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Global Safety Factors for Regional Dykes
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Figure 1: Overview of the required global factors of stability. In red (lowest). factor of stability not acceptable; in orange. more
detailed research is required: in yellow, acceptable depending on the material and economic value of the polder and in green

(highest) acceptable.

There is uncertainty about what the global factor of safety should be

De Gast T, Vardon PJ, Jommi C, Hicks MA. The history of safety factors for Dutch regional
dykes. Proceedings of 5% International Symposium on Geotechnical Safety and Risk,
Rotterdam, The Netherlands, 361-366; I0S Press (2015)




Characteristic Values & Eurocode 7

Basic derivation of X,




Characteristic Values & Eurocode 7

General derivation of X,

Xk X,X
KEY FACTORS: Spatial variability, problem-dependency and knowledge

Research focusses on reducing uncertainty through increasing knowledge
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Outline of Presentation

Focus is implications of spatial variability

Background: Reducing uncertainty relating to spatial
variability and probabilistic slope stability assessments
using RFEM

Motivation for, and introduction to, the Random Material
Point Method (RMPM)

Initial analysis using RMPM

Closing comments



Heterogeneity (1/2)
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« Affects material behaviour

« Affects global response

« What is the characteristic value? R
« Scales of fluctuation important o 20 40 60 80 1000
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Hicks MA, Onisiphorou C. Stochastic evaluation of static liquefaction in a predominantly
dilative sand fill. Geotechnigue, 55(2), 123-133 (2005)




Heterogeneity (2/2)
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Correlation scales
Optimal use of data

Lloret-Cabot M, Fenton GA, Hicks MA. On the estimation of scale of fluctuation in

geostatistics. Georisk, 8(2), 129-140 (2014)



Reliability and Risk
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« Impact of heterogeneity
* Range of failure mechanisms
* Benchmarking

Li Y], Hicks MA, Nuttall JD. Comparative analyses of slope reliability in 3D. Engineering
Geology, 196, 12-23 (2015)



Length-Dependency (1/2)
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The longer the slope, the greater the chance of encountering a zone that is weak
enough and extensive enough to trigger failure

Hicks MA, Li Y]. Influence of length effect on embankment slope reliability in 3D. Under
review (2017)




Length-Dependency (2/2)
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Hicks MA, Spencer WA. Influence of heterogeneity on the reliability and failure of a long 3D
slope. Computers and Geotechnics, 37(7), 948-955 (2010)

Hicks MA, Li Y]. Influence of length effect on embankment slope reliability in 3D. Under

review (2017)
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Uncertainty Reduction (1/4)
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20
Distance in y direction (m)

Required intensity of testing
Optimal spacing = 6, /2
Strategy for site investigation .

Li YJ, Hicks MA, Vardon PJ. Uncertainty reduction and sampling efficiency in slope designs
using 3D conditional random fields. Computers and Geotechnics, 79, 159-172 (2016)



Uncertainty Reduction (2/4)
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e Conditional simulation
e Cost-effective design

Li YJ, Hicks MA, Vardon PJ. Uncertainty reduction and sampling efficiency in slope designs
using 3D conditional random fields. Computers and Geotechnics, 79, 159-172 (2016)




Uncertainty Reduction (3/4)
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Varddn PJ, Liu K, Hicks MA. Reduction of slope stability uncertainty based on hydraulic
measurement via inverse analysis. Georisk, 10(3), 223-240 (2016)

Liu K, Vardon PJ, Hicks MA. Sequential reduction of slope stability uncertainty based on
temporal hydraulic measurements via the ensemble Kalman filter. Computers and 13
Geotechnics, in press (2017)




Uncertainty Reduction (4/4)

— hysteretic — non-hysteretic —_ water level
1.4 ‘ 25

/A\__ '\\uﬂfv '\\
I |

]
o

pry
v

N

=
Water level WL [m]

J Wl I
|

\/\/ . v/\/ |

|

0 2 4 8 8 10 12 14 16 18 20
Time t [days]

0

1.5
1.45
1.4
1.35
1.3
1.25 ;A
1.2 frfbw v

1'15—10 -9 -8 -7 -6 -5 -4 -4 -3 -2 -1 0 1 11 12 13 14 15

Inkgat Inad n

FOS

e Influence of
hysteretic soil water
retention behaviour

e Correlation of soil

M8 s -1. -05 0-59 -58 -5.7 .-5.5 -5..5 -5.4 properties with FOS
InBs In@r

16
145 | 027 s o 0.05

1.4 1 -0.21°%
1.35

FOS

1.25

Liu K, Vardon PJ, Hicks MA, Arnold P. Combined effect of hysteresis and heterogeneity on the
stability of an embankment under transient seepage. £ngineering Geology, 219, 240-25014
(2017)



Risk and Failure Consequence

Subset simulation and reliability analysis
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RFEM slope stability analysis and
subset simulation techniques:

e Studying modes of failure at
different levels of probability

« Accessing failure events at
very low levels of probability

P; < 0.014%

SRF < 1.0
P < 108

Eijnden AP van den, Hicks MA. Efficient subset simulation for evaluating the modes of 15
improbable slope failure. Computers and Geotechnics, 88, 267-280 (2017)




Motivation for RMPM

What is dyke failure?

Is it when slope instability occurs or when the dyke is breached?

What is the influence of spatial variability on the retrogressive
failure?

Wang B, Vardon PJ, Hicks MA, Chen Z. Development of an implicit material point method for
geotechnical applications. Computers and Geotechnics, 71, 159-167 (2016)
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Introduction to RMPM

An extension of the Random Finite Element Method
Soil spatial variability is modelled by random fields

Multiple realisations of the boundary value problem
are analysed within a Monte Carlo Simulation

Each realisation is solved using MPM
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Example Analysis using MPM

Homogeneous 10° slope

Wang B, Vardon PJ, Hicks MA. Investigation of retrogressive and progressive slope failure
mechanisms using the material point method. Computers and Geotechnics, 78, 88-98 (2016)
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Example Analysis using MPM

Homogeneous 20° slope

Wang B, Vardon PJ, Hicks MA. Investigation of retrogressive and progressive slope failure
mechanisms using the material point method. Computers and Geotechnics, 78, 88-98 (2016)
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Example Analysis using RMPM

Heterogeneous 20° slope

Wang B, Hicks MA, Vardon PJ. Slope failure analysis using the random material point method.

Geotechnigue Letters, 6(2), 113-118 (2016) 50




Embankment Analysis using RMPM
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(b) Initial and final slope configurations for homogeneous slope

Wang B, Hicks MA, Vardon PJ. Slope failure analysis using the random material point method.
Geotechnigue Letters, 6(2), 113-118 (2016) -




Sketch of Cohesion-Softening Model

Cohesion

Plastic strain invariant

Wang B, Hicks MA, Vardon PJ. Slope failure analysis using the random material point method.

Geotechnigue Letters, 6(2), 113-118 (2016) -




Statistical Measures of Variability
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Wang B, Hicks MA, Vardon PJ. Slope failure analysis using the random material point method.

Geotechnigue Letters, 6(2), 113-118 (2016) 53




Typical RMPM Simulations
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Wang B, Hicks MA, Vardon PJ. Slope failure analysis using the random material point method.

Geotechnique Letters, 6(2), 113-118 (2016) 24




PDFs of Sliding Distance
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Comparison of Methods
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Closing Comments

Spatial variability of soil properties can have a significant
influence on in the initiation and progression of failure
mechanisms

By combining RFEM with MPM, a risk-based failure analysis
can be undertaken

Consequences can be examined, rather than simply the
probability of failure being initiated

Has potential application in Ultimate Limit State Analysis
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Random Material Point Method

plastic strain invariant
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Thank you for your attention!

Project 13864: Reliable Dykes: Reliability-Based Geomechanical Assessment Tools
for Dykes and Embankments in Delta Areas

Project All-risk: Implementation of New Risk Standards in the Flood Protection Program
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