height, the impedance to flow due to the low permeability of HAEPD, evaporation of water 

from the testing system or air diffusion through the HAEPD affecting the water volume change 

measurements, and low hydraulic permeability of unsaturated soils, especially at high matric 

suction values, which result in a prolonged testing time (ASTM D7664-10; Romero 1999; 

Fredlund et al. 2012). Long equilibration times, not reaching equilibration conditions, the effect 

of moisture loss through compressed air lines, and problems associated with slow rate of air 

diffusion to the air cavities at high degrees of saturation are problems that were encountered in 

many studies where the axis translation technique was adopted for measurement or control of 

matric suction (Leong et al. 2004; Di Mariano 2000; Romero 2001; Marihno et al. 2008). Figure 

42 shows a flexible wall permeameter for unsaturated soil testing (a), and the practical 

limitations when using the axis translation technique for measuring the UHCF (b).   

 

 

 

 

 

Figure 42: a) A schematic of the flexible-wall permeameter for unsaturated soils (ASTM D7664-

10); and, b) limitation of the axis translation technique for determination of the UHCF (Fredlund et 

al. 2012).  

(a) (b) 
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However, this method enables measurement of the coefficient of permeability for matric 

suction up to the capacity of the HAEPD on undisturbed or compacted samples undergoing 

both, drying and wetting process, considering the effect of overburden pressure by applying 

different net vertical stress values, with continuous measurement of total volume and water 

volume changes during the test. Tests are usually performed started from saturated conditions 

on specimens consolidated under desired confining pressure. The saturated coefficient of 

permeability can be measured first by applying pressure differential at the top and bottom 

specimens end. The observed inflow and outflow volume readings and hydraulic gradient 

values provide data for calculation of 𝑘𝑠 according to Darcy’s law. Then the matric suction is 

usually increased while maintaining constant net stress value, and the flow process leading to 

desaturation of the soil specimen is induced. Constant hydraulic head gradient across the 

specimen is held during the equilibration stage. The steady-state condition is obtained when the 

inflow and outflow of water volume are about the same. For this equilibrium conditions under 

the constant value of applied matric suction, the water volume flow measurements and the head 

differential applied on the specimen can be used to calculate the coefficient of permeability 𝑘𝑤. 

One point on UHCF is obtained for measurements obtained at imposed matric suction level by 

using Darcy’s law and steady-state flow (Huang et al. 1998). The procedure can be repeated for 

increased matric suction values in the drying path to obtain more points on the UHCF. If the 

hysteresis effects are considered, measurements can be obtained for reduced matric suction 

values in the wetting path, as well. For example, Huang et al. (1998) developed and used a 

triaxial permeameter to obtain the UHCF of consolidated slurry silty sand. Results showed that 

the hydraulic permeability is relatively constant for matric suction values between 0 and the 

AEV. After the AEV, the relationship becomes bilinear on a log-log scale (Figure 43). 

 

 

Figure 43: Coefficient of permeability respective to the water phase vs. matric suction obtained from 

flexible-wall permeability tests (Huang et al. 1998). 
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Agus et al. (2003) developed a flexible wall permeameter system for residual soils that 

enable measuring of water and air coefficients of permeability under high matric suction values, 

for specimens undergoing both drying and wetting process with total volume measurements 

during the test. They described various factors that can have an influence on measured data, 

such as hydraulic and pneumatic gradients and temperature fluctuations (Samingan et al. 2003). 

Gallage et al. (2013) developed a new apparatus for obtaining the UHCF of sandy soil over a 

low suction range (0-10 kPa) using the steady-state method and direct suction measurements 

by means of two tensiometers. They found that the hydraulic conductivity remained constant 

up to the AEV. After the matric suction exceeded the AEV of soil, a non-linear decrease of the 

hydraulic conductivity was observed. As the measurements were performed for drying and 

wetting process, a significant hysteresis of hydraulic conductivity plotted against the matric 

suction value became negligible when hydraulic conductivity was plotted against the water 

content (Gallage et al. 2013). 

Category C includes a test method in which permeameter with soil sample is installed 

inside the spinning centrifuge to impose hydraulic gradients by increasing the effect of the 

elevation head (ASTM D7664-10). In comparison with standard column infiltration tests, this 

method allows performing infiltration of water through soil specimen at a much higher rate, 

with a significant reduction of testing time. UHCF points can be determined for matric suction 

values between 0 and 200 kPa. The method is applicable to coarse-grained and low-plasticity 

fine-grained soils (ASTM D7664-10). For example, Singh and Kuriyan (2002) used a 

geotechnical centrifuge to estimate hydraulic conductivity of silty soil in unsaturated condition 

from obtained SWRC. The centrifugation method was able to produce matric suction values up 

to 71 kPa. McCartney (2007) and Zornberg and McCartney (2010) developed a centrifuge 

permeameter shown in Figure 44. The most essential parts for hydraulic characterization of 

tested specimens are a water flow control system, instrumentation for measurement of the 

infiltration rate, volumetric water content (TDR), and matric suction (tensiometers) in flight 

during steady-state infiltration. McCartney and Zornberg (2010) used newly developed 

centrifuge permeameter to determine the SWRC and UHCF of a compacted, low plasticity clay 

under both drying and wetting paths by varying the inflow rate, the 𝑔 level or both. Matric 

suction values ranged from 5 to 70 kPa while the measured hydraulic conductivity values 

ranged from 2.0E-07 to 8.0E-11 m/s.  
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Figure 44: Centrifuge permeameter setup: a) testing environment and data acquisition hub; and b) 

schematic view of a centrifuge permeameter (Zornberg and McCartney 2010). 
 

McCartney and Zornberg (2010) concluded that the obtained SWRCs and UHCFs were 

consistent with those obtained using pressure chamber and column infiltration tests. Although 

the obtained UHCFs had the same shape as those derived from predictive relationships, at the 

lower end of the volumetric water content range the discrepancy between the measured and 

predicted hydraulic conductivity values were around two orders of magnitude (McCartney and 

Zornberg 2010). 

5.1.2. Estimation techniques for determination of UHCF 

Experimental procedures used to measure the hydraulic conductivity of unsaturated soil directly 

are time-consuming and generally expensive. Devices and sensors used for determination of 

the UHCF are not a part of standard equipment found in geotechnical laboratories. 

Consequently, determination of the USPFs, especially UHCFs, is usually still too demanding 

and prohibitive for application in geotechnical engineering practice (Fredlund et al. 2012). As 

a result, the use of “estimation” techniques for obtaining different USPFs, such as SWRC, 

UHCF and the unsaturated shear strength from soil properties that are much easier to measure, 

or measurement results obtained from tests that are performed more routinely in geotechnical 

laboratories, have received significant attention. Many researchers, for example Zapata et al. 

(2000), Agus et al. (2003), Aubertin et al. (2003), Fredlund et al. (2012), Zhang and Fredlund 

(2015), Fredlund (2017), Heyerdahl and Pabst (2018) emphasize that implementation of 

unsaturated soil mechanics into routine geotechnical engineering practice greatly depends on 

different estimation techniques used to predict, rather than directly measure USPFs. Different 

estimation procedures for obtaining the UHCF are described in the following part. 

(a) (b) 
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ASTM D7664-10 outlines the possibility of using inverse methods to define the UHCF. 

Instead of using Darcy’s law to calculate the 𝑘𝑤 from measured water flow rate and known 

hydraulic gradients, this iterative, regression-based approach can be used to estimate the 

hydraulic properties which tested soil should have in order to obtain observed quantities, such 

as rate of water outflow from the specimen.  

Kool et al. (1985) proposed the parameter estimation approach for determining SWRC 

and UHCF simultaneously from one-step outflow experiments. In this method, it is assumed 

that mathematical expression with a small number of parameters accurately describes the 

relationship between volumetric water content, hydraulic conductivity and, for example, 

pressure head. If the initially unknown parameters are obtained, the SWRC and UHCF are 

defined, as well. For the first iteration of numerical simulation, some initial guess values are set 

for the unknown parameter values. In the following iterations, simulations are repeated with 

constantly improved values of estimated parameters, until the difference between observed and 

calculated results is not less than some desired value. For example, Šimunek et al. (1998) used 

the governing flow equation for radially symmetric isothermal Darcian flow in a variably-

saturated isotropic rigid porous medium given by the modified form of the Richard’s equation 

𝜕𝜃

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
(𝑟𝐾
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𝜕

𝜕𝑧
(𝐾

𝜕ℎ

𝜕𝑧
) +

𝜕𝐾

𝜕𝑧
 (24) 

where 𝜃 is the volumetric water content (m3/m3), ℎ is the pressure head (m), 𝐾 is the hydraulic 

conductivity (m/s), 𝑟 and 𝑧 are radial and vertical coordinates (m), and 𝑡 is time (s). The 

unsaturated hydraulic properties, retention and permeability functions, were described by van 

Genuchten’s (1980) expressions 

𝜃𝑒 =
𝜃(ℎ) − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
=

1

(1 + |𝛼ℎ|𝑛)𝑚
, ℎ < 0 ; 

𝜃𝑒 = 1, ℎ ≥ 0 . 

(25) 

𝐾(𝜃) = 𝑘𝑠 𝜃𝑒
0.5 [1 − (1 − 𝜃𝑒

1
𝑚)

𝑚

]
2

, ℎ < 0 ; 

𝐾(𝜃) = 𝑘𝑠,                                                         ℎ ≥ 0 . 

(26) 

where 𝜃𝑒 is the effective volumetric water content (m3/m3),  𝑘𝑠 is the saturated coefficient of 

permeability (m/s), 𝜃𝑟 and 𝜃𝑠 are residual and saturated volumetric water contents, and 𝛼, 𝑛, 

and 𝑚 = 1 − 1/𝑛 are empirical parameters. For a fixed relation between  𝑛 and 𝑚 parameters, 

there are 5 unknown hydraulic parameters that define hydraulic properties of soil. Finally, the 
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objective function, Φ, expressing the differences between experimentally measured and 

numerically predicted flow responses was defined as 

𝛷(𝑏, 𝑞, 𝑝) = ∑ 𝑣𝑗

𝑚𝑞

𝑗=1
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[𝑞𝑗
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2
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2
 

(27) 

where the first term on the right side represent deviations between measured and predicted 

space-time variables, such as cumulative inflow or outflow rate versus time, pressure heads or 

water contents at different locations and/or time. Here 𝑚𝑞 term is the number of different sets 

of measurements, while 𝑛𝑞𝑗 is the number of measurements in a particular measurement set. 

𝑞𝑗
∗(𝑥, 𝑡𝑖) represents specific measurements at time 𝑡𝑖 for the 𝑗-th measurement set at location 

𝑥(𝑟, 𝑧), 𝑞𝑗(𝑥, 𝑡𝑖, 𝑏) are the corresponding model predictions for the vector of optimized 

parameters b, in this case (𝜃𝑟 , 𝜃𝑠, 𝑘𝑠, 𝛼, and 𝑛), and 𝑣𝑗  and 𝑤𝑖,𝑗 are weights associated with a 

particular measurement point or set, respectively (Šimunek et al. 1998). Differences between 

independently measured and predicted soil hydraulic properties, such as 𝜃(ℎ), 𝐾(𝜃), 𝐾(ℎ), etc. 

are represented by the second term on the right side of the equation (27), while the rest of the 

terms here have similar meaning as in the first term on the right side of the equation, but now 

for the soil hydraulic properties. The last term of the equation (27) represents a penalty function 

for deviations between prior knowledge of the soil hydraulic parameters 𝑏𝑗
∗, and their final 

estimates, 𝑏𝑗, where 𝑛𝑏 represent the number of parameters with prior knowledge and �̅�𝑗 pre-

assigned weights (Šimunek et al. 1998). Levenberg-Marquardt nonlinear minimization method 

was used for the minimization of the objective function. 

The uniqueness of the solution depends on a sufficiency of the input data (Kool et al. 

1985). By considering the downward infiltration in vertical column test, Hornung (1983) found 

that the solution uniqueness is satisfied only if, besides the observed outflow rates from the 

column, additional information is included. In this case, additional input information was final 

steady-state pressure head at a certain point inside the soil column (Hornung 1983). Zachman 

et al. (1981) reported no problem regarding the uniqueness of the solution for a similar problem, 

involving gravity drainage from an initially saturated column. For a four-parameter model with 

two unknowns, observation of cumulative drainage in time yielded the best results (Zachman 

et al. 1981). Kool et al. (1985) obtained good results from one-step pressure outflow 
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experiments on sandy loam and clay loam, by using the cumulative outflow measurements in 

time. However, they emphasize that pressure increment should be selected to yield a relatively 

low final water content, while the input data should include a large portion (at least 50% of 

cumulative outflow) of the transient flow process. Finally, they concluded that accurate 

experimental measurements have to be used as input data, since the obtained solutions are 

sensitive to errors in measured data, while the guess values of initially unknown parameters 

should be reasonably close to their actual value to reduce chances of obtaining an erroneous 

solution and to speed-up the convergence process. By using the micro-tensiometer and pressure 

transducers on different soils, Eching and Hopmans (1993) found that computer optimization 

of the SWRC by the inverse solution technique using transient one-step and multistep outflow 

experiments was greatly improved when cumulative transient outflow data were combined with 

simultaneously measured pore-water pressure head data. Excellent results were obtained for 

one-step and multistep desorption experiments conducted on Yolo silt loam, Panoche loam, 

Hanford sandy loam, and Oso-Flaco fine sand. Another advantage of combining cumulative 

transient outflow data with water pressure head data is that testing time is significantly reduced 

since the water content data for equilibrium conditions are not required. By using the inverse 

method for determining the UHCF from one step outflow experiments on four soils with various 

textures, van Dam et al. (1992) found that reliable estimations of UHCF are obtained when 

cumulative outflow data are supplemented with the SWRC data. Van Dam et al. (1994) applied 

Marquardt's optimization algorithm on data collected from multistep outflow experiments 

performed on a set of 20 soil samples. The method resulted in unique estimates of the SWRC 

and UHCF, which was not the case for same experimental conditions of the one-step outflow 

method.  

The parameter estimation method was applied for in-situ unsaturated hydraulic 

conductivity measurements. For example, Šimunek and van Genuchten (1996) used a parameter 

estimation procedure on data obtained from tension disc infiltrometers. In this procedure, the 

Levenberg-Marquardt nonlinear parameter optimization method was combined with a quasi-

three-dimensional numerical model for solving the equation of water flow through unsaturated 

soil. Van Genuchten’s model parameters were estimated from observed cumulative infiltration 

during the transient infiltration of water, as well as additional information, such as measured 

pressure head and water content at different points. They came to several important conclusions 

on optimal sampling design when using parameter estimation method on tension disc 

infiltrometer data to estimate hydraulic properties of unsaturated soil, such as number and 

selection of best measurement points in space and time. First, they concluded that 



University of Rijeka, Faculty of Civil Engineering 

Peranić, J. 2019. The importance of geotechnical cross-section                                                       94 
unsaturated zone for landslide occurrence in flysch deposits 

measurements of the instantaneous or cumulative infiltration rates alone, or with the addition 

of measured water contents from only one or two locations, do not provide uniqueness of 

solution for three-dimensional parameter space. Using only pressure head measurements in the 

profile already guaranteed convergence to the correct solution, while adding the cumulative 

infiltration rate did not improve the final solution. The best fit was obtained when 

simultaneously measured pressure head and water content data were included, with several 

points on the SWRC directly defined. However, the study was performed on numerically 

generated synthetic data, excluding the errors due to calibration or measurement procedure, 

which are always present in experimental studies. Gribb et al. (1996) used the parameter 

estimation method for determining hydraulic properties of fine sand from pore-water pressure 

and flow rate data obtained by a cone penetrometer method. Inoue et al. (1998) showed that the 

multistep soil-water extraction procedure could provide accurate soil hydraulic data for in-situ 

estimation of hydraulic properties of soil undergoing the drying process. Cumulative extraction 

volume and matric suction data were included in the analysis, which combines a numerical code 

for unsaturated water flow HYDRUS 2D (Šimunek et al. 1996) with the Levenberg-

Marquardt’s optimization algorithm. Due to the high sensitivity of the measured soil matric 

potential head close to the extraction device, Inoue et al. (1998) suggested that tensiometers 

should be located close the ceramic ring where the extraction vacuum is applied. Parameter 

sensitivity analysis showed that the method is least sensitive to the residual water content, 𝜃𝑟, 

and the saturated hydraulic conductivity, 𝑘𝑠, while strong sensitivity respective to the shape 

parameters 𝛼 and 𝑛 of the van Genuchten’s model was observed (Inoue et al. 1998). Šimunek 

et al. (1998) briefly reviewed all of three field methods that can be used for estimating the soil 

hydraulic properties by way of the parameter estimation method. Again, the HYDRUS-2D code 

coupled with the Levenberg-Marquardt parameter estimation algorithm was used. Ramos et al. 

(2006) obtained great estimates of the SWRC using the numerical inversion of tension 

infiltration data of four coarse- to medium-textured soil in Alentejo (Portugal). The UHCF 

estimates were reasonable, but less accurate when compared to retention properties. Some of 

the more recent progress in numerical procedures, sensitivity analysis, identification and 

estimation of parameters from various models that describe hydraulic properties of unsaturated 

soils (SWRC and UHCF) by inverse analysis, both for the laboratory or in-situ application, can 

be found in, for example, Nakhaei (2014), Fatehnia and Tawfiq (2014), Chidichimo et al. 

(2015), Sprenger et al. (2015), Wassar et al. (2016), Bouchemella et al. (2016), Hayek (2016), 

Chen et al. (2016), Sedaghatdoost et al. (2017), Naik et al. (2018), etc.  
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The procedures mentioned above can be used to estimate UHCF without the need for 

direct measurement of permeability in unsaturated conditions. For example, only SWRC 

measurements can be used, which are much simpler and cheaper. Despite that, complex 

calculation procedures and specialized engineering analyses required when estimating the 

UHCF by inverse methods result in very limited application in engineering practice. Fredlund 

et al. (2012) distinguish four categories of models used for the estimation of the unsaturated 

coefficient of permeability functions, namely: (i) empirical models, (ii) statistical models, (iii) 

correlation models, and (iv) regression models. Among those four, empirical and statistical 

models appear to be most extensively used in geotechnical engineering (Zhang and Fredlund 

2015).  

Empirical models make use of the similar character of the SWRC and UHCF, and use 

this similarity in an empirical manner to estimate the permeability function. An example of the 

equation for predicting the hydraulic permeability derived in empirical manner is that proposed 

by Brooks and Corey (1964). In their work, they distinguish the wetting phase, i.e., water, and 

non-wetting phase, i.e., air, that can exist in soil pores. First, by plotting the water retention 

curve results in log-log form, with water content expressed in terms of the effective degree of 

saturation 𝑆𝑒, defined previously by equation (9), they discovered that, for a wide range of soil 

textures, soil commences desaturation at linear rate after the AEV of soil is exceeded. The rate 

of desaturation was defined through the pore-size distribution index, 𝜆, according to the 

previously defined equation (20). Unknown parameters 𝑆𝑟 , 𝜆, and 𝜓𝑏 can be obtained by fitting 

the experimentally obtained SWRC data. Further, the effective degree of saturation was 

substituted into Burdine’s equation (1953) for the relative wetting phase permeability to obtain 

the following expression 

𝐾𝑟𝑤 = (
𝑆 − 𝑆𝑟

1 − 𝑆𝑟
)

2 ∫
1

𝜓𝑏
2 𝑑𝑆

𝑆

0

∫
1

𝜓𝑏
2

1

0
𝑑𝑆

= (𝑆𝑒)2

∫
1

𝜓𝑏
2 𝑑𝑆𝑒

𝑆𝑒

0

∫
1

𝜓𝑏
2 𝑑𝑆𝑒

1

0

 (28) 

where 𝐾𝑟𝑤 =
𝐾𝑒

𝐾𝑤
⁄  is the relative wetting phase permeability, 𝐾𝑒 is the effective permeability 

respective to part of void filled with water, and 𝑆 being the degree of saturation. Finally, by 

substituting derived SWRC equation (20) into (28) and after performing the indicated 

integration, Brooks and Corey (1964) obtained the following expression for the relative wetting 

phase permeability  
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𝐾𝑟𝑤 = (𝑆𝑒)
2+3𝜆

𝜆 = (
𝜓𝑏

 𝜓
)

𝜂

;       𝜓 ≥ 𝜓𝑏 (29) 

where 𝜂 = 2 + 3𝜆.  Today, Brooks and Corey permeability equation is usually expressed as the 

coefficient of permeability respective to the water phase regarding the matric suction by the 

following equation 

𝑘𝑤 = 𝑘𝑠 (
𝜓𝑏

 𝜓
)

2+3𝜆

;       𝜓 ≥ 𝜓𝑏 (30) 

Statistical models make use of the fact that the pore-size distribution mainly controls 

both the permeability and retention characteristics of the soil. Consequently, the UHCF was 

developed based on the interpretation and application of the SWRC (Zhang and Fredlund 2015). 

To calculate the UHCF by using some of the statistical models, the saturated coefficient of 

permeability, 𝑘𝑠, and the SWRC have to be known for considered soil. Three commonly used 

integral formulas from this group of models are Childs and Collis-George's (1950), Burdine's 

(1953) and Mualem's (1976) models.  

The Brooks and Corey (1964), van Genuchten (1980) and Fredlund and Xing (1994) 

are the SWRC equations that are most widely used to solve a wide range of problems in 

geotechnical engineering practice.  

By assuming that change of matric suction does not change total volume of soil, Childs 

and Collis-George (1950) suggested a model for estimating the coefficient of permeability 

based on randomly interconnected pores with a certain statistical distribution. After some 

modifications by Kunze et al. (1968), it can be written in the following form 

𝑘𝑟(𝜃𝑤) =
∫

(𝜃𝑤 − 𝜉)
𝜓2

𝜃𝑤

0
𝑑𝜉

∫
(𝜃𝑤 − 𝜉)

𝜓2
𝜃𝑠

0
𝑑𝜉

 (31) 

where 𝑘𝑟 = 𝑘𝑤/𝑘𝑠 is the relative water coefficient of permeability; 𝑘𝑤 and 𝑘𝑠 are the 

(unsaturated) coefficient of permeability respective to water phase and saturated coefficient of 

permeability, respectively, 𝜃𝑤 and 𝜃𝑠 are the volumetric and saturated volumetric water content, 

while 𝜓 and 𝜉 represent matric suction and a dummy integration variable (Agus et al. 2003). 

Fredlund et al. (1994) introduced Fredlund and Xing (1994) SWRC equation (22) into the 

Childs and Collis-George (1950) model to compute a water permeability function. By 

integrating along the entire SWRC, they proposed the following expression for calculating the 

coefficient of permeability as a function of matric suction 
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𝑘𝑤(𝜓) = 𝑘𝑠

∫
𝜃(𝑒𝑦) − 𝜃(𝜓)

𝑒𝑦
𝑏

𝑙𝑛 (𝜓)
𝜃′(𝑒𝑦)𝑑𝑦

∫
𝜃(𝑒𝑦) − 𝜃𝑠

𝑒𝑦
𝑏

𝑙𝑛 (𝜓𝐴𝐸𝑉)
𝜃′(𝑒𝑦)𝑑𝑦

 (32) 

where 𝜓𝐴𝐸𝑉 is the AEV of the soil for which hydraulic conductivity is being estimated, 𝑒𝑦 is a 

natural number raised to the dummy variable power, and 𝜃′ represent the derivative of the 

SWRC equation (22) (Fredlund et al. 2012).  

The following equation can express the Burdine (1953) model for calculation of the 

relative coefficient of permeability respective to the water phase 

𝑘𝑟(𝜃𝑤) = 𝛩2
∫

𝑑𝜃𝑤

𝜓2
𝜃𝑤

0

∫
𝑑𝜃𝑤

𝜓2
𝜃𝑠

0

 (33) 

where 𝑘𝑟 = 𝑘𝑤/𝑘𝑠 is the relative water coefficient of permeability; 𝑘𝑤 and 𝑘𝑠 are the 

(unsaturated) coefficient of permeability respective to water phase and saturated coefficient of 

permeability, respectively, Θ is the normalized volumetric water content previously defined by 

equation (10), 𝜃𝑤 and 𝜃𝑠 are the volumetric and saturated volumetric water content, while 𝜓 

denotes the matric suction. The term Θ2 is used to account for the effect of tortuosity of water 

flow path and was found to improve the prediction of permeability significantly, compared with 

the same equation where the correction factor is omitted (Agus et al. 2003; Fredlund et al. 

2012).  

By analyzing a conceptual model similar to that of the Childs and Collis-George (1950), 

Mualem (1976) proposed the following equation for the relative coefficient of permeability 

𝑘𝑟(𝜃𝑤) = 𝛩0.5 (
∫

𝑑𝜃𝑤

𝜓2
𝜃𝑤

0

∫
𝑑𝜃𝑤

𝜓2
𝜃𝑠

0

)

2

 (34) 

where 𝑘𝑟 = 𝑘𝑤/𝑘𝑠 is the relative water coefficient of permeability. Van Genuchten introduced 

his three-parameter equation (21) into Burdine’s model (1953) to obtain an equation for the 

UHCF. By fixing the relationship between two fitting parameters according to the following 

expression 

𝑚 = 1 − 2/𝑛 (35) 

van Genuchten (1980) reduced the number of fitting parameters in his SWRC equation to only 

two. In this way, the following closed-form permeability equation for calculating the coefficient 
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of permeability as a function of matric suction was obtained from Burdine’s integration 

procedure  

𝑘𝑤(𝜓) = 𝑘𝑠

1 − (𝛼𝜓)𝑛−2[1 + (𝛼𝜓)𝑛]−𝑚

[1 + (𝛼𝜓)𝑛]2𝑛
 (36) 

where 𝛼, 𝑛, and 𝑚 = 1 − 2/𝑛 are constants from the Van Genuchten (1980) SWRC equation 

(21) (van Genuchten 1980; Fredlund et al. 2012). 

Similarly, van Genuchten (1980) obtained a closed-form equation by using the 

Mualem's (1976) model. By proposing the following fixed relationship between two fitting 

parameters, 𝑛 and 𝑚 

𝑚 = 1 − 1 𝑛⁄ ;      0 < 𝑚 < 1 , (37) 

the following expression was obtained for calculating the coefficient of permeability  

𝑘𝑤(𝜓) = 𝑘𝑠

{1 − (𝛼𝜓)𝑛−1[1 + (𝛼𝜓)𝑛]−𝑚}2

[1 + (𝛼𝜓)𝑛]0.5
 (38) 

Equations (36) and (38) are commonly referred to as the van Genuchten-Burdine 

permeability equation, and the van Genuchten-Mualem permeability equation, respectively 

(van Genuchten 1980). Both the van Genuchten (1980) and Fredlund and Xing (1994b) 

expressions for estimating the UHCF of soil are commonly integrated with software products 

for modeling groundwater flow problems. Many studies (e.g., Chiu and Shackelford 1998; 

Leong and Rahardjo 1997; Agus et al. 2003; Cai et al. 2014; Rahimi et al. 2015) evaluated the 

performance of predictive methods that estimate the UHCF of soil from known SWRC and 𝑘𝑠 

against directly measured unsaturated hydraulic conductivity functions for different types of 

soil, testing conditions, and specimen preparation techniques. By using twenty sets of data 

found in literature, which included measurements of both SWRC and 𝑘𝑤(𝜓) on different soil 

types, ranging from sand to clay, Rahimi et al. (2015) concluded that the best-fit SWRC 

equation has a more significant effect on the estimation of the UHCF than the relative 

permeability equation used in calculation procedure. Agus et al. (2003) assessed the 

performance of all three previously described statistical models in combination with different 

SWRC equations. For the investigated soils (24 sets of data for different soil textures) they have 

found that all the statistical models provide reasonable estimates of the UHCFs, with a 

coefficient of determination (𝑅2) ranging from 0.60 to 0.92. For different types of soil, the best 

fit for the experimental data was generally obtained for Mualem’s (1976) model combined with 

the Fredlund and Xing (1994) SWRC equation (Leong and Rahardjo 1997; Agus et al. 2003). 
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5.2. Testing program for determination of the UHCF  

In this section measurement results for the determination of the saturated and unsaturated 

coefficient of permeability obtained on undisturbed (and disturbed) samples of residual soil 

from a flysch rock mass are presented. A constant head method was used in the standard triaxial 

apparatus and falling head method in the conventional oedometer device. SWRC measurement 

results obtained with the HYPROP device were used to calculate the coefficient of permeability 

with respect to the water phase for matric suction values up to 130 kPa. Darcy-Buckingham law 

and the extended evaporation method (Schindler et al. 2015) were used on data obtained from 

undisturbed specimens undergoing a drying process to calculate the UHCF. Finally, obtained 

𝑘𝑠 SWRC equation parameter values were used for estimation of the UHCFs of residual soil 

from a flysch rock mass undergoing the drying and wetting process. 

5.2.1. Measurements of the saturated coefficient of permeability 

Saturated hydraulic conductivity was measured on both undisturbed and remolded and 

consolidated samples in the Geotechnical laboratory at UniRi. Falling head method (ASTM 

D5084-03) was performed with a standard test for determination of one-dimensional 

consolidation properties (ASTM D 2435-96) in conventional, front-loading oedometer 

apparatus 26-WF0302 (Controls S.p.A.). Tests were performed on undisturbed specimens 

under constant total stress increments of 12, 25, 50, 100, 200, 400, and 800 kPa. Change of the 

water level in burette through time was used to calculate the saturated coefficient of 

permeability 𝑘𝑠 according to the equation  

𝑘𝑠 =
𝑎 𝐿

𝐴 ∆𝑡
𝑙𝑛 (

ℎ1

ℎ2
) (39) 

where 𝑎 refers to the cross-sectional area of the burette tube (m2), 𝐿 is the length of the specimen 

(m), 𝐴 is the cross-sectional area of the specimen (m2), ∆𝑡 is time interval (s) over which head 

loss ℎ1 to ℎ2 occurs (ASTM D5084 -03). Readings were taken only 24 hours after the 

application of load. To account for possible evaporation effects, readings were performed 

simultaneously on two burettes, where one was exposed only to the evaporation effects. 

Constant head method tests (ASTM D5084-03) were performed using the triaxial 

apparatus 28-WF4050 (Controls S.p.A.) with the ability to perform permeability measurements 

on saturated soil specimens. The test is performed using a triaxial cell fit with 5 no-volume 
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change valves: 2 for the upper drainage, 2 for the lower drainage and 1 for the water pressure 

(Wykeham Farrance 2010). Three independent pressure systems are connected to the cell: for 

the drainage line at the top of the specimen, the drainage line to the base of the specimen, and 

for the application of cell pressure. Tests were performed on undisturbed and remolded 

specimens, isotropically consolidated under different effective stress values. Remolded 

specimens were trimmed from the cake prepared from a thoroughly mixed material having a 

water content above the liquid limit and consolidated under 50 kPa of vertical stress. Saturation 

of the test specimens was performed by using the incremental saturation with back-pressure 

until 𝐵 value ≥ 0.95 was measured. As confirmed from obtained 𝐵 values, specimens trimmed 

from the cake were practically installed in the cell at the fully saturated condition. In the case 

of undisturbed samples installed with a different initial degree of saturation values, a back 

pressure value as high as 350 kPa was applied during the saturation procedure to reach the 

criteria mentioned above. In the following steps, specimens were isotropically consolidated at 

the effective stress values of 25, 50, 100, 200, and 400, by increasing the cell pressure and 

keeping the back pressure at a constant value. After every step of consolidation, at a given 

effective stress and void ratio, hydraulic conductivity was measured by applying small 

pressures difference at the top and bottom of the specimen. Specimens with a diameter of 38 

mm and diameter to length ratio of 1/2 were used in all tests, with mean values of applied 

hydraulic gradient 𝑖 equal to 6.8. The saturated coefficient of permeability was calculated at 

given effective stress and void ratio from obtained flow measurement data and applied 

hydraulic gradient according to Darcy’s low and the following equation   

𝑘𝑠 =
∆𝑄 𝐿

𝐴 ℎ ∆𝑡
 (40) 

where ∆𝑄 (m3) represents the quantity of flow for given time interval ∆𝑡 (s) over which flow 

occurs, while, ℎ denotes the average head loss across the specimen (m of water) (ASTM D5084-

03). 

Figure 45 represent devices used for determination of the saturated coefficient of 

permeability. Some details on texture difference between undisturbed and remolded specimens 

are shown in Figure 46. Obtained results are summarized in the following part. 
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Figure 45: Devices used for measurements of the saturated coefficient of permeability 𝑘𝑠 in the 

Geotechnical laboratory at UniRi: a) front-loading oedometer apparatus 26-WF0302 (Controls 

S.p.A.) (http://www.controls-group.com/eng/soil-mechanics-testing-equipment/permeability-

system-using-triaxial-cell.php); b) sketch of the permeability system using the triaxial apparatus 28-

WF4050 (Controls S.p.A.), and c) undisturbed specimen with side drains after the permeability test. 

 

(a) (b) 

(c) 
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Figure 46: Samples used for determination of the saturated coefficient of permeability: a) 

undisturbed, and b) completely remolded and consolidated. 

 

5.2.2. Measurements of the unsaturated coefficient of permeability 

The HYPROP device (HYdraulic PROPerty analyzer) can be used to provide measurements of 

the water retention curve and the hydraulic conductivity function using the extended 

evaporation method (Schindler et al. 1980). Tests were performed on undisturbed samples taken 

in a stainless steel cylinder 8 cm in diameter and 5 cm height, starting from the natural water 

content (HYPwn), or saturated inside a steel cylinder by immersion into water with (HYP1) and 

without application of a small vacuum (HYP2). Water content, the degree of saturation and the 

void ratio calculated for each specimen before and after the saturation are summarized in Table 

9. Some weight was placed on the top porous stone during the saturation stage to prevent 

possible swelling during the water imbibition. A void ratio was assumed to be constant during 

the 24 hours of saturation. 

 

 

(a) (b) 
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Table 9: Water content, the degree of saturation and void ratio for specimens tested in HYPROP 

device. 
 

  
Before saturation, at 𝑤𝑛 After saturation, before test 

Specimen 

designation 

Void 

ratio, 𝑒 

Water 

content, 𝑤 

Degree of 

saturation, 𝑆 

Water 

content, 𝑤𝑖  

Degree of 

saturation, 𝑆𝑖 

  [/] [%] [%] [%] [%] 

HYPwn 0.86 25.0 78.0 24.7 77.0 

HYP1 0.73 20.8 76.0 25.3 93.0 

HYP2 0.75 23.2 83.0 27.8 100.0 

 

The coefficient of permeability respective to the water phase can be calculated as a 

function of matric suction from the HYPROP test results according to the Darcy-Buckingham 

law according to the following expression 

𝑘𝑤(𝛹𝑚𝑒𝑎𝑛) =
∆𝑚

𝛼 𝐴 𝜌𝐻2𝑂 ∆𝑡 𝑖𝑚
 (41) 

where Ψ𝑚𝑒𝑎𝑛 is the mean tension over the upper and the lower tensiometers, geometrically 

averaged over a time interval of ∆𝑡𝑖 = 𝑡𝑖+1 − 𝑡𝑖 , with 𝑖 = 1 … 𝑛, 𝑗 = 1 … 𝑛 − 1, ∆𝑚 

representing the sample mass difference in time interval recorded by the precise scale (g), which 

is assumed to be equal to volume of water loss ∆𝑉𝑤 due to evaporation from specimen; 𝜌𝐻2𝑂 is 

density of water, assumed to be 1 (g cm-3), 𝑎 is the flux factor depending on the soil type being 

tested, 𝐴 denotes the cross-section area of specimen (cm2), and ∆𝑖𝑚 denotes the hydraulic 

gradient averaged over the time interval (Schindler et al. 2015). 

A schematic illustration of the device is shown in Figure 47, with geometric conditions 

relevant to the calculation of the permeability coefficient. The water loss from the sample due 

to evaporation is automatically recorded by placing the sample on a high-precision scale, and 

the negative water pressures are measured directly using two mini-tensiometers installed in 

predrilled holes at different heights. No volume changes were measured due to evaporation 

during the suction increase, and results are shown regarding the gravimetric water 𝑤. Cavitation 

problems associated with suction measurements performed by tensiometers usually limit the 

use of the simplified evaporation method on coarse-grained soils, and a HYPROP device is thus 

preferred for measurements on sands and silts. However, by using the tensiometer-

preconditioning procedure (Schindler et al. 2010), measurements for the SWRC and UHCF 

were obtained for the drying process up to 130 kPa of matric suction. To decrease the suction 

difference between two tensiometers, the evaporation rate was decreased by putting a screen 

around the specimen. 
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Figure 47: Schematic illustration of the HYPROP (Hydraulic PROPerty analyzer) device (Schindler 

et al. 2015). 

5.3. Test results and estimation of the UHCF 

Direct measurement results of the coefficient of permeability and the estimated UHCF are 

presented here. Results obtained from the falling head method performed in standard oedometer 

apparatus on undisturbed samples under varying values of the effective vertical stress are 

summarized in Table 10. Results obtained on undisturbed and disturbed samples consolidated 

at different mean effective stress values, by using the constant head method in standard triaxial 

apparatus with attachments for permeability tests are presented in Table 11.  

Table 10: The saturated coefficient of permeability from falling head tests performed in standard 

oedometer apparatus. 
 

Effective vertical 

stress, 𝜎𝑣 ' 

Void ratio, 

𝑒 

Coefficient of permeability,                                

𝑘𝑠 

[kPa] [/] [cm/s] [cm/day] 

25 0.87 / / 

50 0.84 1.30E-08 1.12E-01 

100 0.78 2.30E-09 1.99E-02 

200 0.72 4.60E-10 3.97E-03 

400 0.63 1.20E-10 1.04E-03 

800 0.56 6.70E-11 5.79E-04 
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Table 11: The saturated coefficient of permeability from constant head tests performed in 

conventional triaxial apparatus with attachments for permeability tests. 
 

  Undisturbed sample Remolded sample 

Mean eff. stress, 𝑝' Void ratio, 𝑒 Coeff. of permeability, ks Void ratio, 𝑒 Coeff. of permeability, ks 

[kPa] [/] [cm/s] [cm/day] [/] [cm/s] [cm/day] 

25 0.95 4.60E-08 3.97E-01 0.97 3.50E-10 3.02E-03 

50 0.90 2.79E-08 2.41E-01 0.93 1.64E-10 1.42E-03 

100 0.85 2.71E-09 2.34E-02 0.88 4.98E-11 4.30E-04 

200 0.80 3.02E-10 2.61E-03 0.81 2.50E-12 2.16E-05 

400 0.75 9.39E-11 8.11E-04 / / / 

 

All measurement results of permeability in saturated conditions are summarized 

respective to the effective vertical stress, in case of the oedometer apparatus, or mean stress, in 

case of the triaxial apparatus in Figure 48. Variations of the saturated coefficient of permeability 

with a change in the void ratio are summarized in Figure 49. 

Calculated values of the coefficient of permeability respective to the water phase 

obtained with the HYPROP evaporation method device (Decagon Devices Inc.) are shown in 

Figure 50, along with the saturated coefficient of permeability values. As expected, the lowest 

conductivity values under negative pore water pressures were obtained for sample starting from 

the natural water content, although it had a higher void ratio than two samples which were 

saturated prior testing. A somewhat greater scatter in measurement results for HYP1 and HYP2 

tests is due to reduced evaporation rate and temperature effects. Although the heterogeneity of 

samples could affect measurement results and, due to the duration and costs, the number of 

performed tests is relatively low, the results obtained on undisturbed samples greatly differ from 

those obtained on disturbed samples. The latter suggests that use of undisturbed samples should 

be preferred when measuring hydraulic properties of the residual soil from a flysch rock mass. 

For example, the coefficient of saturated permeability was found to be around two orders of 

magnitude lower for remolded samples. Although the degree of saturation was not measured 

with the HYPROP evaporation method device, results seem to agree reasonably well with the 

measurements performed on saturated specimens and, in general, the coefficient of permeability 

decreases as the matric suction is increased during the test. Finally, the saturated coefficient of 

permeability value of 𝑘𝑠= 4.60E-08 m/s was adopted along with the SWRC equation parameters 

obtained for the drying and wetting process to estimate the UHCF of the soil. Van Genuchten-

Mualem (1980) and Fredlund and Xing (1994) models were used to predict the UHCF 

according to equations (38) and (32), respectively. Results are shown in Figure 51.  
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Figure 48: The saturated coefficient of permeability vs. effective (vertical or mean) stress for 

undisturbed and remolded samples of residual soil from a flysch rock mass. 
 

 

Figure 49: The saturated coefficient of permeability vs. void ratio for undisturbed and remolded 

samples of residual soil from a flysch rock mass. 
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Figure 50: Coefficient of permeability respective to the water phase calculated from the HYPROP 

evaporation method device (Decagon Devices Inc.). 
 

 

Figure 51: The UHCFs of residual soil from a flysch rock mass estimated from the drying and 

wetting SWRCs and the saturated coefficient of permeability 𝑘𝑠 obtained for undisturbed samples.
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6. UNSATURATED SHEAR STRENGTH 

 

This chapter provides a detailed overview of the unsaturated shear strength theory and 

methodology used to determine the influence of negative pore-water pressure on shear strength 

characteristics of the investigated soil. The effective stress approach, the independent state 

variables approach, and some more recently developed concepts are presented. Results obtained 

in previous studies, where shear strength properties of completely disturbed and consolidated 

flysch samples from the Rječina River Valley were investigated in conventional direct shear 

and ring shear apparatuses, are summarized as well. Procedures and laboratory devices used in 

this study for determination of the shear strength properties in saturated and unsaturated 

conditions are described. The obtained results are interpreted and some general conclusions on 

the influence of the matric suction on the behavior of the investigated material during shearing 

are drawn. The chapter is concluded by presenting and interpreting the results obtained from 

the long-lasting wetting test.
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6.1. Literature overview 

The shear strength of unsaturated soils is one of the fundamental properties required when 

dealing with a wide range of geotechnical problems, including the slope stability problems 

during rainfall infiltration. Since the bearing capacity of the soil, the design of foundations, 

earth slopes, retaining walls, or pavement constructions often depend on unsaturated soil shear 

strength, this topic has occupied an important position in the unsaturated soil mechanics for the 

last few decades. New theories, models, and equations trying to describe the influence of matric 

suction and different components of pore-water on the shear strength of soil are still being 

developed. Some of the equations that predict shear strength of partially saturated soils were 

obtained through regression analyses of experimental data (e.g., Gan et al. 1988; Fredlund et 

al. 1996) while others were embedded into constitutive models describing the behavior of 

unsaturated soils (e.g., Alosno et al. 1990; 2010).  

Two basic approaches have been used extensively to determine the shear strength of 

unsaturated soils: the effective stress approach (Bishop 1959) and the independent state 

variables approach (Fredlund and Morgenstern 1977). Lu and Likos (2006) introduced the 

suction stress concept, which basically generalizes Bishop's effective stress approach by taking 

into account all of the possible interparticle mechanisms which affect the effective stress in 

unsaturated soils. Limitations and advances of these approaches together with numerous 

modifications that have been proposed in the recent literature are discussed below. 

Although basically every conventional device for determination of shear strength 

properties in saturated conditions was successfully modified for testing in unsaturated 

conditions (e.g., modified ring shear apparatus Sedano et al. 2007; Hoyos et al., 2014; modified 

resonant column device Qian et al. 1991; Khosravi and McCartney, 2011), direct shear and 

triaxial apparatuses modified to implement the axis-translation technique are the laboratory 

devices most commonly used to investigate the influence of the matric suction on shear strength 

properties of unsaturated soil. Several general observations on the shear strength of unsaturated 

soils can be summarised according to numerous shear strength studies that have been 

undertaken, disregarding of the used approach, equation or device to describe the unsaturated 

shear strength of soil (e.g., Escario and Saez 1986; Gan et al. 1988; Vanapalli et al. 1996; 

Wheeler and Sivakumar 2000; Cunningham et al. 2003): 
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i) Under the same net vertical stress (or confining pressure), higher matric suction 

generally results in higher shear strength (Figure 52). An exception could be coarse-

grained or silty soils when matric suction value is increased above the residual water 

content conditions (e.g., Vanapalli et al. 1996). 

ii) Under the same matric suction, higher net vertical stress (or confining pressure) 

results in higher shear strength (Figure 52). 

iii) The relationship between shear strength and the matric suction is nonlinear: at low 

matric suction levels below the AEV of soil, when most of the voids are filled with 

water, the shear strength increases most rapidly (for example, 𝜙𝑏 ≈ 𝜙′). When 

matric suction is increased above the AEV of soil, the shear strength envelope 

gradually flattens or even decreases at high suctions (Sheng et al. 2011). 

 

Figure 52: Relationship between shear strength and matric suction for different values of net stress 

(Kim et al. 2010). 
 

Another important topic regarding the shear strength properties for soil in unsaturated 

conditions is a sample preparation technique. Fredlund et al. (2012) emphasize that to be 

considered identical, samples should be prepared at the same initial water content and with the 

same compaction effort. After this, specimens can be consolidated under a range of applied 

stress conditions and shear to obtain relevant strength parameters. All published test results can 

be classified into three main categories concerning specimen preparation procedure (Sheng et 

al. 2011): 

i) Slurry soil can be first consolidated to a desired effective stress value. Following 

this, specimens are allowed to air-dry to a certain suction level or to reach 

equilibrium conditions by imposing desired value of matric suction. Finally, 
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specimens are shared under the constant matric suction value or constant water 

content. 

ii) Compacted specimens are prepared by using the static or dynamic compaction 

technique of soil that has been pre-mixed with a certain quantity of water. For a 

known initial water content, the matric suction can be controlled or measured during 

the shear stage of the test.  

iii) Using the undisturbed samples taken from the field. Sheng et al. (2011) highlight 

the need for further research on undisturbed specimens since laboratory research 

studies performed using the undisturbed specimens are rare. 

 

6.1.1. Unsaturated shear strength based on the effective stress approach 

Among the earliest attempts of applying Terzaghi’s (1943) effective stress principle to 

unsaturated soils are those of Bishop (1954, 1959) and Bishop and Blight (1963). The 

expression commonly referred to as Bishop’s effective stress equation for unsaturated soils is a 

modification of Terzaghi’s effective stress equation. Bishop (1959) modified the pore water 

pressure term by introducing the effective stress parameter 𝜒, proposing the following form of 

the equation for effective stress in partially-saturated soil 

𝜎′ = (𝜎 − 𝑢𝑎) +  𝜒(𝑢𝑎 − 𝑢𝑤) (42) 

where 𝜎′ and 𝜎 are the effective and total stress (kPa), the difference between total stress σ and 

air pressure 𝑢𝑎 represents the net stress (𝜎 − 𝑢𝑎), the difference between the air and water 

pressure 𝑢𝑤 represents a matric suction (𝑢𝑎 − 𝑢𝑤), while 𝜒 is called the coefficient of effective 

stress which is a constitutive property of soil related to the water content of soil.  

Bishop proposed that the effective stress parameter is simply a degree of saturation (𝜒 =

𝑆), ranging between 1 and 0 for saturated or completely dry soil, respectively. In the case of 

completely saturated soil (𝜒 = 𝑆 = 1), the term representing air pressure 𝑢𝑎 vanishes and the 

equation (42) reduces to Terzaghi’s effective stress equation 

𝜎′ = 𝜎 − 𝑢𝑤. (43) 

In the case of dry soil (𝜒 = 𝑆 = 0), matric suction term vanishes and the effective stress 

becomes equal to the difference between total stress and pore air pressure 

𝜎′ = 𝜎 − 𝑢𝑎 . (44) 
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Although the matric suction can be measured or controlled with a certain degree of 

confidence, to date it is not possible to directly measure a change of the effective stress in soil 

due to change in matric suction. Consequently, the effective stress parameter 𝜒 cannot be 

determined directly from the equation (42) (Lu and Griffiths 2004). However, Bishop (1954) 

proposed an indirect way to obtain the effective stress parameter from the stress conditions at 

failure. The following shear strength equation is obtained by substituting the effective stress 

expression (42) into the conventional Mohr-Coulomb failure criteria 

𝜏𝑓 = 𝑐′ + [(𝜎 − 𝑢𝑎) +  𝜒(𝑢𝑎 − 𝑢𝑤)]𝑡𝑎𝑛𝜙′ (45) 

where 𝜏𝑓is the shear strength of unsaturated soil, 𝑐′ is effective cohesion, 𝜙′ is the effective 

angle of internal friction, while (𝜎 − 𝑢𝑎) and (𝑢𝑎 − 𝑢𝑤) are the net normal stress and matric 

suction at failure, respectively. The latter two can be obtained at the failure by using, for 

example, the axis translation technique in modified direct shear or triaxial apparatus.  

For a known SWRC of the soil, relating the matric suction with the degree of saturation, 

a one-to-one relationship between the effective stress parameter 𝜒 and the degree of saturation 

𝑆 can be established (Lu and Likos 2004). By rearranging the equation (45), the following 

expression for the effective stress parameter is obtained 

𝜒 =
𝜏𝑓 − 𝑐′ − (𝜎 − 𝑢𝑎)𝑡𝑎𝑛𝜙′

(𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙′
 . (46) 

Following the above-described approach and shear strength results obtained by using 

the modified direct shear apparatus, Bishop (1959) proposed a slightly nonlinear form of the 

effective stress parameter shown in Figure 53, along with some more recent solutions offered 

by various other authors. 

Although the effective stress approach is commonly used in case of saturated soils, 

Bishop’s proposal of the effective stress formulation has encountered several difficulties to 

quantify the contribution of the matric suction to the effective stress of unsaturated soil 

(Seboong and Lu 2014). For example, by performing a series of consolidation tests on various 

soils, Jennings and Burland (1962) concluded that the effective stress principle could not 

explain the collapse phenomenon of unsaturated soil upon wetting. The non-existence of the 

unique relationship between the effective stress parameter and the saturation degree (Coleman 

1962), and the fact that the effective stress equation (42) contains the parameter which is 

material property (Fredlund and Morgenstern 1977) are limitations which are often noted in the 

literature. Lu et al. (2010) emphasized that in case of fine-grained soil in a relatively dry state, 
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the effective stress due to high suction (i.e., suction stress) could be as high as several thousand 

kPa and it is unphysical that the effective stress parameter is bound to be zero or extremely 

small (for example, see Figure 61 b). 

Several authors proposed modifications in the formulation of Bishop’s effective stress 

parameter. For example, Vanapalli et al. (1996) make use of the SWRC and the saturated shear 

strength parameters to develop a model for predicting the unsaturated shear strength of soil. 

The expressions (47) and (48) are referred to as the “first approach ” and the “second approach” 

𝜏𝑓 = [𝑐′ + (𝜎 − 𝑢𝑎)]𝑡𝑎𝑛𝜙′ +  (𝑢𝑎 − 𝑢𝑤)[(𝛩𝜅)(𝑡𝑎𝑛𝜙′)] , (47) 

𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎) 𝑡𝑎𝑛𝜙′ +  (𝑢𝑎 − 𝑢𝑤) [(
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
) (𝑡𝑎𝑛𝜙′)] (48) 

where Θ = 𝜃 𝜃𝑠⁄  is normalized water content, and 𝜅 is a fitting parameter (Vanapalli et al. 

1996). 

 

Figure 53: Various forms for the effective stress parameter as a function of the degree of saturation 

(modified from Lu and Likos 2006). 
 

Based on the regression analysis of experimental data from the literature, Khalili and 

Khabbaz (1998) proposed the following formulation of the effective stress parameter 

 

“first approach“  

“second approach“ 

(Vanapalli et al. 1996) 

1996) 
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𝜒 = 1  ;                             (𝑢𝑎 − 𝑢𝑤) < (𝑢𝑎 − 𝑢𝑤)𝐴𝐸𝑉

𝜒 =
(𝑢𝑎 − 𝑢𝑤)𝐴𝐸𝑉

(𝑢𝑎 − 𝑢𝑤)

𝑟

;   (𝑢𝑎 − 𝑢𝑤) ≥ (𝑢𝑎 − 𝑢𝑤)𝐴𝐸𝑉  .
 (49) 

where (𝑢𝑎 − 𝑢𝑤)𝐴𝐸𝑉 is a matric suction at the AEV of soil and 𝑟 is a material parameter which 

was found to best fit with experimental results if set 𝑟 = −0.55. 

Tarantino and Tombolato (2005) concluded from experimental data that the effect of 

water menisci has a negligible impact on the ultimate shear strength and suggest that the 

ultimate shear strength should be modeled by using the degree of saturation of the macropores, 

𝜒 = 𝑆𝑀 

𝜒 = 𝑆𝑀 =
𝜃 − 𝜃𝑚

𝜃𝑠 − 𝜃𝑚
 . (50) 

However, all these approaches are fundamentally the same since they make use of the 

SWRC to relate the matric suction and degree of saturation (Lu and Griffiths 2004). Another 

group of authors (Lu and coworkers) invoke the effective stress approach: the effective stress 

parameter 𝜒 is omitted, and the concept of suction stress is used to define the effective stress.  

6.1.2. Unsaturated shear strength based on the independent state variables 

approach 

A different approach for the determination of the stress state in unsaturated soil was 

provided by Fredlund and Morgenstern (1977), following the previous theoretical and 

experimental findings from, e.g., Coleman (1962), Bishop and Blight (1963) and Matyas and 

Radhakrishna (1968), who first introduced the concept of “state parameters” in describing the 

volume change behavior of unsaturated soils. Following the results of null tests, Fredlund and 

Morgenstern (1977) concluded that any two of three stress variables: (1) (𝜎 − 𝑢𝑎); (2) 

(𝜎 − 𝑢𝑤), or (3) (𝑢𝑎 − 𝑢𝑤) are sufficient to fully represent the stress state in unsaturated soil. 

However, if the in-situ conditions are considered, the pore-air pressure in soil 𝑢𝑎 is generally 

assumed to be equal to the atmospheric pressure, while the distribution of pore-water pressure 

in soil profile depends on local conditions, such as groundwater table, vegetation influence or 

flux conditions occurring at the interface between soil surface and atmosphere. The latter can 

be estimated or measured by means of direct or indirect methods. In case of the laboratory 

conditions, it is preferable to keep air pressure at some constant value (usually above the 

atmospheric pressure in case of the axis translation technique) and control or measure matric 
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suction value by changing the pore-water pressure 𝑢𝑤. In this way, the influence of the air 

compressibility on the test data is reduced as well (Jommi 2000; Fredlund et al. 2012). 

Considering the above, the following two stress variables are commonly adopted in unsaturated 

soil mechanics to represent the stress state: net stress (𝜎 − 𝑢𝑎) and matric suction (𝑢𝑎 − 𝑢𝑤). 

Stress state at the point based on surface tractions extracted from the soil structure force 

equilibrium equation for unsaturated soil is shown in Figure 54, along with the two independent 

stress tensor (Fredlund et al. 2012). In the case when matric and osmotic suction influence the 

unsaturated soil behavior equally, both quantities should be included in the soil suction stress 

tensor (i.e., (𝑢𝑎 − 𝑢𝑤) + 𝜋) (Fredlund et al. 2012). 

Following the independent stress state variables approach to define stress state in 

unsaturated soil, Fredlund et al. (1978) extended the Mohr-Coulomb failure criterion to 

unsaturated soils, obtaining the following equation  

𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏 (51) 

where 𝑐′ represent the “effective cohesion” located on the extended M-C failure envelope as 

the intercept on the shear stress axis where the net normal stress and the matric suction at failure 

are equal to zero, while (𝜎 − 𝑢𝑎) and (𝑢𝑎 − 𝑢𝑤) represent the net normal stress state and matric 

suction on the failure plane at failure, 𝜙′ is the angle of internal friction associated with the net 

normal stress state variable, while 𝜙𝑏 represents the contribution to the shear strength due to 

matric suction, and is generally a function of matric suction. The extended Mohr-Coulomb 

failure envelope for the unsaturated soils and definition of values from the equation (51) are 

shown in Figure 55. 

               

Figure 54: Stress state at the point of the unsaturated element of soil and two independent stress 

tensors: net stress and matric suction (modified from Fredlund et al. 2012). 
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Figure 55: Extended Mohr-Coulomb failure envelope for unsaturated soils (from Ng and Menzies 

2007 after Fredlund and Rahardjo 1993). 
 

The three-dimensional failure envelope can be observed in two two-dimensional planes: 

net normal stress vs. shear stress plane parallel to matric suction axis provides contour lines of 

the failure envelope defining values of the angle of internal friction 𝜙′ and the effective 

cohesion 𝑐′ for saturated conditions, (𝑢𝑎 − 𝑢𝑤) = 0 or apparent cohesion 𝑐 (Taylor 1948) for 

(𝑢𝑎 − 𝑢𝑤) > 0, where apparent cohesion is defined, according to Figure 55, by the expression 

𝑐 = 𝑐′ + (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏 (52) 

Another plot can be provided for matric suction vs. shear stress plane. This plot provides 

a relationship between the angle indicating the rate of increase in shear strength 𝜙𝑏 with respect 

to a change in matric suction, representing the contribution to the shear strength due to matric 

suction (Fredlund et al. 2012).  

Although a linear relationship between 𝜙𝑏 and (𝑢𝑎 − 𝑢𝑤) might exist over a limited 

range of matric suction values, where linear approximation of shear strength provided by the 

equation (51) can be adopted, experimental results obtained for wide range of suctions on 

different types of soil (e.g., Escario and Saez 1986; Gan and Fredlund 1988; Vanapalli et al. 

1996; Huat et al. 2005; Kim et al. 2010; or Marinho et al. 2013) showed a non-linear relationship 

between 𝜙𝑏 and an increase in shear strength of unsaturated soil with respect to matric suction 

(𝑢𝑎 − 𝑢𝑤). Results obtained by Gan et al. (1988) are shown in the Figure 56 in terms of the 

failure envelope obtained from unsaturated glacial till in a) shear stress 𝜏 vs. matric suction 

(𝑢𝑎 − 𝑢𝑤) plane and b) corresponding 𝜙𝑏 values.  
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Figure 56: Shear strength results obtained from unsaturated glacial till specimens GT-16-N4 using 

the modified direct shear apparatus: a) failure envelope on 𝜏 vs. (𝑢𝑎 − 𝑢𝑤) plane and b) 

corresponding ϕb values (Gan et al. 1988). 
 

Again, the observed dependency between the shear strength of unsaturated soil and the 

amount of water contained in soil pores was used through the SWRC to develop various models 

that describe the relationship between shear strength and matric suction (e.g., Vanapalli et al. 

1996 or Fredlund et al. 1996). Vanapalli et al. (1996) described the relationship between the 

SWRC and the shear strength of an unsaturated soil with respect to the matric suction. First, the 

authors have modified the original concept proposed by White et al. (1970), defining three 

characteristic zones of desaturation on the SWRC, namely: the boundary effect stage, the 

transition stage (primary and secondary) and the residual stage (Vanapalli et al. 1996). 

Following this, the authors explain the variation of water area for defined stages of the SWRC 

and relate it to the rate of change in shear strength. They propose that a linear increase in shear 

strength exists up to the AEV of soil when a nonlinear increase in shear strength commences. 

Finally, they suggest that the shear strength of an unsaturated soil may increase, remain constant 

or decrease when suction is increased beyond the residual conditions (Vanapalli et al. 1996). 

The generally anticipated shear strength response expected for a wide range of soil textures is 

summarized in Figure 57. 

Finally, the authors interpret that decrease or absence of significant increase in shear 

strength of coarser soils (such as sands or silts) might be due to the low water content at higher 

values of matric suction (i.e., at residual conditions), which disables effective transmission of 

matric suction on soil particles. At the same time, in case of clayey soil, considerable amounts 

of water might exist at high values of matric suction and, thus, a contribution of the matric 

suction might result in a significant increase of shear strength of clayey soil (Vanapalli et al. 

1996). 

However, it seems that the independent stress state variable approach has found only 

limited application in engineering practice. The need for defining the nonlinear soil property 

𝜙𝑏 over a wide range of suctions usually implies a large number of experimental procedures 

(a) (b) 
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and possible uncertainties in obtained results (Khalili and Khabbaz 1998; Lu et al. 2010; Nuth 

and Laloui 2008). Even more, whether the matric suction is a stress variable and the physical 

basis for the additional shear strength parameter 𝜙𝑏 are disputed (Lu 2008). A major theoretical 

and practical obstacle is that two independent stress state variable approach cannot be simply 

reconciled within the context of classical mechanics for saturated soil, where the effective stress 

is a single stress variable which can be used to describe both the shear strength (for example, 

limit state) and deformation (for example, consolidation) analyses Lu et al. (2010). 

 

Figure 57: Relationship of SWRC to shear strength envelope for different types of soil: a) 

desaturation zones along the SWRC, and b) variation in shear strength envelopes for different soils 

in different desaturation zones (Fredlund et al. 2012).  

6.1.3. The “suction stress” concept 

To overcome problems associated with experimental determination and theoretical justification 

of the effective stress parameter 𝜒, non-uniqueness of 𝜒 = 𝑓(𝑆) and the shortcomings 

mentioned above of the independent stress state variable approach, Lu and Likos (2006) 

introduce the concept of “suction stress”. They use a series of particle-scale force analyses to 

distinguish and conceptualize three types of forces that exist and can affect mechanical behavior 

of saturated and unsaturated soil (e.g., Bolt 1956; Lambe 1960; Skempton, 1960; Bishop 1959; 

(a) 

(b) 
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Mitchel 1976): (1) active “skeletal” forces which are propagated through the soil grains; (2) 

active “local” forces which are concentrated at or near the interparticle contacts; and (3) passive 

particle-particle contact forces which counterbalance forces arising from (1) and (2) (Lu and 

Likos 2006). They propose that the second type of forces, including the van der Waals, electrical 

double-layer, cementation, surface tension, and forces arising from the negative pore-water 

pressure, can be conceptually united into macroscopic stress, named “suction stress”. They 

define the suction stress characteristic curve (SSCC), which describes the relationship between 

suction stress and the degree of saturation, water content or matric suction. 

Local interparticle forces (2) in saturated soil depend jointly on both physical and 

chemical properties of the soil-water system (e.g., mineralogy, surface area, pore-water 

chemistry) and include van der Waals attraction, electrical double-layer repulsion, and the net 

attraction forces arising from chemical cementation at the grain contacts (Lu and Likos 2006). 

Besides these local interparticle physicochemical forces, additional attractive forces exist in 

partially saturated soil, arising from surface tension and typically negative pore-water pressure 

(Lu and Likos, 2006). Each of the above forces (2), which may be considered “active” in nature 

and independent from the external forces controlling the total stress and pore water pressure, 

are counterbalanced by “passive” particle-to-particle contact forces (3). As a result, local 

interparticle forces (2) do not propagate through the granular skeleton. Lu and Likos (2006) 

conclude that this is probably the reason why they are not explicitly considered in the 

macroscopic conceptualization according to Terzaghi’s effective stress formulation and 

equation (43), which accounts only for the active “skeletal” forces (1). Another reason why in 

saturated soil local interparticle forces do not need to be explicitly considered in the expression 

for the effective stress is the general assumption that pore fluid chemistry and the strength of 

cementation bonds remain relatively constant over a wide range of stress variations (Lu and 

Likos 2006).  

Simple one-dimensional microscopic interparticle force and stress equilibrium analysis 

provided by Lu and Likos (2006) is shown in Figure 58.The forces included in the analyses are: 

𝐹𝑡 representing the active “skeletal” forces (1) due to self-weight or external loading; 𝐹𝑝𝑐 

representing local physicochemical forces (2) and includes for van der Waals attraction (𝐹𝑣𝑑𝑤), 

electrical double-layer repulsion (𝐹𝑒𝑑𝑙), and chemical cementation effects (𝐹𝑐𝑒); and 𝐹𝑐 

accounting for passive counterbalancing forces (3) (Lu and Likos 2006). If external force 𝐹𝑡 is 

set equal to zero, system in Figure 58 b) results with the following equilibrium condition 

𝐹𝐶0 = 𝐹𝑣𝑑𝑤 + 𝐹𝑒𝑑𝑙 + 𝐹𝑐𝑒 = 𝐹𝑝𝑐 (53) 
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and forces (2) and (3) are mutually counterbalanced. Normalization with the cross-sectional 

area 𝐴 of the REV (Figure 58 a), leads to the expression for the σc0 which is physically equal 

to the intergranular bonding stress that provides cohesion in saturated soil (Lu and Likos 2006) 

𝜎𝐶0 = 𝜎𝑝𝑐. (54) 

If external force 𝐹𝑡 and pore water pressure are considered, the force equilibrium 

becomes 

𝐹𝑡+𝐹𝑝𝑐 − 𝐹𝐶 − 𝑢𝑤𝐴 = 0 (55) 

from which the equation previously derived by Lambe and Whitman (1969) and Mitchell 

(1976) follows 

𝜎𝐶 = 𝜎𝑡 − 𝑢𝑤 + 𝜎𝑝𝑐. 
(56) 

The above equation states that the net interparticle stress σc is equal to the sum of 

Terzaghi’s effective stress defined by the equation (43) and the interparticle physicochemical 

stress. As the soil desaturates, physicochemical forces dramatically change and additional local 

force components arise: a distributed force due to pore-air pressure 𝑢𝑎, a local capillary force 

due to surface tension 𝐹𝑐𝑎𝑝, and a local hydrostatic force due to negative water pressure (Lu and 

Likos 2006).  

 

 

Figure 58: Microscopic representation of interparticle force equilibrium: a) and b) REV for 

saturated; c) and d) REV for an unsaturated fine-grained soil system (Lu and Likos 2006).  

 

  

 

(a) (b) (c) (d) 
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Finally, according to the mechanical equilibrium of the forces considered in Figure 58, 

the following equations are obtained (Lu and Likos 2006) 

𝐹𝑡

𝐴
+

𝐹𝑝𝑐

𝐴
+

𝐹𝑐𝑎𝑝

𝐴
−

𝐹𝑐

𝐴
− 𝑢𝑤

(𝐴 − 𝐴𝑎)

𝐴
− 𝑢𝑎

𝐴𝑎

𝐴
= 0, (57) 

and 

𝜎𝐶 = 𝜎𝑡 − 𝑢𝑤 + 𝜎𝑝𝑐 + 𝜎𝑐𝑎𝑝 + (𝑢𝑎 − 𝑢𝑤) (1 −
𝐴𝑎

𝐴
), (58) 

where Aa = A − Aw represent projected area where the air phase exists. By setting the 

(1 −
Aa

A
) = 𝜒 in the last equation, the equation proposed by Bishop (42) with two additional 

terms accounting for interparticle stress due to physicochemical forces or forces arising due to 

a surface tension was obtained.  

By using the analytical equations from various authors (e.g., Verwey and Overbeek 

1948; Ingles 1962; Rosen 1989; van Olphen 1991; Israelachvili 1992; Shaw 1992; Santamarina 

et al. 2001; Cho and Santamarina 2001; Lu and Likos 2004), Lu and Likos (2006) delineate 

upper boundaries of magnitude of different interparticle stress components as a function of 

particle size (Figure 59 a) and degree of saturation (Figure 59 b). 

Considering the above microscopic analysis, Lu and Likos (2006) finally propose the 

following expression for the intergranular stress in unsaturated soil 

𝜎𝐶 = 𝜎′ = 𝜎𝑡 − 𝑢𝑤 + 𝜎′
𝑠 + 𝜎𝐶0, (59) 

where σ′
s is called “suction stress”, a term conceptualized as the resultant of interparticle 

physicochemical stresses arising from cementation, van der Waals attraction, double-layer 

repulsion, capillary stress arising from the surface tension and negative pore-water pressure: 

𝜎′
𝑠 = 𝜎𝑝𝑐 + 𝜎𝑐𝑎𝑝 + 𝜒(𝑢𝑎 − 𝑢𝑤) − 𝜎𝐶0 . (60) 

Again, each of these components forming the suction stress is a function of water 

content, the degree of saturation, or matric suction, and thus the suction stress is a characteristic 

function of the soil-water system described by a SSCC (Lu and Likos 2006).  
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Figure 59: Conceptual behavior and magnitude of the interparticle stress components as a function 

of a) particle size, and b) degree of saturation (Lu and Likos 2006). 
 

To be more consistent with Terzaghi’s effective stress equation (43) and previously 

defined “apparent cohesion” in Mohr-Coulomb failure criterion defined by the equation (52), 

Lu and Likos (2006) propose the following expression for the suction stress σ′
s 

𝜎′
𝑠 = 𝜎𝑠 − 𝜎𝐶0  (61) 

where σs is the “uncorrected” suction stress and σC0 apparent tensile stress at saturated state. 

Finally, they provide a conceptual illustration of suction and suction stress variation in 

the unsaturated state by describing four regimes that have been identified to differentiate the 

state of saturation and the dominant water adsorption mechanisms active within each (Figure 

60). Since the system remains saturated under negative pore-water pressure, suction stress is 

equal to the matric suction within Regime I (Figure 60 c), while physicochemical interparticle 

stress remains constant. The start of the Regime II is characterized by the matric suction values 

exceeding the AEV of soil. Existing pore water is mainly retained by capillary forces and the 

capillary interparticle stress develops with ongoing desaturation of soil. The rate of desaturation 

of soil due to the increase in matric suction and related rate of increase of capillary stress and 

corresponding suction stress, depends on the soil type, while the physicochemical interparticle 

stress changes only moderately. Rapid changes in physicochemical stress are characteristics of 

the Regime III, while changes in the capillary stress strongly depend on the soil type. As shown 

in Figure 60 b, capillary stress and corresponding suction stress remains relatively unchanged 

for sands while continuously increases for clays. Finally, for the Regime IV, residual water is 

retained in soil mainly as the absorbed water on particle surfaces as water of hydration, and 

further increase in matric suction causes only small changes in water content of soil. Again, the 

suction stress within this zone depends on the soil type: it may diminish to zero for sandy soil 

or reach several hundred kPa for clayey soil, as shown in the Figure 60 c (Lu and Likos 2006).  

(a) (b) 
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Figure 60: Conceptual illustration of behavioral regimes for a) SWRC; b) SSCCs for sand and clay 

in the form σ′
s(𝜃); and c) in the form σ′

s(ua − uw) (Lu and Likos 2006). 
 

Shear strength test results performed at varying matric suction values can be used to 

define SSCC, while the intergranular stress (or true effective stress) can be calculated from the 

equation (59). Lu et al. (2009) used the suction stress concept (Lu and Likos 2006) to develop 

a theory for the tensile strength of moist granular materials. By using the experimental results 

from direct tension tests (Kim 2001; Lu et al. 2005; 2007) obtained on Ottawa Sand, Perth Sand 

and Esperance Sand, they showed that the suction stress concept can accurately predict the 

tensile strength of moist granular materials if the frictional characteristics (𝜙) and SWRC of the 

material are known. Lu et al. (2010) derived a closed-form equation for the SSCC as a function 

of either soil saturation or matric suction, using a working hypothesis formed on the basis of 

(a) 

(b) 

(c) 
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experimental observations and thermodynamic justifications. In their work, they focused on a 

regime where water is held in soil dominately by capillary effects, and changes in residual water 

content 𝑉𝑟 are ignored. “Free” capillary water 𝑉𝑓 is a part of the total water in soil 𝑉𝑤: 

𝑉𝑓 = 𝑉𝑤 − 𝑉𝑟 . (62) 

Assuming that for the case when Vw > Vr, small deformations do not change the volume 

of solid particles or tightly bound residual water, they obtained that the ratio of the free water 

volume Vf to the total available (Vv − 𝑉𝑟), where Vv is the volume of voids, is defined by the 

effective degree of saturation, Se (Lu et al. 2010) 

𝑆𝑒 ≡
𝑆 − 𝑆𝑟

1 − 𝑆𝑟
≡

𝑉𝑓

𝑉𝑣 − 𝑉𝑟
 . (63) 

Assuming that the effective saturation 𝑆𝑒 remains constant and introducing some 

additional simplifications, Lu et al. (2010) obtained the following approximation for the suction 

stress for considered case Vw > Vr 

𝜎𝑠 = −(𝑢𝑎 − 𝑢𝑤)𝑆𝑒 . (64) 

The obtained equation is very similar to that proposed by Bishop (𝜒 = 𝑆), except in part 

where the residual water content is removed from the tensile stress (𝜒 = 𝑆𝑒). By using the 

above equation, they finally propose the expression to quantify effective stress as an extension 

of Bishop’s and Terzaghi’s effective stress for all saturations (Lu et al. 2010) 

𝜎′ = (𝜎 − 𝑢𝑎) − [−𝑆𝑒(𝑢𝑎 − 𝑢𝑤)] = (𝜎 − 𝑢𝑎) − 𝜎𝑠 (65) 

Finally, Lu et al. (2010) use van Genuchten’s (1980) SWRC model to obtain a closed-

form expression for suction stress 𝜎𝑠
′ (𝑆𝑒) and  𝜎𝑠

′ (𝑢𝑎 − 𝑢𝑤) for the full range of saturation or 

matric suction 

𝜎𝑠
′ = −

𝑆𝑒

𝛼

′

(𝑆𝑒

𝑛
1−𝑛 − 1)

1
𝑛

, 0 ≤ 𝑆𝑒 ≤ 1,  (66) 

and 

𝜎𝑠
′ = −(𝑢𝑎 − 𝑢𝑤), (𝑢𝑎 − 𝑢𝑤) ≤ 0  

(67) 

𝜎𝑠
′ = −

(𝑢𝑎 − 𝑢𝑤)

(1 + [𝛼 (𝑢𝑎 − 𝑢𝑤)]𝑛)
𝑛−1

𝑛

, (𝑢𝑎 − 𝑢𝑤) ≥ 0 . (68) 

This way, Lu et al. (2010) obtained an equation (68) where the effective stress in 

unsaturated soil is solely a function of suction and can be determined either from the shear 
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strength test results or known SWRC parameters. If the latter two equations are substituted into 

equation (65), the closed-form effective stress equation is obtained which provides a smooth 

transition from an unsaturated state to a saturated state 

𝜎′ = 𝜎 − 𝑢𝑎 + (𝑢𝑎 − 𝑢𝑤), (𝑢𝑎 − 𝑢𝑤) ≤ 0, 
(69) 

𝜎′ = (𝜎 − 𝑢𝑎) +
(𝑢𝑎 − 𝑢𝑤)

(1 + [𝛼 (𝑢𝑎 − 𝑢𝑤)]𝑛)
𝑛−1

𝑛

, (𝑢𝑎 − 𝑢𝑤) ≥ 0 
(701) 

The above closed-form suction stress equations (68) proposed by Lu et al. (2010) are 

used in the following part to show general characteristics of SSCCs for different soil textures 

(i.e., sand, silt, and clay) and the interrelationship with the SWRC. Values of the van 

Genuchten’s SWRC model parameters were obtained by fitting the experimentally obtained 

results of SWRC measurements performed on varying types of soil and using various testing 

devices and techniques (e.g., van Genuchten 1980; Rawls et al. 1982; Carsel and Parrish 1988; 

etc.). Table 12 shows the adopted values of van Genuchten’s SWRC model parameters, which 

are representative of sand, silt, and clay, along with the previously defined parameter values of 

the investigated material. The designations Flysch RS-d and Flysch RS-w indicate residual soil 

from a flysch rock mass parameter values derived for the drying and wetting path, respectively. 

Graphs were plotted using the MathCad 15.0 (Parametric Technology Corporation Inc.). Figure 

61 shows that, in case of clayey soil, the suction stress can be very high as matric suction 

increases and the degree of saturation goes to zero, changing the behavior of soil from plastic 

to very brittle and difficult to break. Lu and Likos (2010) conclude that, under the proposed 

framework, effective or suction stress is intrinsically related to the SWRC and values of the 𝛼 

and 𝑛 parameters. They showed that the SSCC monotonically decreases if 𝑛 ≤ 2 and decreases 

and then increases if 𝑛 > 2, while the 𝛼 parameter controls the minimum value of suction stress 

and corresponding matric suction value. 

Table 12: Common values of van Genuchten’s SWRC parameters for different soil textures (sand, 

silt, and clay) and values of the soil investigated in this study used in Figure 61. 
 

 Material 

SWRC parameter Sand Silt Clay Flysch RS-d Flysch RS-w 

AEV [kPa] 4 40 400 200 125 

α [kPa-1] 0.25 0.025 0.0025 0.005 0.008 

n 2.5 1.5 1.3 1.332 1.28 
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Figure 61: Comparison of a) SWRC and b) SSCC (𝑢𝑎 − 𝑢𝑤) of residual soil from a flysch rock 

mass with varying soils textures represented with common SWRC parameter values. 
 

Using the effective degree of saturation and the suction stress formulation as defined by 

the equation (64), Bishop’s form of the shear strength equation (45) is reduced to the following 

expression 

𝜏𝑓 = 𝑐′ + [(𝜎 − 𝑢𝑎) − 𝜎𝑠)]𝑡𝑎𝑛𝜙′, (71) 

and direct shear test results can be used to calculate suction stress at a given value of matric 

suction by using the following equation  

(a) 

(b) 
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𝜎𝑠 =
𝜏𝑓 − 𝑐′ − (𝜎 − 𝑢𝑎)𝑡𝑎𝑛𝜙′

𝑡𝑎𝑛𝜙′
. (72) 

Lu et al. (2010) used experimental results obtained on various types of soil and 

demonstrated that the proposed closed-form equation could accurately describe effective stress 

for different soil textures, ranging from sand to clay. Seboong et al. (2012) performed the 

quantitative validation of the effective stress based on the SSCC (Lu and Likos 2006) for 

residual soils. SSCC and SWRC were experimentally measured for various residual soils from 

Korea prepared under different remolding conditions. The results confirmed the intrinsic 

relationship between the SWRC and SSCC and, again, proved that a unique set of unsaturated 

soil parameters (i.e., 𝐴𝐸𝑉, n, 𝜃𝑠, and 𝜃𝑟) could be independently defined from either unsaturated 

shear strength tests or soil-water retention tests, even in the case of residual soils. This could 

have significant implications in engineering practice since the SWRC results, which are 

generally easier to perform in the laboratory, could reduce the need for performing shear-

strength tests, which are generally more complicated, expensive and time-consuming, 

especially in the case of low-permeable fine-grained soils. Lu et al. (2013) used the same 

framework to show the intrinsic relationship between SWRC, UHCF, and SSCC by studying 

the hysteresis of unsaturated hydro-mechanical properties of sand-silt mixtures. By using 

varying confining stress values up to 200 kPa, Oh and Lu (2013) investigated uniqueness of the 

SSCC for a silty sand. They found that for specimens undergoing wetting a process, even 

though SWRC and SSCC varied for different confining stresses, a unique SWRC or SSCC 

could be defined if the effective degree of saturation 𝑆𝑒 was used. In the case of the drying 

process, the uniqueness of the SWRC and SSCC held approximately, which was attributed to 

the differences in the 𝐴𝐸𝑉s. The uniqueness of the SWRC for drying and wetting processes, 

considering the wide range of confining pressures still has to be validated for fine-grained soils.  

Greco and Gargano (2015) proposed and verified a novel equation for the evaluation of 

the suction stress in unsaturated soil, which is based on wetted surface area in pores. By 

assuming that transmission of suction to solid particles occurs only through a wet external 

surface, they use SWRC to derive the “soil suction characteristic curve”. Verification of the 

equation against available experimental data obtained for suction stress values below 1 MPa on 

various types of soils, showed good agreement between predicted and measured values. 

Consequently, Greco and Gargano (2015) concluded that the proposed equation performs better 

than other proposed expressions for the evaluation of suction stress. 
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In their work, the amount of wetted surface is quantified through the normalized wet 

area index αw, as the ratio between the wet surface area of solid particles, contained in a given 

soil bulk volume 𝐴w, and the total surface area of solid particles in the same volume 𝐴𝑠 

𝛼𝑤 =
𝐴𝑤

𝐴𝑠
. (73) 

First, they show that the normalized wet area index is a function of the matric potential 

αw(𝜓) with a shape closely related to the pore size distribution of soil. Further, they change the 

SSCC equation by replacing the effective degree of saturation from the equation (64), arguing 

that 𝜒 = 𝛼𝑤, to obtain the following SSCC equation 

𝜎𝑠 = −(𝑢𝑎 − 𝑢𝑤)𝛼𝑤. (74) 

Theoretical analysis proposed by Greco and Gargano (2015) leans back on Fredlund 

and Xing’s (1994) SWRC definition and concept proposed by Tuller et al. (1999, 2005) where 

matric potential 𝜓 and the pore radius 𝑟 are strictly related through augmented Young’s 

relationship 

𝜓 =
𝑢𝑎 − 𝑢𝑤

𝛾𝑤
= 𝜓𝑐 + 𝜓𝑎 = −

𝛼𝑇𝑤𝑐𝑜𝑠 (𝜃𝑐)

𝛾𝑤𝑟
−

𝜆𝐴

𝛾𝑤ℎ3
. (75) 

where ψc and  ψa account for the effects of capillarity and molecular adsorption of water layer 

with thickness ℎ around the solid particles, 𝛼 and 𝜆 are geometric factors related to the pore 

shape, 𝑇𝑤 is the water surface tension, 𝜃𝑐 is the contact angle between the air-water interface 

and the surface of solid particles, and 𝐴 is Hamcker constant equal to 6E-20 J (Tuller et al. 

2005). This model proposes that in the largest pore capillary phenomena dominate, while 

smaller pores contain mainly adsorbed water. There are pores where curved menisci and 

adsorbed water layers coexist (Tuller and Or 2007; Philip 1977). Only residual absorbed water 

is retained in the soil pores for potential below the residual potential, 𝜓𝑟. 

On the basis of pure geometrical arguments, Greco and Gargano (2015) assume that 

there is a threshold water potential value 𝜓0 bellow which (𝜓 < 𝜓0) the wet external surface 

area remains constantly equal to 𝐴0, (𝐴𝑤 = 𝐴0), as shown in the Figure 62. 
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Figure 62: Sketch of assumed simplified process of emptying and filling of soil pores and 

corresponding variation of wetted surface area with water potential (Greco and Gargano 2015). 
 

Revil and Lu (2013) developed a water retention model that extends up to very dry 

conditions, including the effect of adsorbed and capillary water. In their paper, Greco and 

Gargano (2015) omit problems related to the determination of 𝜓0 value and residual water 

content conditions by considering only suction values below 1 MPa. These values are typically 

present in geotechnical engineering practice. For this purpose, 𝜓0 is considered only as a fitting 

parameter of the suction stress model.  

Further, they propose the following expression for a simple, yet reasonable estimate of 

𝐴0, based on the assumption of isotropic distribution of the residual water content 

𝛼0 =
𝐴0

𝐴𝑠
= (

𝜃𝑟

𝜃𝑠
)

2
3

, (76) 

arguing that the shape of αw(𝜓) is only slightly affected by the choice of 𝜃𝑟. By defining the 

ratio of surface area to volume in pore as 𝜅 𝑟⁄ , where 𝜅 is a geometric factor related to pore 

shape being equal to 𝜅 𝑟 =⁄ 3 2⁄  for spheres and regular polyhedrons, and 𝜅 𝑟 =⁄ 1 for cylinders 

and plane fissures, and for given SWRC, Greco and Gargano (2015) relate the soil water 

potential 𝜓, with the corresponding wet surface area 𝐴𝑤, by the following expression 

𝐴𝑤(𝜓 ≤ 𝜓0) = 𝐴0; 
(77) 
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𝐴𝑤(𝜓 > 𝜓0) = 𝐴0 + ∫
𝜅

𝑟

1

𝑆𝑒(𝜓0)

(𝜃𝑠 − 𝜃𝑟)𝑑𝑆𝑒  

= 𝐴0 −
𝛾𝑤(𝜃𝑠 − 𝜃𝑟)

𝑇𝑤𝑐𝑜𝑠𝜃𝑐
∫

𝜅

𝛼

𝜓

𝜓0

𝜔 
𝑑𝑆𝑒

𝑑𝜓
𝑑𝜔. 

(78) 

where 𝜔 ≡ 𝜓 is the dummy variable. Finally, if the above equations are normalized by the total 

surface area 𝐴𝑠, of the saturated soil, the wet area index defined by the equation (73) is 

expressed as a function of the soil water potential, which is referred to as soil wet area curve 

(SWAC) (Greco and Gargano 2015) 

𝛼𝑤(𝜓 ≤ 𝜓0) =
𝐴0

𝐴𝑠
=

𝐴0

𝐴0 −
𝛾𝑤(𝜃𝑠 − 𝜃𝑟)

𝑇𝑤𝑐𝑜𝑠𝜃𝑐
∫

𝜅
𝛼

0

𝜓0
𝜓 

𝑑𝑆𝑒

𝑑𝜓
𝑑𝜓

= 𝛼0; (79) 

 

𝛼𝑤(𝜓 > 𝜓0) =
𝐴0 −

𝛾𝑤(𝜃𝑠 − 𝜃𝑟)
𝑇𝑤𝑐𝑜𝑠𝜃𝑐

∫
𝜅
𝛼

𝜓

𝜓0
𝜔 

𝑑𝑆𝑒

𝑑𝜓
𝑑𝜔

𝐴𝑠

= 𝛼0 −

𝛾𝑤(𝜃𝑠 − 𝜃𝑟)
𝑇𝑤𝑐𝑜𝑠𝜃𝑐

∫
𝜅
𝛼

𝜓

𝜓0
𝜔 

𝑑𝑆𝑒

𝑑𝜓
𝑑𝜔

𝐴0 −
𝛾𝑤(𝜃𝑠 − 𝜃𝑟)

𝑇𝑤𝑐𝑜𝑠𝜃𝑐
∫

𝜅
𝛼

0

𝜓0
𝜓 

𝑑𝑆𝑒

𝑑𝜓
𝑑𝜓

 . 

(80) 

Although based on purely geometrical arguments, the two thermodynamic hypotheses 

made by Lu et al. (2010) while deriving the suction stress equation are still valid, because the 

equation (74) was derived without considering the amount of absorbed water, and forces at the 

contact between the menisci and the solid surface were not considered either. Consequently, 

the free energy of absorbed residual water remains unaltered due to volumetric deformations of 

soil and the variation of the energy of air-water interfaces caused by volumetric deformations 

of soil are negligible (Lu et al. 2010).  

By comparing the SWAC and the SWRC of three soils with different textures, Greco 

and Gargano (2015) argue that commonly adopted assumption αw = 𝑆𝑒 is acceptable only in 

the case of poorly graded soils with low residual water contents (like sand), but not in the case 

of fine-grained soils with wide pore sizes (like clay). Validation of the proposed SSCC was 

performed by using the experimental data available from the literature, with suction stress 

corresponding to soil suction well below 1 MPa. By adopting the constant shape factor ratio 

𝜅 𝑟 =⁄ 1, using the equation (76) to estimate the α0 and by assuming ψ0 around 1.5 times the 

water potential corresponding to the inflection point on the 𝑆𝑒 , log (−𝜓) SWRC plot, they 

obtained excellent agreement with the experimentally obtained results and showed that only 
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SWRC parameters have to be known to evaluate SWAC, and thus the suction stress (Figure 

63). 

While comparing the proposed relationship for Bishop’s effective stress parameter with 

those proposed by Khalili and Khabbaz (1998) and Lu et al. (2010), Greco and Gargano (2015) 

observed that relationships proposed from various authors performed with various levels of 

success on different types of soil. A wide scatter in the (𝜒, 𝑆𝑒) plane was obtained in some cases. 

However, as shown in Figure 64, the SSCC equation proposed by Greco and Gargano (2015) 

fit the experimental data most successfully in all cases.  

 

Figure63: Hume Dam clay soil a) SWRC data from Khalili et al. (2004), and b) suction stress results: 

dots indicate experimentally obtained values, while lines represent the theoretical expression for the 

suction stress based on the approach proposed by Greco and Gargano (2015).  
 

(a) 

(b) 
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Figure 64: Comparison of different expressions for the SSCC curve: dots represent the values 

calculated from the experimental data; the solid lines represent the wet area index approach; the 

dotted lines represent the approach proposed by Khalili and Khabbaz (1998); the dashed lines the 

relationship proposed by Lu et al. (2010) (Greco and Gargano, 2015).  

 

6.2. Previous studies of shear strength properties of 

flysch material from the Rječina River Valley 

Shear strength characteristics of the residual soil from a flysch rock mass of the Rječina River 

Valley were investigated in several studies using various laboratory devices. In all of the 

previous studies, completely remolded and consolidated specimens were tested in saturated 

conditions. For example, Oštrić et al. (2012) used the Portable Ring Shear Apparatus, ICL-1 

(Sassa et al. 2003, 2004; Okada et al. 2004; Fukuoka et al. 2006) to obtain residual shear 

strength parameters of the soil samples taken from the flysch outcrop on the Grohovo Landslide. 

Tests were performed on completely remolded and consolidated specimens under the constant 

shear rate of 0.002 cm/s in undrained conditions (Oštrić et al. 2012). Steady-state conditions 

were reached after 1 m of shear displacement, and as a result, the basic parameters values (peak, 

mobilized and apparent friction angle, so as cohesion), as well as a steady state normal and 
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shear stress of soil sample were obtained (Arbanas et al. 2014). Peak shear strength conditions 

were not observed while the friction angle, 𝜙, cohesion, c, and apparent friction angle, 𝜙𝑎, were 

equal to 25.4°, 15.2 kPa, and 20.4°, respectively (Oštrić et al. 2012). 

Vivoda Prodan and Arbanas (2016) studied the influence of weathering process on 

residual strength of siltstones from flysch rock mass from the Rječina River Valley. Samples 

with different weathering grades taken from the Valići Landslide were completely remolded to 

the engineering soil grade and consolidated in the conventional direct shear apparatus (Controls 

S.p.A.) or ICL-1 Portable Ring Shear Apparatus. After the saturation and consolidation of 

specimens at normal effective stress values of 100, 200 and 400 kPa, the shearing stage was 

performed. In case of ring shear apparatus, constant shear speed test was performed (0.01 cm/s) 

in undrained conditions to obtain basic parameters (peak and residual friction angles and 

cohesion) and the steady-state normal and shear stress values. A constant shearing speed of 0.15 

mm/min was selected for the conventional direct shear tests (Vivoda Proda et al. 2016).  Basic 

geotechnical properties and shear strength parameters obtained in previous studies using the 

conventional direct shear apparatus and ICL-1 ring shear apparatus are summarized in Table 13. 

Results were obtained on completely remolded and consolidated samples from the Rječina 

River Valley in saturated conditions. 

Table 13: Basic geotechnical properties and residual shear strength parameters of flysch samples 

with different weathering grades and obtained from various parts of the Rječina River Valley in 

previous studies by Oštrić et al. (2012) and Vivoda Prodan and Arbanas (2016). 
 

                   Particle size distribution       Atterberg’s limits    Direct shear test Ring shear test 

Sampling 

location 

Weathering 

degree  

< 63 μm, 

C+M 

Sand, 

S 
𝑤𝐿 𝑤𝑃 PI 

Spec. 

grav., 

𝐺𝑠 

Friction 

angle,  

𝜙𝑟 

Cohes

-ion, 

𝑐𝑟 

Friction 

angle,  

𝜙𝑟 

Cohes

-ion, 

𝑐𝑟 

[%] [%] (%) [%]  [/] [°] [kPa] [°] [kPa] 

Valići*1 SW/FR 19 81 Non-plastic 2.51 29 33.5 30 32 

Valići*1 HW/CW 21 79 Non-plastic 2.62 31 21.5 35 11 

Grohovo2 HW/CW / / / / / 2.66 / / 25.4 15.2 

1 Material sedimented at the bottom of the Valići Lake originating from the flysch deposits; 2 Sample taken from the flysch outcrop on the 

Grohovo Landslide; terms FR, SW, HW and CW indicate fresh, slightly, highly and completely weathered material. 
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6.3. Conventional direct shear tests on undisturbed 

samples 

Undisturbed soil samples were collected from the sampling pit location (Figure 4), either by 

inserting hard plastic tubes into the soil or steel cutters used for testing with different direct 

shear devices. Prior to sampling, the superficial layer of the soil and organic matter were 

removed, so that sampling depths were around 0.5 to 1 m for all samples. To preserve a natural 

water content, undisturbed samples were wrapped in nylon upon collection in the field and 

sealed with wax after returning to the laboratory. Specimens were installed in testing devices 

with or without previous saturation, depending on desired initial water content conditions and 

the need for initial suction measurement. In the case of specimens with natural water content, 

the latter were considered to be close to the in-situ matric suction values during the time of 

sampling. Some details on the collection of the undisturbed samples by insertion of hard plastic 

tubes and using the steel cutters in-situ, sealing and specimen preparation procedure are shown 

in Figure 65 and Figure 66.  

  

Figure 65: Some details on collection of undisturbed soil specimens from the a) sampling pit by 

insertion of b) hard plastic tubes or c) steel cutter for testing in direct shear apparatus. 

(a) (b) 

(c) 
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Figure 66: The procedure of collecting the undisturbed soil samples for testing in direct shear 

apparatus by using the steel cutters directly in-situ: a) 60x60 specimen in cutter; b) specimen 

extrusion into the perforated styrofoam box with removable upper and lower lids; c) sealing of the 

sample to minimize the water loss due to evaporation; and d) separation of a single specimen for the 

installation in testing device. 
 

The first tests to determine shear strength characteristics of residual soil from a flysch 

rock mass were performed by using the conventional direct shear apparatus 27-WF2160 

(Controls S.p.A.) in the Geotechnical laboratory at Faculty of Civil Engineering, UniRi. The 

AutoShear Machine 27-WF2160 is designed to automatically perform direct and residual sheat 

tests (Wykeham Farrance 2010). Input parameters that have to be defined for the searing stage 

are the shear rate and value of the horizontal displacement up to which the specimen will be 

sheared at a constant rate. Additionally, the return shearing rate has to be defined in the case of 

cyclic shearing in the residual shear tests. Up to 9 cycles can be defined in residual shear test 

mode while the shear rates can range from 5.0E-05 up to 11 mm/min (Wykeham Farrance, 

2010). Maximum horizontal and vertical load that can be applied to a specimen is 5 kN and 

500/5000 kN using the 10:1 lever loading device, respectively (Wykeham Farrance, 2010). One 

of the three devices that were used at UniRi is shown in Figure 67. 

(a) (b) 

(c) (d) 
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Figure 67: The AutoShear Machine 27-WF2160 (Controls S.p.A.) used in the Geotechnical 

laboratory at the UniRi, during the consolidation stage. 
 

Tests were performed in saturated conditions at a constant shear rate of 5E-03 mm/min 

to ensure that results were obtained under drained conditions, without generation of significant 

excessive pore pressure. The adopted shear displacement rate was around half to one order of 

magnitude lower than the maximum displacement rate calculated from consolidation theory 

according to equations provided in CEN ISO/TS 1789-10:2004 (E) and ASTM D3080-11 test 

standards. The time to reach failure conditions was about ten times lower than the default 

minimum times to failure according to the USCS results suggested by ASTM D3080-11. 

Normal loads were applied in a single step to produce 50, 100 and 200 kPa of normal stress on 

square or circle specimens. After 24 h of consolidation, the shearing stage was started until the 

maximum shear displacement of 15 mm was reached. Then, the test was stopped, devices were 

dismantled, and the water content was determined. After the tests were performed on 

undisturbed samples, and final water content was determined, a specimen from each testing 

device was thoroughly mixed with distilled water by using the spatula or knife, and left to rest 

overnight to obtain a homogeneous mixture. Following this, the same amount of material was 

added in the same steel cutter used during the in-situ sampling, and installed in the same testing 

device. The identical testing procedure regarding the applied vertical stress, consolidation stage 
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and shearing conditions was repeated on produced specimens. The aim was to identify possible 

differences in strength or stiffness characteristics of material only due to specimen disturbance 

effects, avoiding problems of data interpretation and differences due to different shapes and 

volumes of used samples or differences between three testing devices that were used 

simultaneously. Several details on testing of the undisturbed specimens in conventional direct 

shear apparatus, and adopted preparation technique of remolded specimens are shown in Figure 

68 and Figure 69. Specimen characteristics and testing conditions are summarized in Table 14. 

   

 

Figure 68: Details of conventional direct shear tests on undisturbed specimens of residual soil: a) 

installation of undisturbed specimen collected by insertion of circle steel cutter directly in-situ; b) 

undisturbed specimen with visible weathered grain of siltstone at the shearing plane; and c) 

undisturbed specimen during the shearing stage in conventional direct shear apparatus. 

(a) (b) 

(c) 
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Figure 69: Details of the adopted specimen preparation technique: a) collection of the material after 

testing the undisturbed specimen for water content determination; b) material thoroughly mixed with 

de-aired water left to rest over-night; c) installation of sample inside the square cutter; and d) 

remolded specimen ready for the installation in direct shear apparatus. 
 

Table 14: Test characteristics of conventional direct shear tests performed on undisturbed and 

remolded specimens.  
 

Testing 

machine 

Height of the 

specimen, H 

Shape of the 

specimen 

Shear box 

area, A 

Rate of shear 

displacement 

Applied 

vertical stress 

 
[mm] [square/circle] [mm2] [mm/min] [kPa] 

A 20.1 square 3600 0.005 50 

B 20.1 square 3600 0.005 100 

C 20.05 round 2827.43 0.005 200 

 

6.3.1. Test results for undisturbed and remolded specimens 

Due to test duration and costs, the influence of sample disturbance, specimen preparation 

technique and stress history on the shear strength characteristics of residual soil from a flysch 

rock mass was investigated only in saturated conditions, using the conventional direct shear 

apparatuses. In Figure 70 results of the consolidation stage are shown for applied vertical stress 

values of 50, 100 and 200 kPa, both for undisturbed and remolded specimens. Results from the 

shearing stage are shown in Figure 71. A diagram in terms of the horizontal shear displacement 

(a) (b) 

(c) 

(d) 
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vs. measured shear stress is shown in Figure 71 a), while Figure 71 b) shows vertical 

displacements during the shearing stage, for all values of applied vertical stress and both for 

undisturbed and remolded specimens. 

 

Figure 70: Consolidation stage test results for undisturbed (solid line) and remolded (dashed line) 

specimens. Black, red, and green colors represent 50, 100, and 200 kPa of vertical stress, respectively. 
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Figure 71: Shear stage test results for undisturbed (solid line) and remolded (dashed line) specimens 

at different vertical stress values in terms of a) horizontal displacement vs. shear stress and b) 

horizontal displacement vs. vertical displacement. Black, red, and green colors represent 50, 100, 

and 200 kPa of vertical stress, respectively. 
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6.3.2. Interpretation of conventional direct shear test result 

As expected, Figure 70 shows that, under the same value of the applied vertical stress, 

undisturbed specimens undergo significantly smaller vertical deformation than remolded 

specimens. However, during the shearing stage, the situation is quite different: undisturbed 

specimens undergo greater compression than remolded specimens for all values of the applied 

vertical stress. There is a slight inconsistency in results obtained from remolded specimen 

consolidated at 200 kPa, since the vertical deformation is smaller than for specimen 

consolidated at 50 kPa and 100 kPa, up to the horizontal displacement of 10 and 14.8 mm, 

respectively. Results indicated that the shear strength was fully mobilized at horizontal 

displacement values of 11.4, 8.5 and 6.3 mm for tests performed on undisturbed specimens at 

normal stress values of 50, 100 and 200 kPa, respectively. Horizontal displacement values 

corresponding to fully mobilized shear strength for remolded specimens, under the same values 

of normal stress were 11.3, 8.6 and 6.6 mm. Figure 71 a) reveals that the results obtained for 

undisturbed specimens always plot only slightly higher than those obtained for remolded 

specimens. It seems that the disturbance effects have no significant influence on the stiffness 

or maximum shearing resistance properties. Shear strength envelopes for undisturbed and 

remolded specimens are shown in Figure 72. 

 

Figure 72: Mohr-Coulomb shear strength envelopes for undisturbed (solid line, filled markers) and 

remolded specimens (dashed line, empty markers), obtained in conventional direct shear apparatus. 
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Obtained Mohr-Coulomb shear strength parameters, the effective cohesion c’, and the 

effective angle of internal friction associated with the effective normal stress 𝜙′, were equal to 

5.1 kPa and 31.7° for undisturbed specimens, and 5.8 kPa and 28.6° in the case of remolded 

specimens. While the effective angle of internal friction values closely corresponds to results 

that were obtained in previous studies on material originating from the same bedrock (Oštrić et 

al. 2012; Vivoda Prodan and Arbanas 2016), obtained values of the effective cohesion are much 

smaller. Although there might be some inhomogeneity among the used soil samples, the main 

reason for different shear strength parameters could be the rate at which samples were sheared. 

In previous studies, much higher shearing rates were used, which could result in the generation 

of excess pore water pressure during the shearing stage. 

Figure 73 shows the remolded specimen after the shearing stage with a visible part of 

the shearing surface. Interestingly, even in the case of the remolded specimen, there are visible 

grains of highly weathered siltstone that were crushed during the shear stage, leaving the trace 

of lightly brown color which can be clearly distinguished from the grey silty-clay matrix. 

 

Figure 73: Remolded specimen dismantled from direct shear apparatus after the test with visible 

highly weathered siltstone particle crushed on the shearing plane. 
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6.4. Determination of shear strength characteristics 

of undisturbed samples in unsaturated conditions 

The determination of shear strength properties in unsaturated conditions was performed with 

two modified, axis-translation based (Hilf 1956) direct shear devices. First measurements of 

matric suction at natural water content and shear tests were conducted in the Geotechnical 

laboratory at UniSa, by using the Suction Controlled Direct Shear Apparatus (SCDSA) 

(Megaris s.a.s.). The shear box apparatus that enables measurement or control of the matric 

suction through the axis translation technique was developed in cooperation with the 

Department of Geotechnical Engineering of the University of Naples Federico II 

(http://www.megaris.it/en/w_geo/tns.asp). This apparatus enables testing of square soil samples 

with dimensions of 60x60x20 mm under very low values of the net vertical stress (5 kPa), and 

under a wide range of matric suction values (0-300 kPa) under constant water content or control 

of the matric suction. A device used at UniSa is shown in Figure 74. It was equipped with 1bar 

HAEPD, and internal shear and axial load cells with a capacity of 5 kN. 

 

Figure 74: Suction Controlled Direct Shear Apparatus (SCDSA) (Megaris s.a.s.) used in the 

Geotechnical laboratory at the UniSa. 
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Precise measurements of the water content variations during the test are based on a high 

accuracy differential pressure transducer, which measures the pressure difference in two 

double-walled burettes shown in the central part of Figure 74, as proposed by Aversa and 

Nicotera (2002). One of the burettes is connected to the drainage circuit while the other one is 

used as a reference. The scheme of the testing system provided in Papa and Nicotera (2011) is 

shown in Figure 75.  

The shear box with a standard porous stone in the upper half and HAEPS installed in 

the bottom half is located inside a steel cell which is pressurized with air. The bottom (fixed) 

half of the shear box has the water compartment below the HAEPD where the pore water 

pressure, uw, is measured. The water compartment is connected with the burette for measuring 

water content variation. The peristaltic pump between the measuring burette and water 

compartment below the HAEPD can be switched on to flush the system from diffused air. Any 

air bubbles trapped below the HAEPD or inside tubes are pushed into the water volume 

measuring burette during the circulation of water, thus providing correct readings of water 

volume changes during the test, only due to water volume change in the tested soil specimen. 

The differential pressure transducer reads the water volume changes respective to the reference 

burette. The pressurized air is connected to the system through the main pressure line with the 

main pressure regulator. The system can regulate four pressures independently by means of 

electro-pneumatic regulators with 1kPa accuracy. The pressures that can be used during various 

test stages are: cell pressure pc, pore water pressure uw, axial, pa, and shear pressure, ps. 

 

Figure 75: Scheme of pressure regulation circuits and transducers used in the suction-controlled 

direct shear apparatus (Papa and Nicotera 2011). 
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The cell pressure applied inside the steel chamber is equal to the applied air pressure, ua, which 

is considered to be the same as air pressure inside the pores of the tested specimen. Pore water 

pressure is equal to the water pressure in the compartment below the HAEPD, while the 

difference between air and water pressure (ua - uw) is equal to the matric suction value in tested 

specimen. Cavitation of water can be eliminated in the described system simply by artificially 

raising the air pressure inside the testing chamber above the atmospheric pressure, causing the 

water pressure to increase into a positive domain where cavitation phenomenon does not occur. 

The limitations of the maximum matric suction that can be measured or controlled inside a such 

system are defined by the maximum pressure values that can be applied inside the testing 

system (steel chamber, valves, pipes, pressure transducers, etc.), and the AEV of the high air 

entry ceramic disk located at the bottom of specimen, in the lower part of the shear box. Two 

independent hydraulic pistons are used for controlling the axis and shear loads, while inner load 

cells are used for the measurement. Two LVDTs are used to measure vertical and horizontal 

displacements during the test. The whole system is connected to the PC unit with an open source 

software which enables complete control of test and data acquisition.  

Three tests (DSUVCJ01, DSUVCJ02, and DSUVCJ03) in total were performed by 

using the Suction Controlled Direct Shear Apparatus at the UniSa. Tests were performed on 

undisturbed samples collected with steel cutter directly in-situ, starting from the natural water 

content. After the specimen installation, drainage valve was closed and air pressure inside the 

cell was increased. A vertical ram was brought into contact with the top cap by applying a small 

net vertical stress (contact pressure of few kPa) to keep track on vertical deformations. Initial 

matric suction value was determined once the pore water pressure value became constant in 

time. After the measurement of the initial suction for natural water content, the consolidation 

stage was performed by applying different values of net vertical stress. Net vertical stress values 

equal to 50, 100 and 200 kPa were used for the DSUVCJ01, DSUVCJ02, and DSUVCJ03 tests, 

respectively.  

For the first sample in the DSUVCJ01 test, matric suction of 50 kPa was measured for 

natural water content and 5 kPa of the contact pressure. The detail of the initial suction 

measurement for the natural water content in the DSUVCJ01 test is shown in Figure 76 a). The 

pore water pressure value became constant after around 12 – 13 hours. Results regarding the 

axial strain, void ratio, water volume, volumetric volume content and degree of saturation 

change for the initial suction measurement stage are shown in Figure 76 b). 
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Figure 76: Initial suction measurement stage for the natural water content in the DSUVCJ01 test in 

terms of a) measured stress values with calculated matric suction value; b) measured axial strain and 

water volume change with calculated variables: void ratio, volumetric water content and degree of 

saturation. 
 

(a) 

(b) 
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Following the initial suction measurement stage, the specimen was consolidated for 24 

h at 100 kPa of net vertical stress with measurements of axial deformation and matric suction 

value. As expected, compression of the specimen caused the increase of the volumetric water 

content and degree of saturation, reducing the matric suction value up to around 16 kPa. After 

approximately 12h, the matric suction started to increase at a very low rate, probably due to the 

evaporation process taking place inside the large steel chamber. Matric suction of 36 kPa was 

measured at the end of the consolidation stage. To save time, matric suction of 36 kPa was 

chosen to be kept constant during the shearing stage in drained conditions and an additional 

equilibration stage was omitted. The measurements collected during the consolidation stage in 

the DSUVCJ01 test are presented in Figure 77. Measured stress values with calculated matric 

suction value are shown in Figure 77 a), while measurements of the axial strain and water 

volume change along with computed void ratio, volumetric volume content and degree of 

saturation change during the consolidation stage are shown in Figure 77 b).  

Shearing was performed at a constant shear rate of 5E-03 mm/min under constant matric 

suction value of 36 kPa up to a maximum shear displacement of around 20 mm. The same 

testing programme was adopted in DSUVCJ02 and DSUVCJ03 tests, except for the additional 

equilibration stage before the shearing stage. Varying values of applied net vertical stress during 

the consolidation stage, along with slightly different initial conditions of undisturbed specimens 

resulted with varying matric suction values at the end of the consolidation stage. After the 24 h 

consolidation stage was completed, the drainage valve was opened and pore water pressure 

beneath the HAEPD was changed to result in 36 kPa of matric suction. Water volume change 

in the measuring burette was observed during the equilibration process. Finally, when the water 

flow from or into the specimen ceased, or slow linear change with time was observed, it was 

considered that the specimen was equilibrated at the imposed matric suction value and tests 

could proceed to the shearing stage. Figure 78 shows an example of the equilibration stage for 

the DSUVCJ02 test. The measured stress values, calculated matric suction, and recorded water 

volume change during the equilibration at imposed matric suction value are shown in Figure 78 

a), while the measured axial strain along with calculated void ratio and volumetric water content 

change during the equilibration stage are shown in Figure 78 b). Specimen characteristics and 

testing conditions are summarized in Table 15. Some details on specimen preparation, 

installation, and testing in Suction Controlled Direct Shear Apparatus are shown in Figure 79 

and Figure 80. Obtained test results are reported in the following section. 
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Figure 77: Results for the consolidation stage in the DSUVCJ01 test in terms of a) measured stress 

values with calculated matric suction value; b) measured axial strain and water volume change with 

calculated variables: void ratio, volumetric water content and degree of saturation. 

(a) 

(b) 
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Figure 78: Equilibration of the specimen from the DSUVCJ02 tests at 36 kPa of matric suction after 

the consolidation at 200 kPa of net vertical stress, in terms of a) measured stress values, calculated 

matric suction value, and volume of water drained from the specimen; b) measured axial strain with 

calculated variables: void ratio and volumetric water content. 

 

(a) 

(b) 
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Table 15: Test characteristics of direct shear tests performed on undisturbed specimens using the 

Suction Controlled Direct Shear Apparatus in the Geotechnical laboratory at the UniSa. 
 

Testing 

machine 

Test  

name 

Height of the 

specimen, H  

Shear box 

area, A  

Rate of shear 

displacement 

Applied 

vertical stress 

  [mm] [mm2] [mm/min] [kPa] 

SCDS DSUVCJ01 20 3600 0,005 100 

SCDS DSUVCJ02 20 3600 0,005 200 

SCDS DSUVCJ03 20 3600 0,005 50 

 
 

   

   

Figure 79: Some details of Suction Controlled Direct Shear Apparatus used at the UniSa: a) 

undisturbed sample collected with cutter in-situ; b) dissembled steel chamber with saturated HAEPD; 

c) installed sample with the attachment for the wetting test connected through the top cap; and d) 

undisturbed specimen after the shearing stage. 

(a) 

(c) 

(b) 

(d) 
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Figure 80: Heterogeneity of the undisturbed samples: siltstone grains of different size and 

weathering degree, along with some roots present at the shear surface of the specimen used in the 

DSUVCJ01 test. 
 

The unsaturated version of the Back Pressured Shear Box (GDS Instruments Ltd.), 

shown in Figure 81, was used in the Geotechnical laboratory at Faculty of Civil Engineering, 

UniRi, Croatia to further explore the influence of matric suction on shear strength 

characteristics of undisturbed samples of residual soil from a flysch rock mass. In the same way 

as the modified direct shear apparatus used at the UniSa, the device implements the axis 

translation technique (Hilf, 1956) by means of a high air-entry ceramic disk installed in the 

lower part of the shear box and precise control of air and water pressure, to control or measure 

matric suction of soil. Some of the very unique design features from the GDS manufacturer are 

the ability to manually adjust the shear gap from the outside of the testing chamber in order to 

minimize the sample disturbance in stages preceding the shearing stage. This is very useful in 

case of soil testing in unsaturated conditions, where high values of air pressure can be applied 

inside the testing chamber. A submersible load cell for shear force measurement ensures load 

measurements with greater accuracy, excluding the need for any ram friction corrections (GDS 

Instruments Manual 2013) The used device enables testing of square soil samples of dimensions 

100x100x20 mm with the application of 10 kN of maximum normal load and 5 kN of the 

maximum shear load. Maximum shear displacement is ± 12.5 mm and the maximum working 

back pressure of 1 MPa can be applied during the test (GDS Instruments Manual 2013). The 

device is equipped with 5 bar capacity HAEPS installed in the lower part of the shear box, and 

GDS pressure and volume controlling unit with a nominal volumetric capacity of 200 cm3, 
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connected directly to the water compartment below the HAEPS. A software-controlled GDS 

pneumatic controller is used to apply air pressure inside the testing chamber. The schematic of 

the Unsaturated GDS Back Pressured Shear Box (UGDSBPS) fully equipped for testing in 

unsaturated conditions is shown in Figure 82. 

 

Figure 81: Back pressurized direct shear apparatus for soil testing in unsaturated conditions (GDS 

Instruments Ltd.) in Geotechnical laboratory of Faculty of Civil Engineering, UniRi. 

 

Figure 82: Schematic of the UGDSBPS fully equipped for testing in unsaturated conditions options 

(www.gdsinstrumnets.com)  
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The above-described system and GDSLAB software allow the control of the back 

pressure, back volume, air pressure, shear load, shear stress, shear strain and shear 

displacement, normal load, normal stress, normal strain and normal displacement in the 

following manner: constant (the parameter is actively controlled during the test); ramp (the 

desired parameter value is increased or decreased by a user-defined amount over a user-defined 

time interval and then kept constant, if not defined otherwise); cycle (the set parameter is 

cycling according to user requirements) and hold volume (the parameter is not under controlled 

but usually measured during the test stage). The device can be equipped with GDS bender 

elements, simply by replacing standard pedestal and top cap with those equipped with bender 

element inserts, enabling measurement of soil stiffness at very small strains during any test 

stage. The bender element system master signal conditioning unit and GDSBES software are 

used to control data acquisition and driving signal generation. Single or repeated sinusoidal, 

square or user defined waveforms can be generated by using the bender elements.  

This advanced testing device enables the performance of various types of standard or 

advanced shear tests in saturated or unsaturated conditions, such as quasi-static cyclic loading 

of samples under either load or strain control, multi-stage testing, consolidation, quasi-static 

(low speed/creep), ramp and cycle pore pressures or volumes, saturation ramp, back pressure 

cyclic direct shear displacement tests, back pressure cyclic direct shear load tests, geo-

membrane shear test, constant normal stiffness, stress-dependent soil water characteristic curve 

determination (SDSWCC), etc. (www.gdsinstruments.com), with or without using the bender 

elements. 

Various test types were performed using the UGDSBPS device on undisturbed samples 

starting from the natural water content, with or without initial suction measurement, or saturated 

conditions. In the case of saturation prior to testing, samples in the steel cutter with filter paper 

beneath and above were covered with a steel plate to prevent any swell and submerged in de-

aired water for a period of a minimum 24 h. Specimen saturation inside the dissembled testing 

chamber was performed only in the case of the UVSCDS03 test by flooding the specimen inside 

the shear box with tightened shear-gap screws. De-aired water was added from the top and 

through the HAEPS at the bottom, by applying a small pressure with the GDS volume and 

pressure controller (30 kPa). Some details of specimen preparation and described saturation 

procedures are shown in Figure 83 and Figure 84. 

All of the tests that were performed in the UGDSBPS with loading conditions and initial 

specimen characteristics are summarized in Table 16. Measured water contents and 
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corresponding matric suction values that were measured for the natural water content indicated 

two distinct sampling periods. 

 

Figure 83: Preparation of undisturbed specimen for testing in the UGDSBPS collected in-situ with 

dimensions 100x100x20 mm.  

   

Figure 84: Saturation of undisturbed specimens used in the UGDSBPS a) outside the shearbox by 

submersion in de-aired water along with the cutter, filter papers and steel plate at the top of specimen; 

b) inside the shear box by adding water from the top and bottom. 

(a) (b) 
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Samples with lower natural water content (UVSCDS04, UVSCDS06, UVSCDS11, and 

UVSCDS12) ranging from 14.1% to 17.4%, were collected at the end of July 2017, during the 

dry period without any rainfall in one week period preceding the sampling day. Other samples 

with higher water content values were collected during March 2017 (UVSCDS01, UVSCDS02, 

UVSCDS03, and UVSCDS07) and September 2017 (UVSCDS08, UVSCDS09, and 

UVSCDS10) periods with higher amounts of rainfall. In both cases, in-situ conditions for the 

period preceding the sampling day, such as the actual evapotranspiration and amount of rainfall, 

resulted in higher values of the degree of saturation for the samples that were collected at 

relatively small depth (<0.5 m). Consequently, lower matric suction values were measured for 

the natural water content. 

Tests UVSCDS01, UVSCDS02, UVSCDS02b, UVSCDS08, UVSCDS09, and 

UVSCDS10 were performed as a suction controlled tests under different values of matric 

suction and net vertical stress, starting from the natural water content and with initial suction 

measurement. The same shearing rate of 5,0E-03 mm/min was used for all suction-controlled 

tests. Test UVSCDS02b was performed as a re-shearing test under the increased matric suction 

value respective to the matric suction value applied in the first test. After the end of the 

UVSCDS02 test, the specimen was sheared into the opposite direction, until the initial position 

of the shear box was reached. The specimen was unloaded to a low contact pressure of 5 kPa, 

and air pressure was decreased to atmospheric pressure. The drainage valve was kept constantly 

closed after the end of the UVSCDS02 test to prevent a change in the water content of the 

specimen. Following this, the UVSCDS02b test was started and the specimen was again 

consolidated and equilibrated at a desired matric suction value, higher than in the previous test. 

Following the equilibration stage, the specimen was sheared with control of matric suction 

under the constant shear rate. Stages of initial suction measurement, consolidation at the net 

vertical stress value of 100 kPa and equilibration 174 kPa of matric suction for the UVSCDS02 

test are shown on the same graph in Figure 85. During the stage of initial suction measurement, 

air pressure inside the cell was ramped at a constant rate from 0 (equal to the atmospheric 

pressure) to 200 kPa over 16 min. This value was kept constant during the consolidation and 

equilibration stages. Pressure and volume controlling unit measured a negative pore water 

pressure (around -20 kPa) at the very beginning of the test since the initial degree of saturation 

inside the specimen installed at natural water content was below 100 %, and the air pressure 

inside the testing chamber was still at the atmospheric value. Air pressure increasing is followed 

by the increase of pore water pressure up to some constant value, defining the initial matric 

suction value existing in the tested specimen. Again, the difference between pore air and pare 
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water pressure approaches the value of around 20 kPa. During the application of net vertical 

stress of 100 kPa in consolidation stage, pore water pressure instantly increases and then, with 

the dissipation of excess pore water pressure converges to a lower constant value, equal to 8 

kPa. At the same time, the void ratio value decreases causing a rapid increase in the degree of 

saturation. After the consolidation stage, matric suction of 174 kPa was applied by lowering the 

pore water pressure to generate a difference between air and water pressures. During 24 h of 

the equilibration stage, around 14 cm3 of water drained out from the specimen, causing a 

reduction in the degree of saturation and volumetric water content, and some decrease in void 

ratio as well. Figure 85 a) shows values of the applied net vertical stress and pore air pressure, 

measured pore water pressure with calculated matric suction value in semi-logarithmic scale. 

Figure 85 b) shows changes in the height of the specimen, volume of water inside the specimen, 

void ratio, volumetric water content and degree of saturation in time for all three stages.  
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Table 16: Summary of tests performed in the UGDSBPS at the UniRi with test labels, measured initial characteristics of tested specimens and definition of 

applied test conditions.  
 

                             Testing conditions            Initial specimen characteristics 

Test name Test type: 

sc/w;wn/S* 

Net 

vertical 

stress, 𝜎𝑣 

Mat. 

suction, 

(𝑢𝑎  - 𝑢𝑤) 

Shear 

displ. 

rate, 𝑑ℎ  

Water 

cont., 

𝑤𝑛  

Vol. of 

solids, 

𝑉𝑠  

Dry 

mass, 

𝑚𝑑 

Void 

ratio, 

𝑒𝑖  

Degree 

of sat., 

𝑆𝑖 

Vol. 

water 

cont., 𝜃𝑖 

Meas. mat. 

suction,              

(𝑢𝑎  - 𝑢𝑤)i 
*** 

    [kPa] [kPa] [mm/min] [%] [cm3] [g] [/] [/] [/] [kPa] 

UVSCDS01 sc; wn 100 28 0.005 23.4 159.4 430.3 0.88 0.88 0.34 21 

UVSCDS02 sc; wn 100 174 0.005 21.9 171.8 463.8 0.75 0.79 0.34 28 

UVSCDS02b sc; wn 100 240 0.005        

UVSCDS03 conv.; S 100 0 0.005 23.2 166.8 450.3 0.80 0.78 0.35 na 

UVSCDS03b sc; S 100 72 0.005        

UVSCDS03c sc; S 100 140 0.005        

UVSCDS04 sc; wn 5; 50; 100  na 15.9 161.8 436.9 0.85 0.50 0.23 328; 328; 303 

UVSCDS05 sc; S 200 73 0.005 na   0.79 ≈1.00 0.44 na 

UVSCDS06 sc; S 50 74 0.005 16.4*** 170.0 450.9 0.80 0.56*** 0.25*** ≈0 

UVSCDS07 sc; S 200 138 0.005 22.5*** 163.3 440.9 0.84 0.73*** 0.33*** ≈0 

UVSCDS07b sc; S 200 207 0.005        

UVSCDS07c sc; S 280 207 0.005        

UVSCDS08 sc; wn 245 180 0.005 24.6 163.5 441.4 0.84 0.79 0.36 19 

UVSCDS09 sc; wn 50 180 0.005 29.7 153.9 415.6 0.95 0.84 0.41 13 

UVSCDS10 sc; wn 50 144 0.005 24.3 169.3 457.1 0.77 0.85 0.37 17 

UVSCDS11 w; wn 69  nc** 17.4 166.7 450.0 0.80 0.59 0.26 350 

UVSCDS12 w; wn 100   nc** 14.1 166.1 448.4 0.81 0.48 0.22 397 

* test type: sc - suction controlled/w-wetting test/conv.-conventional direct shear test without application of matric suction (only in UVSCDS03);  

   initial saturation condition: wn-initial water content/S-saturated prior to testing; 

** variable is not controlled in the wetting tests; 

*** specimen taken at natural water content was saturated in steel cutter outside the shear box for several days. 
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Figure 85: Results from the UVSCDS02 test for the initial suction measurement, consolidation, and 

equilibration at 174 kPa of matric suction in terms of a) applied and measured net vertical stress, 

pore air, pore water pressure, and matric suction in semi-log graph; and, b) change of the specimen 

height, volume of water in the specimen, void ratio, degree of saturation and volumetric water content 

for all stages in terms of absolute duration of test. 

(a) 

(b) 
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The adopted procedure for the correction of the water volume change when using the 

UGDSBPS is outlined in Figure 85 b) in the case of the UVSCDS02 test. Correction of water 

volume readings for the volume of diffused air is performed by analyzing the measured outflow 

reading from the GDS volume and pressure controller. The process of water flow from or into 

the sample through the HAEPS due to change in pore air pressure caused by modifying the air 

pressure inside the testing chamber, or/and pore water pressure by changing the water pressure 

in compartment below the HAEPS, which is in hydraulic contact with the installed specimen, 

occurs as a nonlinear process in time. When the change of water volume has ceased, and 

specimen volume changes are negligible, the specimen is considered to be equilibrated at the 

imposed matric suction value under the applied stress conditions. However, the process of air 

diffusion through water occurs, in most cases, at a constant rate respective to time. In order to 

impose positive matric suction value, air pressure inside the testing chamber, which is in 

equilibrium with the pore air pressure inside the specimen, is usually greater than the water 

pressure inside and bellow the HAEPD. The latter is in equilibrium with the pore-water pressure 

inside the specimen if intimate hydraulic contact between the HAEPS and testing specimen 

exists. Since the ambient pressure below the HAEPD is generally smaller than above it, once 

when diffused through the HAEPD, the air expands. If not periodically removed by the flushing 

technique, diffused air causes erroneous volume readings. However, the amount of diffused air 

can be calculated from the linear part of the volume change readings after the equilibration of 

the specimen at imposed suction level is reached. According to the previous assumptions, the 

rate of volume change and the data collected from the equilibration stage can be used to correct 

water volume readings. 

Test UVSCDS03 was performed as a conventional saturated drained shear test without 

application or measurement of matric suction. After the specimen’s installation, the shear box 

was flooded with water from the top by adding the de-aired water and from below by applying 

30 kPa of water pressure beneath the HAEPD. The specimen was left to saturate for a minimum 

of 24 hours and then was sheared under a constant shear rate. Following this, the specimen was 

re-sheared in the two following tests (UVSCDS03b and UVSCDS03c) under the same net 

vertical stress value but increased matric suction values. Tests UVSCDS03b, UVSCDS03c, 

UVSCDS05 and UVSCDS07, UVSCDS07b and UVSCDS07c were performed as suction 

controlled tests on previously saturated specimens, starting from 𝑆 ≈ 1. Tests UVSCDS07b 

and UVSCDS07c were performed as re-shearing of the specimen used in the UVSCDS07 test 

at increased values of matric suction and net vertical stress, relative to the previous test. Test 

UVSCDS04 was used only to determine matric suction value of the relatively dry specimen 
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that was collected at the end of July 2017. Measurements were performed under the increasing 

values of net vertical stress (5, 50, and 100 kPa). Following this, the specimen was unloaded, 

the testing chamber was opened, and the saturation procedure similar to that described in the 

UVSCDS03 test was performed. After the saturation was completed, the UVSCDS05 test was 

started with increased matric suction and consolidation stress of 200 kPa. Figure 86 shows the 

results for the final stage of matric suction measurement in the UVSCDS04 test. For the 100 

kPa of net vertical stress, a corresponding degree of saturation and volumetric water content 

values of 55.4% and 0.24 cm3/cm3, matric suction value of 303 kPa was measured with the axis 

translation technique. 

Except for the suction controlled tests, two wetting tests (UVSCDS11 and UVSCDS12) 

were performed on relatively dry samples collected at the end of July 2017. Upon the 

installation of specimens at natural water content, initial matric suction was measured with 

constant water content and under 5 kPa of contact pressure. Following this, the specimen was 

consolidated at various net vertical stress values. In the following stage, considering the applied 

net normal stress, shear stress equal to around 1/2 to 2/3 of the predicted shear strength was 

applied on the specimen. Imposed stress conditions were kept constant until the axial and shear 

deformations ceased. Finally, specimens were wetted at different rates, until failure conditions 

in terms of acceleration of shear displacement under constant stress were reached.  

 

Figure 86: Detail of suction measurement from UVSCDS04 test for undisturbed specimen at natural 

water content collected at the end of July 2017. 
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The wetting tests intended to study the influence of matric suction decrease due to an 

increase of water content in tested specimen, and to observe if the reduction of matric suction 

could cause a decrease of the shear strength, leading to failure of the specimen under imposed 

loading conditions. Some details on specimen preparation, saturation, and installation in 

UGDSBPS are shown in Figure 87 and Figure 88. 

   

Figure 87: Adopted procedure for installation of undisturbed specimens at natural water content a) 

collected in-situ directly with cutter; and b) extrusion into the UGDSBPS apparatus.  

 

Figure 88: Undisturbed specimen used in the wetting tests installed into the UGDSBPS apparatus at 

a natural water content. 

(a) (b) 
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6.4.1. Suction-controlled test results 

Some of the shear strength test results obtained by using the SCDSA at the UniSa and 

UGDSBPS at the UniRi are presented in this part. Results are compared for the shearing stage 

of tests where shearing was performed under the control of matric suction and under the same 

value of the applied net vertical stress. Results obtained from conventional direct shear tests are 

added to outline the influence of the matric suction on the shear strength and stiffness 

characteristics of the investigated soil, as well. While for the SCDSA and UGDSBPS the 

volume of water change during the shear stage was actually measured by the volume measuring 

system, in the case of the conventional tests, the amount of water draining in or out from the 

specimen was calculated from the measured vertical displacement and know area of cross-

section. In case of the conventional tests, it was assumed that the samples were completely 

saturated and that the matric suction value was equal to 0 kPa, while the total volume change 

of the specimen was equal to the water volume change. 

Results obtained by using all three devices for determination of the soil shear strength 

under 50 kPa of net vertical stress are summarized in Figure 89. Results are shown in terms of 

the shear stress, vertical displacement, degree of saturation, and change of water volume vs. 

horizontal displacement in Figure 89 a), b), c), and d), respectively. 

Although the obtained results are not entirely consistent, which might be due to usage 

of different devices and undisturbed specimens that could vary in terms of homogeneity or the 

fact that different saturation conditions were used in the different tests, several conclusions 

could be clearly outlined. In every case, the increasing of matric suction resulted with an 

increase of the shear strength and stiffness of tested specimens during the shearing. 

Compressive behavior during shearing in saturated or nearly-saturated conditions changed to 

dilative as the matric suction was increased during the shearing. On the other hand, as the matric 

suction value increases, so does the rate at which water drains out from the specimen. 

Consequently, the degree of saturation rapidly decreases during the shearing at higher matric 

suction values, due to dilation of specimens and lowering of the water content. Compression 

and water flow inside the specimen during shearing at low suction values increase the degree 

of saturation during the shearing stage. The threshold value of matric suction separating the two 

patterns of behavior during the shearing (between 36 and 72 kPa for the net vertical stress of 

50 kPa) was found to increase with the increasing of the net vertical stress. 

Results are shown in the same form for the shear tests performed at a net vertical stress 

value of 100 and 200 kPa in Figure 90 and Figure 91, respectively. 
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Figure 89: Results obtained for shear stage using all three direct shear test devices under 50 kPa of 

net vertical stress, in terms of a) shear stress; b) vertical displacement; c) degree of saturation; and, 

d) change of volume of water vs. horizontal displacement. 
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Figure 89: Continued. 
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Figure 90: Shear stage tests results obtained from conventional and modified direct shear devices 

under 100 kPa of net vertical stress, in terms of a) shear stress; b) vertical displacement; c) degree of 

saturation; and d) change of volume of water vs. horizontal displacement. 
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Figure 90: Continued. 
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Figure 91: Shear stage tests results obtained from conventional and modified direct shear devices 

under 200 kPa of net vertical stress, in terms of a) shear stress; b) vertical displacement; c) degree of 

saturation; and d) change of volume of water vs. horizontal displacement. 
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Figure 91: Continued. 
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As was the case with tests performed at the net vertical stress of 50 kPa, an increase of 

matric suction resulted with an increase in shear strength of undisturbed samples tested under 

100 kPa of the net vertical stress. Results that slightly deviate from this pattern are those 

obtained for saturated testing conditions by using the UGDSBPS and the UVSCDS03 test, 

which resulted in 10 kPa higher shear strength compared to the results obtained in the 

conventional DSD, under the same value of the effective vertical stress. Another deviation is 

observed when comparing the results obtained from the UVSCDS01 and DSUVCJ01 tests, 

which were performed at matric suction value of 28 and 36 kPa, but using two different devices. 

The latter results plot slightly below although shearing was performed at a higher value of 

matric suction. However, both discrepancies could be considered negligible, considering that 

the results were obtained on undisturbed samples starting from different saturation conditions 

and by using different testing devices. Another important reason for discrepancies in results 

obtained from tests conducted on undisturbed samples of residual soil from flysch rock mass 

could arise from the heterogeneity of samples, especially for the presence of siltstone particles 

of varying weathering degrees or roots at the shearing surface. Again, the same patterns were 

observed when considering the contractive and dilative behavior of specimens during the 

shearing stage relative to the increase of matric suction: dilative behavior was observed only 

when the matric suction was increased to 72 kPa, and tested specimens started to desaturate 

during the shearing. On the other hand, for matric suction values lower than 72 kPa, tested 

specimens exhibited contractive behavior with the increase of the degree of saturation during 

the shearing. 

The same pattern was obtained for the specimens sheared under the 200 kPa of the 

applied net vertical stress. However, the threshold limit separating the contractive and dilative 

behavior is increased: the dilation and significant desaturation of tested samples during the 

shear were observed only when the matric suction value was increased to 138 kPa. Test results 

obtained in UGDSBPS clearly outline an increase in stiffness and shear strength with the 

increase in matric suction, as well. All of the obtained results on undisturbed samples tested in 

unsaturated conditions are interpreted in the following part. 

6.4.1.1. Interpretation of test results 

Conditions at failure from all of the tests performed in this study are summarized in Table 17. 

According to the results shown in the previous section, the threshold matric suction value 

separating contractive and dilative behavior increases with the increase of net vertical stress 
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value applied during the shear stage. Since the AEV of the soil generally increases with the 

increase of net vertical stress due to the reduction of the void ratio of the tested specimen, the 

obtained results provide insight into the connection between the SWRC and behavior of fine-

grained soil behavior during the shearing in unsaturated conditions. Results obtained from 

conventional and modified direct shear tests are shown in the following figures, in terms of the 

different models described in the earlier part of the chapter. For example, Bishop’s effective 

stress formulation is used to present all of the shear strength tests results obtained on 

undisturbed samples in Figure 92. A continuous line fits the result obtained for saturated 

conditions by using the conventional direct shear device (Conv. DSD). A dashed line fits all of 

the results that were obtained in unsaturated conditions by using two modified direct shear test 

devices (SCDSA and UGDSBPS). Two squared markers without the fill indicate results from 

the UVSCDS03 and UVSCDS02b tests, which are excluded from the fitting procedure. Test 

UVSCDS03 was performed as a conventional test by using the UGDSBPS on an undisturbed 

sample installed at a natural water content inside the shear box. The specimen was saturated by 

adding the water from the top of the porous disc and from below, through the HAEPS as 

described earlier. Following this, the specimen was consolidated by applying 100 kPa of the 

effective vertical stress and sheared at a constant shear rate of 5.0E-03 mm/min. However, the 

results obtained here suggest that the matric suction of approximately 30 kPa still existed inside 

the specimen during the shear stage and that the saturation process inside the shear box was not 

successful. 

On the other hand, results could be affected by the specimen heterogeneity, especially 

if larger siltstone particles (Figure 93 a), or even limestone fragments are present at the shearing 

plane (Figure 93 b), which could result in increased shear strength related to the case where 

these particles are absent on the shearing plane. In the case of the UVSCDS02b test, shear stress 

was still increasing at 12.5 mm of horizontal displacement. After the maximum horizontal 

displacement was reached, the test was terminated. The maximum recorded shear stress was 

probably much lower than would be reached if the shear strength was fully mobilized. The 

reason for this could be the fact that the specimen was re-sheared (a specimen was previously 

used in the UVSCDS02 test), which might have affected the behavior of the specimen during 

the following shearing, especially regarding the stiffness, which could be significantly reduced. 



 

 

Table 17: Conditions at failure for all direct shear tests.  
 

 
                     Testing conditions Conditions at failure  

Test name Test type: 

sc/w;wn/S* 

Net vertical 

stress, 𝜎𝑣 

Mat. suction, 

(𝑢𝑎  - 𝑢𝑤) 

Shear displ. 

rate, 𝑑ℎ  

Shear 

stress, 𝜏𝑓 

Mat. suction, 

(𝑢𝑎  - 𝑢𝑤)f 

Hor.  

displ., 𝑑ℎ𝑓  

Degree 

of sat., 𝑆𝑓 

Vol. water 

cont., 𝜃𝑓 

Void 

ratio., 𝑒𝑖 

Bishop's ef. 

stress, 𝜎𝑣
′ 

    [kPa] [kPa] [mm/min] [kPa] [kPa] [mm] [/] [/] [/] [kPa] 

Conv. DSD conv.; S 50 nc** 0.005 37.8 0 11.4 1   50 

Conv. DSD conv.; S 100 nc** 0.005 64 0 8.5 1   100 

Conv. DSD conv.; S 200 nc** 0.005 129.5 0 6.3 1   200 

DSUVCJ01 sc; wn 100 36 0.005 78.8 36 5.7 1 0.41 0.71 136 

DSUVCJ02 sc; wn 200 36 0.005 142 36 7.4 0.94   233.8 

DSUVCJ03 sc; wn 50 36 0.005 52 36 6.4 0.95   84.2 

DSUVCJ10 sc; wn 50 72 0.005 79.5 72 3.9 0.94 0.37  117.7 

UVSCDS01 sc; wn 100 28 0.005 87 28 7.5 0.98 0.39 0.65 127.5 

UVSCDS02 sc; wn 100 174 0.005 124 174 7.1 0.72 0.29 0.68 226 

UVSCDS02b sc; wn 100 240 0.005 131 240 12.2 0.72 0.28 0.64 272.1 

UVSCDS03 conv.; S 100 0 0.005 80.3 0 8.0 1 0.32 0.48 100 

UVSCDS03b sc; S 100 72 0.005 106.2 72 8.2 0.87 0.25 0.41 162.6 

UVSCDS03c sc; S 100 140 0.005 118,4 140 5.5 0.84 0.22 0.35 217.3 

UVSCDS04 sc; wn 5; 50; 100  na        

UVSCDS05 sc; S 200 73 0.005 152,6 73 9.3 0.94 0.19 0.27 268.5 

UVSCDS06 sc; S 50 74 0.005 67.7 74 7.3 0.78 0.32 0.70 107.7 

UVSCDS07 sc; S 200 138 0.005 165 138 8.9 na na 0.48  

UVSCDS07b sc; S 200 207 0.005 180 207 13.9 na na 0.44  

UVSCDS07c sc; S 280 207 0.005 202 207   na 0.36  

UVSCDS08 sc; wn 245 180 0.005 233 180 10.0 0.85 0.30 0.53 398.7 

UVSCDS09 sc; wn 50 180 0.005 102 180 10.4 0.73 0.34 0.87 180.7 

UVSCDS10 sc; wn 50 144 0.005 92.4 144 8.7 0.74 0.31 0.74 155.8 

UVSCDS11 w; wn 69 decrea. nc** 75 74.4 na 0.68 0.29 0.75 100.7 

UVSCDS12 w; wn 100 decrea. nc** 90 16.9 na 0.79 0.33 0.71 113.4 

* test type: sc - suction controlled/w-wetting test/conv.-conventional direct shear test without application of matric suction (only in UVSCDS03 and Conv. DSD);  

   initial saturation condition: wn-initial water content/S-saturated prior to testing; 

** variable is not controlled in the wetting tests; 

*** specimen taken at natural water content was saturated in steel cutter outside the shear box for several days. 
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Figure 92: Shear strength test results in terms of the Bishop’s effective stress formulation (Bishop 

1959), obtained on undisturbed samples of residual soil from a flysch rock mass by using 

conventional (DSD) and modified (SCDSA and UGDSBPS) direct shear test apparatuses. 

  

Figure 93: Heterogeneity at the shearing plane of undisturbed samples: a) occasional presence of 

roots and siltstone fragments of different weathering degree and size, and b) lime-stone fragment. 
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the matric suction is increased above 100 kPa, 𝜙𝑏   becomes equal to a constant value of around 

9°, with very little variation for the considered range of matric suction. Figure 94 b) shows the 

plot for net normal (𝜎 − 𝑢𝑎) vs. shear stress 𝜏, a plane parallel to matric suction axis, providing 

values for the 𝜙′ and the effective 𝑐′ or apparent cohesion, c. 

 

 

Figure 94: Failure envelope obtained from conventional and modified direct shear tests 

performed on undisturbed samples, projected onto: a) 𝜏 versus (𝑢𝑎 − 𝑢𝑤) plane; and b) 𝜏 versus 

(𝜎 − 𝑢𝑎) plane. 
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The above results are used for the determination of the quantities required for the 

evaluation of the suction stress under the matric suction values for which the envelopes were 

obtained, as proposed by Lu et al. (2010). The procedure for obtaining values of the effective 

cohesion 𝑐′, apparent cohesion 𝑐, effective friction angle 𝜙′, apparent tensile stress, 𝜎𝑐0, 

uncorrected suction stress, 𝜎𝑐𝑖, and corrected suction stress 𝜎𝑐0
′, is outlined in Figure 95.  

Table 18 and Table 19 summarize the calculated values for determination of the suction 

stress and considered failure envelopes. Figure 96 represents verification of the experimentally 

obtained results against the SSCC of residual soil from a flysch rock shown (Figure 61 b) 

obtained by using a closed-form suction stress equation (68) proposed by Lu et al. (2010).  

 

Figure 95: Experimentally obtained shear strength test results for quantification of the SSCC (Lu 

and Likos 2006) of residual soil from a flysch rock mass. 

 

 

Table 18: Determination of the apparent tensile stress and effective cohesion from the conventional 

direct shear test results performed on undisturbed samples. 
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Saturated  0 𝜏𝑓 = 0.617𝜎𝑛
′ + 5.1 5.1 31.7 8.1 
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Table 19: Determination of the suction stress from suction-controlled direct shear test results 

performed on undisturbed samples. 
 

Failure 

envelope 

Mat. suction, 

(𝑢𝑎  - 𝑢𝑤) 

Failure envelope 

equation, 𝜏𝑓 
Apparent 

cohesion, 𝑐′ 

Ef. frict. 

angle, 𝜙′ 

"Uncor." suc. 

stress, 𝜎ci 

Suc. str., 

𝜎ci
′ 

  [kPa] [kPa] [kPa] [°] [kPa] [kPa] 

Unsaturated  36 𝜏𝑓 =  0.605σn' + 20.4 20.4 31.2 33.7 25.6 

Unsaturated  72 𝜏𝑓 =  0.484σn' + 56.3 56.3 25.8 116.4 108.3 

Unsaturated  140 𝜏𝑓 =  0.481σn' + 69.1 69.1 25.7 143.5 135.4 

Unsaturated  180 𝜏𝑓 =  0.440σn' + 80.0 80.0 23.7 181.8 173.7 

 

Figure 96: SSCC of residual soil from a flysch rock mass presented by closed-form expression (68) 

and experimentally obtained values from direct shear tests. 
 

Although the shear strength tests were performed on undisturbed samples and under a 

limited range of matric suction values, the obtained results show very good correlation with the 

SSCC predicted by the equation (68). To be considered as identical, samples used for 

determination of unsaturated shear strength characteristics of soil should be homogeneous, not 

only with the same dry density and stress history but with the same water content as well. The 

last term provides a strong motivation for the use of samples prepared under controlled 

conditions in the laboratory, rather than performing long-term experimental studies on 

undisturbed specimens, for which inconsistencies in measurements are a common feature, while 

the interpretation of the tests results is usually much more difficult. 
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6.4.2. Wetting test results 

In this part, the results of two experiments performed as wetting tests are presented. The first 

wetting test, UVSCDS11 was performed under 50 kPa of net vertical and 75 kPa of shear stress. 

The second test, UVSCDS12 was performed under 100 kPa of net vertical and 90 kPa of shear 

stress. In both tests, undisturbed samples collected during the dry period of the year (end of July 

2017) with relatively low water content were used. After the installation of specimens, contact 

pressure was applied, and initial matric suction values were measured by using the similar 

approach described for the suction controlled direct shear tests. Depending on the applied net 

vertical stress value, one or multiple suction measurements for the natural water content were 

performed with a closed drainage valve. After the final step of consolidation was completed, 

shear stress was applied in one or multiple stages. When equilibrium conditions were reached 

for the imposed stress state, and when horizontal deformation ceased, matric suction was 

measured once again, and the wetting part of the test began. Matric suction was decreased in 

various ways: by increasing the water pressure in the water compartment below the HAEPS, 

by decreasing the air pressure inside the testing chamber, or by a simultaneous change of both. 

Depending on the stage of the test and moisture conditions, matric suction was reduced at 

different rates. In some cases, water pressure was increased instantly by using the GDS volume 

and pressure controlling unit and water volume changes were observed during the time. 

Alternatively, the increase of pore water pressure was controlled by software. The desired value 

of the pore water pressure increasing was applied linearly during the defined time interval. In 

the case of the reduction of air pressure, the software was used to decrease matric suction value 

at the aimed rate. For example, rates at which matric suction was decreased in some cases were 

from 0.5 up to 2 kPa/h. In general, a low hydraulic conductivity of investigated soil and 

relatively safe 𝜏/𝜎𝑛𝑒𝑡 ratio applied at the beginning of tests resulted in a long duration of both 

tests. For example, UVSCDS11 test lasted for 30.5 days, while it took 28 days to complete the 

UVSCDS12 test. The fact that these were the first wetting tests performed on this type of 

material, and that matric suction values imposed during the wetting stages were controlled in 

the following steps to check if the selected rate was appropriate for the equilibration process to 

take place, have contributed to the long duration of tests as well. Both tests and obtained results 

are briefly described below. 

After the application of low contact pressure (5 kPa) in the UVSCDS11 test, the initial 

matric suction of 350 kPa was measured at constant water content. Tested specimen had initial 

water content of 17.4%, the degree of saturation equal to 58.6 %, volumetric water content of 
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26.0% cm3/cm3 and a void ratio of 0.80. Following this, the specimen was consolidated under 

50 kPa of net vertical stress, causing a slight increase of the volumetric water content and 20 

kPa decrease of the matric suction. Shear stress was applied incrementally through three stages 

with a ramp of 25 kPa per minute. As shown in Figure 97, equilibrium conditions were reached 

at approximately 5.5 mm of horizontal displacement. All of the variables were measured during 

the application of initial loading conditions. After the last stage of shear stress application, and 

when the horizontal displacement ceased, the wetting part of the test was performed. 

Measurements of the volumetric water content, void ratio and shear stress vs. horizontal 

displacement are summarized in Figure 97. The obtained results indicate that void ratio 

increases and the volumetric water content of the specimen decreases as dilation occurs after 

1.5 mm of horizontal displacement. In the following part of the UVSCDS11 test, imposed 

normal and shear loads were kept constant, while the water content was slowly increased by 

reducing the matric suction. During the next ten days (tabs= 15500 min in Figure 98), matric 

suction was incrementally decreased to 190 kPa, causing the increase of the degree of saturation 

to approx. 63%. Matric suction change, horizontal displacement, and calculated values of the 

pore water volume and degree of saturation during the following 20 days are summarized in 

Figure 98 a). Figure 98 b) shows the final part of the experiment in which yielding of the 

specimen starts to occur at an increased rate, as the matric suction is decreased below 65 kPa. 

 

Figure 97: Change of the void ratio and volumetric water content during the application of shear 

stress under 50 kPa of net vertical stress in the UVSCDS11 test. 
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Figure 98: Matric suction, horizontal displacement, the degree of saturation and volume of water 

inside the specimen during the a) wetting stage, and b) yielding of the specimen in the UVSCDS11 

test. 
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After the horizontal displacement reached 12.45 mm, the shear actuator was stopped 

and 74 kPa of matric suction was measured. Change of the volumetric water content, void ratio 

and degree of saturation vs. horizontal displacement are presented in Figure 99 for the wetting 

part of the test. 

Similar behavior was observed for the UVSCDS12 tests during the application of initial 

loading conditions. The sample had a slightly lower initial water content of 14.1 %, for which 

397 kPa of matric was measured. The degree of saturation equal to 47.1%, volumetric water 

content of 21% and void ratio of 0.81 were determined for the natural water content. After the 

consolidation at constant water content under 100 kPa of net vertical stress, 100 kPa of shear 

stress was applied in a single step through 2 min time interval. The specimen behavior changed 

from compressive to dilative after 1 mm of horizontal displacement was exceeded. In order to 

reach equilibrium conditions at lower horizontal displacement, shear stress was reduced for 10 

kPa after a ramp stage was completed. Shear stress of 90 kPa was kept constant through the rest 

of the test. Application of the shear stress with measured void ratio and volumetric water content 

vs. horizontal displacement for the UVSCDS12 test are shown in Figure 100.  

 

Figure 99: Change of the volumetric water content, void ratio and degree of saturation vs. horizontal 

displacement for the wetting part of the UVSCDS11 test. 
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Figure 100: Change of the void ratio and volumetric water content during the application of shear 

stress under 100 kPa of net vertical stress in the UVSCDS12 test. 

 

Figure 101: Initial suction measurement, consolidation, equilibration at 370 and 331 kPa of matric 

suction and application of shear stress vs. time for the UVSCDS12 test. 
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In the following part of the UVSCDS12 test, imposed normal and shear loads were kept 

constant, while the water content of the tested specimen was slowly increased by reducing the 

matric suction value. Change of the matric suction, horizontal displacement, volume of water 

inside the specimen, and degree of saturation during the time are summarized in Figure 102 a). 

Figure 102 b) shows a change of the volumetric water content, degree of saturation and void 

ratio with horizontal displacement.  

The final part of the experiment, in which the specimen started to yield at an increased 

rate is indicated in Figure 103. The results show that the specimen was equilibrated at 33 kPa 

(tabs = 30250 min in Figure 103) with no horizontal displacements or change in water content 

occurring. Then, the matric suction was decreased in two steps. The first decrease of matric 

suction to around 22 kPa did not cause excessive horizontal deformation while the degree of 

saturation started to increase. A more rapid increasing of the degree of saturation was observed 

when the matric suction value was decreased to 10.5 kPa and held constant. The steady increase 

of shear displacement between time intervals of 31470 to 33120 min changed to a rapid yielding 

when the degree of saturation value increased above 77 % (tabs = 33120 min in Figure 103). 

During the whole stage of equilibration under the constant matric suction of 10.5 kPa, which 

lasted for around 43 hours, the degree of saturation was increasing at a constant rate.  

When the horizontal displacement reached 12.45 mm, matric suction was increased up 

to around 90 kPa. As a result, shear displacement was stopped immediately, while 30 hours 

were needed for the excess of water to outflow from the specimen and volumetric water content 

to become constant. In the final stage, matric suction was lowered until the maximum horizontal 

displacement was reached. Again, matric suction was measured before dismantling of the 

device to check the actual matric suction value inside the specimen at the end of the test. 
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Figure 102: Reduction of the matric suction, horizontal displacement, degree of saturation and 

volume of water inside the specimen during the wetting stage vs. a) absolute duration of the test, and 

change of the void ratio, volumetric water content and degree of saturation vs. b) horizontal 

displacement in the UVSCDS11 test. 
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Figure 103: Matric suction, horizontal displacement, degree of saturation and volume of water inside 

the specimen during the yielding of the specimen in the UVSCDS12 test. 

 

6.4.2.1. Interpretation of the wetting test results 

Stress paths for both conducted wetting tests are presented in Figure 104. The calculated degree 

of saturation and matric suction values during the tests were used to express the effective stress 

by using Bishop’s formulation. The obtained values were used to represent the stress path that 

specimens underwent during the wetting tests. Results show that the gradual decreasing of 

matric suction under imposed normal and shear stress conditions led to an increasing in water 

content of tested specimens. Consequently, strength and stiffness reduced due to the decrease 

of matric suction value. At some point, acceleration of shear displacement was observed, 

leading to failure of the specimen. However, when the matric suction was increased in the 

UVSCDS12 test, equilibrium conditions were restored and yielding stopped. Again, further 

decrease of matric suction caused further horizontal deformations and yielding of the specimen. 

Although the previously determined SWRC was obtained without the application of the shear 

stress, initial and final water contents measured in wetting tests fall exactly on the main wetting 

branch (see Figure 105). The latter value was used to calculate the effective stress at failure.  
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Figure 104: Stress paths from UVSCDS11 and UVSCDS12 wetting test with saturated envelope and 

shear strength test results obtained by using different direct shear devices.  

 

Figure 105: Initial and final volumetric water contents from UVSCDS11 and UVSCDS12 wetting 

tests plotted on derived SWRC curve in θ – (ua-uw) form. 
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7. NUMERICAL SIMULATIONS 

 

All of the findings delivered through previous chapters are utilized to build a numerical model 

and perform different types of analyses in this chapter. Results of the rainfall infiltration 

analysis are coupled with the slope stability analysis to determine the influence of rainfall 

infiltration and geotechnical cross-section unsaturated zone on the state of slope stability in 

flysch slope over time. 
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7.1. Literature overview 

To lower the impact of rainfall-induced landslides, which have become a widespread hazard 

that frequently results in considerable economic loss and human casualties, many efforts have 

been made throughout the last couple decades regarding the assessment of factors that cause 

the landslide events, predicting possible locations and explaining mechanisms that cause the 

landslide phenomena. A number of input parameters and variables that affect the solution make 

physically based modeling inappropriate for application on large and complex areas. Reliable 

mathematical models can include numerous variables involved in the triggering process, such 

as slope morphology, spatial and temporal rainfall variability, mechanical and hydraulic soil 

properties, initial conditions such as distribution of pore water pressures or moisture content, 

different boundary conditions, vegetation coverage, loading conditions, etc. (Greco et al. 2010). 

Given the extreme challanges to comprehensively account for all of these factors, even for a 

single specific location, studies usually focus only on those factors that have a major influence 

on the stability of the considered slope, in this case, rainfall. For example, various statistical 

approaches are commonly used to relate the occurrence of landslides and the rainfall 

characteristics without considering the influence of geological, hydrological and the physical 

process of rainfall infiltration in a slope (e.g., Guzzetti et al. 2007, 2008; Dahal and Hasegawa 

2008; Brunetti et al. 2010; Peruccacci et al. 2017; Segoni et al. 2018, etc.). Conventional slope 

stability analyses, which are still most frequently employed in geotechnical engineering 

practice, account for rainfall influence on slope stability by changing the groundwater flow 

conditions, where the rising of the groundwater level increases pore water pressures and reduces 

the shear strength. This type of analysis assumes saturated, steady-state water flow, where for 

the worst-case scenario, the phreatic surface is often assumed to coincide with the soil surface 

(Collins and Znidarcic 2004). In this case, further infiltration is not possible, and further rainfall 

does not affect the stability of the slope. However, depending on the infiltration characteristics 

of the soil, other pore water pressure profiles are possible within the slope while the pore water 

pressure change occurs as a transient process, as the rainfall infiltrates into the soil (Collins and 

Znidarcic 2004; Zhang et al. 2011). Being mostly based on a wetting front concept, conceptual 

infiltration models (e.g., Green and Ampt 1911; Lumb 1962; Leach and Herbert 1982; Sun et 

al. 1998) generally have some serious limitation: material properties (USPFs) such as shear 

strength, water retention or permeability are not considered as a function of matric suction, 
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slope geometry and variation of rainfall are not considered, etc. Also, in certain types of soils, 

generally with low hydraulic conductivity, the wetting front concepts are not effective. Low 

infiltration rates result in a transition zone which is not sharp and distinguishable. Infiltration 

and evaporation are considered transient processes, which respond to the moisture flux 

boundary conditions (Fredlund et al. 2012). If a more rigorous distribution of pore water 

pressure in a slope under complex boundary conditions is to be obtained, the equation 

describing water flow through an unsaturated–saturated soil system must be solved (Zhang et 

al. 2011). The main difference in water flow through unsaturated soil, relative to the case of 

saturated soil, is in the coefficient of permeability, which is assumed not to be a constant value, 

but rather a function of matric suction or water content. Unlike for the unsaturated soils which 

are characterized by the presence of negative pore water pressure values, only positive pore 

water pressure values can exist in saturated soils. Although there are significant differences 

between the two cases, the formulation of differential equations describing water flow is derived 

in a similar manner (Fredlund et al. 2012), providing a smooth transition when switching from 

the unsaturated to the saturated case (Fredlund 1981). Aside from general heterogeneities of 

soil, the coefficient of water permeability can differ in various points of unsaturated soil due to 

different water content (or matric suction) values. In this case, the relationship between the 

coefficient of permeability respective to the water phase and matric suction (or water content) 

is defined by the UHCF. Anisotropy of soil can cause the coefficient of permeability to vary 

with the direction. In this case, the major and minor coefficients of permeability, corresponding 

to directions with the highest and lowest permeability have to be defined. The water storage 

property of soil has to be defined if transient flow process is considered. Part of the partial 

differential equation describing a transient process is denoted by the symbol 𝑚2
𝑤 and is equal 

to the aritmethic slope of the SWRC expressed in terms of the volumetric water content, SWRC-

θ (Fredlund et al. 2012). Fredlund and Morgenstern (1976) proposed the following water phase 

constitutive relationship for unsaturated soil 

𝑑𝜃𝑤 = 𝑚1
𝑤𝑑(𝜎 − 𝑢𝑎) + 𝑚2

𝑤𝑑(𝑢𝑎 − 𝑢𝑤) 
(81) 

 

where 𝜎 is the total stress, 𝑚1
𝑤 is the slope of the water volume vs. (𝜎 − 𝑢𝑎) relationship when 

𝑑(𝑢𝑎 − 𝑢𝑤) is zero, and 𝑚2
𝑤 is the water storage coefficient, which is the slope of the water 

volume vs. (𝑢𝑎 − 𝑢𝑤) relationship when 𝑑(𝜎 − 𝑢𝑎) is zero. If under transient water flow the 

total stress acting on an element of soil remains constant, and pore-air pressure is assumed to 

remain equal to the atmospehric pressure (𝑢𝑎 = 𝑝𝑎𝑡𝑚), then a change in volumetric water 
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content is a function only of a change in pore-water pressure, and the following relation is 

obtained (Fredlund and Morhenstern 1976; Zhang et al. 2004) 

𝑑𝜃𝑤 = 𝑚2
𝑤𝑑(−𝑢𝑤) . 

(82) 

 

In the case of unsaturated soil with isotropic hydraulic conductivity, (𝑘𝑤1 = 𝑘𝑤2 =

𝑘𝑤(𝑢𝑎 − 𝑢𝑤), a 2D transient seepage equation can be expressed based on continuity 

considerations and Darcy's law as 

𝜕

𝜕𝑥
(𝑘𝑤

𝜕ℎ𝑤

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑤

𝜕ℎ𝑤

𝜕𝑦
) = 𝑚2

𝑤𝜌𝑤𝑔
𝜕ℎ𝑤

𝜕𝑡
=

𝜕𝜃𝑤

𝜕𝑡
 

(83) 

 

where 𝑚2
𝑤 represents the water storage modulus obtained by differentiation of the SWRC-θ on 

an arithmetic scale (Fredlund et al. 2012). 

Iverson (2000) proposed a model of the transient process of landslide response to 

rainfall that links slope failure and landslide motion to groundwater pressure heads that change 

in response to rainfall. By approximating the governing equation for rainfall infiltration in a 

local rectangular Cartesian coordinate system, he obtained an analytical solution for pressure 

head. In his work, Iverson (2000) considered only shallow and initially wet soil (𝑘𝑤 ≈ 𝑘𝑠𝑎𝑡), 

exposed to short rainfall duration. Zhan and Ng (2004) performed an analytical analysis to study 

the rainfall infiltration mechanism and pore-water pressure distribution in single and two-layer 

unsaturated soil systems. By using the governing equation of 1D vertical transient infiltration, 

they applied various constant infiltration rates to study the effect of coefficient of saturated 

permeability, desaturation coefficient, water storage capacity, soil heterogeneity and others. 

They concluded that, among the three hydraulic parameters, the effects of 𝛼 and 𝑘𝑠 on the pore-

water pressure response are much more significant than the soil retention capabilities (𝜃𝑠 − 𝜃𝑟). 

The advantage of numerical analysis is that it can incorporate more sophisticated and advanced 

models of soil hydraulic properties or advanced boundary conditions that can change in time. 

Rahardjo et al. (2007) performed parametric numerical studies to investigate controlling factors 

for slope instability under rainfall conditions. The relative importance of hydraulic soil 

properties, rainfall intensity, initial water table location and slope geometry in inducing 

instability of a homogenous soil slope under varied rainfall conditions was investigated through 

a series of parametric studies. They found that the primary factors controlling the stability of 

slope under rainfall are soil properties and rainfall intensity, while the initial water table location 

and slope geometry only played a secondary role (Rahardjo et al. 2007). Also, the results 

indicated that the instability of slopes with high 𝑘𝑠 values is more likely to be affected by short-
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duration rainfall, while only long-duration rainfall and antecedent rainfall are closely related 

with the failure of slopes with low hydraulic conductivity. They suggested that, for a given 

rainfall duration, a threshold rainfall intensity exists, which results in the minimum global factor 

of safety. The applied hydro-mechanical soil parameters, boundary and initial conditions, as 

well as considered slopes geometry, are typical for residual soils in Singapore. Ng and Pang 

(2000) performed the series of finite-element transient seepage and limit-equilibrium analyses 

to study the influence of various rainfall characteristics and stress-dependent SWRCs on the 

stability of an unsaturated cut slope. In the case of slopes built in volcanic soil in Hong Kong, 

they showed that wetting stress-depended SWRCs resulted in substantially higher initial steady-

state pore-water pressure distributions with depth than in the case of using conventional drying 

SWRCs. Zhang et al. (2004) performed the steady-state and transient finite element seepage 

analyses to show the dependency between pore-water pressure profile and rainfall intensity, the 

saturated coefficient of permeability and the water storage function. They showed that under 

steady state conditions, the most important factor affecting the matric suction near ground 

surface is the ratio between the magnitude of the ground surface moisture flux and the saturated 

coefficient of permeability 𝑞/𝑘𝑠. If the steady-state rainfall fluxes 𝑞 are two or more orders of 

magnitude lower than the 𝑘𝑠, the long-term matric suction does not disappear and remains 

essentially close to the hydrostatic profile. An increase of the 𝑞/𝑘𝑠 ratio and decrease of the 

soil AEV caused reduction of matric suction in the vertical soil profile. For the transient seepage 

conditions, Zhang et al. (2004) showed that the pore-water pressure profile after a rainfall 

depends on the water storage properties, as well, with the wetting front progress being reduced 

as the water storage of soil increases. Cascini et al. (2010) proposed an approach for 

geomechanical modeling of failure and post-failure stages of the shallow landslides of the flow-

type. By performing various numerical analyses for the relevant case study of Southern Italy, 

Sarno - Quindici event which occurred between 4 and 5 May 1998, they showed that localized 

pore-water pressure values induced by spring from the bedrock played the key role in the failure 

onset. The same event was modeled combining the limit equilibrium method with computed 

pore water pressures from the governing transient equation, by using the uncoupled stress-strain 

analyses, and fully coupled 2D and 3D stress-strain analysis approach of both failure and post-

failure stages. Again, stress-strain analyses indicated that rainfall infiltration from the ground 

surface induces low deformation rates in the slope, while by considering the spring from 

bedrock, higher pore-water pressures, stress ratios and deformation rates were simulated in the 

portion of the slope corresponding to the spring zone. Results highlighted that the 3D coupled 

analyses agree with the slope instability scenarios obtained with simplified models and that 
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more conventional 2D analyses can be safely referred (Casini et al. 2010). Rahimi et al. (2011) 

performed parametric numerical studies by using three typical rainfall patterns for Singapore 

and two different soil types to represent high- and low-conductivity residual soils of Singapore. 

By applying antecedent rainfall patterns and performing a transient seepage analysis, the 

obtained pore water pressures were used to calculate factor of safety to analyze the slope 

stability results. They found that the antecedent rainfall affected the low-conductivity slope 

more significantly than the high-conductivity slope, while rainfall patterns controlled the time 

corresponding to a minimum factor of safety value, the rate at which the factor of safety 

decreased and its value also. Delayed rainfall pattern resulted in the lowest minimum factor of 

safety, for the high-conductivity slope, while advanced rainfall pattern resulted in a lowest 

minimum factor of safety for low-conductivity slope (Rahimi et al. 2011). The minimum factor 

of safety value was found to correspond to the amount of infiltrated water: the delayed rainfall 

pattern resulted in the highest amount of infiltrated water for the high-conductivity slope, 

causing the minimum factor of safety value. A minimum factor of safety value and the highest 

quantity of infiltrated water was obtained for the advanced rainfall pattern in the case of the 

low-conductivity pattern (Rahimi et al. 2011). By performing numerical parametric analysis, 

Cuomo and Della Sala (2013) showed that time to runoff, time to failure and runoff rates are 

strongly affected by SWRCs, initial soil conditions, rainfall intensity, and slope angle. The 

adopted hydro-mechanical soil properties and geometrical conditions were representative for 

soils and slopes from different parts of the world. Cuomo and Della Sala (2013) outlined that 

simplified standard procedures provide only a poor estimation of the time to runoff and runoff 

discharge, which can be improved through the application of the proposed procedure. Zhang et 

al. (2014) performed a study by using the two-dimensional slope stability analysis along with 

an estimated nonlinear shear strength equation. Results showed that the effect of matric suction 

on the calculated factor of safety is trivial for soils with AEV less than 1 kPa, and that the 𝜙𝑏 

value equal to zero can be assumed. For AEV ranging from 1 to 20 kPa, the nonlinear equations 

of unsaturated shear strength should be adopted. For soils with an AEV value between 20 and 

200 kPa, an assumed 𝜙𝑏 value of 15° provides a reasonable estimation of the effects of 

unsaturated shear strength in most cases. For soils with an AEV greater than 200 kPa, it can be 

generally assumed that 𝜙𝑏 = 𝜙′, in applications where geotechnical structures have matric 

suctions around 100 kPa (Zhang et al. 2014). Numerical modeling of rainfall infiltration 

coupled with slope stability analyses has been used to assess the impact of Earth's climate 

change. For example, one aspect of climate change are the variations in rainfall patterns, which 

affect flux boundary condition across the ground surface – input parameter for numerical 



University of Rijeka, Faculty of Civil Engineering 

Peranić, J. 2019. The importance of geotechnical cross-section                                                       193 
unsaturated zone for landslide occurrence in flysch deposits 

modeling of transient rainfall infiltration process. Kristo et al. (2017) investigate the variations 

in rainfall patterns in Singapore and its effect on slope stability. Linear regression was used to 

analyze historical rainfall data (1985-2009) from Seletar and Paya Lebar weather stations. 

Using the derived trends, which indicated generally increasing trend of rainfall intensity, Kristo 

et al. (2017) projected rainfall intensities in 2050 and 2100, which were used in the seepage and 

slope stability analyses performed on a typical residual soil slope in Singapore. The performed 

slope stability analysis indicated a significant reduction in the factor of safety, especially from 

2003 – 2050 due to increase in rainfall intensity, suggesting that climate change might have 

existed beyond 2009 with possibly detrimental effects to slope stability (Kristo et al. 2017). A 

similar study was performed by Yeh and Tsai (2018), who analyzed the effects of climate 

change on rainfall patterns from the perspective of rainfall intensity, and combined the obtained 

intensity trends with numerical model analysis to examine the rainfall patterns of the Zengwen 

reservoir catchment area and its effects on slope stability. A qualitative analysis of seepage and 

slope stability showed that increasing amount of seepage would significantly change pore water 

pressure in the soil, leading to the quicker occurrence of slope instability after the start of 

rainfall (Yeh and Tsai 2018). 

Shallow flow-type landslides triggered by rainfall in pyroclastic soils frequently affect 

the region of Campania (southern Italy). Several papers have dealt with modeling of flow-type 

landslides in carbonate and volcanic contexts (e.g., Pagano et al. 2010; Cascini et al. 2010; 

Cascini et al. 2013; Pirone et al. 2016) ). However, only a few studies have focused on landslides 

in pyroclastic soils resting on flysch bedrock. Santo et al. (2018) performed uncoupled hydro-

mechanical analyses on the Bosco de' Preti landslide (Avellino, Italy). This study constitutes a 

case study of a complex landslide affecting pyroclastic soils on flysch bedrock. In this study, 

rainfall infiltration was modeled as the transient process only through the pyroclastic soil, for 

which UHCF and SWRC were known. Flysch bedrock was modeled only as a saturated 

material, with an adopted value of 𝑘𝑠 = 1.0E-09 m/s according to site measurements in similar 

flysch deposits of the southern Apennines (Urciuoli et al. 2016). Numerical analysis, in which 

pore-water pressures obtained from the rainfall infiltration analysis were introduced into slope 

stability analysis, demonstrated that the rainfall during the two months preceding the event was 

able to fully saturate the pyroclastic cover and to establish positive pore water pressure at a 

depth of the surface of rupture, a soil condition never witnessed in carbonatic contexts. 

Very few studies concerning rainfall infiltration process through flysch deposits exist. 

For example, Berti and Simoni (2012) presented the results of monitoring activities carried out 

on two slopes prone to sliding, built of clay-shales in the Northern Apennines of Italy. They 
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used descriptive statistics and simple, physically based theories for infiltration and groundwater 

flow to analyze and interpret the collected field data. They concluded that shallow weathered 

soils, or clayey cover, and unaltered material at some depth exhibit much different behavior. 

The responses to single rainfalls are identifiable as pressure pulses in the clay cover, but are 

never observed in the underlying parental clay-shales where downward gradients indicate 

recharge and only long-term seasonal fluctuations are recorded. They concluded that short-term 

variations of pressure head in the clayey cover are ruled by downward propagation of a pressure 

wave in saturated conditions. By addressing slope stability regarding the presented hydrological 

framework, they discuss that shallow weathered soils, being the only portion of the profile 

manifesting abrupt responses to rainfall, are associated with worse conditions (Berti and Simoni 

2012). Berti et al. (2017) performed a conventional numerical back analysis of a large landslide 

in a Cretaceous flysch rocks which occurred in the Savena River basin (Northern Apennines of 

Italy) on 6 April 2013. LEM and FDM analysis were performed to compare the mobilized 

strength at failure with those predicted by the modified GSI method (Marinos and Hoek 2001). 

Completely dry to fully saturated conditions were simulated simply by changing the 

groundwater level. Analysis results indicate that the combination of a high groundwater level 

and low rock mass cohesion (𝑐′=20-40 kPa) is most probably responsible for the landslide, 

while the modified GSI method generally overestimates the strength of the Monghidoro flysch, 

and can predict the in situ strength only if the disturbance factor, 𝐷, is assumed to be equal to 

1 (Berti et al. 2017). However, they emphasize that much of the discrepancy is related with the 

approximation introduced by the linearization process of the Hoek-Brown envelope to obtain 

Mohr-Coulomb parameters. Li et al. (2011) and Berisavljević et al. (2015) came to the similar 

conclusion, suggesting consideration of a different set of parameters in the stress range of 

interest to overcome the overestimate of the shear strength provided at low stress. Miščević et 

al. (2009) performed back-analysis of a landslide which occurred in February 2005 at Bol on 

the Island of Brač, Croatia, in a geological structure of weakly bounded conglomerates lying 

above flysch. Field investigation results showed that the landslide surface was formed, not in 

contact between the conglomerates and marl, but deeper in the flysch, caused by the penetration 

of the weathering front into the flysch. Numerical modeling was performed using the 2D FEM 

by performing two types of analysis. In the first, a completely dry up to completely saturated 

slope was considered simply by raising the groundwater table. The second type of analysis 

included a combination of change in groundwater table and gradual reduction of shear strength 

parameters to account for the weathering effects. Numerical modeling results suggest that 

yielding and initiation of failure is reproduced by incorporating shear strength degradation into 
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the weathered zone. Models that were focusing on a failure mechanism restricted to plane 

failure along the contact of two layers due to increased pore pressure failed to reproduce the 

determined slide surface (Miščević et al. 2009). Maček et al. (2016) investigated the Slano 

blato, one of the oldest and largest landslides in Slovenia where the last instability occurred in 

November 2000, in the form of a large earthflow. The slope was instrumented with suction 

probes and the results of 6-year monitoring programme indicated that only prolonged wet 

periods change suction in the earthflow body, while an observed sudden decrease in matric 

suction during dry periods caused by rainfall events was attributed to the formation of 

desiccation cracks. SWRC and hydraulic permeability were determined by using only a fine-

grained portion of samples obtained by sieving, drying and again wetting of material. For tested 

material, which could be classified as fat clay (CH), an AEV of 1300 kPa was measured by 

means of the axis translation technique and WP4-T dew-point potentiometer (Decagon Devices 

Inc.). Green and Ampt equation (1911) modified by Chen and Young (2006) for an inclined 

slope was used along with the permeability coefficient obtained in the laboratory of about 5.0E-

10 m/s. They calculated that it takes approximately four months for the wetting front to reach 

1.2 m of depth, confirming the existence of a long delay between the lowest suction values and 

the start of the wet rainy periods obtained from the field measurements (Maček et al. 2016). 

They concluded that the Slano blato is essentially always saturated, except on the top few 

centimeters where soil can be dried due to excessive evaporation, and that matric suction 

measurements cannot be used as an indicator of potential future earthflow occurrences, but 

rather just as an indicator of the periods with the lowest factor of safety, and thus also with the 

highest probability of instability events. However, none of the studies investigate the influence 

of rainfall on triggering a flysch slope by considering the rainfall infiltration as a transient 

process, redistribution of water content and pore-water pressure, and influence of the USPFs 

on the change of the slope stability. These kinds of studies are completely absent in the literature 

for landslides occurring in the flysch slopes.  

The GeoStudio (GEO-SLOPE International, Ltd.) software suite was used in this study 

to perform numerical analysis of rainfall infiltration and slope stability in this study. The 

GeoStudio is an integrated, multi-physics, multi-dimensional, platform of numerical analysis 

tools developed by GEO-SLOPE International, Ltd. for geo-engineers and earth scientists. The 

multi-disciplinary nature of GeoStudio is reflected in its range of products: four finite element 

flow products (heat and mass transfer); two finite element stress-strain products; and a slope 

stability product that employs limit equilibrium and stress based strategies for calculating 
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margins of safety. The software package is formulated to support one-dimensional, two-

dimensional, axisymmetric, and “plan” view analyses (GEOSLOPE International 2017).  

7.2. Rainfall infiltration modeling 

The commercially available software allows combining multiple analyses into a single 

modeling project. SEEP/W is a 2D finite-element software product for groundwater flow 

modeling in porous media. It is capable of modeling a wide range of problems, by performing 

simple saturated steady-state or more advanced saturated/unsaturated transient analysis with 

atmospheric coupling at the ground surface (GEOSLOPE International 2017).  

7.2.1. Theoretical background 

The conservation of mass statement requires that the difference in the rate of mass flow into 

and out of the REV must be equal to the rate of change in mass within the REV, which is equal 

to the sum of the rate of change of liquid water and water vapor (e.g., Domenico and Schwartz 

1998), as follows 

�̇�𝑠𝑡 ≡
𝑑𝑀𝑠𝑡

𝑑𝑡
= �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 + �̇�𝑠 = �̇�𝑤 + �̇�𝑣 

(84) 

 

where Ṁst is the stored mass, the mass transported across the REV surface (inflow and outflow) 

is represented with 𝑚𝑖𝑛 and 𝑚𝑜𝑢𝑡 terms, while mass source or sink within the REV is 

represented with 𝑀𝑠. �̇�𝑤and �̇�𝑣represent the rate of change of liquid water and water vapor, 

respectively. The rate of change in the stored liquid water is given with  

�̇�𝑤 =
𝜕(𝜌𝑤𝜃𝑤)

𝜕𝑡
𝑑𝑥𝑑𝑦𝑑𝑧

= 𝜌𝑤 (𝜌𝑤𝛽𝑤

𝜕𝑢𝑤

𝜕𝑡
+ 𝛽

𝜕𝑢𝑤

𝜕𝑡
+ 𝑚𝑤

𝜕𝜑

𝜕𝑡
) + 𝜌𝑤𝜃𝑤𝛼𝑤

𝜕𝑇

𝜕𝑡
 

(85) 

 

where βw is isothermal compressibility of water, 𝛽 is the soil structure compressibility, mw is 

the slope of the SWRC-𝜃, αw is the volumetric coefficient of thermal expansion at constant 

pressure, and matric suction is denoted with 𝜌 = (𝑢𝑎 − 𝑢𝑤) (GEOSLOPE International 2017).  

By using the ideal gas law, the rate of change in the water vapor stored in the REV can 

be expressed as 
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�̇�𝑣 =
𝜕𝑀𝑣

𝜕𝑡
=

𝑀

𝑅

𝜕

𝜕𝑡
(

𝑝𝑣𝜃𝑎

𝑇
) 𝑑𝑥𝑑𝑦𝑑𝑧 

(86) 

 

where 𝑝𝑣 is the vapor pressure and 𝜃𝑎 is the volumetric air content, used to calculate the volume 

of air inside the REV. 

SEEP/W considers only liquid water flow due to mechanical energy gradients, while 

electrical, thermal and chemical energy gradients are ignored. The physical process of vapor 

flow, which can occur due to partial vapor pressure gradients or gradients in total pressure and 

density in the bulk air phase, is integrated with AIR/W software module (GEO-SLOPE 

International 2017). The mass flow rate of liquid water in response to mechanical energy 

gradients only can be described using Darcy’s law (e.g., Bear 1988) while Fick’s law can be 

used to describe the mass flow rate of water vapor (e.g., Saito et al. 2006). The groundwater 

flow equation implemented in SEEP/W described earlier by (83) is obtained by ignoring the 

vapor transfer and thermal expression. Total stresses within a domain are assumed constant in 

the SEEP/W. Therefore, changes in storage due to soil structure compressibility, described by 

material model input parameter 𝛽, are only due to pore-water pressure changes. SEEP/W can 

be coupled with AIR/W to simultaneously model air transfer and its effect on water transfer 

and storage. In the absence of an air flow analysis, such as those considered in this study, the 

pore-air pressure within an unsaturated soil is assumed to be at zero gauge pressure, while the 

matric suction is equal to the negative water pressure (GEO-SLOPE International 2017). 

7.2.2. Key-in material properties 

The saturated-unsaturated material model was used for analyzing the rainfall infiltration process 

since the material in few upper meters of slope exists in the essentially unsaturated state. For 

material that can become unsaturated at any point of the numerical simulation, hydraulic 

properties, SWRC and UHCF have to be defined to obtain a solution to the problem. SEEP/W 

provides a few methods for defining the SWRCs and UHCFs. For example, methods such as 

Modified Kovacs (Aubertin et al. 2003), can be used to estimate SWRC from basic geotechnical 

properties. Another available method is to choose sample functions, which are already 

implemented in SEEP/W code with parameters values that are common for certain textures of 

soil. Generally, this mode is rarely used, for example in the case of preliminary analysis when 

the influence of SWRC shape and parameters is assessed in some specific engineering situation. 

Engineering judgment and knowledge about the in-situ conditions are then usually used to 

define saturated and residual water content conditions. Two closed-form equations can be used 
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to describe the relationship between the volumetric water content and matric suction of analyses 

soil. Van Genuchten (1980) or Fredlund and Xing (1994) equation can be used to estimate the 

SWRC, given that values of equation parameters are known.  

Relevant equation parameters obtained by fitting procedure on experimentally obtained 

results (Peranić et al. 2018) were used to simulate retention properties of soil undergoing 

wetting process during rainfall infiltration. SWRC equation was combined with the determined 

saturated coefficient of permeability value 𝑘𝑠= 4.6E-08 m/s to estimate the UHCF for modeling 

purposes, as outlined in the previous part of the thesis.  

Most of the estimation procedures that combine SWRC equation and 𝑘𝑠 to estimate the 

UHCF predict an unbounded decrease of the coefficient of permeability with increasing matric 

suction. There is, however, a “shutoff” of liquid water flow at some relatively high value of 

matric suction, where there is a transfer from liquid water flow to predominantly vapor water 

flow (Fredlund et al. 2012). Measurements of water flow at residual water conditions are 

extremely rare due to the complexity of experimental set-ups that test procedures should 

include. A study performed by Ebrahimi-Birang et al. (2004) on soil textures ranging from sand 

to silt, yielded in conclusion that even at residual conditions, where the vapor coefficient of 

permeability 𝑘𝑣 reaches its maximum value, 𝑘𝑤 still dominates over the 𝑘𝑣 value (Figure 106). 

They suggested that a reasonable lower limit of the 𝑘𝑤 should be around 1.0E-14 m/s. 

Extremely low values of the coefficient of permeability can cause significant problems when 

water flow through unsaturated soil is numerically modeled. However, the soil under 

consideration and maximum matric suction values appearing in performed analyzes, estimated 

UHCF for the wetting path suggests that approximately 3.2E-11 m/s should be the lowest 𝑘𝑤 

value appearing in the performed analysis. Although around three orders of magnitude lower 

than the 𝑘𝑠 value, the value is still far higher than the critical value proposed by Ebrahimi-

Birang et al. (2004). 
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Figure 106: Liquid water, vapor, and overall permeability coefficients with respect to soil suction 

for silty sand (from Fredlund et al. 2012 after Ebrahimi-Birang et al. 2004). 
 

According to suction measurements described earlier, maximum matric suction values 

that could be expected in the calculation process are well-below 1,000 kPa. For this matric 

suction range, previously derived UHCFs are is shown in Figure 107. 

 

Figure 107: Estimated UHCFs for the suction range considered in performed analyses. 
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7.2.3. Initial and boundary conditions 

As in any other code implementing the FEM to obtain results numerically, the solution of the 

FEM equations is constrained by the boundary conditions defined across the domain. The FEM 

for a seepage analysis basically has the form 

[𝐾]{𝐻} = {𝑄} 
(87) 

 

where [𝐾] represents a matrix of coefficients related to geometry and material properties, and 

vectors of the total hydraulic heads and flow quantities at the nodes are represented with {𝐻} 

and {𝑄}, respectively (GEO-SLOPE International 2012). Respective to the defined boundary 

conditions, the above equation is used to obtain the primary unknowns: total head values at 

each node. Boundary conditions can be specified in terms of the dependent variable (H), so-

called 1st type or Dirichlet boundary conditions, or the gradient of the dependent variable (flux), 

which are often referred to as 2nd type or Neumann boundary conditions. In this study, influence 

of the rainfall infiltration on the slope stability was analyzed by applying various values of 

water flux across the soil surface in the model. Collected rainfall data presented in Chapter 2 

were used to define the function of water flux vs. time and applied across the slope surface in 

SEEP/W. Positive pore-water pressure can be generated if the applied water flux boundary 

condition exceeds the infiltration capacity of the soil. Since the slope is considered in this 

analysis and geometry and field conditions are such that ponding of water due to excessive 

precipitation and low hydraulic permeability of the soil is unrealistic, generation of positive 

pore water pressure along the slope surface was eliminated by using the potential seepage face 

review option. This special case of the boundary condition reviews that the maximum pore-

water pressure along the discharge surface or infiltration boundary is zero (GEO-STUDIO 

International 2017). This condition was applied to all nodes at the soil surface, with elevation 

above 228m asl, which corresponds to the Valići Lake water level. 

Collected 10-minute rainfall measurements were used for the definition of the water 

flux boundary condition (Figure 110). To analyze the influence of the resolution of collected 

rainfall data, boundary condition was applied in the form of 10’, 1h and cumulative daily 

rainfall. Hourly and daily rainfall data were derived from collected 10’ measurements. The 

precipitation taken into account in the performed analyses corresponds to the period from 1 

September 2013 until the day of landslide reactivation, namely 14 February 2014. During these 

167 days, cumulative precipitation of 1164 mm was recorded. According to rainfall 

characteristics described in Chapter 2, the average annual precipitation for the period from 1958 
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till 2014, was 1579 mm. To study the influence of the rainfall intensity, measured amounts of 

rainfall were multiplied with 0.25, 0.5, 2, 4, 8, 16 and 32. In that case, artificial rainfall data 

was created with a pattern corresponding to that which caused the landslide reactivation, but 

with varied intensities (Figure 111). 

The water level of 231.80 m above sea level (asl) corresponds to full Valići Reservoir 

(top of the Valići Dam), while the water level 229.50 m asl corresponds to maximum overflow 

level (Arbanas et al. 2017). The average working water level of the Valići Reservoir was 

considered in the numerical analysis by applying a constant total head equal to 228m on the 

right side of the model. Constant water total head of 301.8 m was defined at the left side of the 

numerical model according to inverse analysis results shown in Figure 108 and field 

observations. With the average value of effective friction angle value of 𝜙′=29°, and effective 

cohesion 𝑐=0 kPa, the landslide becomes unstable only when the sliding mass is completely 

saturated, with the groundwater table reaching the slope surface almost at entire sliding mass. 

Similar results were obtained from the shear strength reduction method by Arbanas et al. (2017). 

 

Figure 108: Back analysis for determination of critical slip surface with experimentally obtained 

shear strength parameters. 
 

Field measurements for determination of the water content during different periods of 

the year, as well as the matric suction values measured by axis translation technique, were used 

to account for the desiccation effects during the dry summer period. Discretization of the 

domain was performed by using an automatically generated unstructured pattern of 

quadrilateral and triangular elements, with an approximate global element size of 1m. Several 

additional regions were created in the near-surface zone to obtain finer discretization in part of 

the domain where imposed boundary conditions cause changes to occur more rapidly. For 
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example, four regions parallel to the slope surface and with 0.5 m of height were added from 

the soil surface up to 2 m of depth. Additional three zones with a height of 1m were created till 

the depth of 5 m. This type of discretization was found to ensure numerical fluency, without 

convergence problems and with reasonable calculation times. The detail of discretization in the 

near-surface zone is outlined in Figure 109. 

Varying values of the matric suction were applied at part of the slope cross-section close 

to the landslide surface. The constant pore-water pressure was defined to account for 

desiccation effects that occur during the summer period due to the negative water flux. A close 

match with observed triggering features was obtained when matric suction value of 300 kPa 

was applied in the most upper part of the slope, along with previously defined BC’s. 

Groundwater level at the location of piezometer in the upper part of the slope closely matches 

with that obtained by selected boundary and initial conditions. Matric suction value of 300 kPa 

is close to that measured by the axis translation technique on relatively dry soil samples 

collected during July 2017 (e.g., UVSCDS11 and UVSCDS12 tests). However, in order to 

analyze the influence of the initial pore-water pressure distribution, various initial pore-water 

pressure profiles were applied as well. Figure 109 shows the FEM model built in SEEP/W with 

applied initial and boundary conditions, mixed quadrilateral and unstructured triangular mesh 

for discretization, and with an indicated location of the sampling pit and borehole B1 where 

inclinometer was installed and borehole B2 where groundwater level is being monitored. Figure 

112 shows initial pore-water pressure distribution and associated FoS for defined ICs and BCs. 

 

 

 

Figure 109: Initial and boundary conditions, and discretization with mixed unstructured finite 

element mesh for calculation of infiltration process using SEEP/W (GEO-SLOPE International, Ltd). 
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Figure 110: Measured and derived precipitation data used for determination of a flux boundary 

condition for seepage analysis in form of: a) ten-minute; b) hourly; and c) daily rainfall with 

cumulative amount of precipitation in the period from 1 September 2013 until landslide reactivation 

on 13 February 2014. 
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Figure 111: Water flux boundary condition used in infiltration analysis with SEEP/W in form of: a) 

ten-minute; b) hourly; and c) daily rainfall with cumulative amount of precipitation in the period 

from September 2013 until landslide activation, 13 February 2014. 
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Figure 112: Initial pore-water pressure distribution in analyzed cross-section of geotechnical profile 

with imposed 300 kPa of constant matric suction in the uppermost region (d=0.5 m) and the initial 

FoS for the relevant sliding surface. 
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7.3. Slope stability modeling 

SLOPE/W is a component of the GeoStudio (GEO-SLOPE International, Ltd.) software suite, 

used to perform slope stability analysis of soil and rock slopes. Implementing the well-known 

limit equilibrium method (LEM), the software enables analyzing complex slope stability 

problems by choosing among numerous analysis methods, considering various shapes of slip 

surface, soil properties, and shear strength models, pore-water pressure and loading conditions, 

different reinforcement elements, etc. Being a component of the GeoStudio software suite, 

SLOPE/W can be used as stand-alone software, or integrated with some other GeoStudio 

products. For example, SEEP/W offers several ways for defining pore-water pressure 

distribution in order to calculate the effective stress acting on the slip surface. Piezometric line 

(single or multiple), 𝑅𝑢 and B-bar coefficient approach, or spatial function of pore-water 

pressures head can be used for defining pore-water pressure distribution directly in SEEP/W. 

Otherwise, results obtained from any finite element based products available in GeoStudio can 

be introduced in SEEP/W (GEO-SLOPE International 2017b). Pore water pressure distribution 

can come from any steady-state seepage analysis or any particular time step of transient analysis 

performed in SEEP/W software. Generation of excess pore-water pressure due to external 

loadings or transient consolidation analysis results obtained in SIGMA/W, earthquake-induced 

inertial forces causing different excess pore-water pressures at different time steps calculated 

in QUAKE/W, or ground surface evaporative flux analysis performed in VADOSE/W software, 

can all be used as input data when defining pore-water pressures for slope stability analysis 

(GEO-SLOPE International 2017b). Transient pore-water pressures obtained from finite-

element based software provide insight into slope stability change over time. One of the 

drawbacks of the LE formulation is that computed stress distribution can differ from actual 

stress conditions existing in-situ. More realistic stress distribution can be obtained from finite-

element stress formulation in SIGMA/W, especially for the case where reinforcement elements 

are included, and introduced into SLOPE/W analysis for a more precise definition of stress 

distribution along the sliding surface as well. Various slip surface search techniques, 

capabilities of performing probabilistic and sensitivity analysis, reinforcement, surcharge and 

seismic load functionality, support for limit state design according to Eurocode and application 

of partial factors of safety, staged pseudo-static and rapid drawdown formulations are some of 

the features that SLOPE/W slope stability software offers. 
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7.3.1. Theoretical background 

Stability analysis of earth structures is among the oldest types of numerical analysis performed 

in geotechnical engineering practice. Development of the idea that a potential sliding mass can 

be discretized into a certain number of slices dates back to the early 20th century when in 1916 

Petterson (1955) presented stability analysis of the Stigberg Quay in Gothenburg (Sweeden). 

This work introduced the use of circular sliding surfaces in the analysis of stability problems in 

clay: an approach that became very popular and widely adopted, both to geotechnical and civil 

engineers (Petterson 1955). In the following decades, the limit equilibrium method was 

developed rapidly by many researchers. For example, Fellenius (1936) divided the sliding soil 

mass into slices to analyze their static equilibrium by equating forces and moments to zero. 

Janbu (1954), Bishop (1955), Bishop and Morgenstern (1960) improved work of Fellenius by 

introducing more realistic assumptions. Development of the electronic computer made it 

possible to include noncylindrical failure surfaces and made calculation procedures that are 

iterative in nature easier to handle, so more rigorous mathematical formulations that include all 

interslice forces and satisfy both force and momentum static equations were developed by, for 

example, Morgenstern and Price (1965), Spencer (1967, 1973), etc. While Spencer (1967) 

adopted a constant relationship between the interslice shear and normal forces for all slices, 

which is altered through iterative procedure until a factor of safety respective to moment 

equilibrium and a factor of safety with respect to horizontal force equilibrium become equal, 

Morgenster and Price (1965) proposed a similar procedure but allowed various interslice force 

functions. Besides these, SLOPE/W offers calculation according to Corps of Engineers #1 and 

#2 methods (U.S. Army Corps of Engineers 2003), Lowe-Karafiath method (1960), Sarma 

method (1973) and others. The main characteristics of limit equilibrium methods that are most 

widely used in engineering practice for slope stability analyses are summarized in, for example, 

Duncan and Wright (1980) and Duncan (1996). Duncan (1996) discussed state of the art for 

LEMs and finite-element analysis for addressing the slope stability problems. Although the 

LEM has the obvious limitation that they rely purely on the principle of statics while stress-

strain constitutive relationship ensuring displacement compatibility does not exist, it is still the 

most widely used tool for slope stability analysis in everyday engineering practice. 

All of the methods that are available in SLOPE/W with an indication of satisfied static 

equations, characteristics, and the relationship of interslice forces are summarized in Table 20. 

Methods satisfying normal and shear interslice force equation usually differ in an assumption 

of inclination of resultant force, which can be assumed horizontal when only the normal 
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component of interslice force is considered, constant, variable, equal to ground surface 

inclination, or some other assumption is made. 
 

Table 20: LEMs available in SLOPE/W with an indication of satisfied static equations and interslice 

force characteristics (modified form GEOSLOPE International 2017). 
 

Method Moment equil. Force equil.          Interslice force 

   Normal Shear 

Ordianry (Swedish) or Fellenius Yes No No No 

Bishop’s Simplified Yes No Yes No 

Janbu’s Simplified No Yes Yes No 

Spencer Yes Yes Yes Yes 

Morgenstern-Price Yes Yes Yes Yes 

Corps of Engineers #1 and #2 No Yes Yes Yes 

Lowe-Karafiath No Yes Yes Yes 

Janbu Generalized Yes Yes Yes Yes 

Sarma (vertical slices only) Yes Yes Yes Yes 
 

The Morgenstern-Price and the Spencer methods are recognized as general limit 

equilibrium methods of slices, and the factors of safety are computed by the conversing 

technique of the Newton-Raphson method (Furuya 2004). A general limit equilibrium (GLE) 

formulation was developed by Fredlund (Fredlund 1974, 1975; Fredlund and Krahn 1977; 

Fredlund et al. 1981) and only basic concepts of the LEM are summarized in the following part. 

The idea of using two factors of safety equations, one with respect to moment equilibrium (𝐹𝑚) 

and one with respect to force equilibrium (𝐹𝑓) was first published by Spencer (1967). The 

Morgenstern-Price method with half-sine interslice force function was used in stability analysis 

performed in this study, so this equation was used in the GLE formulation: 

𝑋 = 𝐸𝜆𝑓(𝑥) 
(88) 

 

where 𝑓(𝑥) is a interslice force function, 𝜆 is a percentage of the function used expressed in 

decimal form, while 𝑋 and 𝐸 are the interslice shear and normal forces (GEOSLOPE 

International 2017). The two above mentioned equations have the following form: 

𝐹𝑚 =
∑[𝑐′𝛽𝑅 + (𝑁 − 𝑢𝑤  𝛽)𝑅 𝑡𝑎𝑛𝜙′]

∑ 𝑊𝑥 − ∑ 𝑁𝑓 ± ∑ 𝐷𝑑
 

(89) 

 

and 

𝐹𝑓 =
∑[𝑐′𝛽 𝑐𝑜𝑠𝛼 + (𝑁 − 𝑢𝛽) 𝑡𝑎𝑛𝜙′𝑐𝑜𝑠𝛼]

∑ 𝑁 𝑠𝑖𝑛𝛼 − ∑ 𝐷 𝑐𝑜𝑠𝜔
  

(90) 
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where 𝑁 is normal force at the slice base, 𝑊 denotes weight of the slice, 𝐷 is concentrated point 

load, 𝛼 is angle between the tangent to the center of the base of slice and the horizontal, 

𝛽, 𝑅, 𝑥, 𝑓, 𝑑 and 𝜔 are geometric parameters (Fredlund and Krahn 1977; GEO-SLOPE 

International 2017). Vertical force equilibrium provides the normal force at the base of each 

slice 𝑁, one of the key variables in both equations: 

𝑁 =
𝑊 + (𝑋𝑅 − 𝑋𝐿) −

(𝑐′𝛽 𝑠𝑖𝑛𝛼 + 𝑢𝑤 𝛽 𝑠𝑖𝑛𝛼 𝑡𝑎𝑛𝜙′)
𝐹

𝑐𝑜𝑠𝛼 +
𝑠𝑖𝑛𝛼 𝑡𝑎𝑛𝜙′

𝐹

 . 
(91) 

 

When 𝑁 is substituted into the (89) equation, 𝐹 becomes 𝐹𝑚, while 𝐹 becomes 𝐹𝑓 when 

𝑁 is substituted into the (90) equation. Since the normal force at the slice base depends on the 

interslice shear forces from both the left, 𝑋𝐿, and right side, 𝑋𝑅, different methods will provide 

different 𝑁 values, depending on how interslice shear forces are treated (GEO-SLOPE 

International 2017). GLE formulation is not restricted by the slip surface shape and only one 

factor of safety is obtained for the entire slope. 𝐹𝑚 and 𝐹𝑓 are equal when both equation (89) 

and equation (90) are satisfied. The same value appears in the equation (91) for the normal force 

at slice’s base. The latter can affect computed stress distribution along the slip 

surface(GEOSLOPE International 2017). Again, one possibility for improvement of stress 

calculation could be coupling stress analysis performed using the FEM, for example, rather than 

only static considerations from LEM. 

Another essential feature affecting the FoS values in the performed analysis is dealing 

with matric suction. SEEP/W was used to perform transient seepage analysis for applied 

boundary head, and flux conditions described earlier. Irrespective of used time step or 

properties of the applied flux boundary condition, calculation results were saved after every 

24h of transient seepage simulation. Consequently, 167 pore-water pressure distribution 

profiles were obtained for 167 days of numerical simulation. Transient seepage analysis 

performed in SEEP/W was defined as parent analysis for the slope stability calculations in 

SLOPE/W and the factor of safety was calculated for each simulation result. Finally, changes 

of FoS through 167 days were plotted to assess the influence of rainfall infiltration on slope 

stability in time. Initial FoS value corresponding to applied ICs and BCs defined earlier was 

obtained from the initial SEEP/W analysis. These results represent conditions that could have 

existed on 1 September 2013. Due to the desaturation of the residual soil in the near-surface 

zone of the cross section, negative pore water pressures were obtained above the phreatic line. 

Although the SLOPE/W can accommodate equally positive and negative pore water pressure 
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values, increase in shear strength due to matric suction is considered only if 𝜙𝑏 value is 

specified for the material in which matric suction develops during simulation. If necessary, 

GeoStudio offers to set the maximum matric suction value which can occur in each type of 

material included in the analysis. In this way, unrealistically high matric suction values are 

avoided and usually the matric suction profile becomes straight line up to the soil surface if flux 

boundary conditions allow this type of pore-water pressure distribution. 

7.3.2. Key-in material properties 

One type of material representing the residual soil from a flysch rock mass was defined in SLOPE/W 

analysis. Shear strength of the material was described by using the extended Mohr-Coulomb failure 

criterion with 𝜙𝑏 value set equal to 𝜙′ in the preliminary analysis, or obtained from SWRC-𝜃 or set 

equal to constant values of 1 2⁄ 𝜙′and 2 3⁄ 𝜙′ in the following analysis. Saturated unit weight was 

considered in the preliminary analysis and a later option to calculate unit weight from defined SWRC-

𝜃 was used as well. Values were changed in order to assess the influence of different variables on slope 

stability during rainfall infiltration. The grid and radius option was used to define a slip surface in the 

preliminary analysis. Since the back-analysis results were similar to those obtained by shear strength 

reduction method (Arbanas et al. 2017) and geometry and landslide conditions corresponded to those 

that were observed by in-situ investigations, entry and exit option with specified radius tangent lines 

was used in a more advanced analysis performed subsequently.  

It was found that the influence of the matric suction on shear strength has little effect on the 

landslide occurrence itself since the FoS approaches critical values only when matric suction is almost 

completely eliminated from the sliding mass. In that sense, higher starting values of FoS are obtained 

for higher 𝜙𝑏 values, but the time required for the slope to fail remained basically unaffected by the 

chosen 𝜙𝑏 value. The time required to reach failure was found to be affected by the initial water content 

of the slope (or pore-water pressure distribution), which significantly reduces infiltration capabilities of 

topsoil and provides greater storage for infiltrated water, delaying the time for waterfront to reach the 

groundwater table, when a sudden increase in pore-water pressure induces the slope failure. Material 

properties used in slope stability analysis are summarized in Table 21. 

 
 

Table 21: Material properties for slope stability analysis in SLOPE/W. 
 

Material Unit weight, 𝛾 Shear strength parameters Failure envelope 

 [kN/m3] 𝑐′ [kPa] 𝜙′ [°] 𝜙𝑏 [°]  

Residual soil  19* 0 29 𝜙′** Mohr-Coulomb 

     *   For analysis in which impact of unit weight change due to desaturation on slope stability was analyzed, unit weight  

          was calculated from SWRC-θ; 

     ** For analysis in which impact of 𝜙𝑏 value on slope stability was analyzed, 𝜙𝑏 values were defined as constants  

          equal to 1 2⁄ 𝜙′, 2 3⁄ 𝜙′, or obtained from the Vanapalli (1996) estimation equation implemented in SEEP/W. 
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7.4. Results of numerical simulations 

In the following part results obtained from numerical analysis are presented. First, rainfall 

infiltration and slope stability analysis were performed by using 10’ collected rainfall data in 

the period from 1 September 2013 until 14 February 2014, day after the landslide event was 

reported. In this analysis, BC consisted of 24,047 input data of measured rainfall quantity in 10 

minute periods. In order to study the influence of recording interval at which rainfall data are 

collected, hourly and daily rainfall measurements were derived from 10-minute measurements. 

In this way, the same cumulative amount of rainfall (1,164 mm) was applied through flux BCs 

with 4,008 and 167 input data, respectively. It was expected that, since the permeability is 

averaged over the time interval, with increasing time interval the infiltrated amount of rainfall 

should increase, apparently decreasing the amount of rainfall included in the runoff process. 

After this, the same type of analysis was performed by using 10 minute, hourly and daily rainfall 

quantities but with a different number of time steps. In this way, the influence of the employed 

time increment was analyzed on possible rainfall infiltration and slope stability results. 

The influence of the matric suction on the shear strength was analyzed by applying 

different 𝜙𝑏 values. It was expected that this value should only control the absolute FoS value, 

while the time required to reach the instability conditions would be controlled rather by 

retention and permeability features of the soil. Finally, to investigate the possible influence of 

the soil weight change in the near-surface zone, SWRC was used to calculate the unit weight 

through time, instead of using constant (saturated) value. 

In the following type of numerical analysis, the artificial rainfall was created and applied 

as a flux boundary condition to assess the influence on slope stability in time with respect to 

actually measured quantities. Recorded quantities of rainfall were simply multiplied with 𝑛 = 

0.5, 2, 4, 8, and 16, and were applied as a flux BC. In this case, the rainfall pattern remained 

unchanged while the rainfall intensities were altered to produce cumulative rainfall amounts 

equal to 582.2, 2,328.8, 4,657.6, and 9,315.2 mm over a period of 167 days. 

Another type of analysis was performed for the same initial and boundary conditions, 

but constant flux boundary condition applied at the soil surface. Instead of using real rainfall 

measurements, the last numerical analysis was performed by applying constant flux BC equal 

to 𝑞 = 𝑛 ∗ 𝑘𝑠, with 𝑛 = 0,5, 0.75, 1, 2, 4, 8, and 16. Change of slope stability with time was 

analyzed by plotting the FoS value vs. elapsed time. Results show that there is a critical value 

of rainfall intensity, above which the time required for the slope to fail remains unchanged. 
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Finally, to account for various antecedent rainfall or evaporation conditions that could 

result in different initial pore-water pressure distributions and moisture contents along the 

geotechnical cross-section, various values of the matric suction were applied in the first 0.5 m 

of the slope. Starting values of 100, 200 and 400 kPa were considered. Results showed that 

higher matric suction in the soil profile results in higher starting FoS value due to the increase 

of shear strength component associated with it, while lower initial water content resulted with 

reduced hydraulic permeability and larger storage capacity, finally leading to a reduction of 

slope stability at a lower rate and vice versa. 

Figure 113 a) shows an initial degree of saturation along the profile B1 (indicated in 

Figure 112) and its change over a period of 167 days of simulation for applied 10’ recorded 

rainfall. Figure 113 b) shows calculated pore-water pressure distributions for the relevant time 

steps. Pore-water pressure distributions along the cross-section of the landslide and the 

corresponding FoS value for considered slip surface for the 110th, 140th and 160th day of the 

simulation are shown in Figure 114 a), b), and c), respectively. Figure 115 shows starting a) 

frictional strength component and b) strength component associated with matric suction, and 

their decrease during the time caused by the rainfall infiltration process. Effective cohesion 

value was set to zero. Results indicate that frictional strength component associated with the 

effective stress provides stability when matric suction is eliminated from the profile cross-

section, while suction strength component is high only for the initial part of the analysis 

corresponding to higher matric suction levels in the area of the landslides crown and toe. For 

high groundwater levels, it seems that all of the strength associated with the matric suction is 

eliminated along the failure surface and the landslide stability relies on the effective stress 

associated with the angle of internal friction.  

 

Figure 113: Results for initial and changing values of a) degree of saturation, and b) pore-water 

pressure distribution along the profile B1 during 167 days of simulation. 
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Figure 114: Pore-water pressure distributions along the cross-section of the landslide and the 

corresponding FoS value after a) 110; b)140; and c) 160 days of simulation. 
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Figure 115: Change of shear strength components along the sliding surface due to rainfall 

infiltration. Starting values and decrease of a) frictional and b) strength component associated with 

matric suction.
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7.4.1. Influence of the rainfall input data (10’, 1h and daily rainfall) 

Figure 116 presents the results obtained for 10’ input rainfall data and derived hourly and daily 

quantities. In the case of flux BC with 10’ data, the time increment was set to 10 minutes. In 

two other cases, time intervals of 1 hour and 1 day were used, respectively. Results show that 

in the case when daily rainfall data is used to define flux BC, averaging permeability and rainfall 

data on a daily base result in a reduction of FoS at a much higher rate. With the time required 

for the slope to fail equal to 167 and 164 days, there is no significant difference when 10’ or 

hourly rainfall is used. On the other hand, only 142 days are required to reach the failure if daily 

rainfall is used. The obtained results indicate that, for analyzing the rainfall infiltration into the 

slope of low permeability, input boundary conditions representing the rainfall should be defined 

from high-resolution measurements. Although 10’ measurement interval presumably provides 

the most realistic input data, respective to computational requirements and the accuracy of 

obtained results when compare to those obtained from 10’ input data, hourly measurements 

have proven to be the optimum form of input data. 

 

Figure 116: Factor of safety vs. time for constant (saturated) unit weight and unit weight calculated 

from the SWRC-𝜃. 

 

7.4.2. Influence of material properties: shear strength and unit weight 

Results shown in Figure 117 show that adopted 𝜙𝑏 value has little influence on the absolute 

value of the calculated FoS in the initial part of the analysis when a substantial portion of the 
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sliding mass above the groundwater level has higher matric suction values. However, in the 

latter part (i.e., after 80 days of simulation) due to the gradual elimination of the matric suction 

in the cross-section, the effect becomes negligible and results become basically independent of 

the chosen expression for quantification of 𝜙𝑏 value. With time rainfall infiltration saturates 

the sliding mass above the phreatic line, reducing the matric suction and, thus, eliminating the 

shear strength component associated with it. 

Since only a small portion of the slope is unsaturated, change of unit weight during the 

rainfall infiltration has even less influence on calculation results, as summarized in Figure 118. 

 

Figure 117: Factor of safety vs. time for different 𝜙𝑏 values. 

 

Figure 118: Factor of safety vs. time for a constant (saturated) unit weight and unit weight calculated 

from the SWRC-𝜃 with 𝜙𝑏 = 𝜙′. 
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7.4.3. Artificial rainfall data: influence of the rainfall intensity 

Figure 119 shows results of the numerical analysis performed for measured 10’ precipitation 

data applied as a flux boundary condition and artificially generated BC where recorded 

quantities were multiplied with n=0.5, 0.75, 2, 4, 8, 16 and 32. Results show that if half of the 

measured precipitation is applied as the flux BC, the slope remains stable after 167 days of 

simulation, however, with FoS value being reduced to only 1.1. On the other hand, 154 and 151 

days are required for the slope to fail when measured quantities are doubled or multiplied with 

n=4, respectively. FoS drops below unity after 145 days of simulation for n=8, and 141 day is 

required for the slope to become unstable when 𝑛 becomes equal to or higher than 16. 

The same conclusion is obtained if the artificial rainfall is generated from hourly 

measurements, with the only difference being that time required for the slope to fail is somewhat 

shorter due to averaging of the permeability of the soil. In that case, the time to failure is equal 

to 164, 156, 145, 140 days for 𝑛 = 1, 2, 4, and 8, while 137 days are required when 𝑛 ≥ 16.  

 

Figure 119: Change of slope stability with time for measured 10’ precipitation data applied as a flux 

boundary condition and artificially generated precipitation data with the same pattern as recorded 

precipitation and flux quantities equal to 𝑞 = 𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∗ 𝑛, with 𝑛 =0.5, 0.75, 2, 4, 8, 16 and 32. 

 

7.4.4. Results for different values of constant flux boundary conditions 

Figure 120 shows the results of analysis with applied constant flux BC with 𝑞 = 𝑛 ∗ 𝑘𝑠, 

with 𝑛 = 0.5, 0.75, 1, 2, 4, 8, and 16. Translated to rainfall intensity, saturated coefficient of 

hydraulic permeability 𝑘𝑠 = 4.6E-08 m/s corresponds to 0.17 mm/h or 3.97 mm/d. The obtained 
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results show that the time required for slope failure only slightly changes if the rainfall intensity 

is higher than 2𝑘𝑠, which corresponds to 0.33 mm/h or 7.95 mm/d, while intensities higher than 

4𝑘𝑠, which correspond to 0.66 mm/h or 15.9 mm/d, practically do not affect the rate at which 

FoS reduces. For a large number of simple rainfall measuring devices, such as tipping bucket 

rain gauge, 0.5 mm is usually the minimum quantity of rain required for tip generation. The 

obtained data confirm that long duration of rainfall is a crucial factor for landslide triggering in 

flysch slopes. On the other hand, high precipitation intensities cause excessive runoff, while the 

high quantity of precipitation has only a minor influence on slope stability through time. Same 

results are shown regarding the number of days required for the slope to become unstable in 

Figure 121. 

 

Figure 120: Factor of safety vs. time for constant flux boundary condition equal to 𝑞 = 𝑛 ∗ 𝑘𝑠, with 

𝑛 = 0.5, 0.75, 1, 2, 4, 8, and 16. 

 

 

Figure 121: Number of days required for the slope to become unstable for different constant flux 

boundary conditions 𝑞 = 𝑛 ∗ 𝑘𝑠, with 𝑛 = 0.5, 0.75, 1, 2, 4, 8, and 16. 
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7.4.5. Results for different initial pore-water pressure distributions 

Figure 122 shows results for simulations performed with different initial pore-water pressure 

distributions obtained by applying constant matric suction values equal to 100, 200, 300 and 

400 kPa in the uppermost region. For 10’ rainfall data used to define flux BC, time required for 

slope to fail increased from 81 days in case of 100 kPa of imposed matric suction value, up to 

147 and 167 days in case of imposed matric suction values of 200 and 300 kPa, respectively. 

In case of 400 kPa, the slope remained stable after 167 days of simulation (FoS=1.16). The 

obtained results indicated the importance of the initial pore-water pressure conditions. 

 

 

Figure 122: Influence of different initial pore-water pressure distributions obtained for applied 

matric suction values of 100, 200 and 400 kPa in the uppermost region (d=0.5 m): a) change of slope 

stability with time; b) initial pore-water pressure profile; and c) initial degree of saturation along first 

5 m of depth. 

(a) 
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Convergence for each time step was checked by plotting the calculated permeability 

along with the input UHCF. Larger discrepancies between the two would indicate possible 

calculation errors. For initial matric suction value of 300 kPa applied in the uppermost region 

of the slope, 24,048 calculation steps to simulate 167 days of rainfall infiltration, and ten-minute 

time increment (0.0069439 days), conductivity vs. matric suction plot shown in Figure 123 

suggests the convergence criteria was met for all of the calculated time steps. Calculated results 

were saved after every 24 hours of simulation (144 steps). 

 

Figure 123: Review of the convergence conditions by plotting the input UHCF and calculated 

permeability values for each time step of a transient simulation. 
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8. DISCUSSION AND CONCLUSION 

 

This chapter concludes the thesis by stating the most important findings and scientific 

contributions. Suggestions for possible further research are provided. 
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To test a stated hypotheses, research included field investigations and surveys, laboratory 

testing and measurements, and numerical modeling. Since the behavior of the residual soil from 

a flysch rock mass from the Rječina River Valley was never investigated under negative pore-

water pressure conditions, or generally in terms of the unsaturated soil mechanics, one of the 

aims of this study was the determination of the unsaturated soil property functions (USPFs): 

soil-water retention curves, permeability functions, and unsaturated shear strength. Although it 

required a significant effort, determination of the USPFs was an essential objective, since it 

provided necessary input data for performing the rainfall infiltration and slope stability analysis. 

Previous observations and experiences have already indicated that the crucial part for the 

landslide triggering in the investigated area is long-lasting precipitation. However, results 

presented in this study made it possible to quantitatively examine the triggering of rainfall-

induced landslides in flysch deposits considering, for the first time, the transient rainfall 

infiltration process through the unsaturated zone of a geotechnical cross-section, and all of the 

effects on the slope stability state that it causes over time. Determination of the UHCFs ensured 

achieving the second aim of the study, as well: to perform the analysis which determined the 

influence of the geotechnical cross-section unsaturated zone and rainfall characteristics on the 

landslide triggering. 

Laboratory tests conducted to determine the basic soil properties showed that the 

superficial slope deposits mainly consist of fine-grained material with silty particles prevailing 

in all of the tested samples. Similar granulometric composition and Atterberg’s limits (see 

Figure 5 and Figure 6) of the material present at the landslide body surface indicate presumably 

similar water retention and conductivity features. Unlike in the case of completely remolded 

and consolidated samples prepared in laboratory conditions, undisturbed samples used in 

successive tests for different purposes are characterized by high heterogeneity on the 

macroscale. Heterogeneity arises from the presence of macroscale voids caused by the 

biological activity of worms and roots in soil close to the surface or arises from the presence of 

siltstone grains that vary in size and weathering degrees (for example, see Figure 3 b) and Figure 

7). Such heterogeneity can create difficulties when performing laboratory tests on small 

specimens and cause inconsistencies in the obtained results. However, in the sense of the 

granulometric composition and plasticity limits, the material located near the ground surface 

seems to be very homogeneous. Granulometric composition and plasticity limits have shown 

to reflect water retention capabilities and hydraulic conductivity features of a material. 

Therefore, the identification test results indicated that the superficial residual soil should have 

similar USPFs. 
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Similar results obtained from the grain size distribution tests performed on samples 

collected from different parts of the landslide surface indicate similar conditions in material 

origin due to the weathering process of the bedrock siltstone, as well. The only sample with a 

slightly higher content of sand particles (28.2%) was sample no. 10, collected below the 

landslide toe. Samples collected from the central part of the landslide body (points 2, 8 and 9 

in Figure 4) had the greatest quantity of particles larger than 2 mm, with the highest content 

obtained for the sample collected at the location no. 9 (9.5% by weight). Overall, tested samples 

consisted of 53 % of silt particles and around 30 % of clay particles (Table 1). According to 

determined Atterberg’s limits, most of the materials could be classified as lean clay (CL). Only 

samples collected at locations no. 8 and 10 are plotted beneath the A-line in the plasticity chart. 

Again, the clustering of obtained results in the plasticity chart indicated uniform material 

properties of the near-surface soil along the landslide body. 

The soil-water retention curves (SWRCs) of residual soil formed by the weathering 

process of a flysch rock mass have been determined. A wide range of pore sizes present in the 

material results in gentle slopes of the SWRC covering a wide range of suctions. As a result, a 

total of six different devices and two measurement techniques were used to perform 

measurements on the undisturbed samples in all three characteristic SWRC zones. The 

measurements performed on air-dried specimens indicated suction values higher than 90 MPa 

for undisturbed and 175 MPa for remolded specimens. The AEV of 210 kPa and the AExV of 

56 kPa were determined for the drying and wetting paths respectively with the pore-size 

distribution index value of 0.26, which seems to be unaffected by the ongoing process type. 

The results obtained from remolded specimens undergoing desorption process show higher 

AEV (450 kPa) and higher desaturation rate (λ = 0.33). The water retention characteristics were 

determined using undisturbed specimens undergoing drying and wetting processes, under 

varying vertical stress values, and starting from different water contents. Due to the observed 

volumetric changes caused by the suction variation, all the tests were performed in a way that 

allowed both the total volume and water volume to be measured. The effects of the overburden 

pressure on the soil-water characteristics were analyzed using the suction-controlled 

oedometers for the drying and wetting process. The density measurements collected by using 

the wax dipping and water displacement technique and standard null-type pressure plate devices 

provided the SWRC-θ measurements for the undisturbed specimens for up to 700 kPa of matric 

suction. The density measurements combined with the WP4-T device provided the water 

retention characteristics of the undisturbed specimens undergoing the drying or wetting 

processes for suction values lower than 1 MPa and higher than 175 MPa. The obtained results 
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showed a agreement with the measurements performed by using the axis translation technique 

for suction values as low as 300 kPa, suggesting that the use of undisturbed samples should be 

preferred in this case. The measurements performed with the WP4-T device from the remolded 

specimens converge with the measurements obtained from the undisturbed specimens at suction 

values higher than 1 MPa during the drying process and 6 MPa during the wetting process, 

indicating the range where soil structure possibly affects the retention properties of soil. A non-

linear regression analysis was performed on the results obtained during the drying and wetting 

processes to obtain the best-fit equation and parameters of three of the most commonly used 

SWRC equations: Brooks and Corey (1964), van Genuchten (1980) and Fredlund and Xing 

(1994). Volume changes measured in SWRC tests and conventional oedometer tests results 

were used to assess the influence of soil suction on the effective stress. The Khalili and Khabbaz 

(1998) effective stress parameter seems to reasonably predict the effective stress for suctions 

up to 8,000 kPa. Using the constant value of the fitting parameter (-0.55) seems to overestimate 

the increase in effective stress due to the increase in soil suction for soil suction values higher 

than 8 MPa. A different pattern of behavior was obtained for undisturbed and remolded 

samples. Remolded samples behaved as a normally consolidated from the beginning of the 

drying process, undergoing a large volume deformations  (for example, see Figure 37). 

However, in the case of the wetting path, both the undisturbed and remolded specimens act as 

over-consolidated material. Mechanical properties of the investigated soil are such that a large 

portion of deformation is irretrievable, causing relatively small swelling effects during the 

wetting process (Figure 36). Air-dried undisturbed specimen OEUVCJ03 manifested over-

consolidated behavior due to exposure to high matric suction values, both during the wetting 

and drying path. Undisturbed specimens starting from the natural water content follow the 

similar pattern of behavior when exposed to the drying and wetting cycle. First, samples 

behaved as over-consolidated material following the slope of the swelling curve. Then, when 

soil suction was increased up to certain value, normally-consolidated behavior was observed 

with the further increase of matric suction, following the slope of the virgin compression line. 

Finally, during the decrease of matric suction, the slope of the swelling curve is followed during 

the wetting path. According to the above observations, it can be concluded that, if the 

overburden pressure could be estimated, the effective stress value at the inflection point along 

the drying path indicates the maximum matric suction to which the sample was exposed in its 

history. For that purpose, high-quality undisturbed samples should be used. The correlation 

model proposed by Zapata (1999) performed surprisingly well, both for the drying and wetting 

process, while the model proposed by Perera et al. (2005) failed to predict obtained SWRC 
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accurately. However, the latter model was found to perform much better when the percentage 

of clay particles was used instead of P200 value. Finally, comparing to average features of 

different soil texture groups, it is clear that the complex origin process generates interesting 

hydro-mechanical features of the investigated material, where the saturated and residual water 

contents are characteristic for silts, and retention parameters regarding desaturation rate and the 

AEV are commonly measured for silty clay and clay loam textures. On the other hand, 

determined shear strength parameters are commonly obtained for soil with much coarser grains. 

The saturated coefficient of permeability was measured with constant (triaxial cell) and 

falling (oedometer) head methods on undisturbed and completely remolded and consolidated 

samples. The obtained results were combined with the determined SWRC to predict the 

unsaturated hydraulic conductivity function (UHCF). The results obtained with the HYPROP 

device on undisturbed samples starting from different initial water contents were used to 

calculate the hydraulic permeability under increasing matric suction values. The obtained 

results (Figure 48 and Figure 49) showed that for the same value of effective stress or void ratio, 

the saturated permeability of completely disturbed samples is around two orders of magnitude 

lower than of undisturbed specimens (𝑘𝑠 =4.6E-08 m/s). According to this and findings from 

SWRC measurements, it can be concluded that hydraulic properties of residual soil from a 

flysch rock mass should be determined on undisturbed samples since the soil structure and 

history significantly affect the hydro-mechanical properties of the investigated soil. UHCF 

calculated from the results obtained with the HYPROP device according to the Darcy-

Buckingham law (Figure 50) showed that the specimen installed at the natural water content, 

although it had the highest void ratio among tested samples, had the lowest hydraulic 

permeability due to a lower degree of saturation value, relative to initially saturated samples 

(Table 9). It is interesting that measured suction values with mini-tensiometers in HYPROP 

device were not high: for the obtained degree of saturation, it would be expected to measure 

higher matric suction values that would cause instant cavitation of tensiometers. It seems that 

lower value of the measured degree of saturation exists due to the presence of larger voids in a 

complex specimen matrix, resulting with relatively low average values of matric suction since 

high matric suction values could not exist in pores with a large diameter. On the other hand, the 

presence of air in large pores would decrease permeability respective to the water phase on a 

specimen scale. 

According to the test results obtained with conventional direct shear test apparatus in 

saturated conditions, shear strength characteristics seem not to be affected by specimen 

preparation technique and disturbance effects to such an extent as it is the case for the hydraulic 
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features (Figure 71 and Figure 72). For considered stress range, the results obtained on 

undisturbed specimens always plotted slightly higher than those obtained for remolded 

specimens, resulting with a slightly higher value of the effective angle of internal friction 31.7° 

vs. 28.6°, and low effective cohesion values of 5.1 and 5.8 kPa, respectively. The influence of 

the disturbance on shear stiffness seems to be negligible (Figure 71). Shear strength test results 

obtained on undisturbed samples with modified, axis-translation based direct shear apparatuses, 

reveal that matric suction affects both the shear strength and stiffness characteristics of the 

investigated soil. Although the obtained results were not always perfectly consistent, which 

might be due to the use of various testing devices, sample heterogeneity, and hysteresis effects 

caused by different saturation conditions, some general conclusions could be drawn. In all tests, 

the increase of matric suction resulted with an increase of the shear strength and stiffness of 

tested specimens during the shearing. Compressive behavior during the shearing in saturated 

conditions changed to dilative as the matric suction was increased during shear. On the other 

hand, as the matric suction value increased, so did the rate at which water drains out from the 

specimen. Consequently, the degree of saturation decreases during the shear as the matric 

suction is increased at increasing rate due to, both, dilation effects and water outflow from the 

specimen. Compression and flow of water inside the specimen during the shear at low suction 

values resulted in an increased value of the degree of saturation. The threshold matric suction 

value separating the two patterns of behavior was determined to be around 36 and 72 kPa (e.g., 

see Figure 89, Figure 90, and Figure 91) and was found to increase with the increase of the net 

vertical stress value applied during the shear stage. Since the AEV generally increases with the 

increase of net vertical stress, which reduces the void ratio of the tested specimen, the obtained 

results provide insight into the interconnection between the SWRC and behavior of fine-grained 

soil during the shear in unsaturated conditions. By plotting the obtained results in two planes of 

the extended Mohr-Coulomb’s failure envelope, it was found that for matric suction values up 

to around 75 kPa, the angle of internal friction related to the matric suction, 𝜙𝑏, is close to or 

equal to the value of the effective friction angle 𝜙𝑏 ≈ 𝜙′ (approximately 30°). Then, there is a 

narrow range of matric suction for which the relationship 𝜙𝑏 vs. 𝜙′ is non-linear, following by 

a sharp reduction of 𝜙𝑏 value. As the matric suction is increased above 100 kPa, 𝜙𝑏 value was 

found to be equal to a constant value of approximately 1/3  𝜙′ (9°) (Figure 94 a). It can be 

concluded that the obtained results confirmed observations from Sheng et al. (2011) that further 

investigation of the unsaturated shear strength properties should be performed on undisturbed 

samples collected in-situ, rather than in laboratory produced conditions. The obtained results 
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depart to a certain extent from the behavior patterns described in the literature, obtained mostly 

on slurry samples prepared and consolidated in the laboratory. According to the SWRC 

measurements, the increase of shear strength due to the increase of matric suction should be 

extended to higher matric suction values. The unsaturated shear strength tests indicate that the 

matric suction value at which the relationship between 𝜙𝑏 vs. 𝜙′ becomes nonlinear is much 

lower than the AEV of soil determined from the SWRC tests, and is closer to the AExV. The 

results provide a motivation to further explore the hysteresis effects on shear strength properties 

of undisturbed samples. Although the disturbance effects did not affect shear strength 

characteristics significantly in case of the tests in saturated conditions, the same may not be true 

for the unsaturated conditions. 

The experimentally obtained shear strength results enabled determination of suction-

stress values according to the outlined procedure. The latter was used to verify the closed-form 

suction stress characteristic curve equation predicted by the expression (68). Agreement 

between experimentally obtained and predicted suction stress values was obtained, indicating 

that the investigated soil fits in the suction-stress concept reasonably well. However, Bishop’s 

formulation for the effective stress was found to fit results obtained on undisturbed samples in 

saturated and unsaturated conditions, both for tests with control of matric suction performed at 

a constant shear rate, and stress-controlled wetting tests equally well. The reason for this are 

specific retention properties of the investigated soil. Obtained SWRCs showed that residual 

conditions could not be distinguished but, rather, water content was found to always decrease 

as the matric suction is increased, even for the high-suction range. Thus, there is practically no 

difference between Bishop’s effective stress parameter (degree of saturation), and the effective 

degree of saturation (9) which normalizes the degree of saturation between saturated and 

residual conditions. Wetting tests performed on specimens collected during the dry summer 

period, starting from natural water content, showed that the gradual decrease of matric suction 

under imposed normal and shear stress conditions leads to an increase in water content and can 

lead to a failure of tested specimens. Strength and stiffness were reduced due to a decrease of 

matric suction. At some point, the acceleration of shear displacement was observed, which was 

considered as an indication of failure. However, if the matric suction was increased, such as 

was the case for the UVSCDS12 test, equilibrium conditions were restored, and the yielding 

was stopped. Again, a further decrease of matric suction resulted in yielding of tested specimen 

and accumulation of horizontal deformations. Although the defined SWRC was obtained 

without application of shear stress, initial and final water contents measured in wetting tests fell 

exactly on the main wetting branch (Figure 105). Imposed matric suction values and calculated 
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degree of saturation were used to define stress path in terms of Bishop’s effective stress 

formulation. Since it took approximately one month for conduction of each test, only two 

wetting tests were performed in this study. Nevertheless, from the stress paths shown in Figure 

104, it can be concluded that the failure envelope defined in terms of Bishop’s effective stress 

formulation was able to predict failure under the wetting conditions accurately. Matric suction 

values higher than 350 kPa were measured on undisturbed samples that were collected during 

the dry summer period and installed at natural water content (e.g., see Table 16 and tests 

UVSCDS04, UVSCDS11, and UVSCDS12). 

Climate conditions relevant to the investigation area were presented. According to field 

investigations, natural water content determination and measurement of matric suction for 

natural water content, it was found that the interaction between the soil and atmosphere at the 

investigation site, or more precisely reduced amount of rainfall, increased evaporation or 

evapotranspiration along with hydro-mechanical features of the material are such that can cause 

a significant desaturation of the uppermost material covering the landslide body up to several 

meters of depth. During the dry summer periods, the degree of saturation as low as 50% was 

measured on several occasions (Table 2) while the high-intensity short-term rainfall during 

September and October 2017 were able to significantly increase water content only in the very-

top material, while the degree of saturation remained practically unchanged after approximately 

1 m of depth. Determination of the natural water content during machine borehole drilling at 

sampling pit location (borehole B1) was performed during May 2018. Again, the superficial 

material was not completely saturated up to the depth of 2.5 m (Table 3). At the same time, 

axis-translation laboratory tests for determination of SWRC performed on undisturbed samples 

undergoing wetting process showed that, even when matric suction was reduced to 0 kPa (pore 

air pressure equal to the atmospheric pressure), tested specimens did not achieve fully-saturated 

conditions. Instead, depending on various conditions such as initial moisture content, applied 

stress etc., the degree of saturation remained in a range from 80% to 95%, (Figure 34). At the 

same time, hydraulic permeability measurements performed with the HYPROP device starting 

from different initial water content conditions, and obtained UHCF which was determined by 

combining the saturated coefficient of permeability and SWRC, reveal that even slight 

reduction in degree of saturation can cause a decrease of hydraulic permeability for few orders 

of magnitude, respective to 𝑘𝑠 obtained under positive pore-water pressure values and fully 

saturated conditions (Figure 51). These findings should not be ignored since they indicate 

complex hydraulic features of the investigated material, which could have an important role in 

ensuring the stability of slopes built in flysch deposit under extreme precipitation conditions. 
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The effect seems to be two-sided. Low hydraulic conductivity ensures low rates of infiltration 

and results in excessive runoff during high rainfall intensities. Performed analysis shows that 

any rainfall intensity higher than approximately 2𝑘𝑠, which is equivalent to 8 mm of rain equally 

distributed per day, do not affect calculation outcome since these quantities cannot be infiltrated 

into the slope and cause an increase of water content in the slope cross-section, or elevation of 

the groundwater level, if the storage capacity is surpassed. On the other hand, although the 

degree of saturation value can be close to unity, and corresponding matric suction values very 

low (e.g., see DSUVCJ01 test in Figure 76) the weight of water inside soil pores is still being 

held by the capillary forces inside the soil and this doesn’t cause a significant positive pore-

water pressure increase on the sliding surface. Only after the infiltration has lasted long enough 

so that all of the voids above the phreatic line are filled with water and the whole sliding mass 

is completely saturated with the matric suction being completely eliminated from the landslide 

cross-section, does the weight of water column generate rapid pore-water pressure increase 

along the sliding surface causing the slope failure. Numerical analysis results demonstrated this 

type of mechanism: Figure 113 b) shows that a significant increase in groundwater level occurs 

at a progressive rate during the last 30 days of simulation. In the period before, large storage 

capacity delays build-up of positive pore-water pressure along the sliding surface. Periodical 

inclinometer surveys confirmed that shearing occurs at a depth of around 18 m at the B1 

location. Previous slope stability analysis performed with the shear strength reduction method 

(Arbanas et al. 2017) and back-analysis results performed with the limit equilibrium method in 

this study confirmed that failure occurs when the groundwater level almost entirely reach the 

ground surface, with the depth of the sliding surface of 17.5 m at a relevant location. 

Groundwater level observations at the B2 location show that in the upper part of the landslide, 

the groundwater level is somewhat deeper, with a phreatic line around 8 m below the ground 

surface. 

Numerical analysis results provided answers to some important questions regarding the 

rainfall-induced landslides in flysch deposits and ensured the information for the verification 

of research hypothesis. Simulations have confirmed that the key factor inducing slope failure is 

persistent rainfall. For the applied boundary conditions defined according to in-situ 

measurements and laboratory test results, and by using the 10 minute rainfall data collected at 

the investigation site during the six month period preceding the reactivation of the Valići 

Landslide, results showed that the slope becomes unstable after 167 days of simulation. The 

influence of several factors was analyzed by performed numerical analysis. At the start of the 

simulation, when the influence of soil desiccation during the dry summer period was simulated 
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by applying various initial matric suction values in the most upper region of the slope up to the 

depth of 0.5 m, the matric suction was found to increase the absolute FoS value by providing 

the increased shear strength along the shallow part of the sliding surface, where matric suction 

exists (Figure 113). However, matric suction is reduced and finally eliminated from the area of 

the landslide crown and toe (Figure 117) during the persistent rainfall infiltration process, with 

only a frictional component of shear strength associated with the effective stress remaining to 

ensure the stability of the slope. During the landslide triggering, only positive pore-water 

pressure exists along the entire sliding surface, and shear strength component associated with 

the matric suction does not affect the failure occurrence itself. However, matric suction 

associated with the hydraulic features of the soil, UHCF, and SWRC was found to play an 

important role when analyzing the rate at which FoS value is reduced during the time and how 

state of slope stability changes with time. For the flux BC applied in the form of ten-minute, 

hourly and daily rainfall, it was found that for a slope with low hydraulic permeability, the 

higher the resolution of the rainfall data, the results of transient rainfall infiltration analysis 

should be more realistic. Use of daily rainfall measurements to define flux BC and averaging 

of rainfall respective to hydraulic permeability, resulted in apparently higher amounts of 

infiltrated water and faster saturation of the sliding mass, causing the instability to occur after 

only 142 days of simulation (Figure 116). Although 10’ measurement interval presumably 

provides the most realistic results, relative to computational requirements and the accuracy of 

obtained results when compare to those obtained from 10’ input data, hourly measurements 

have proved to be the optimum form of input data in this case. Higher starting values of FoS 

are obtained for higher 𝜙𝑏 values, but the time required the slope to fail remained unaffected 

by the chosen 𝜙𝑏 (Figure 117). The same conclusion was drawn regarding the use of constant 

(saturated) unit weight or calculated from the SWRC-𝜃 during the rainfall infiltration. The time 

required to reach failure was found to be significantly affected by the initial water content (or 

pore-water pressure) distribution (Figure 122). Higher matric suction values and associated 

lower water contents along the cross-section significantly reduce the infiltration rates in the 

unsaturated zone and provide greater storage capacity for the infiltrated water, thus delaying 

the slope failure. The initial pore-water pressure distribution and water content along the 

geotechnical cross-section reflect the antecedent meteorological conditions. In case of a dry 

period with a reduced amount of rainfall and increased evaporation, negative water flux occurs 

in a slope. Starting from the surface, the latter causes a non-linear increase of matric suction 

and reduction of water content respectively. During the wet season with abundant rainfall and 

negligible evaporation, a positive water flux from the soil surface causes an increase in water 
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content and reduction of matric suction along the cross-section. The obtained results suggest 

that the antecedent (rainfall) conditions, along with the rainfall duration play the crucial role in 

landslide occurrence in flysch deposits. Analysis of cumulative annual precipitation for the 

period from 1957 to 2015 shown in Chapter 2 suggests that, despite some periodic fluctuations, 

cumulative annual quantity remained unaltered through the entire period. On the other hand, by 

summarizing the cumulative monthly precipitation into two parts of the year with distinct 

amounts of rainfall (start of March till the end of August for the dry period and the start of 

September till the end of February for the wet part of the year), a marked change in rainfall 

distribution on annual basis was found (e.g., see Figure 18). With the steadily increasing amount 

of rainfall during the wet part of the season and, at the same time, the amount of rainfall during 

the dry period of the season being equally reduced, the influence of changing rainfall 

characteristics on slope stability of flysch deposits yet remains to be determined. Findings from 

this research should provide a solid basis for the start. 

Although many of the rainfall-triggered landslides in past few decades were found to be 

a reactivation or partial reactivation of some old, larger dormant landslides, little is known about 

the slope processes that were occurring in the past in the Rječina River Valley. Under which 

conditions and what was the triggering factor, such as inertial forces caused by the dynamics in 

the Earth’s crust, the weathering process, erosion and activity of the Rječina river, excessive 

precipitation, anthropogenic influences, etc. or combination of all, remains a great unknown. 

However, it is clear that historical events in combination with material features which are 

greatly defined by the high potential to the weathering and change in physical and chemical 

conditions of the original bedrock, presence of the low-conductivity unsaturated residual soil at 

the surface of the slopes with specific hydraulic features, the presence of the Rječina river at 

lower part of the slopes, in combination with the climate conditions characterized by extensive 

rainfall during the autumn and winter period, and very dry summers, have all resulted in slopes 

that are marginally stable. The described mechanism of delayed landslide triggering under 

excessive precipitation, which is mainly attributed to the presence of the near-surface 

unsaturated zone and its specific hydro-mechanical features with low permeability and water 

storage capacity that retard the groundwater table rise, could be the mechanism credited for 

landslides generated in this area. 
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Reflections on further research 

 

Probably any of the activities that were performed to fulfill the research objectives could be 

improved to some extent or have generated some additional questions that seek for the answers. 

For example, numerous laboratory experiments showed that high plasticity fine-grained 

soils undergo significant volume changes when matric suction is changed. The above volume 

changes associated with the change of the effective stress are especially pronounced for 

specimens prepared from a slurry. At the same time, SWRC tests performed on undisturbed 

specimens are very rare, especially for residual soils. Thus, when the matric suction is increased, 

water can be expelled from the soil because of two reasons: i) volumetric deformations occur 

due to increased effective stress caused by increased matric suction, where the soil remains still 

in saturated state but with negative pore-water pressures; or ii) due to exceeded AEV in the 

largest pore when degree of saturation drops below 100%, the water phase becomes 

discontinuous, and the soil becomes unsaturated. However, measurements performed in this 

study using the undisturbed samples indicate that a transient stage exists, where both of the 

processes occur simultaneously. Since the adsorption process was the primary focus of the 

study, for which it was found that total volume changes, under the matric suction range relevant 

for performed analysis should have negligible effects on UHCF, this effect was not investigated 

further. To investigate a described problem, more precise measurement techniques could be 

required. For example, the total volume change of the specimen could be underestimated if the 

effective lateral stress caused by increased matric suction under imposed net vertical stress 

value results in specimen detachment from the rigid wall inside the modified, axis-translation 

based oedometer apparatus. The wax dipping and water displacement technique was found to 

be very useful when combined with some SWRC measurement techniques but, in some cases, 

could not yield enough accurate results. However, advanced laboratory equipment, such as 

modified, axis translation double-cell triaxial apparatus could be used to simultaneously 

measure changes of water content at imposed matric suction values and total sample 

deformations from fluid displacements inside the inner cell. The obtained results could provide 

more detailed insight into water retention characteristics of undisturbed samples of residual soil 

from a flysch rock mass, and possibly provide more accurate SWRC and UHCF.  

The unsaturated hydraulic conductivity was determined from direct measurements of 

the saturated coefficient of permeability and SWRC. The Extended Evaporation Method 

(Schindler et al. 2015) was used to get insight into hydraulic permeability under matric suction 
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values up to 130 kPa as well. However, parameter estimation techniques or some other 

regression-based indirect method could be used on observations from conducted laboratory 

tests to investigate the hydraulic features of the investigated material further. Since all of the 

measurements were performed on small samples in the laboratory, double ring infiltrometer or 

some other technique could be used to perform field measurements for hydraulic 

characterization of the investigated soil.  

The study aimed to determine the influence of the unsaturated zone on the landslide 

occurrence. Occasional field measurements, information about the reservoir levels, 

precipitation data and measurements on undisturbed samples collected at the natural water 

content were used to define the required initial and boundary conditions, and material 

properties. However, some continuous in-situ monitoring of relevant variables, such as matric 

suction and water content along several profiles, groundwater table or positive pore-water 

pressures at several additional locations would ensure additional information and input-

parameters that could be incorporated in the defined numerical model to improve its accuracy 

and to assess the state of the slope stability more realistically. Measured pore-water pressure 

distribution and moisture content changes could be used for model calibration purposes, if 

required. In the case of remote data transfer from the monitoring system, measured values could 

be used to calculate the slope stability state in real-time. In the case of extreme meteorological 

conditions, weather forecast or radar precipitation data could be used to perform slope stability 

analysis according to existing ground conditions on the site and anticipated rainfall, even before 

the rainfall has arrived on the site. Experiences could be valuable for different applications, 

such as the landslide early warning systems. 

Due to the spherical shape of the sliding surface, 3D stability analysis results could 

differ from those obtained from the 2D analysis, especially in the case of landslides involving 

stability analysis in partially saturated conditions. A portion of the sliding surface included 

inside the unsaturated zone becomes greater if landslide geometry is defined in 3D. 

Consequently, more of the sliding plane becomes exposed to the negative pore-water pressure 

conditions and, in general, a 3D analysis should provide more accurate slope stability results. 

3D surface scans of the landslide body could enable more advanced infiltration analysis. It is 

probable that depressions and irregularities existing at the landslide surface, which cannot be 

captured by the two-dimensional analysis, would have an influence on the rainfall infiltration 

analysis, especially considering the occasional water ponding conditions which should be 

included for locations with such geometrical conditions. Generally, a 3D DEM of the landslide 
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should ensure more realistic calculations of the infiltration and runoff quantities, and provide 

more realistic slope stability results. 

Since the long-term rainfall was considered in this study, the applied flux boundary 

condition representing the precipitation was simplified, accounting only for the rainfall 

component. The evapo(transpi)ration effects were assumed to have a negligible effect in this 

case and were not considered. To define a more precise ground surface moisture flux BCs, the 

actual evaporation should be quantified for the investigated location. However, the latter step 

implies a determination of how different matric suction values (or soil water contents) affect 

the evaporation process, among the other quantities that are usually provided by the 

commercially available automated weather stations such as temperature, wind conditions, solar 

radiation, etc. Due to the vegetation present at the landslide location, water intake from the 

plants and its influence on the matric suction and water content along the landslide cross-section 

should be considered as well. 

A performed numerical analyses are rather simple. The equation describing water flow 

through unsaturated soil is solved first. Calculated volumetric water content values are used to 

define pore-water pressure values according to defined SWRC for the ongoing process. Finally, 

the obtained pore-water pressure profiles are introduced into the slope stability model based on 

LEM to calculate the factor of safety value. A more advanced, fully coupled approach would 

imply obtaining the solution of two PDEs simultaneously: one for the hydraulic part of the 

problem and another for the mechanical part. In that way, change of matric suction (or water 

content) in the REV would cause a change of the effective stress and generate associated 

deformations which would, again, modify hydraulic features of the soil. Although the SWRC 

measurements performed during the wetting process, which is relevant for the performed 

analysis of rainfall infiltration, indicated that volumetric deformations should have negligible 

effects on the hydraulic features of the investigated soil, the more advanced formulation should 

provide more accurate simulation results, especially if the simulation would account both for 

the drying and wetting process. However, the latter would require additional experimental and 

numerical efforts due to the hysteresis effects and associated problems with shifting from the 

drying to the wetting branch, or along some of the possible scanning curves. Another motivation 

for this type of analysis is the obvious shortcomings of the LEM, especially regarding the 

calculation procedure for the determination of the FoS value and stress distribution along the 

sliding plane. The stress-strain constitutive relationship would ensure a more advanced 

investigation of the triggering mechanism. 
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Finally, much of the research should be performed to assess the influence of various 

rainfall patterns and changing rainfall trends on the slope stability in flysch deposits. 

Redistribution of the annual rainfall amount should affect the landslide occurrence in flysch 

deposits favorably or unfavorably. Precise rainfall measurements from the last one or two 

decades could provide some input data to obtain the insights into the possible direction of 

change. Obtained UHCF provides insight into rainfall patterns that are unfavorable for the 

flysch slopes. Different time-depended artificial rainfall patterns could be used in numerical 

simulation to gather the information on how each of the considered rainfall patterns affects the 

state of slope stability over time. 
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