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Stability of Slopes has 
been a topic of interest

for many years…
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Karl Terzaghi and Ralph Peck on a slope
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4th Rankine Lecture, 1964

4th Rankine Lecture, 1964
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39th Rankine Lecture, 1999

55th Rankine Lecture, 2015
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Lacasse, 2015

57th Rankine Lecture, 2017
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Alonso, 2017

Alonso, 2017
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Alonso, 2017

Alonso, 2017
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Alonso, 2017

Alonso, 2017
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The mechanism

Rainfall triggered landslides

Soil Water Characteristic Curve
(SWCC)

The mechanism
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Hydraulic conductivity Function
(HCF)

The mechanism

Unsaturated Shear Strength 
The mechanism
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Numerical Simulations
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The mechanism

Rainfall triggered landslides

Rainfall intensity-duration threshold

Seattle
(Godt et al. 
2006)

Guzzetti et al. (2008)
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Rainfall triggered landslides

Rainfall intensity-duration threshold

Seattle
(Godt et al. 
2006)

Guzzetti et al. (2008)

Objective: determine triggering rainfall intensity-duration
threshold in the laboratory-controlled environment, and with
numerical modelling

- Laboratory physical 

model (flume) tests

- Numerical study

A laboratory setup including a flume box, rainfall system and raising setup

Laboratory physical model (flume) tests 

Ahmadi-adli, Huvaj, Toker (2017)
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Laboratory physical model (flume) tests 

0

20

40

60

80

100

0,01 0,1 1

P
e

rc
e

n
ta

ge
 p

as
si

n
g,

 (
%

)

Particle Size, D (mm)

Clean Fine Sand

D10 (mm) : 0.09 Fines content (%): 3

D30 (mm) : 0.14 USCS Soil Classification: SP

D50 (mm) : 0.18 Gs : 2.663

D60 (mm) : 0.202 ϒd max : 1.648 g/cm3

Cc : 1.08 ϒd min : 1.332 g/cm3

Cu : 2.24 Ksat : 1.145e-6 m/sec

Ahmadi-adli, Huvaj, Toker (2017)

Soil Water Characteristic Curve (SWCC)
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• Hanging column setup (suction range 0-80 kPa)

• Pressure plate setup (suction range 50-1500 kPa)

• Capillary tube

Ahmadi-adli, Huvaj, Toker (2017)
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Hydraulic Conductivity Function (HCF)

Infiltration column setup
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Flume model tests - instrumentation

• Miniature tensiometers, 

• PDCR miniature pore 
pressure transducers 

• Inclinometers    

inclinometers
PDCR

Ahmadi-adli, Huvaj, Toker (2017)

Flume model test results
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Ahmadi-adli, Huvaj, Toker (2017)

Conclusions from flume study for Rainfall Intensity-Duration 

threshold

Ahmadi-adli, Huvaj, Toker (2017)
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Rainfall Intensity-Duration threshold

Ahmadi-adli, Huvaj, Toker (2017)

• Laboratory flume tests on a clean fine sand soil at two relative 

densities (34 and 48%) subjected to different rainfall intensities

• the rainfall intensity-duration thresholds that would trigger a 

landslide (I-D plots) is obtained physically in the laboratory. 

• Both high intensity-short duration rainfalls, and low intensity-

long duration rainfalls can trigger landslides

Rainfall Intensity-Duration threshold

Ahmadi-adli, Huvaj, Toker (2017)

• The shape of the I-D threshold is demonstrated to be mostly 

linear relation in log-log plot for the soil used in this study. 

• However, below a certain rainfall intensity (15 mm/hr in this

study) landslides are not triggered in unsaturated soil (i.e. the

I-D plot seems to be asymptotic to the rainfall intensity that is 

equal to gravity drainage). 

• The effect of the density of the soil on the I-D threshold is 

demonstrated by physical laboratory tests (Denser soils 

require longer rainfall duration)
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Numerical simulations

• Numerical modeling of infiltration column and flume tests

• Numerical modeling / parametric study

• finite slope (2D)

• Infinite slope (1D)

120 
cm

Validation of Flow Model 

Infiltration column test of (Ahmadi-adli, 2014)

Kenanoglu (2017) METU M.S. Thesis

120 
cm
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Numerical simulations → infinite slope (MATLAB code)

• Pore pressures
• Suction
• Unsat. Shear 

strength

Kenanoglu (2017) METU M.S. Thesis

Hydromechanical numerical modelling

Rainfall-induced landslides:

• Wetting front propagation perpendicular to the slope
surface

• Sliding surface paralel to ground surface (infinite slope)

Pazar 
Rize, 2016

Gündoğdu, 
Rize, 2010

Şalpazarı, 
Trabzon, 2016

Seepage problem Stability problem 

Kenanoglu (2017) METU M.S. Thesis
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Numerical simulations → parametric study
(influencing factors on I-D threshold)

SWCC can be defined with some characteristic parameters

and these parameters have physical meanings ;

θs , Saturated volumetric 

water contents 

represents dry density 
(a soil with a higher θs value 

is a denser soil)
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AEV, Air entry value 
represents gradation (a soil

with a higher AEV is a finer

grained soil)
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DSR, De-saturation 

rate

represents uniformity (the 

higher DSR the more uniform 

grain size dist.) 
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θr , Residual volumetric 

water contents

represents fines content
(as the fines content of soil

increases, θr increases)
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Hysteresis (wetting / drying) 
considered

Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)

Changes in hydraulic
conductivity function also
considered, when SWCC is 
changed in parametric study
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Parametric Study

Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)

Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)
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Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)

Parametric Study

Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)

Effect of 
soil 
gradation
(grain size)

Effect of 
uniformity 
of grain 
size distr.

Effect of 
fines 
content

Effect of 
density
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• different unsaturated soil properties lead to different 

intensity-duration thresholds for the same slope geometry. 

• Unsaturated soil properties such a SWCC and HCF play a 

critical role in the behavior of unsaturated slopes and in 

rainfall-triggering of landslides.

Conclusions from numerical (parametric) study

• The intensity-duration threshold that triggers a landslide 

can be computed given that the unsaturated hydraulic and 

shear strength properties of the soil are known. 

• Both “high intensity short duration” rainfalls and “low 

intensity long duration” rainfalls can cause landslides in 

unsaturated soils, as characterized by I-D thresholds. 

• Among the parameters considered, air entry value (which 

is related to grain size) seems to be the most influential

parameter on the rainfall I-D threshold.

Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)

• Based on the analyses carried out in this study for rainfall 

intensities between 5 - 80 mm/hr it is observed that I-D 

threshold that triggers a landslide is nonlinear in a log-log plot. 

• A high-intensity rainfall may trigger a landslide in a coarser soil

in shorter duration in comparison to a finer soil. For finer 

grained soils, time to failure is independent of rainfall intensity 

above a certain level. This is because above that certain

intensity, only surface runoff increases and infiltration into the 

soil does not change.

• Three distinct failure mechanisms (or causes of failure) are 

identified: (A) surface erosion (mostly occurs at high intensity 

rainfall events), (B) failure due to suction decrease (generally at 

lower cumulative amounts of rainfall), (C) positive pore water 

pressure development.

Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)
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Rainfall triggered landslides in Turkey

Black Sea

Mediterranean Sea
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Typical characteristics of rainfall-triggered landslides in Turkey

▪ They are generally 1-5 m deep

▪ They occur on steep slopes ( 40 degrees)

▪ Classified as “fast landslides” (1.8 m/hr,

Cruden and Varnes, 1996)

▪ Ground water table is well below the ground 

surface, soils are unsaturated initially

▪ Residual soils (weathering of rock in-place), of 

volcanic origin, pyroclastics, silty

▪ Translational (partly rotational) slides

▪ Soil properties?
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Methodology

1. Field work

• Soil sampling at 12 landslide sites : about 40 samples

• In-situ shear strength via hand vane

68

Field work

Laboratory work

Üyetürk, Huvaj et al. (2019)

Some of the sampling sites

Landslide

head scarp
Small

tubeTea

plantation

Soil sampling with small tubes

Hand

vane

Hand vane test

Soil sampling and hand vane process

Üyetürk, Huvaj et al. (2019)
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2. Laboratory work

• Soil classification

• Organic content determination

• pH measurements

• Saturated hydraulic conductivity

• Soil-water retention curve (SWRC)

• Shear strength via:

• Unconfined compression tests

• Direct shear tests (on intact and reconstituted samples)

Üyetürk, Huvaj et al. (2019)

Results
• Soils are mostly fine-grained, silty soils.

• They are classified as ML, MH, OH (?), SM

• Organic content (%) are in the range of 1.8 % to 12.1 %

• pH values are in the range of 3.3 to 5.6  (Acidic) 

Huvaj and Üyetürk (2018)
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Results
Drying decreases Atterberg limits. 

(87,31)

(57,11)

It may even change the soil classification

Huvaj and Üyetürk (2018)

Based on XRD and SEM study

they contain halloysite mineral

Huvaj and Üyetürk (2018)



Nejan HUVAJ (nejan@metu.edu.tr)
METU Civil Eng. Department, Ankara, Turkey

27th European Young Geotechnical Engineers Conference
26.09.2019, Turkey

33

• Cu range is 10 to 52 kPa

• High void ratios (0.81-1.58)

Unconfined compression tests

• Peak Cu = 42 to 103 kPa

• Remolded Cu = 4 to 17 kPa

• Sensitivity = 2.5 to 16.2 

• Medium to extra sensitive (Skempton and Northey 1952)

Hand Vane Test (in-situ)

Üyetürk, Huvaj et al. (2019)

Methodology – Direct shear tests
140 direct shear tests were performed (shearing time 3-8 hours)

1. Intact specimens

• Saturated tests

• Unsaturated tests

(with field water content) 

2. Reconstituted specimens

• Field dry-density

• Sr=60%

• Sr=80%

• Saturated
75

Normal stress range: 14 to 65 kPa

The main reasons for reconst. tests are to obtain uniform specimens and to study different Sr
Üyetürk, Huvaj et al. (2019)
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Results
Saturated failure envelope for intact specimens

y = 0.7351x + 4.4

R² = 0.97
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Results – Reconst. direct shear tests
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• Failure envelope is found to be linear (mostly)

• Friction angles for different Sr cases are generally found to be similar

• Φ range: 30.4º to 34.4º (saturated)

• Similar friction angles with intact specimens

Üyetürk (2019) METU M.S. Thesis
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Bhattacharya et al. (2003)

Oguz, Yalcin, Huvaj (2017)

Probabilistic Slope Stability

𝜽 = [45𝒐, 47. 5𝒐, 50𝒐, … , 70𝒐]

Cohesion, c' (kPa) Friction Angle, φ' (°)

COV %

(
𝒔𝒕𝒅.𝒅𝒆𝒗.

𝒎𝒆𝒂𝒏
)

Mean 
Standard 

dev.
Mean

Standard 

dev.

Min. 5 18 0.9 30 1.5

Low 13.75 18 2.475 30 4.125

Medium 22.5 18 4.05 30 6.75

High 31.25 18 5.625 30 9.375

Max. 40 18 7.2 30 12

What is the effect 
of soil variability, 
(COV level) on 
safety assessment 
of slope?
- Due to soil’s 

inherent natural 
variability

- Due to 
limitations in our 
limitations in 
site investigation

Results

0

Oguz, Yalcin, Huvaj (2017)

221782

What is the effect of soil variability, (COV level) 
on probability of failure?
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Oguz, Yalcin, Huvaj (2017)

Results
What is the effect of soil variability, (COV level) on 
probability of failure?
- On relatively safe slope (45 degree slope angle)
- On relatively unsafe slope (70 degree angle) 

Effect on Critical Slip Surface
• Different critical slip surfaces

Oguz, Yalcin, Huvaj (2017)
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Effect of Cross Correlation of parameters
• In reality, soil parameters are not independent random 

variables.

• Strength parameters were negatively cross correlated:

coefficient of correlation        𝜌 = −0.5

Oguz, Yalcin, Huvaj (2017)

Effect of Cross Correlation
Decrease in PF if FS > 1

Oguz, Yalcin, Huvaj (2017)

Increase in PF if FS < 1
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Conclusions from probabilistic slope stability study

• Deterministic limit equilibrium analysis is not always 
sufficient for determination of the location of the most 
critical failure surface.

• PF and the critical failure surface is significantly 
influenced by COV level, the consideration of cross 
correlation.

Oguz, Yalcin, Huvaj (2017)

• The inverse relation between FS and PF has been 
demonstrated to be nonlinear and the COV level has 
significant effect on this relationship.

• Slopes traditionally considered as safe (deterministic 
FS1.00) may have high PF values depending on the COV 
level.

• Increase of COV level causes increase in PF value for 
slopes with deterministic FS1.00. 

• For slopes having deterministic FS<1.00, the effect is 
reverse. 

• Considering cross correlation between cohesion and 
friction angle significantly decreases PF for slopes 
having deterministic FS1.00, but increases for others.

Oguz, Yalcin, Huvaj (2017)

Conclusions from probabilistic slope stability study
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Random Finite Element Method RFEM

Random Finite Element Method

RFEM combines random
field theory, for modelling spatial variability, with 
the finite-element method (FEM), for modelling
geotechnical response, within a Monte Carlo 
simulation process (Fenton & Griffiths, 2008).

Small 

spatial 

correlation 

length

Large 

spatial 

correlation 

length

RFEM
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• using on-site available fill material containing some

fines content, instead of obtaining and transporting

clean granular materials ?

• economic and environmental benefits, in terms of

saving natural resources (such as sand and gravel),

reduced construction waste and waste disposal cost,

sustainability and reduced carbon footprint of

projects. Waste materials from different industries,

such as mixtures of fine-grained and coarse-grained

waste materials can be considered as a fill.

• However, when using on-site fill material, which is a

mixture of coarse grained and up to 40% fine

grained soils, the properties of the fill are more

variable.

• Spatial correlation length…. is considered
Durmaz, Huvaj et al. (2019)

Why consider soil 
variability in MSEW? 
Aren’t they made of 
clean gravel, and well 
compacted by us?

• different generations of random fields, i.e. spatial distribution from a log-

normal statistical distribution, of cohesion, c, having mean value of 10 kPa 

and COV=0,40 (i.e. 40%), for a 10-m high reinforced soil slope in this study. 

Durmaz, Huvaj et al. (2019)
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Durmaz, Huvaj et al. (2019)

Durmaz, Huvaj et al. (2019)
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Random Material Point Method, RMPM

Random fields are numerically generated 
predictions of the spatial variability of a 
property over the problem domain.

These are based on (a) an assumed 
probability density function, characterized 
by the mean property value μ and 
standard deviation σ,

Random Material Point Method, RMPM
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Wang, Hicks, Vardon (2016)

Lacasse, 2015



Nejan HUVAJ (nejan@metu.edu.tr)
METU Civil Eng. Department, Ankara, Turkey

27th European Young Geotechnical Engineers Conference
26.09.2019, Turkey

44

Lacasse, 2015

for a slope with deterministic FS value of 1.50, PF can be 

decreased from 10-1 to 10-6 , or to any desired level, by increasing 

level of engineering (extensive site investigation, laboratory 

testing, state-of-the-art analyses, monitoring etc.) 

Silva F., Lambe T. and 

Marr W. (2008). 

“Probability and risk of 

slope failure.”  
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