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Fourth Rankine Lecture 4th Rankine Lecture, 1964

LONG-TERM STABILITY OF CLAY SLOPES
by
A. W. SKEmPTON, D.Sc.,, MLL.C.E., F.R.S.*

I wish to thank the British Geotechnical Society for inviting me to give the fourth Rankine
Lecture, and to thank Dr Cooling for his very kind remarks.

In preparing the Lecture I have received a great deal of help from various people, especially
Mr John Hutchinson, Dr Laurits Bjerrum and Mr Kenneth Early, while most of the field
work which I shall describe was carried out jointly with Dr David Henkel. The long-term
stability of clay slopes has indeed been one of the preoccupations of Dr Henkel and myself for
the past 12 years; and I would like to take this opportunity of paying tribute to the value of
the contributions which he made in this particular subject, and generally to soil mechanics
and engineering geology, during the time he spent in Great Britain. I am also deeply grate-
ful to my wife for her interest, criticism, and suggestions which have been most valuable.

| * Professor of Civil Engincering, Imperial College, University of London.|

Fourth Rankine Lecture 4th Rankine Lecture, 1964

LONG-TERM STABILITY OF CLAY SLOPES
by
A. W. SkemproN, D.Sc., M.I.C.E.,, FRS.*

I wish to thank the British Geotechnical Society for inviting me to give the fourth Rankine
Lecture, and to thank Dr Cooling for his very kind remarks.
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39th Rankine Lecture, 1999

Leroueil, S. (2001). Géotechnique 51, No. 3, 197-243

Natural slopes and cuts: movement and failure mechanisms

S. LEROUEIL®

Movements and failure of cuts and natural slopes Les et la rupture des tranchées ¢|
an important p that a variety of un problé ¢ q
geomaterials in a variety of geological and climati qui d de une variété de géomatériaux dans|
and which has a major socio-economic impact in many de ¢ q et q ce qui
countries. The paper reviews the state of knowledge in this impact socio-¢économique majeur dans bien des|

domain, examining the basic aspects of soil mechanics that étude fait le point sur P'état des connaissan
are relevant to the context of slopes, the importance of water domaine, examinant les aspects fond
on slope behaviour, and then the different stages of slope nismes des sols dans le contexte des pentes, 'in|

movements: pre-failure, failure, post-failure and reactivation. I"eau sur le comportement de la pente et les dlﬂj
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55th Rankine Lecture, 2015

Hazard, Risk and Reliability
in Geotechnical Practice
by
Suzanne Lacasse
Norwegian Geotechnical Institute

Oslo, Norway

Contents of lecture

1. Basic concepts and early work

2. Reliability analyses to ensure adequate safety and
lead to cost-effective design-"Real-life" cases

+ Design of piles for offshore installations

* Tresenda debris flow

* Rosia Montana tailings facility

* New Orleans levees
Safety factor and definition of characteristic value
Observational method and Bayesian updating
Challenges and emerging topics
Summary and conclusions

SRR B O
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Evolution of geotechnical practice
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on reliability assessment _I
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57th Rankine Lecture, 2017

57t Rankine Lecture
TRIGGERING AND MOTION OF LANDSLIDES

Eduardo E. Alonso
School of Civil Engineering

Universitat Politécnica de Catalunya, Barcelona, Spain

Contents
1. Creeping landslides
Finite Element (FEM)
2. Fast landslides Finite Difference (FDM)

Arbitrary Lagrangian-Eulerian (ALE)

3. Transition from creeping to fast motion Coupled Evilariastagrangian (CEL)
Material Point Method (MPM)
Smooth Particle Hydrodynamics (SPH)
Particle Finite Element Method (PFEM)
FEM + Lagrangian integration points (FEMLIP)
Element-free Galerkin (EFG)

4. Continuum analysis. MPM

5. First time slides

6. THM analysis of landslides
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MPM in landslide analysis

» |[ncorporates FE methodologies

Three-Phase MPM

It is a continuum method. Constitutive equations

Statics + Dynamics + large deformations

Background mesh facilitates application of boundary
conditions

computational
mesh

Alonso, 2017
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Aznaleglar dam failure

i —

Alonso, 2017

AznalegHar dam failure
o ——
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Alonso, 2017

Advancing current knowledge

= Well documented failure events

= Geotechnical description before events

= Failure and post-failure observations
= Understanding

= Improved computational tools

Alonso, 2017
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The mechanism

Rainfall triggered landslides
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The mechanism

Hydraulic conductivity Function
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Rainfall triggered landslides

Rainfall intensity-duration threshold

10

-~ oF _ - Laboratory physical
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g z2f :
g - Numerical study
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10 20 40 80 3

Rainfall duration (hr) g

Objective: determine triggering rainfall intensity-duration

threshold in the laboratory-controlled environment, and with
numerical modelling

Rainfall duration (h)

Laboratory physical model (flume) tests

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

Raising system
(Rope + winch) \

Instrumentations K
(Digital camera)

Instrumentations

(tensiometers & incliniometers

Flume
box

Soil sample

Raising system
(Raising guide)

Ahmadi-adli, Huvaj, Toker (2017)

27th European Young Geotechnical Engineers Conference
26.09.2019, Turkey
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Laboratory physical model (flume) tests

100

. Clean Fine Sand //

. /

) /

. /

/

Percentage passing, (%)

0

Particle Size, D (mm)

0,01 0,1 1

Dy (mm) : 0.09 Fines content (%): 3
D3 (mm) : 0.14 USCS Soil Classification: SP
Dgo (Mmm) : 0.18 Gs: 2.663
Dgo (Mm) : 0.202

C.: 1.08

C,: 224

Yymax - 1.648 g/lcm?®
Yy min: 1.332 g/cm?3
Kei: 1.145e-6 m/sec

Ahmadi-adli, Huvaj, Toker (2017)

Soil Water Characteristic Curve (SWCC)
* Hanging column setup (suction range 0-80 kPa)
* Pressure plate setup (suction range 50-1500 kPa)

* Capillary tube
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Ahmadi-adli, Huvaj, Toker (2017)
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Hydraulic Conductivity Function (HCF)
Infiltration column setup
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Ahmadi-adli, Huvaj, Toker (2017)

Ahmadi-adli, Huvaj, Toker (2017)

14



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

27th European Young Geotechnical Engineers Conference
26.09.2019, Turkey

Measured suction, y (kPa)

Flume model tests - instrumentation
* Miniature tensiometers, ‘
* PDCR miniature pore X
pressure transducers il M
for removing .
* Inclinometers ~ Pi’:
PDCR ceramic tip — >
inclinometers
W ONG,
' -
" £ e
i
L | A
B 3, \ i ‘l
Ahmadi-adli, Huvaj, Toker (2017)
Flume model test results
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Elapsed time, T (min)

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

60
° — .- 02700 — - -0:36:00 — — 0:49:00
= 1:05:00  wseeeeee 1:23:00 - — -1:55:00
13 ~===-2:08:00 ==t==Inc.|  ==t=Inc.Il P
© x T
w . 40 e N C. | = INC. IV ®-Inc. V e {,
£ 3 A AP
o P R4
2 b g
o - X7
=
B 3 /’x
Tt 2
% 3 x
w .
3 ~_e. 7 x
.‘g T ¥
X
H 0 DR

40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

w
o

8
o 60
‘1=: — - — 1:00:00 — — 1:45:00 Failure surface
a = Inc. M1 st Inc. M2 —&— Inc. M3
%_ —+— Inc. W2
13
o 40 |
EE
o s
2L
£
2
[7) 20
]
o
c
£
£
1]
H
0

30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

Ahmadi-adli, Huvaj, Toker (2017)

16



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

27th European Young Geotechnical Engineers Conference
26.09.2019, Turkey

FLM_03

V%:m

149 cm

FLM_06

Ahmadi-adli, Huvaj, Toker (2017)

Conclusions from flume study for Rainfall Intensity-Duration
threshold

100
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Rainfall duration, D (hr)  Ahmadi-adli, Huvaj, Toker (2017)
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+ Laboratory flume tests on a clean fine sand solil 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

= N FLM_10
i
E FLM_03@ \\
\
£ \@rmos HAMIL
= \ \
2 y =38.042¢15% vy = 134.94x143
‘a R? = 0.8708 \. R*=0.972
o @FLM_05 \
AL e \
E \ \
= FLVM_08 @ °, L
“— % i =2
= ‘@ FLM_13 o FLM_15
[ \ H
o o “ === --OFLM_06
10 1 1 1 1 1 LR 1 = 1 1 1 1 1 I - :
0.1 1 10

Rainfall duration, D (hr)  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)

‘>:. y =38.042x13% A\ N\ Y =134.94x1431
3 R? = 0.8708 . R*=0.972
] @FLV_05 X
£ \ \
= FLM_08 @ °, W v 14 ?
il ot " = —t———]
£ @ FLM_13 ) FLM_15
P e -~~~ -OFLM_06
10 1 i 1 L 1 A AL : L i i 1 L 1 P :
0.1 1 10

Rainfall duration, D (hr)  Ahmadi-adli, Huvaj, Toker (2017)
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Numerical simulations
* Numerical modeling of infiltration column and flume tests
* Numerical modeling / parametric study
+ finite slope (2D)
* Infinite slope (1D)

FAILURE

SURFACE Wsoil

[ Ranfallor —>
evaporation BCs

5

AEV=7.00kPa
10 mm/hr

Length (m)

Validation of Flow Model
Infiltration column test of (Ahmadi-adli, 2014)

sucion (kP

[ 200 400 B0 ano 1000 13000 1400
elapsed time (hour)

Figure 3. 15. The comparision of experimental results and the results of simmulations.
Curves with data points illustrate the experimental results and smooth curves
llustrate simulation results.

Kenanoglu (2017) METU M.S. Thesis

19



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

27th European Young Geotechnical Engineers Conference
26.09.2019, Turkey

rainfall

——
e
e

NIRRT :

at a given time

Kenanoglu (2017) METU M.S. Thesis

Numerical simulations — infinite slope (MATLAB code)

upper
boundary

I
boundary

<~
<
1"‘:_

Wsoil | «  Ppore pressures
* Suction
* Unsat. Shear
strength

A —

surface

Kenanoglu (2017) METU M.S. Thesis

Hydromechanical numerical modelling
Rainfall-induced landslides:
* Wetting front propagation perpendicular to the slope

* Sliding surface paralel to ground surface (infinite slope)

Seepage problem

7

arca

T
T
=5
\
\
\
(o]
0\‘{‘\"\a
- ‘;0\‘0\\\

-

Stability problem

20
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Numerical simulations — parametric study
(influencing factors on I-D threshold)
05 Saturated volumetric water content (,)
Air-entry value (AEV)
0.4+
D_
j.c: De-saturation rate [DSR)
§ 0.3 4
ko
[1+]
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2 g2 cuive (Wertting) curve (Drying)
E
2
(=]
> 0.1+
Residual volumetric water content (8,)
0.0 T T T
01 1 10 100 1000
Matric suction, v (kPa)
SWCC can be defined with some characteristic parameters
and these parameters have physical meanings ;

CoTTTTT T eI i
. 1
95 , Saturated volumetric | | represents dry density i
, S ’
water contents ‘—>: _(a soil with a h_|gher B, value |
lis a denser soil) :
0,6 11T T =TT T T T 1 T T T T T T
------- 0s=0.52
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‘g 0.4 ——05=0.44
E — -0s=0.40
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2
% 02 Lol LU NG L L L
£ 0,2
3
2 01 ffet b b T L
0 T T T 1
0,1 1 10 100 1000
Matric suction, Y (kPa)
Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)
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i represents gradation (a 50|I.
AEV, Air entry value .W|th a higher AEV is a flner'
\grainedsoil) i
o ——
——AEV=0.88
:?; 04 - | —AEV=1.75
S — —AEV=3.5
c
§ 0,3 - | = --AEV=7.0
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Matric suction, { (kPa)

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

DSR, De-saturation
rate

- represents uniformity (the i
af hlgher DSR the more uniform :
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Kenanoglu, Ahmadi-adli, Toker, Huvaj (2019)
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1 1
er,ResiduaI volumetric irepresents fines Contenti

1

1

1

-—) 1 HE
water contents (as the flnes_ content of 30|I:
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e o o o o i e e s e 1
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Parametric Study
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Figure 7 - Pore water pressure distribution and failure mode of slopes of Ivpothetical soils
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Parametric Study
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Figure 11 - Changes in I-D threshold for a given soil, (a) for a given initial moisture state,
at different slope angles, (b) for a given 45 degree slope angle at different initial moisture

states
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Conclusions from numerical (parametric) study

- 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.

» 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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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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1. Field work

Methodology <: Field work

* Soil sampling at 12 landslide sites : about 40 samples

* In-situ shear strength via hand vane

Laboratory work

= istanbul

Uyetiirk, Huvaj et al. (2019)
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Soil sampling with small tubes

Uyetiirk, Huvaj et al. (2019)

Hand vane test
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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)

Uyetiirk, 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 % t0 12.1 %

* pH values are in the range of 3.3 to 5.6 (Acidic)
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Huvaj and Uyetiirk (2018)
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Results

Drying decreases Atterberg limits.
It may even change the soil classification
60
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Huvaj and Uyetiirk (2018)
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Based on XRD and SEM study

they contain halloysite mineral

Huvaj and Uyetiirk (2018)
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Uyetiirk, Huvaj et al. (2019)

Unconfined compression tests
* Curangeis 10 to 52 kPa

* High void ratios (0.81-1.58)

Hand Vane Test (in-situ)

* Peak Cu=42to 103 kPa

* Remolded Cu=4to 17 kPa
* Sensitivity = 2.5 to 16.2

* Medium to extra sensitive (Skempton and Northey 1952)

1. Intact specimens

e Saturated tests

* Field dry-density
* Sr=60%
* Sr=80%

e Saturated

Uyetiirk, Huvaj et al. (2019)

Methodology — Direct shear tests

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

e Unsaturated tests

2. Reconstituted specimens

The main reasons for reconst. tests are to obtain uniform specimens and to study different Sr

Normal stress range: 14 to 65 kPa
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Results

80

Saturated failure envelope for intact specimens

® Saturated tests
o Unsaturated tests
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Uyetiirk, Huvaj et al. (2019)
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Results — Reconst. direct shear tests

Failure envelope is found to be linear (mostly)

Friction angles for different Sr cases are generally found to be similar
* @ range: 30.4° to 34.4° (saturated)

e Similar friction angles with intact specimens
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What is the effect of soil variability, (COV level) on
ReSU ItS probability of failure?
On relatively safe slope (45 degree slope angle)
On relatively unsafe slope (70 degree angle)
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Oguz, Yalcin, Huvaj (2017)

Effect on Critical Slip Surface
* Different critical slip surfaces

safet

10 000

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 p =-—0.5

Oguz, Yalcin, Huvaj (2017)

Effect of Cross Correlation

Decrease in PFif FS>1 Increase in PFif FS< 1
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Oguz, Yalcin, Huvaj (2017)
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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.

* 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.

Oguz, Yalcin, Huvaj (2017)

Conclusions from probabilistic slope stability study

* 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)
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Random Finite Element Method RFEM

Probabilistic Methods in Geotechnical Engineering pp 317-346 | Cite as

The Random Finite Element Method (RFEM) in Slope
Stability Analysis

Authors Authors and affiliations

D.V. Griffiths, Gordon A. Fenton
Chapter
6 2.2k

Citations Readers Downloads

Part of the CISM Courses and Lectures book series (CISM, volume 491}

Abstract

The paper investigates the probability of failure of a cohesive slope using both simple and more
advanced probabilistic analysis tools. The influence of local averaging on the probability of
failure of a test problem is thoroughly investigated. In the simple approach, classical slope
stability analysis techniques are used, and the shear strength is treated as a single random
variable. The advanced method, called the random finite element method (RFEM), uses
elastoplasticity combined with random field theory. The RFEM method is shown to offer many
advantages over traditional probabilistic slope stability techniques, because it enables slope
failure to develop naturally by“seeking out” the most eritical mechanism. Of particular

importance in this work, is the conelusion that simplified probabilistic analysis, in which spatial

Random Finite Element Method RFEM

Probabilistic Methods in Geotechnical Engineering pp 317-346 | Cite as

The Random Finite Element Method (RFEM) in Slope
Stability Analysis

Authors A RFEM combines random

ov.arritns, cordon . Fenon | fi€ld theory, for modelling spatial variability, with
the finite-element method (FEM), for modelling
geotechnical response, within a Monte Carlo
simulation process (Fenton & Griffiths, 2008).

Chapter
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Citations Readers
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EFFECTS OF SPATIAL VARIABILITY OF MARGINAL FILLS ON Why consider soil
EXTERNAL STABILITY OF REINFORCED SLOPES variability in MSEW?

Aren’t they made of
clean gravel, and well
compacted by us?

Muhammet DURMAZ' Nejan HUVAJ?*  Atalay Mert TURGUT?®  Nur OZTURK?®

+ 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)

(c) anisotropic case, sample no. 200 (d) anisotropic case, sample no. 2993
Figure 1. Examples of distribution of material properties: cohesion, c'.

« different generations of random fields, i.e. spatial distribution from a log-
normal statistical distribution, of cohesion, ¢’, having mean value of 10 kPa
and COV=0,40 (i.e. 40%), for a 10-m high reinforced soil slope in this study.

Table 1. Probabilistic marginal fill properties.
Mean Standard dev.  Relative min Relative max

Cohesion, ¢’ (kPa) 10 4 10 20
Unit Weight, y (kN/m*) 17.5 1.75 25 55
Friction Angle, ¢’ (°) 33 13.2 18 17

Durmaz, Huvaj et al. (2019)
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Figure 5. Results of simulations in terms of reliability index (SPV = spatial variability).

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

Wang, B. et al. (2016) Géotechnique Letters 6, 113-118, http://dx.doi.org/10.1680/jgele.16.00019

Slope failure analysis using the random material point method
B. WANG*, M. A. HICKS"® and P. J. VARDON*

The random material point method (RMPM), which combines random field theory and the material
point method (MPM), is proposed. It differs from the random finite-element method (RFEM), by
assigning random field (cell) values to material points that are free to move relative to the computational
grid rather than to Gauss points in a conventional finite-element mesh. The importance of considering
the effects of both large deformations and the spatial variability of soil strength properties in slope
stability analyses is highlighted, by comparing RMPM solutions with RFEM and deterministic MPM
solutions for an idealised strain-softening clay slope characterised by a spatially varying undrained
shear strength. The risks posed by potential slides are quantified by the extent of retrogressive failure -

Random Material Point Method, RMPM

Wang, B. et al. (2016) Géotechnique Letters 6, 113-118, http://dx.doi.org/10.1680/jgele.16.00019

Slope failure analysis using the random material point method
B. WANG*, M. A. HICKS"® and P. J. VARDON"*

The random material point method (RMPM), which combines random field theory and the material
point method (MPM), is proposed. It differs from the random finite-element method (RFEM), by
assigning random field (cell) values to material points that are free to move relative to the computational
grid rather than to Gauss points in a conventional finite-element mesh. The importance of considering
the effects of both large deformations and the spatial variability of soil strength properties in slope
stability analyses is highlighted, by comparing RMPM solutions with RFEM and deterministic MPM
solutions for an idealised strain-softening clay sl=== ~“===fosinodt e = mmmtisihe simmdo s cemdesiood
shear strength. The risks posed by potential slides

Random fields are numerically generated

§ ‘Lll
predictions of the spatial variability of a 1 B
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Depth
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standard deviation o Fig. 2. Statistical measures of ¢, variability (after Hicks & Samy,
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function of ¢,

(b)
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Sliding distance, r=9-6 m Plastic strain invariant
} i 5-0
E:4~O
£20

Koo

(), .
Initial failure

(a) Peak
cohesion

Final failure

Wang, Hicks, Vardon (2016)

Deterministic and probabilistic analyses

Risk and probability tools have reached a
degree of maturity and breadth that make them
effective to use in practice. They provide more
insight that deterministic analyses alone. They
help reduce uncertainty and focus on safety and
cost-effectiveness.

Integrating deterministic and probabilistic
analyses in a complementary manner brings
together the best of our profession, including the
required engineering judgment from the geo-
practitioners and from the risk analysis

a proponents.

Lacasse, 2015
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Deterministic analyses
give an impression of certainty;

k. o it
Probabilistic analyses

complete the picture by making explicit
the uncertainties an

For improved geotechnical practice,
we need both.

Lacasse, 2015

for a slope with deterministic FS value of 1.50, PF can be
decreased from 101 to 10-¢, or to any desired level, by increasing
level of engineering (extensive site investigation, laboratory
testing, state-of-the-art analyses, monitoring etc.)
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Silva F., Lambe T. and FACTOR OF SAFETY
Marr W. (2008).
“Probability and risk of
slope failure.” Relation between level of engineering and probability of failure

27th European Young Geotechnical Engineers Conference
26.09.2019, Turkey
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