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Objectives

Encourage a reflection about

1. The past:
what are the key developments in numerical methods?

2. The present:
what is the current use of numerical methods?

3. The future:
what will be the future? How can we improve it?

14/12/2021 TC103-numerical methods




THE PAST: ACADEMIC
ROADMAP
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Constitutive models of Geomaterials

Description of macroscopic soil behavior based on

_ : : _ Description of macroscopic behavior ~ Data-driven numerical modeling
microscopic observation of particle assemblage of particle assemblage

Computational multiscale modeling,
_ Physical modeling and experiment ~ Numerical analysis, Homogenization technique
Mutual gomplementation between

: Theoretical analysis Numerical experiment
phenonfenological model and . e . . ..
micrompchanies-inspired model Particle coordination number Graph theory Fabric tensor Observation and direct description
of particle dynamics

Elasto-plasticity el _ Unsaturated soils Intermediate soils, problem soils,
;ﬂg:;?:;ggig‘:ig;l%rFab”ctensor' Structured soils, artificial and improved geomaterials
Applifation to Geomechanics _ _ Naturally-deposited soils Sctggfgttirgst?r S;’r']'li :;tl’fsr;i'”;g:\fg s;"sle?(':o'
Mohr-€oulomb model Over-consolidated soils Superloading surface model 019  €Xp Y, €te.
Druckqr-Prager model, etc. Cyclic plasticity Liguefaction Coupling with thermal effect and
Subloading surface model, . L chemical reactions
Critical state soil mechanics  Bounding surface model, Cyclic mobility

Freeze and thaw, bonding and degradation,
aging, weathering, etc.

Devalopment of Effect of intermediate principal stress i

plastjcity theory  Visco-plasticity ~ or third stress invariant

(since Igte 18™ century) Perzyna model, etc. ~ Matsuoka—Nakai criterion, Lade-Duncan criterion

Cam-Clay model Multi-surface model

Computational technique

Coupligg with'different class of models Hypo-plasticity for plasticity
Monotonic behavior Expression based on hyperbolic curve
(e.g., Duncan—Chang model)

Return-mapping, multiplicative
Direct representation of
stress vs. strain curve
Cyclic behavior Masing rule and its extension

decomposition
Strategjies for description of material nonlinearity (e.g., RO model, HD model)

Elasticity § Elasticity (isotropic / anisotropic), Hypo-elasticity, Hyper-elasticity, Visco-elasticity, ...
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Finite element method (FEM)

AR, Contact and fracture analysis

Micro and macro scales
Fracture/crack growth
Multi-physics Virtual reality

Heterogeneous problems

Visualization,
Design practice

Expansion of
temporal/
spatial scale

Simulation:
High accuracy,
Integration

Multi-scale problems

Pre- /post-processing
User-friendly, GUI CAD, Image Recognition and Image Processing

Fast processing algorithms

3D nonlinear analysis Spread of solver package
(Hayami et al. 1973) (PARDISO, LAPACK)
Iterative method (CG, bi-CGSTAB)
Viscosity analysis - contact analysis Sophistication of interaction
(Saito et al. 1975) o _0off i :
Stochastic FEM g

(Hayashi et al. 1974) . . P
Consolidation analysis Finite strain consolidation theory

(Yokoo et al. 1971) Limit analysis,

Seepage analysis RT'gld plaftllclgs4

(Kawamoto etal. 1971, ~ (1amuraeta 5 ) _ |

Sauee el 1) Integration of static and dynamic analyses
Elasto-plastic analysis Integrated numerical analyses of

(Kobori et al., Yamaguchi, 1970) deformation, fracture and flow
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Continuum-based methods other than standard FEM

O 0
Lattice Boltzman Method (LBM)

== O
Other methods §O Q- N, O
o © \ Material Point Method (MPM)

/ @ \ (Sulsky et al., 1994)
Ol e O ‘IO hp-meshless clouds method
! (Duarte & Oden, 1996)

Reproducing Kernel Particle Method (RKPM)
(Liu et al., 1995)

Meshless local Petrov-Galerkin method (MLPG)

o O.2O  1ne parition of Unity FEM (PUFEM)
~----~0 (Melenk &Babuska, 1996)
Meshless Method O
with weak form

(Atluri & Zhu, 1998)

Element-free Galerkin Method (EFGM)
(Belytschko et al., 1994)

Diffuse Element Method (DEM)
(Nyroles et al., 1992)

Least-squares Collocation Meshless Method
(Zhang et al., 2001)

Point Collocation Method (PCM)
Finite Point Method (FPM)

Meshless Method
with strong form
(Oriate et al., 1996)

Smoothed Particle Hydrodynamics (SPH)
(Gingold & Monaghan, 1977)

Finite Volume Method
(FVM)

Since the late 1980s and early 1990s, the finite volume method has been
shown suitable for solid analyses as well as fluid dynamics. A lot of
advancements of FVM in solid analyses are currently present.

The usage of FDM for solid analysis is limited compared with
fluid analysis. The simplest form of FVM is the same as FDM.

Challenges

Verification and validation
with benchmarking.

Enhancement of suitability
for large-scale analysis or
super computing.

Exhibition and education
of the performance of
calculation methods.

Code dissemination
facilitating ease of
understanding and
implementation

Multi-scale analysis

Application to design, such
as disaster prevention and
fracture control

Application to new living
spaces and environmental
activities.

1 1 1 1
1980 1990 2000 2010
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Challenges

Discontinuum—based mOdeIing Verification and validation

with benchmarking.

: : Direct simulations of granular materials | Suitable and reasonable
Numerical experiment g : - -
Solid-fluid coupled analysis representation of gain shape

The number of elements: 1010 Understanding from micro to macro and particle size distribution

Multi-scale & multi-physics

Development of softwires .
analysis.

Development of parallel computing

Simulator of laboratory tests.

Modeling of particle shape
Understanding physics Sphere-clamps, Ellipse-shaped element, Polyhedral element,

Polar representation, VVoxel-based modeling, NURBS-based
The number of elements: 10° modeling, Level set-based modeling

Alogism for first and reasonable contact detection
Contact plane method, Linked-list, level set-based approach

Numerical Manifold Method (NMM)

] (Shi & Goodman, 1984)
Modeling of phenomena

. Discontinuous Deformation Analysis (DDA)
The number of elements: 10 (Shi & Goodman, 1984, Shi 1988)

Rigid Bodies-Spring Model (RBSM)
(Cundall, 1971, Cundall and Strack 1979)

Discrete Element Method (DEM)
(Cundall, 1971, Cundall and Strack 1979)
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Applications of numerical methods in Geotechnical practice

LEVELZ2 Practical application
Commercial software

LEVEL1 Design 1D Initial stage for application

Application process

Unsaturated soil analvsis

River 2007~ Ground motion settings

Road and train

Dynamic analysis

Architecture 2002~ Effective stress-based method

Port and airport

2000s~  Seismic deformation analysis

1989~ Liquefaction judgment (SHAKE) 2010~

1970s~ Dynamic pressure evaluation of breakwater, design seismic intensity method
1980s~ Case analysis of damaged structure (Kushiro etc.)

eepage analysis

1980~ Numerical simulation

onsolidation analyslIs

1980s~ Consolidation analysis (Kanda test embankment etc.)

1977~ Elastic consolidation analysis (Piled raft foundation)

2005~ Unsaturated seepage-deformation analysis

Stress-seepage deformation analysis considering overfow
Strong vibration analysis - - -
Simulation by engineer

1999~ Residual deformation analysis based on total stress
Foundation analysis of skyscraper

LEVELS3 Practical design

Rationalization of parameter
setting (Cooperation with
the ground survey method)

Popularization of 3D analysis

Simplification of
input conditions by
creating a database

Evaluation of variations in
analysis results due to
differences in ability,
judgment, etc.

Deformation analysis under earthquake using arc slip analvsis
2000s~ Seismic design of dynamic analysis

Program integration
(Development of
almighty methods)

Numerical simulation for
safety verification against
Level 3 (or L2) earthquakes

Integrated analysis of
ground-foundation
system of large-scale
building structure

Accumulation of construction
analysis using commercial analysis
software, further improving

1970s~ Landfill settlement prediction of Kansai International airport and Haneda airport etc. efficiency
Detormation analysig Long-term
1969~ Equivalent linear analysis durability
. . evaluation and
2010~ Foundation analysis of skyscraper| . .intenance
tability analysis technology
1995~  Arc slip analysis for river embankment (cooperation with
1987~ Arc slip analysis for seawall monitoring)
1956~ Application of arc slip method for road embankment design >
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Constitutive models of Geomaterials

. Des macr r based on . 5 e ical modeling
Summary of academic roadmap mrosopi oinevton of prile sblge | Do peb i Copuaonl i et
Homogenization fechnique

Unsaturated soils

Over-consolidated soils Liquefaction, Coupling with thermal effect and chemical reactions

. B Cyclic plasticity € .
Critical state soil mechanics Cyclic mobility

Visco-plasticity Hypo-plasticity

Monotonic behavior N

Cyclic behavior N p=.
Elasticity (isotropic / anisotropic). Hypo-elasticity. Hyper-elasticity. Visco-elasticity. )
3
T T T T T T T T
1960 1970 1980 1990 2000 2010 2020 2030

Finite element method (FEM)

Micro and macro scales  Contact and fracture analysis
Fracture/crack growth Multi-physics  Virtual reality

Heterogeneous problems — Multi-scale problems

User-friendly, GUT
Fast processing algorithms
3D nonlinear znalysis
Viscasity analysis  Contact analysis
Dynamic problems §

CAD. Tmage Recognition and Image Processing

B Sophistication of interaction model trade-off in
Stochastic FEM et

Consolidation analysis . ) o 8
Seepage analysis Finite strain consolidation theory

Elasto-plastic analysis ~ Limit analysis. Rigid plastic
T T T T T T T T T
1960 1970 1980 1990 2000 2010 2020 2030

Continuum-based methods other than standard FEM
Lattice Boltzman Method (LBM)
Material Point Method (MPM)

Reproducing Kernel Particle Methed (RKPM)
The Partition of Unity FEM (PUFEM) Q
Meshless local Petrav-Galerkin method (MLPG) O o
0]

Element-free Galerkin Methed (EFGM) \

Point Collocation Method (PCM)
Finite Point Method (FPM)
Smoothed Particle Hydrodynamics (SPH)
T T T T T T T
1960 1970 1980 1990 2000 2010 2020 2030

Discontinuum-based modeling

Direct simulations of granular materials
Solid-fluid coupled analysis
Understanding from micre to macro

Development of software and parallel computing
Modeling of particle shape

Alogism for first and reasonable contact detection

Numerical Manifold Method (NMM)
Discontinuous Deformation Analysis (DDA)

Summary of academic roadmap (One-page article) s

IS avalla ble at the fO”OWIﬂg ||nk. 1960 1970 1980 1990 2000 2010 2020 2030

Applications of numerical methods in Geotechnical practice

LEVEL1 LEVEL2 LEVEL3
Design 1D Initial stage forapplication Practical application Commercial software Practical design

High accuracy
Unsaturated soil analysis
Strong vibration analysis
Dynamic analysis
Seepage analysis
Consolidation analysis
Deformation analysis

Stability analysis Y
T T T T T T T T
1960 1970 1980 1990 2000 2010 2020 2030

process

Popularization

Accumulation of construetion
commercial



https://drive.google.com/file/d/1yaTZ9BJgtl_EErs5qCrqL8lVRjwH0nnR/view?usp=sharing
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Results: people

m 124 answers (today)

Geographic area

117 risposte

@ Africa
® Asia

Europe
@ North America
@ South America
® Oceania

Survey not accessible
from Cina?
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Results: people

m Good age distribution

How old are you?

123 risposte

<36 22 (17,9%)

36-45 42 (34,1%)
46-55 25 (20,3%)
56-65 26 (21,1%)
>65
0 10 20 30 40 50
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What is your main field of work/research?

What is your main field of work/research?

SOIL-STRUCTURE INTERACTION
ROCK MECHANICS

FOUNDATIONS GEOHAZARD
EDUEQTF'?SUAKEG ROUND IMPROVEMENT
vonmorNG . DESIGN TUNNE LDA M COLD REG|ONUSUEESAR§T'%NN
RELIABILITY OFFSHORE EARTHQUAKE o

CONSTITUTIVE MODELLING SLOPE STABILITY

MATERIAL SEEPAGE  ppoBABILISTIC ANALYSIS
SLOTABILITY  MACHIN LEARNING

14/12/2021 TC103-numerical methods 14



Results: technical committee

Which technical committee are you belonging to?

m Good participation

90 risposte
Numerical Methods TC103 27 (30%)
Geo-Mechanics from Micr... 9 (10%)
Geotechnical Aspects of D... 1(1,1%)
Transportation Geotechnic... —7 (7,8%)
Earthquake Geotechnical... 5 (5,6%)
Do you belong to a technical committee of ISSMGE? Underground Construction... 5(5,6%)
Safety and Serviceability i... 1(1,1%)
122 risposte Interactive Geotechnical D... 3 (3,3%)
Soil-Structure Interaction... —4 (4,4%)
Slope Stability in Engineer... 7 (7,8%)
® Yes Offshore Geotechnics TC2... 9 (10%)
® o Embankment Dams TC210 7 (7,8%)
Ground Improvement TC211 —5 (5,6%)
Deep Foundations TC212 3(3,3%)
Scour and Erosion TC213 1(1,1%)
Foundation Engineering fo... 2 (2,2%)
Environmental Geotechnic... 1(1,1%)
Frost Geotechnics TC216 4 (4,4%)
Land Reclamation TC217 -0 (0%)
Reinforced Fill Structures... —12 (13,3%)
System Performance of G... 1(1,1%)
Field Monitoring in Geome... 3 (3,3%)
Tailing and Mine Wastes T... 2 (2,2%)
Preservation of Historic Sit... 4 (4,4%)
Coastal and River Disaste...|—0 (0%)
Engineering Practice of Ri... 11 (12,2%)
Geotechnical Infrastructur... 1(1,1%)
Energy Geotechnics TC308 4 (4,4%)
Machine Learning and Big... —8 (8,9%)

0 10 20 30
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Use of numerical methods

How often do you use numerical methods in your work?

OA

m The large majority uses numerical
tools very often

123 risposte

65.8%

2 risposte

it is not necessary

I don't know how to use the
software

Somebody else is doing this for
me when necessary

I don't rely on the results

0

14/12/2021 TC103-numerical methods

® cvery day
@ at least once a week, but not every day

at least once a month, but not every
week

@ less than once a month
@ never

Why you do not use any numerical analyses in your work?

0 (0%)

0 (0%)

2 (100%)

1 (50%)

16



Use of numerical methods

m Numerical methods are used both for research and for practical applications

What are the objectives of your numerical analyses?

118 risposte

Research 92 (78%)

SLS-Design 50 (42,4%)
ULS-Design 47 (39,8%)
Hazard assessment 35 (29,7%)
consulting for industry on a ran. ..

Design verification

Software and Consulting

0 20 40 60 80 100

14/12/2021 TC103-numerical methods 17




Use of numerical methods

m FEM and FDM are the most used, probably because of the software availability.
m DEM and MPM are also popular

What numerical method do you use?

120 risposte

Finite Element Method

Finite Difference Method
Discrete Element Method
Finite Volume Method
Smoothed Particle Hydrodyn...
Particle Finite Element Method
Material Point Method

Lattice Boltzman Method

Limit Equilibrium

Other meshfree methods, sc...
custom settlement analysis i...
Limit Equilibrium static analy...
First- and Second-Order Reli...

111 (92,5%)

36 (30%)
21 (17,5%)

10 (8,3%)

6 (5%)

2 (1,7%)

12 (10%)

0 29 90 75 100 125
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Main shortcomings of commercially available
codes

owercerc: MATERIAL MODELS R

STABILITY DIFFICULT g gy CENSE
RELIABILITY INEFFICIENT P R l E =1 L LJ NOT cUSTOMIZABLE
et el 8 LACK BC(

BLACKBOX INTERFACE WITH OTHER PROGRAMS
SLOW

14/12/2021 TC103-numerical methods 19



THE FUTURE

Francesca Ceccato
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What can be done to increase the use of
numerical methods in practical geotechnical
engineering?

ACCURATE SPATIAL VARIABILITY UPDATE DESIGN CRITERIA

RELIABILITY E D U l o N ROBUSTNESS
ACCURACY I DESIGN CODE

DISSEMINATION

EDUCATION+ OPEN-SOU
e Education at university, * Learning the USE of the tool
e training for practitioners, * Understanding the method
* free and easily available tutorials, * understanding of geotechnical

problems, code output and
software limitations

14/12/2021 TC103-numerical methods 21



Collect suggestions for the future

Suggestions for the future

What should be done to increase the usage of numerical methods in practical geotechnical
engineering?

93 risposte

More showcases to demonstrate the need of numerical methods for solving challenging problems.
Geotechnical designs should go beyond the onset of failure and access the potential risks associated with
potential hazards

Seems that ed ucatlon increase teaching in higher education
about numerical
methods |S a key |SSue Train more engineers in high level numerical modelling

Easier modifications between successive stages of analyses

include them in education

A

| believe it is used generally. The problem is related with understanding it

Set u p COI Ia bo ratlon Wlth There need to be easy-to-use and also accurate enough methods that are capable enough to solve complex

problems

TC306: Education in
geotechnical engineering

| am not sure about "what should be done” as it should happen naturally. | think that a lot is used in day to -

14/12/2021 TC103-numerical methods 22
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