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Judul Kegiatan : Utusan Teknik Sipil dalam Keikutsertaan pada KONGRES HATHI 2020
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~
Finite Element Modelling in Geotechnical Engineering (é) ﬁ-le-rlan.

NUMERICAL VS CONVENTIONAL ANALYSIS

method Equil. Comp. Const. Behav. B.C. B.C.
of analysis Force  Displ.
Closed form yes yes linear elastic yes yes
Limit equilibrium yes no rigid with failure yes no
criterion
Lower bound yes no ideal plasticity yes no
with associated
flow
Upper bound no yes ideal plasticity no yes
with associated
_ flow
Beam-spring yes yes springs yes yes
Numerical yes yes any yes yes
analysis
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-le-rlan.

THE FINITE ELEMENT METHOD

= |s aversatile numerical method to obtain (approximate) solutions to

mathematical problems (the governing mathematical equations are approximated by a
series of algebraic equations involving quantities that are evaluated at discrete points within the
region of interest)

o, Oy , 01, _
~ 5‘y+ 8;_2 =b, ) g X +a,x,+ota,x, =

= has been extensively used in many areas of engineering (and other
disciplines)

= has along tradition in geotechnical research

= has been developed to a stage where user-friendly codes at a high
technical level are commercially available, some of them designed
specifically for geotechnics
I FEM has become a standard (design)

tool in practical geotechnical engineering

IMPUTATIONAL GEOteCHNICS GROUP
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-le-rlan.

THE FINITE ELEMENT METHOD

What kind of problems?

Apply load » Obtain displacements
stiffness matrix

Apply head > obtain flow
permeability matrix

Though we would like to know our solution at any coordinates in our project, we will
only calculate them in a certain amount of discrete points (nodes) and estimate our
solution anywhere else

> discretization: This is the process of modelling the geometry of the problem under

investigation by an assemblage of small regions, termed finite elements. These elements
have nodes defined on the element boundaries, or within the elements.

Primary variable approximation: A primary variable must be selected (e.g. displacements)
and rules as how it should vary over a finite element established. This variation is expressed in
terms of nodal values.

= Apolynomial form is assumed, where the order of the polynomia depends on the number of
nodes in the element.

= The higher the number of nodes (the order of the polynomial), the more accurate are the results.
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-l;muz_

BASICS STEPS OF FINITE ELEMENT ANALYSIS

Define geotechnical problem and purpose of analysis

. 1

Define model for analysis
boundary conditions, domain to be analysed,...

. 1

Mesh generation, choose type of elements
continuum, beams, membran, ...
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-le-rlan.

BASICS STEPS OF FINITE ELEMENT ANALYSIS

define and assign material parameters

-

define loading / construction stages

-

solve equation system > displacements as primary variables
(not necessarily required but most popular formulation)

-

strains > stresses

. 1

critical assessment of results
of paramount importance in geotechnics
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Finite Element Modelling in Geotechnical Engineering @ ﬁl—g_

BASICS OF FINITE ELEMENT METHOD

Typical 2D mesh for deep excavation

Hints for modelling: - finer where high gradients are expected
- aspect ratio (careful with highly distorted elements)
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Finite Element Modelling in Geotechnical Engineering ~- ﬁl—g_

BASICS OF FINITE ELEMENT METHOD

= [soparametric elements
= polynomial interpolation of displacements within element

= higher order > more accuracy > available in Plaxis

a) Triangular elements

(b) Lagrange elements
Is“gilt;l.telgnErCHANICSand
\ FOUNDATION ENGINEERING
CO i

IMPUTATIONAL GEOteCHNICS GROUP
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-'e-rla!_

BASICS OF FINITE ELEMENT METHOD - RESULTS

=  Primary unknowns (displacements in stress analysis) at
nodes

= Stresses and strains are most accurate in integration points

= Internal forces (e.g. bending moments) in structural
elements (e.g. beams and plates)

= |Information which stress points have reached ultimate
strength

most codes provide comprehensive graphical output of
contourlines for displacement and stress components,
(excess) pore pressures, strength mobilisation etc.
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-';g_

BASICS OF FINITE ELEMENT METHOD
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Finite Element Modelling in Geotechnical Engineering @ ﬁ-l;g_

BASICS OF FINITE ELEMENT METHOD
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Finite Element Modelling in Geotechnical Engineering

BASICS OF FINITE ELEMENT METHOD
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-l;g_

BASICS OF FINITE ELEMENT METHOD
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Finite Element Modelling in Geotechnical Engineering
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BASICS OF FINITE ELEMENT METHOD
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-l;g_

BASICS OF FINITE ELEMENT METHOD
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Finite Element Modelling in Geotechnical Engineering

BASICS OF FINITE ELEMENT METHOD
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-le-rlan.

CONCLUDING REMARKS

Objectives of the numerical (finite element) analysis

Selection of design alternatives
Quantitative predictions
Backcalculations
Understanding!

 ldentification of critical mechanisms
+ ldentification of key parameters
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-'e-rla!_

CONCLUDING REMARKS
Advantages of numerical (finite element) analysis
=  Simulation of complete construction history

" Interaction with water can be considered rigorously
" Complex geometries (2D-3D) can be modelled

Structural elements can be introduced

No failure mechanism needs to be postulated (it is an outcome of the
analysis)

(Nearly) unavoidable uncertainties
= Ground profile

Initial conditions (initial stresses, pore water pressure...)
Boundary conditions (mechanical, hydraulic)

Appropriate model for soil behaviour

Model parameters

Institute for

SOIL MECHANICS and
FOUNDATION ENGINEERING
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-';yz_

CONCLUDING REMARKS
Some requirements for successful numerical modelling

Construction of an adequate conceptual model that includes the basic
features of the model. The model should be as simple as possible but
not simpler.

Selection of an appropriate constitutive model. It depends on:
*  type of soil or rock

e goal of the analysis

« guality and guantity of available information

Pay attention to patterns of behaviour and mechanisms rather than
just to quantitative predictions.

Perform sensitivity analyses. Check robustness of solution.

Model calibration (using field results) should be a priority, especially
when quantitative predictions are sought.

Check against alternative computations if available (even if simplified).

Institute for

SOIL MECHANICS and
FOUNDATION ENGINEERING
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Finite Element Modelling in Geotechnical Engineering (é) ﬁ-'e-rlan_

FINAL REMARKS

1. Geotechnical engineering is complex. It is not because you are
using the FEM that it becomes simpler.

2. The quality of a tool is important, yet the quality of a result
also (mainly) depends on the user’s understanding of both
the problem and the tool.

3. The design process involves considerably more than analysis.

Borrowed from C. Viggiani, with thanks

Institute for
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Concepts of plasticity / Mohr Coulomb model (é) ﬁ-IG-rlanl

LINEAR ELASTIC - PERFECTLY PLASTIC

One-dimensional . 1 Y, = yield stress
V.
> >
£ : 5
) K .
R f

T . 5

o

IMPORTANT: yield stress = failure stress for perfect plasticity
£=¢ge +ep

General three-dimensional stress state {8} — {E}e +
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A
Concepts of plasticity / Mohr Coulomb model (é) ﬁ-le-rlan.

LINEAR ELASTIC - PLASTIC

One-dimensional _ _
"hardening" Yo =Yyield stress

Y = failure stress

<«— yield point after unloading — reloading

yield point for primary loading %", | ™ " " ELASTIC - FLASTIC

WATERIAL BEHAVIGUR

w

IMPORTANT: vyield stress = failure stress

€=¢g® +¢P
General three-dimensional stress state {8} — {g}e +

Institute for
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Concepts of plasticity / Mohr Coulomb model (é) ﬁ-IG-rlanl

LINEAR ELASTIC - PLASTIC WITH SOFTENING

One-dimensional

g T Softening

Hardening Eale of soffgrmmg

1'|"r: [ RS depends ax mMa rEr'laJ'

Note: modelling strain softening
behaviour needs enhancement of finite

e element formulation > at present not
possible with Plaxis
Linege
elastic
regno

oy

(nH

Y, =Yyield stress
Y = failure stress
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Concepts of plasticity / Mohr Coulomb model
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A gty

THEORY OF PLASTICITY

For describing linear elastic - plastic material behaviour we need
(for general stress states):

1. Stress-strain behaviour in elastic range

2. Yield function or failure function
(defines onset of plastic deformation)

3. Flow rule
(defines direction of plastic strain increment)

4. Definition of strain hardening (softening)
(defines change of yield function with stress and/or strain)

For standard MC-model:
= Linear elasticity in elastic range
= No strain hardening/softening > perfect plasticity

Institute for
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Concepts of plasticity / Mohr Coulomb model (é) ﬁ-IG-rlanl

MOHR COULOMB CRITERION
Mohr-Coulomb yield function

on any plane:

* t|=0,"tane+C

yield function: f =1(c',~c';) i(c',+0';)sing - c'cose

o1’ ahd o3 . major and minor principal stresses

sign convention
positive: tensile stress, elongation, volume increase
negative: compressive stress, compression, volume decrease

Institute for
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Concepts of plasticity / Mohr Coulomb model (é) ﬁ-le-rlan.

MOHR COULOMB MODEL - PLASTIC POTENTIAL

T, &yP '.
; o=y
el o, oeP
T, &yP
¢
’ v
="
=~ o, oeP

f=1(c',—c';) 1(c',+0';)sing - c'coggp- dilatancy angle

§=1(c'—c",) +3(c ',+c ', )siy "+ const

OMPUTATIONAL GO teCHNICS GROUP
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Concepts of plasticity / Mohr Coulomb model ‘é) ﬁ-l;g.
DILATANCY
Model Mechanism

|
T
loose soils are

non-dilatant or
contractant

loose

v=0

dense soils are
dilatant

dense

v = 0, but < ¢°

strength = friction + dilatancy

ttttttttt for
SOIL MECHANICS and
FOUNDATION ENGINEERING

COMPUTATIONAL GO teCHNICS GROUP



Concepts of plasticity / Mohr Coulomb model

A

A gty

DILATANCY

Simple shear test (drained)

Y E
=
21 +v)
] ‘&ETT
tan ¢ = Ty
Agyy

G I ® -
_ XY =0 (plastic strains)
b Eyy '
! / <0 (elastic strains)
v G Exy
£
Yy
\

E/ﬁjgxy
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Concepts of plasticity / Mohr Coulomb model

-

A gty

DILATANCY

|Gy_0-x|

Triaxial test (drained)

_ Aloy — gy

E =
&|Ey‘

Ey = 285 1+ &y

2 sin

tan o =

1 —sin

2G(1 +v)
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Concepts of plasticity / Mohr Coulomb model

A
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A gty

MOHR COULOMB MODEL - PARAMETERS

E Young’s modulus

\4 Poisson’s ratio

c’ (effective) cohesion

¢ (effective) friction angle
Y dilatancy angle

[KN/m?]

KN/m?2]
]

°]

Institute for
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FOUNDATION ENGINEERING
ITATIONAL GEOteCHNICS GROUP
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Concepts of plasticity / Mohr Coulomb model (é) ﬁ-IG-rlanl

MOHR COULOMB MODEL - SUMMARY

= Simple elastic perfectly-plastic model

= Suitable for some practical applications
(not for deep excavations and tunnels)

= Limited number and clear parameters
" Good representation of failure behaviour (drained)

= Dilatancy can be considered

Institute for
. . b= SOIL MECHANICS and
Plaxis Course, Bandung, Indonesia, 12 - 14 December 2017 Fouummu ENGINEERING
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Concepts of plasticity / Mohr Coulomb model (é) ﬁ-IG-rlanl

MOHR COULOMB MODEL - SUMMARY

= |sotropic behaviour

= Linear elastic behaviour until failure

" No stress-dependent stiffness

" No distinction between primary loading and unloading / reloading

" Constant dilatancy (non-associated flow)

(for associated flow dilatancy would be significantly overpredicted)
= Undrained behaviour not realistic (in particular for soft soils)

= No anisotropy, no time-dependency (creep)

Institute for
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Concepts of plasticity / Mohr Coulomb model (é) ﬁ-le-rlan.

STRAIN HARDENING

One-dimensional

+a
F Y
A Pl
Y
1Tr:l
Y,

0

-5 - . +
/ w E

kinematic hardening

\ G

I

11
——— isotropic hardening

f({G}’{g}p) — () more general f({G Lh) — O with h = f({g}P)

) )\ COMPUTATIONAL GE@OtECHNICS GROUP



A

Concepts of plasticity / Mohr Coulomb model (é) ﬁ-'e-rla!_

STRAIN HARDENING (FOR ADVANCED MODELYS)

Two-dimensional

Yield surface #.f' : Initial
after softening T i yield surface
XA Pt
. !
s |
ra |
, !
_U"| I.-"' B I G'1
- = - >
I o
i 7 .7 Yield surface after
I O f.ﬂ'"\_ hardening {elastic regian
I , e o gxtended as compared
¥ "l L L 4 to initial)
B : .f.*’
! e
: 0A = 0B
| el

Schematic representation of isotropic hardening (all models in Plaxis at present)
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Concepts of plasticity / Mohr Coulomb model
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STRAIN HARDENING (FOR ADVANCED MODELYS)

Two-dimensional

Elastic regian
shifted

Zlnitial yield surface

- G__‘!
] =

DA = 0B

Schematic representation of kinematic hardening
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This is CG3 (Exercise 1)

. This exercise is related to CG 1 (Concepts of Plasticity and Mohr Coulomb Model)

. We will use an Elasto Perfectly Plastic Model with Mohr-Coulomb failure criterion.

. We will model a simple strip foundation (reason being, we are familiar with the
calcaulation of Ultimate Bearing Capacity). This boundary value problem is related to
ground loading and we are basically doing an FEM validating exercise.

. We will look at the Long Term (Drained) condition in this first part of the exercise (1A).

. Additional exercise (1B), we will simulate Short Term condition (Undrained).

The problem

One of the simplest forms of a foundation is the shallow foundation. In this exercise we will
model such a shallow foundation with a width of 2 meters and a length that is sufficiently long
in order to assume the model to be a plane strain model. The foundation is put on top of a 4m
thick clay layer. The clay layer has a saturated weight of 18 kN/m* and an angle of internal
friction of 20".

1 1 -t 1
0 5 7 3 “

Figure 1: Geometry of the shallow foundation.




The problem (continuation..)

The foundation carries a small building that is being modelled with a vertical point force.
Additionally a horizontal point force is introduced in order to simulate any horizontal loads
acting on the building, for instance wind loads. Taking into account that in future additional
floors may be added to the building the maximum vertical load (failure load) is assessed. For
the determination of the failure load of a strip footing analytical solutions are available from for
instance Vesic, Brinch Hansen and Meyerhof:

Q 7 ) % AT

—BL =C* ;\(_- —+/- 5 ,‘IB % .'\‘,),
N, = emtan¢ tan?(45 + 3¢)
N.= (N;—1)cot ¢’

2(Ny+ 1) tan ¢’ (Vesic)
N, = ¢ 1.5(N;, —1)tangy’ (Brinch Hansen)
(N, —1)tan(1.4¢’) (Meyerhof)

This leads to a failure load of 117 kN/m® (Vesic), 98 kN/m? (Brinch Hansen) or 97 kN/m?
(Meyerhof) respectively.

The problem (in the Appendix)

APPENDIX A: BEARING CAPACITY
CALCULATION

Givan the formuta for Dearing capacity of 3 strip looting

$me x4 BN,
Ny et (f5 4 1)

N, = (N, =)oty

Bearing capacity calculation based on o ljl;:v\:_“;;:':, .
Vesic, Meyehof & Brinch Hansen R /20
1. These are the values we used to oy :*,'A,:-"'A“.:":"‘;"":.""“.‘ .

compare with our FEM model “'{,’,'_f"_".',,‘j.'(;‘,'f sl e e
2. Important to see the close agreement mw:"::‘”f'f‘ o

(Build confidence & understading) For .m.v-m;asmnmm

s b e

3. Also, you can use (re-use) this model *""“5”"'"'{!I?i?ﬁifiiiiiil’;’iﬁ?:iﬁti Sy

to check FEM code (s) and future

release/updates in PLAXIS.




PLAXIS FEM MODEL AND SIMULATION

First, we model the problem in “Drained” condition (Long-term).

a)
b)

c)

We look at the movement of the strip foundation
We'll look at the failure mechanism

We will plot calculate/find the ultimate bearing capacity

Additional exercise.

a)

b)

c)

In continuation with “Drained” model we will proceed with simulating
the problem for short-term condition

In Plaxis we use the “Undrained” drainage type.

Can you calculate the Short-trem bearing capacity value?

The complete Model




STEPS IN PLAXIS AE

MODES: SOIL > STRUCTURES > MESH >

* Input

— Start new project
— Soil mode

» Create soil layers
+ Create and assign soil material sets

— Structures mode

+ Create footing
» Create load

— Mesh mode
» Generate mesh
— Staged construction mode
» Determine initial situation

= Calculation of vertical load representing the building weight

> STAGE

» Calculation of vertical and horizontal load representing building weight and wind

force
+ Calculation of vertical failure load.

The geometry and loading conditions

L I ot 1

A =50 KkN/m
B= \

4251
4
20

Clay

0o L

<_

fert. roller

Figure 1: Geometry of the shallow foundation.
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The geometry and loading conditions

.

20

Fixed in Y-dir and X-dir

The geometry and loading conditions

e

20




Plaxis Model: Graphical User Interface

e e — -

A »o AR # -
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Some information on calculation stages

Phases explorer
% B E D |
Initial phase [InitialPhase]
Phase_1: Construction of footing [Phase_
Phase_2: Apply vertical load [Phase_2]
Phase_3: Apply horizontal load [Phase_
Phase_4: Vertical failure load [Phi

B4 ER ES S Bl
FEEEEER
Bl B B B Gl

Initial phase MR pPhasel ~ Phase 2




RESULTS

Output 1: Deformend mesh at “True

Deformad mash |u| (at trus scale)




Output 2: Vectors

Total displ Ju| (scalad up 5.00 times)

Masrrern vabon = 0118 m (Beneret 7 @t Node 787)

Output 4: Incremental Displacements

Encr tal displ nts | o)

Macdmum value « 0.2253°107 m [Elenert 7 at Node 752)




Output 4: Incremental shear strains

*10?)

Incremental deviatoric strain Ay,
Maximum value = 2.045%107 (Element 208 at Node 931)
Minimum value = 0.6678*10°° (Element 7 at Node 782)

2.20

2.00

Solution of Vesic, Brinch-Hansen & Meyerhof

Chven fw rmuds br beaing capacty of 3 stig oting

Lar N yE X
N, T MG )
'
NowmiN, =1,
I,ll.. )2as 2 1V set)
Now () w N, =l y | Hyonet Hamem»

|.\.-| el AT (Negerde )
Fing 0 grven sed o

Ny "N e a

Nowiblw bndd e bani

I.s....| XY N an
\,o L5 e i = 200 | Bvnrd Mamern
Al = w INeperhaf

Tho effectien wagrt of 1w 008

R DR P R LR R

For 4 st Surdasen $es gz
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Output 5: Load-settlement curve

DMatage (]

fY ! l Sig.Mstage = 0 (Unsolved)
g | [ R et T
{ | 1 Sig.Mstage = 1 (Solved) I T
M| | Sig.Mstage = 0.379 |
4 | |
— T o +— l -~ l - I ~ l - -
,‘ I , Load = 50 + 0.38 (500 — 50) = 221 kN/m
1 |
f |
T 1
' |
Jd
| | e pe— P ]
[ { T l
lf | Phase 4 | ’,./"’ ‘
‘I | g 1
. | |
| Lo |
~" J

Ultimate Bearing Pressure
Qu

Fy-max
Dead weight = G-conc *d

Qu /B = (Maximumn Load / B ) + (gam.conc * d)

Qu/B=(221/2) + (24 * 0.25)




Extra: FEM, Descretisation & Element Type

Table 2: Results for the maximum load reached on a strip footing on the drained sub-soil for
different 2D meshes

Mesh size Element Nr. of Max. Failure

type elements load load
[kN/m] [kN/m?]

Medium mesh 15-noded 212 221 117

Very coarse mesh 6-noded 84 281 147

Medium mesh 6-noded 212 246 129

Very fine mesh 6-noded 626 245 129

Very coarse mesh 15-noded 84 224 118

Very fine mesh 15-noded 626 221 117

Analytical solutions of:

- Vesic 117

- Brinch Hansen 98

- Meyerhof 97

Mesh ‘Medium’ (212 Elements)

Connectivity plot




Mesh ‘Fine’ (212 Elements)

Connectivity plot

Mesh ‘Very Fine’ (626 Elements)

Connectivity plot




Mesh ‘Local Refinement’ (725 Elements)

Connectivity plot

Exercise 1A (3D Model)




Model: Exercise 1B — Undrained Model

When saturated soils are loaded rapidly. the soil body will behave in an undrained manner, i.e.
excess pore pressures are being generated. In this exercise the special PLAXIS feature for
the treatment of undrained soils is demonstrated.
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Critical State / Plaxis Soft Soil Model < v ﬂ";la-!.

Direct Shear Test | Triaxial Test | Stress Paths

CONTENTS

= Direct shear test

= Triaxial tests
= Drained and undrained triaxial stress paths (NC/OC)

= Plaxis Soft Soil model
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Critical State / Plaxis Soft Soil Model < v ﬂ";la-!.

Direct Shear Test | Triaxial Test | Stress Paths
Mayne, 2006

Slow Direct Shear Tests on Triassic Clay,NC Slow Direct Shear Tests on Triassic Clay, Raleigh, NC

[y

o
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o, Strength Parameters:
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N
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Shear Stress, T (kPa
3

o
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Effective Normal Stress, Gn' (kPa)

Direct Shear Box (DSB) Direct Simple Shear (DSS)
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Critical State / Plaxis Soft Soil Model
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil

A

%

Void Ratio, e
/7

Log G

CSSM Premise:
“All stress paths fail on the

critical state line (CSL)”

C

IT

o

Shear stress t

\ Mayne, 2006
\
\
N\
N\
N\
N
N
N
S CsL
>

CSL

vzl
(I)I

>

Effective stress o'
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Direct Shear Test | Triaxial Test Stress Paths | Plaxis Soft Soil

A A Mayne, 2006

(D)
k=) S
e
] S SR, o FOP
% Ae -\\
S :
[STIET PO S Q\
. CSL
—
Gvo

Log o,

STRESS PATH No.1
NC Drained Soil

Given: ey, 6,,’, NC (OCR=1)

Shear stress t

Drained Path: Au=0

Volume Change is Contractive:

_ c’=0 ()
&vol = Ae/(1+eg) <0 Effective stress 6, o’ >
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Critical State / Plaxis Soft Soil Model

A
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil

A
%
N\
v N\
S \
g (ST T .O\ @ ........................................
N
N
CSL
/ E 4 >
G Co Log &'

STRESS PATH No.2
NC Undrained Soil

Given: ey, 6,4’ NC (OCR=1)
Undrained Path: AV/Vy=0

+AuU = Positive Excess Porewater
Pressures

Mayne, 2006

Shear stress t

Effective stress o'
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Critical State / Plaxis Soft Soil Model
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil

A

Void Ratio, e

CSL .

Log o' ',

Overconsolidated States:
€0, Ovo’» and OCR = op’loyo’
where op’ = Gymax’ = P¢’ =
preconsolidation stress;

OCR = overconsolidation ratio

Shear stress t

\ Mayne, 2006
\
\
\
A
a
N\
~
~ |
N csL
>
A CSL
V4
2 s
V4
7
7
V4
V4
I
z 'y
Effective stress o, Gp
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil

Mayne, 2006

®
o

Void Ratio, e

CYVO| CYVfl LOg GV|

Stress Path No. 3
Undrained OC Soil:
€0, Ovo » and OCR

Shear stress t

Stress Path: AV/Vy=0

Negative Excess Au ; |

CYVOl Eﬁe Ctlve Stress GV 'Institute for
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Critical State / Plaxis Soft Soil Model
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil

o
o

Void Ratio, e

Gvo

Stress Path No. 4
Drained OC Soil:
€0, Ovo , and OCR

Stress Path: Au =0
Dilatancy: AV/V,>0

Mayne, 2006

Gvo

Effective stress o,/
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil

TRIAXIAL TEST APPARATUS

|

measure of theaxial
deformation loading jack
_— 8)
| — flexible membrane
- .;' J=_HH— soil sample
chamber drainage, back-pressure
pressure (o¢) ’ and/or measure of porewater

pressure

r 1 r r I (]
P :E{ﬂ'|+2‘53]-.~ =0, —0;

2
g :E(E,—r:j]

R A S .

v il
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Critical State / Plaxis Soft Soil Model

A Ty,

Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soll
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Typical results from drained (a) and undrained (b) triaxial tests on normally consolidated soils

(from Atkinson & Bransby, 1978)

Plaxis Course, Bandung, Indonesia, 12 - 14 December 2017
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soll
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Typical results from drained (a) and undrained (b) triaxial tests on overconsolidatedsoils
(from Atkinson & Bransby, 1978)
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Critical State / Plaxis Soft Soil Model
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¢

101

lightly overconsolidated
drained compression

Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil

Stiffness:
- unloading / reloading
- primary loading

;
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D. Muir Wpod, 1990
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Critical State / Plaxis Soft Soil Model
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil
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heavily overconsolidated
drained compression

D. Muir Wpod, 1990
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Critical State / Plaxis Soft Soil Model
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil
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Critical State / Plaxis Soft Soil Model
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil
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D. Muir Wood, 1990
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Direct Shear Test | Triaxial Test | Stress Paths | Plaxis Soft Soil
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heavily overconsolidated
undrained compression

D. Muir Wood, 1990
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Hardening Soil Small Model < v ﬁﬂﬁz.

Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

CONTENTS

= Introduction (why advanced model?)

= Short description of Hardening Soil Model

= Parameters of Hardening Soil Model

= Comparison with experimental data

= Influence of important parameters

= Extension to account for small strain stiffness (HS-Small)

= Summary
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Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

Soil behaviour includes:

= difference in behaviour for primary loading — reloading/unloading

= nonlinear behaviour well below failure conditions

= stress dependent stiffness

= plastic deformation for isotropic or K,-stress paths

= dilatancy is not constant

= small strain stiffness (at very low strains and upon stress reversal)

= influence of density on strength and stiffness

A cannot be accounted for with simple
elastic-perfectly plastic constitutive models
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Hardening Soil Sm

all Model
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Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

.0, A oedometer test
Kgc
1
unfoading
-0,
Real test
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t
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Mohr-Coulomb model
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Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

TRIAXIAL TEST
Applied stress path and results for standard drained triaxial test

G,]_ A
161 a
«—— o', =constant
G3
—p A
o : I L/« isotropic loading
A q _— Gl_ O 3 1
2 G’
- 3
WI
—_——
P
““loose dense
d; g,
A \J > -
q ;= failurevalue Evol | loose
q, =residual value Evol = Evolumeric — €177 €21 8&3
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Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

HYPERBOLIC APPROXIMATION OF STANDARD DRAINED TEST

q — o.l _O.I
L Eso
1 o-

50%
Hyperbola
Q
50%
> —O—
) d. .G
[oa] T 2Ey -0
E., = E5, - . —
50 50 P, +2 50 a
Egeg = reference modulus for primary loading at 50% of strength
Msang # 0.5 Mejay = 1
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n Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

DEFINITION OF Esg

Hardening Soil Small Model

Chart 1

Stress [kMim2]
Hillli—======s=cocccc=coosogoocccossoooooococooSooEoSocSSooSooooEcoooSoogoooCoCoSSoSSSoocSooSSSESSSoccSooSSoooSoocooopoSoocScossoooooocoooog b ——
zig_ 3 100
——
zig_ 3 200

f
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| | N
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0 0.1 02 03

Dizplacement [m]
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Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

STIFFNESS IN UNLOADING-RELOADING

Triaxial tests:
Unloading is purely
elastic in HS model
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Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

DEFINITION OF E g4
-01 A

ref

C-cotg+ o,

E . Eref _
oed — “oed holds strictly for Kystress paths only
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Introduction | Description of HS-Model | Parameters | Comparison with Experiments | Influence of Parameters | HS-small | Summary

OVERCONSOLIDATION
Calculation of 6o based on OCR: Calculation of opobased on POP:

T T e
,////’/: o/ -::/ : /Vﬁ:’ // 7 ’/// //:/{/
(o)
— —p0
OCR=_ POP
yy0
Oyo Opo Oypo Opo
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PLASTICITY IN HS MODEL

) 1. Elasticity
(unloading reloading)
2. Plasticity
(compression)
3. Plasticity
(shear)
4. Plasticity
(compression + shear)
5. Plasticity
(failure criterion)
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PARAMETERS OF HARDENING SOIL MODEL

o friction angle
c’ cohesion
v dilatancy angle

g%f secant modulus from triaxial test (controls deviatoric hardening)

Eref tangential modulus from oedometer test
oed  (controls volumetric hardening)

E{f unloading / reloading modulus

default: ELerf =3 B¢

m power for stress dependency of stiffness
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PARAMETERS OF HARDENING SOIL MODEL

Vur Poisson ratio for unloading / reloading (default v ,,= 0.2)

pref reference stress
(default pref= 100 stress units)

Kone Ko-value for normal consolidation (default =1-sing)
(controls volumetric hardening)

=0:/q, (defaultR;=0.9)
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PARAMETERS OF HARDENING SOIL MODEL

8() - SANDS

- ErS = B

oed
» Toyoura Sand
*Karlsruhe Sand

<lHostun Sand

ref
Eoed [M Pa“]
Correllation for pe'=100 kPa (Lengkeek)
ef
Eged ~ | D ® 60MPa I, = relative density
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Stiffness of sand

ref o ref
ESO ~ E oed

How can this be true?

) -
-0 1= pref

p ref

v

]

v

) -
_0-3_pref

Note: always plot E. .y, E, distribution for initial stress state when

using HS-model
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80
60 - « LADE & NELSON (1987)
& Toyoura Sand
Eref <« Hostun Sand
'50 404 ~ Karlsruhe Sand
[NIP&} V. WOLFFERSDORFF (1992)
o LEE & SEED (1967)
20 - o DuncaN & CHANG (1970)
o ARSLAN (1980)
0 I | T |
0.30 0.35 0.40 0.45 0.50 Loose sands: Es »15MPa
Dense sands: Eg; .= 50 MPa
ref
- ¢DuncaN & CHANG (1970)

* RIVERA & BARD (1988,1993)
o LADE & NELSON (1987)

—
[}
[E—

m for clays:
approx. 0.9-1.0
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For normally consolidated clays (m=1):

EL‘Z‘; = lerseg Order of magnitude (very rough)
« _ 50000kPa
Eoed ~ Correlation with 1, for pref=100 kPa
I
p

500kPa
E(;:g ~ Correlation by Vermeer

w, -0.1
E¢ ~p* /1 Relation with Soft Soil model
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— Eref
ed Eoed

ref
E® [MPa] (Pret = 100 kPa)
; drained
10 Ogr T T T ! T 1
' o Rock(m=0)
10* A Moraine
o Sand(m=0.5)
o Silt
e Clay(m=1)
107 |- :
10% |
10 |
1 L
Norwegian
clays
I | I | ] | |
0 50

Porosity n [%]

Ohde / Janbu:

p \M
|
ref

P
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Parameter limitations

HS model has internal parameters that are computed from our
“engineering” input parameters > not all combinations of input
parameters can be used. For very soft soils this could be a problem in
certain cases.

Eror x|

Compared to other model parameters Eoed=5000 is too low |
Simplest solution : Retain other parameters and use Eoed > 16507
Other solution : Modify other model parameters

Possible modifications: Reduce K0-nc, ESO andfor Eur

Please note that Eoed and KO-nc may be changed!

e.g. Egy / E oy > 2 difficult to input

v

P, =
! EL:\Eoed
—>
B

double hardening
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TRIAXIAL TESTS ON LOOSE SAND

los-as| [kKPa]
10007~

600
400-t--

200

_‘_i_l_-Ig_r:_:jg_ning soil model

S S "_-itggl e
|
] ] 1
a0 5 10 15
[%6] -£4 [%6]
o oy B L S
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TRIAXIAL TESTS ON DENSE SAND

lo1-03| [kPa]
1400

1200

1000 -

800 .. fff.

600 e Hardening soil mode

/ = test data
400 .14

-€1 [%]
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6 ///Z
5 =
4 )

3 A

@® Hardening soil model

2 = [estdala
| ///? test dat
0 // e
| oot
1
)
0 5 10 15

-€1 [%]
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TRIAXIAL TESTS ON DENSE SAND
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OEDOMETER TESTS ON LOOSE SAND

-oyy [kPa]

0 e
@ Hardening séoil model

- test data |

BOQ s e g .................................................... mmwwwwwmwwmwwimwmwwmmmwwwmm

T
0.025
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OEDOMETER TESTS ON DENSE SAND

-0,y [kPa]

A
400 e G
mHardening soil model

300 —Lcrrensvrsatscnsenrsunoornssrscass srverrasaossustsrsessagentassorseassrassess senisdansrunsed 1esuss sonrosassrunrerigussessrsesvessuosesradiioseotiracteeoflilc . coscedloreproressserensosnnreaseorssassese —testd:ata
200
100 ST ...................

0

0.02 0.025
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INFLUENCE Exp/ E yeq

deviatoric stress

25

20

15

10

Triaxial Compression (drained)

eference vallues
o e T e |
Kﬂ
~ E,.qinClg ased
Ey reduced
/
L = | | | |
(!;” -5.00E-03 -0.010 -0.'015 -O.'020 -0.'025 -O.'030
axial strain
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INFLUENCE Egq/ Eqeq

volumetric strain Triaxial Compression (drained)

0.00

VP —— 2
s .
sy e e et 3

T~ E.eqilncreased
-4.00E-0F—-] -..._'_._...—
/ H""‘.—O—O-O—o-o-—._._._._._._-

-6.00E-03

-2.00E-03

Reference value s

-8.00E-03

-0.010!

0 -5.00E-03 -0.010 -0.015 -0.020 -0.025 -0.030 -0.035

axial strain
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SMALL STRAIN STIFFNESS

A
Gmax

almost constant:
with strain

highly non-linear variation
of G with shear strain

shear modulus G [kPa]

=le
e
O: ®©
~:i W
2 E G
= = ,
=3 5 low stnffnesg at
o < large strains
L
~1%
very small small large
> < P

shear strain y [%] (log-scale)

Typical curve of degradation of stiffness with strain
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If the small strain stiffness model after Hardin & Drnevich predicts a stiffness lower than
G, (E ¢ respectively) the model switches to hardening plasticity of the standard
Hardening Soil model.

IMPORTANT NOTE: flow rule for deviatoric yield surface (volumetric behaviour) is
different in HSS model.

/additional input parameters for HS-small
Goref \

40000 @ 40000 e
~ _ T
— \\ ~ N
S ¥ 2 AN
E AN £ \
Z 30000 \ Yo.7 Z 30000
0 p
5 =
= 20000 5 20000
o)
o o)
= £
= =
= g
S 10000 & 10000
R ——  HS-Small g
L =
— — Hardin & Drnevich
0 [ T T TTTTT I [ T T TTTTT 0
1E-5 0.0001 0.001 0.01 1E-5 0.0001 0.001 0.01
Shear strain y [-] Shear strain y [-]
see also:

Thomas Benz, Small-Strain Stiffness of Soils and its Numerical Consequences,
Mitteilung 55 des Instituts fur Geotechnik, Universitat Stuttgart, 2007.
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DATA FOR SMALL STRAIN STIFFNESS

1.1

1.0

0.4
1

Hsu & Vucetic Vucetic & Dobry

1851 { 1241 RE: l.] ! L 8 P4 =30.3

P1=200

PI=21-40 —idmrd-ie]
Pl=41-44

47 soils tesed: d MOL
&,'=24-1700 kPa H NN sl e | LE L A
0-6 105 104 10-3 104 105 104 102
Shear strain y Shear strainy

C-C. Hsu, M. Vucetic. Dynamic and cyclic behavior of soils over a wide range of shear strainsin
NGlI-type simple shear testing device, UCLA Report ENG-02-228,2002.

M. Vucetic, R. Dobry. Effect of soil plasticity on cyclic response, Journal of Geotechnical
Engineering, ASCE 117 (1991), No. 1, 89-107.
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DATA FOR SMALL STRAIN STIFFNESS

Typical values for G, (in MPa) for reference stress of 100 kPa

B Cemented sands
o
o .
= 10
e :
o _ Cemented
- — Cohesionless Fucino clay
oo — soils
=) _
||t
_.E_ =
®
© 10 —

B | |

02 0,3 0.5 1,5 2,0 3,0
Woid ratio, e

Jamiolkowski et al. 1991
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DATA FOR SMALL STRAIN STIFFNESS

Hardening Soil Small Model

_ 2
G = (2'27 ) 33 [MPa] Hardin & Black (1969)
+e
G ~ RD ¢ 70MPa + 60MPa Lengkeek

0.7

_ 04‘2’385 [2c(1+ cos(2¢)) - o(1+ K )sin(2¢)]  Benz (2007)

0

Order of magnitude:

G = (2.5t0 10)G™

ref
ref __ Dur

=(1to2)-10 * where G™ =
7/0.7 ( ) ur 2(1—|—Vur)
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EXAMPLE DEEP EXCAVATION

Region of larger
strains: G ~ G,

|

)

N
(-}

W
(@)

o)
)}

QR
>}

\HHMHxhxHlHuhxHluuhHMHH“HMHH‘

100

-20 0 20 40 60 80 100

Region of small
strains: G > G,

|

I

T
120

3.0

50 Gm=Gref /Gurref

G, [-]

1.0

see also: Thomas Benz, Small-Strain Stiffness of Soils and its Numerical Consequences,

Mitteilung 55 des Instituts fur Geotechnik, Universitat Stuttgart,2007.
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Mohr-Coulomb Hardening Soil Hardening Soil
Model Model Small Model
Stress dependent stiffness* NO YES YES

Distinction in stiffness for

primary loading and unloading / NO YES YES
reloading

Plastic strains for stress states
below MC - failure line

(deviatoric and volumetric NO YES YES
hardening)

Failure according to

Mohr-Coulomb YES YES YES
Small strain stiffness NO NO YES

* (not only dependent on a, this is possible also with MC-Model)
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OEDOMETER AND TRIAXIAL TEST

INTRODUCTION

In daily engineering practice soil parameters are obtained from one or more laboratory tests. In order to
perform the best possible Plaxis calculation these soil parameters have to be translated into input parameters
for the constitutive model used, taking into account the possibilities and limitations of the constitutive model.
Most parameters for the constitutive models used in Plaxis can be determined directly from standard
laboratory tests as triaxial tests and oedometer tests. However, due to the complexity of the models it is
recommended to not simply accept the parameters determined from those tests, but to actually model the
tests and see if the parameters found actually give a proper representation of the real laboratory test results
within the limits of the constitutive models.

In the past simulation of laboratory tests with Plaxis could only be done by creating a complete finite element
model taking into account the appropriate loads and boundary conditions. Since Plaxis V8, however, a special
tool is included in the software to simply simulate laboratory tests without the need for making a finite
element model: the SoilTest tool.

In this exercise the SoilTest tool will be used for the simulation of both oedometer and triaxial tests on sand.
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CONTENT

Simulation of laboratory tests
a. Laboratory tests on Sand
Appendix A: Parameter determination
Appendix B: Introduction to the SoilTest tool
a. How to model an oedometer test
b. How to model a triaxial test

Appendix C: Comparison of the calculated and original test results
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OEDOMETER AND TRIAXIAL TEST

SIMULATION OF LABORATORY TESTS

In this exercise results from oedometer and triaxial tests are presented. The aim is to determine the
parameters for the Hardening Soil model such that a simulation of the tests within Plaxis gives the best possible
results compared to the original laboratory tests. In short:

1. Determine soil parameters based on the given soil laboratory tests results

Perform the laboratory tests using SoilTest with the parameters found

3. Match SoilTest results with the original laboratory results to find the best matching model parameters
for the Hardening Soil model.

N

Exercise 1: LABORATORY TESTS ON SAND

Parameter determination

On a sample of dense sand both oedometer tests and triaxial tests have been performed. The results of those
tests are given in the figures below. Use these figures to determine the parameters for the Hardening Soil
model and collect the parameters in Table 1. Note that it is possible that some parameters cannot be
determined with the given laboratory results, these parameters have to be estimated.

A
03 \

04 - \

05 - \

06 \

w 07 - AN

[%]

0.8

.
\\

10|

11 ~ \

12 \\\

13 —
0 100 200 300 400

o' [kN/m2]
Yy

Figure 1: Oedometer test results
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-400 /
-300
o~ ] /
: /
~
=
Y4
= 200
b
-100
0 - -
0 -100 -200
0'3 [kN/m2]

Figure 2: Development of horizontal and vertical stress in oedometer test

400 // ——

300 | //}K
e

= / Cell pressure = 100 kPa
2 200
U- /
100 /
0
0 -0.01 -0.02 -0.03 -0.04 -0.05 -0.06

&y [

Figure 3: Drained triaxial test unloading-reloading (cell pressure = 100 kPa)
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0.06

0.05
0.04 /

j> 0.03 | /

0.02 o

d

0.01
_ e

0 /

0 -0.01 -002 -003 -004 -005 -006 -0.07 -0.08 -0.09 -0.1

€1 []

Figure 4: Axial vs. volume strain in drained triaxial test

Collect the soil parameters in table 1:

Parameter Unit Value
Esy™f [kPa]
Eoed” [kPa]
E, [kPa]
Vur (-]
¢ [kPa]
¢’ (']
vl (']
m (-]
Ko [-]

Table 1: Hardening Soil Parameters of the Sand

With these data perform a triaxial test in the SoilTest program.

Course ,PLAXIS ADVANCED COURSE’ 6



OEDOMETER AND TRIAXIAL TEST

APPENDIX B: INTRODUCTION TO THE SOILTEST TOOL

For the simulation of laboratory tests Plaxis offers the SoilTest tool based on a single stress point calculation
that makes it possible to do fast simulations without the need for a finite element mesh. The SoilTest tool can
be called from within the material sets database or from within the definition of a material set. (see Figure 9).

In the following paragraphs a step-by-step description is given on how to model both an oedometer test and a
triaxial test with the help of many screen shots of the SoilTest tool.

rh'hlﬂ:i i ]
<Press> to run SoilTest tool
Fromci maieian
ek Ty Sl wrel s Peola - Tz .'JF"'W'?'“
- E n
Sl flaceid = e Cmaewien e peeses | B e | b
(| | o
[EA
Fien e lems Law
g [P —
e g e FEd
i Pl S L IN, D
Sl
<Press> to run e
) i [ A0
SoilTest tool 5 = L
ATvamril
Nl TaT
LTI R
Hem £l O Rt e 5T
Cos Leis 1"
o LS e [

Figure 5: The SoilTest tool
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How to Model an oedometer test

In order to model an oedometer test first the material data set has to be created. After doing so, press the

<SoilTest> button to start the SoilTest tool. The window that opens is shown in Figure 10.

Available soil tests

: choose “Oedometer”

- H |
L u TeEE | < | £ ! =
E: i - = | B s | E | e G

— Ak it T of Tweban Coramdanan

B [iresd B Coeprpywee L s
e Lrwh e =1 L4
Pl gl AT
Crowsn
Hartwral moksl =rs Ervial rycen wrm |27 500 T |
Fiifrerm T v B0 =
o =
In JIAME] Wi [ oy
L -
Eoml T e B P
i, WED W
prve ] 3 R el prevoms . dieml BN e
ot 1.0 k. el aw prargih LN
g™ CR
¥ W e
e b= Fny T i .
i L0 T
B -
w (el L
By 7 =0
—— - Material parameters

N Gt L0 W
e OB KhakeE

Figure 6: SoilTest tool

In the main window select the Oedometer tabsheet and set the parameters as indicated in Figure 11.

- T
i

Fim T Fands
Bl 8 & j Density Hardening:
. 7 A
e B rowes, (5 i B oz [ o 2 e Isotropic preconsolidation stress
. i il LT (R L Pl ek
d Fewriesl oot e LEE v -
PR % Moo e : I Shea'r.Hardenin'g:
snbot ol v < Mobilised relative shear strength
e a1 i
.“-- JLEET i A LR | arEm el e
- ILAES i L, : g Loading phases:
| [} 1 .
= i o o e Phase 1 (loading)
i il Duration = 0 days
Y o Stress increment = -430 kPa
i, R ]
R et
- e Tt canfgaratoms e Phase 2 (unloading, if needed)
5 ey Duration = 0 days
& sl K = Stress increment = 380 kPa
v i L
m, LR
wrvaral prapridio Press <Run> to perform test
aut LR
BIN dlwt

Figure 7: Setting the oedometer parameters
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After the oedometer test has been calculated, graphs with results appear at the bottom of the SoilTest
window. The user can double-click these graphs to view them in separate windows. Furthermore, custom

charts can be added, see Figure 12.

B Tani Sk

EHF e s
Eis

gy fea
Pl o

Blims| @ mrees (B L 00 o Srwe

e e A

——— ——

=
e ey e LS waie
T N e
[ TS

Test results
Double-click graph for
enlargement in separate window

=
L - wpmm
- SN bl e e s —
a
[ T A I : .-'- :
ot il
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-
T, ® i
- Tt
[ [
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Fn e T
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Figure 8: Inspecting the oedometer test results

Right-click on the charts area
and select “Add Custom chart”
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] LankE-1 =13
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Figure 9: Separate window
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Figure 10: Data output

Press this button
for data output
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How to Model a triaxial test

From the material database or the material set definition window press the <SoilTest> button to start the
SoilTest tool. In the main window choose the tabsheet Triaxial and set the type of test as well as the test
parameters as shown in Figure 13.

Choose the type of triaxial test:

e Drained or undrained (CU) test
e Compression or extension test il
e Isotropic or Ko consolidation

Pl SedTern - Dol a .
s T Choose “Triaxial” test
e Tol  Fruks

2l b o s
B Bl oo Hm_ﬂmi,rm.':-'
Fropey e Wil Ty o e D i et
i Crgirprd B Compe el W by
Hainnal e : i R Y
iderafcabon, Sawd L] j
= St
Flghe ol sl o P e a1 PELE i
ol S — P e o, 1L =
"-ll-w RGINER - e AL : =T,
Ea™ AL L e oF e 1A
| ey REXEL] i
v i T, i e, SEE
e LR T E AT e T
[ 500
P Wl g
= Aan Ireé sorBgn s
. Test parameters
J L e
[ ]
el e Cell Pressure [IfPa] .
o iy e Maximum strain (usually 10% suffices)
B Press <Run> to perform test e Number of steps (default = 100)
Genrral e e Isotropic preconsolidation stress [kPa]
- LUK el e Mobilised relative shear strength [%]
i AP Wis

Figure 11: Defining a triaxial test

After the triaxial test has been calculated, graphs with results appear at the bottom of the SoilTest window. As
described above for the oedometer test, the user can double-click this graphs to view them in separate
windows as well as add custom charts.
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OEDOMETER AND TRIAXIAL TEST

Modelling a triaxial test with unloading/reloading

The standard functionality in SoilTest for simulation of a triaxial test does not allow intermediate unloading-
reloading paths. However, the SoilTest functionality contains a General option with which soil test can be
defined in terms of boundary stresses or strains on all sides of a soil test cube. Hereafter it will be shown how
this can be used for the simulation of a triaxial test with an unloading/reloading path.

After opening the SoilTest option from the material set definition window, the tabsheet General should be
chosen. On this tabsheet a list of calculation phases can be defined where stress or strain increments can be
applied.

Initial phase

First of all we have to specify whether stresses or strains will be applied on the boundaries during the test. For
this exercise stresses will be applied. Now the values of the initial stresses on the soil sample have to specified.
For a triaxial test the initial stresses are the cell pressures acting on the soil, hence for o, 0,y and o, the cell
pressure has to be entered. The cell pressure is a water pressure, there will be no shear stress acting on the
soil: T, = 0. See Figure 14 for details.

: gl s S2ATap - Tadal
[ T — Choose “General” test

= RN &
B L a "l . . .
e E trava b'l:‘:"'l"" o) 2 oo, d) e Isotropic preconsolidation
Pt o it " Vel stress = 0.00 kPa
wari x O trimr Mobilised relative shear
IBeefosiben  Tard e B -
I (o ] strength =1
Felrbdei et srtosi precom. prem| 01000 i)
Wil
. . L T e Tt |
£ Press <Add> twice in i
™ ordertoadd phase2 | 5 i
™ and phase 3
sove (0 T kel nirmcs. Bressdary corel Change from
2000 Sl e i SR | Strain” to
E Wy - L0 e e T a ’
L B1NE BE i eI Stress’.
i L B! Ty Db S e
Phissr L [recr@BientTe
Hreagih T T - W
=3 100 i T 15} W am Himt
ik L) % i
i | i
! W =
i Initial phase
&= e Apply initial normal stresses of (g, =
Oyy = 0, = —100 kPa) Phase 1 - Loading
e Set the boundary conditions to stress e Apply a stress increment of -350 kPa in
increments to indicate it will be a stress y-direction. This will bring the total
controlled test vertical load to -450 kPa.
B n e mrbgasbons

Figure 12: General option for simulation of laboratory tests used for triaxial test

Phase 1

Apply a stress increment in vertical direction (o,,) until the stress level where the unloading path should start.
Note that the horizontal stresses (o« and o0;;) remain the same as they represent the cell pressure. Hence, the
horizontal stress increments are zero in this phase.
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OEDOMETER AND TRIAXIAL TEST

Phase 2

Press the <Add> button to add another phase to the phase list. This phase represents the unloading phase. See
Figure 17 for details.

Phase 3

Press the <Add> button once more in order to add the 3™ phase. This phase represents the reloading of the soil
as well as the continuation of primary loading until either failure or a higher stress level from where, for
instance, another unloading/reloading cycle can be defined.

. ]

Flg Tegi Eaalic

=2 H kR
= e
E R = e E R
Proges sy EELE Une Froe of it
:l'r B | mdel
Platerid sl : . i
hmreatoe A & :
ENQa s Erpngarpaaii o resgairas|
Heteriel madel Harshrrg jeericsl precorm. pirem|  OL0DD [T
SlHerss
waly. el shed ool
gi.l"' ILOOET gk st
Eed™ AL =i i freeri Hpras e
E,™ HLIDET AR
oy [} 05000 Eaitial Irshiad 4apeises Bosivebiey cond
¥ LR L :‘- - X g Eovess e 00
¥ FM e L33 ik e Y
Ky L T 30 i gy s e L2
g LG e Vo brgen i Y
Fiaer I dmremenis
b Durefiors 1ty Sy g T
[ LD e S 1M M am TECS]
) M o Hy!
Phase 2 - unloading M a thafra
e Unload back to cell pressure by applying b Twcrpwents
. . ey = Wi
a'strefs increment of 320 kPa in the y- . e il
direction. Mo g i d
— B 4 by d
lsrerenils
Phase 3 - Loading w1 ey e g re
. . ¥ £}
e Apply astress increment of -370kPain | ™ iy ':"'" m:
. . . . - L
the y-direction. This will bring the total e g it
vertical load to the failure load kPa.
P- Faan L1 Tl.ui uﬂlwgmu

Figure 13: Unloading/reloading cycle in a triaxial test using the General option
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OEDOMETER AND TRIAXIAL TEST

APPENDIX C: COMPARISON OF THE CALCULATED AND ORIGNIAL TEST
RESULTS

The blue data is the original soil laboratory data and the red one is the calculated behaviour of the HS-Material
based on the laboratory data. As indicated in the following figures, the numerical results with the obtained HS
parameters give a proper representation of the soil tests.

o 1\

0.3 ; \\

oo N\

os LN\
AN

2 06'/
—_— B | \
w; 0.7 \

0:8 | \\
0.9 i \ \\
10 \\ \

] \\_

1.3 -

0 100 200 300 400
o' [kN/m2]
vy

Figure 14: Oedometer test results

[

-400

-300 /

~
. /
=~
=
v
=, -200
L)
-100
0
0 -100 -200
0'3 [kN/m?]

Figure 15: Development of horizontal and vertical stress in oedometer test
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OEDOMETER AND TRIAXIAL TEST

1 i R e " ” \

300 /

£ / Cell pressure = 100 kPa
2 200
U /
100 W
0
0 -0.01 -0.02 -0.03 -0.04 -0.05 -0.06

ey [

Figure 16: Drained triaxial test unloading-reloading (cell pressure = 100 kPa)

0.06

0.05

0.04

:; 0.03

0.02

0.01 /’

0 -0.01 -002 -003 -004 -005 -006 -0.07 -0.08 -0.09 -0.1

g1 [

Figure 17: Axial vs. volume strain in drained triaxial test (Standard Triaxialtest - cell pressure=100[kPaj])
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OEDOMETER AND TRIAXIAL TEST

APPENDIX A: PARAMETER DETERMINATION

Sand

First we determine parameters from the triaxial test data.

D

q [kN/m?]
Cell pressure = 100kPa

[

a3 0.021 0.02% %
Sl -

Figure 1: Determine stiffness parameters from drained triaxial test

Cohesion and friction angle

For a cell pressure o3 = 100 kPa a maximum value of approximately |01-03| = 400 kPa is reached at failure. The
Mohr-Coulomb failure criterion is:

1
E*(ol_ 03)—5*(01+ 03) * sing —c*cosp =0

Considering it is sand we assume that the cohesion is zero and so the Mohr-Coulomb failure criterion reduces

to:

Filling in 03 = 100 kPa and o1 = 500 kPa as obtained from the test we find for the friction angle $=42°

Course ,PLAXIS ADVANCED COURSE’ 1



OEDOMETER AND TRIAXIAL TEST

Reference stiffness from triaxial test

The triaxial test stiffness Eso is the secant stiffness over the first 50% of the failure value for |o;-03]|. This is
indicated in red in the triaxial test graph of Figure 5.

- 400
EJ3—100kPa — — p
s 0013 = 30800 kPa

The triaxial test stiffness Esg is within the Hardening Soil model defined as:

. m m
C * COS — 04 * SIn -
Eso = EL 4 3 ¥ ,c=0- Egg=EfS # =3
C * COSQ + Drep * SiNQ Dref

The reference stress prefis chosen equal to the cell pressure of this triaxial test (100kPa).

EL = EZ3™1%P¢ 5 31000 kPa

Reference unloading-reloading stiffness

Similar to the determination of the ESrgfvaIue the reference unloading-reloading stiffness can be determined.
Therefore an unloading-reloading cycle is performed.

The Hardening Soil model does not have unloading-reloading behaviour with hysteresis but simple non-linear
elastic unloading-reloading behaviour. A secant value is taken for the unloading-reloading behaviour, as
indicated with the green line in the triaxial test results.

03=100kPa __ 400

o = —80000kPa
0.026 —0.021

Under the same assumptions as for the stiffness in triaxial testing counts:

ref _ = o3=100kPa
Eur - Eur

But this is a low value for the unloading reloading stiffness and so

Ef =90000 is chosen

Dilatancy angle

From the plot of axial strain versus volume strain the dilatancy angle can be determined according to

Ag,

v

siny = ——X——
v —2A¢g, + Ag,

See Figure 6 for details.

With Ag,=0.048-0.004 = 0.044 and Ag; = -0.09-(-0.03) = -0.06 the dilatancy can be calculated as {=16°.

Note: The Poisson’s ratio needed for the Hardening Soil model cannot be determined from the given graphs
since the Poisson’s ratio needed is an unloading-reloading Poisson’s ratio.
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OEDOMETER AND TRIAXIAL TEST

0.06

005 +-0-048 /
0.04 p /

0.03 /

0.02 /

[

/ g
0.01 /1
| 0.004 P
0
-0.03 -0.09
0 -0.01 -0.02 -0.03 -0.04 -0.05 -0.06 -0.07 -0.08 -0.09 -0.1

gy [
Figure 2: Determination of dilatancy angle from drained triaxial test

Oedometer stiffness and power of stress dependent stiffness

From the oedometer test results we determine the stiffness Eqeq for vertical stresses o,, = 100 kPa and oy, =
200 kPa, see Figure 7. Note that Eqeq is a tangent stiffness.
Make sure to use the primary loading part of the oedometer test results.

6,=100kPa 320 — 0
E” = = 31400 kPA
oed 1.35% — 0.33%

0,=200kPa 400 — 0
E” = = 45450 kPA
oed 1.35% — 0.47%

Within the Hardening Soil model the stress dependent oedometer stiffness is defined as:

m m
O

: =0 = E_, =E%| -—%

CCOS¢+ pref Sln(” pref

ccosp — o, sing

_ ref
Eoed - Eoed

Choosing the reference pressure pres = 100 kPa gives

ref _ ay=100kPa
Eoed - Eoed

~ 31000 kPA

The power m for stress dependent stiffness can now be determined as:

EITRORPE g O\ 45500 1200\™
= =>—=<—) Sm~ 06
£ Prer) 31000  \100
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OEDOMETER AND TRIAXIAL TEST
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Figure 3: Determination of oedometer stiffness and power of stress dependency

Ko value for normal consolidation

The K0-value for normal consolidation can only be obtained if measurements of horizontal stresses have been
performed during the oedometer test. If so, results as given in Figure 8 may be obtained.
From the primary loading line it is possible to work out Ko.

/
ke = A0 Aoy 100 . -400
Ao, Ao, 300
-300
Alternatively one can use Jaki’s formula —_ /
K ~1-sing =1 —sin(42) = 0.33 £
<
'_1'_| -200
L)
-100
0
0 -100 -200
0'3 [KN/m2]

Figure 4: Horizontal/vertical stress ratio during oedometer test
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OEDOMETER AND TRIAXIAL TEST

Parameter Unit Value
Es) [kPa] 31,000
Eoed™ [kPa] 31,000
E, [kPa] 90,000

Vur [-] 0.2
c [kPa] 0
¢’ ('] 42
v [’] 16
m [-] 0.6
KoNC [-] 0.33

Table 2: Hardening Soil Parameters of the Sand
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Structural elements available in Plaxis
Usage of structural elements in FE modelling
Plate elements (Beam and Shell element)
Anchor elements (Spring element)

elements (vembrane element)
Interface elements (Zero thickness element)
Embedded Beam Row elements



1.Structural elements In Plaxis

1. Plate element

2. Anchor element

3. Geogrids element

4. Interface element

5. Embedded beam row element



2. Application of structural elements

wall

AN

geotextile wall

e

strut

O

tunnel

R

cofferdam

-
[ o

Pile foundations

strip footing

ground anchor

Incremental wall



STRUCTURAL ELEMENTS

3. PLATE ELEMENTS



3.1 Plate Element

Overview:

3 or 5 noded line elements (for 6-noded or 15-noded element mesh)
3 degrees of freedom per node
Plates have:
0 Axial forces
O Shear forces
0 Bending moments
0 Hoop forces (axisymmetry)
Elastic or elastoplastic behaviour
5. For modelling walls, floors, tunnels

X X i X X X X
X X i X T x x

x stress point «nodes
a. 3-node plate element b. 5-node plate element

Figure 3.10 Position of nodes and stress points in plate elements



3.2 Plate Element

Plates — elastic parameters

Plate - Elasto-plastic wall h3 b
b, El =E.—— (b =1m)
_ 12
Property [k Yalue
Material set EA . E h b (b -1 m)
Identification Elasto-plastic wall -
Camments
El i
o Bl e s, 50,25 d=h= [12—— (Equivalent rectangular

EA plate thickness)

Material bype Elastoplastic
Properties
E4 kM 24, 00ER &
El Kt mfm 1,280E6
o kpdfrmfm 19.20
U (nu) 0, 2000
M kM mmfm 1000 _ . .

; b=1minplanestrain
s i 1000 b =1 meter in axisymmetry
Ravleigh o 0,000
Ravleigh [ 0,000 = ‘b/'




3.3 Plate Element

Plates — elasto-plastic behaviour

Plate - Elasto-plastic wall

e
Property Uit Yalue

Material set

v

Identification Elasko-plaskic wall

Camments

Colour B rcesa, 53, o5

Material kvpe Elastoplastic
Properties

E4 kR 24 . 00E&G

EI kM € fm 1.280E8

d m

) kMfrnfm 19,20

u {nu) 0, 2000
e e e e e e = o o o o o e o o o e o 1
1w, kI i oo |

|

r Kb/ 1000 1
1 L

Ravleigh o 0,000

Ravleigh 0,000




3.4 Plate Element
(lllustration: Mp-Np.P2D):
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3.5 Plate Element
Effect on Global FOS by c/phi Reduction

Ve F = Fa prn e = HE 2 LRK
140,07:
130.07:
/ /// parard Y . . ‘: I.-.‘-.. -_; 3
o] /‘52?;/‘/////:/[ ° oo ' I:}--":5 - _’-,-,—/_'_._44-"—’—
o] =B ic; Fai CBP Elasto-Plastic
S Wi i | Failurewith Plastic
E — > Hinge, | Hinge, FOS=1.40
80.00] F‘ 'S: I . 75 I
1 Lk
70.07:
Lu_ll_l_ll_'j:“:l:".ﬁ B i
LR i) 0
oo II||
UlEHj'—'—'EIEiép EEE=Ii
........... hees od
| o
Ut )
2
_ _ Plastic points
Plastic points ) ) .
|:| Mohr-Coulomb point Tension cut-off point [ MohrCoulomb point Tension cut-off point

=

Elastic wall excludes possibility of wall plastic hinge; and over-estimate FOS=1.75

2. Allowing for wall plastic hinge (Elasto-plastic wall) gave lower FOS=1.40 and smaller soil yielded
zone behind the wall



Elastoplastic M-Kappa (Non-linear Behaviour)

iLiniE Naie
| TR
Hastapiagtic (M4
O
kMjm {2000
kfm {3,000
K mym 1,008
m 4,000
k& jmfm 0. 000
0.000
e
0.000
Q. DO

5™ (A S R

& K [Lm] H Beim]
1 0.000: JiRsee)
2 Liogo LOX

T T T
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05 0§ 07 08 08 1
B fifml
[ (s ]

|| e

Elastoplastic Non-linear behaviour (M-K) Verification



https://www.plaxis.com/content/uploads/import/kb/kb-downloads/NON-LINEAR DEFORMATION OF STRUCTURAL ELEMENTS.pdf
https://www.plaxis.com/content/uploads/import/kb/kb-downloads/NON-LINEAR DEFORMATION OF STRUCTURAL ELEMENTS.pdf

Elastoplastic M-Kappa (Non-linear Behaviour)

Lead case | Phase | M[kMm'm] | Comment
1 1 -4 Loading to lakure (clockwise)
2 2 +41 Loasing 1o falee (anticiockwize)
3 -5 Loaging
4 1] Unioading
3 5 -35 Reloading
g 4] Uniloading
7 -41 Reloadkng to failune
8 -5 L e
g +25 Reverse KadEng
4 10 -35 Reloading
11 +25 Reverse relsading
12 -1 Reloading ta tailune
13 -38.5 Loouciing
] 14 +39.5 Reverse lpading
15 -39.5 Reloacing

Anahaaal — load case 1
#* FLAX]S 20 — ond case 1

M fedmm] :

*

Analytical — load case 2
PLAX[S 20 — bad case 2

Figure 3

aa iz

Bending moment versus vertical displacement (load cases 1 and 2)

verlical displacement [mim)

el

E
£
= !
— analyiical
# PLAXIS 20
[£1% ] -D.‘I'IE -l.'l.rll:l -D.‘LE -ﬂrJJ -|'.!.125 0.3 -D.IEE- =030
Wenicd displacement frmm|
Figure 4 Bending moment versus vertical displacement (load case 3)
E
£
* —Anattical |
# PLANIS 20
r T T T T T
05 0.1 025 o 035

Warlical displacament [mm)|

Figure 5 Baending moment versus vertical displacement (load case 4)

EO0 GES 050 0F5 04y

— Aralyiical

#® PLAXIS 2D |

waartical displacement [mm]

2 020 025 -0E0 055 D

Figura & Bending momeant varsus vertical displacement (load case 5)



3.6 Plate Element

Plates — weight, excavation

Actual problem In the model
Orea C )
_ _ 1
\Nreal — 7/concrete'dreal Wmodel = Vil 'Edreal +Wp|ate BGIOW GT
Y sl =7 sat
_ B 1
Wioded = Wea = Wplate_ (7/concrete_§7/soil) ' dreal Above GT

7/soil :7/unsat



3.7 Plate Element

Plates — connections

Spring data:
« Stiffness
6 8 * Min/Max moment
Rotation
spring
7 [ Hinges and rotaticn springs [Point 34] v
Rotation spring
"\A v Spring stiffness
10.00E3 kim/rad/m
Mir. moment
() -1,000E15 km fm
D., Max. moment
Hinged connection T L
Rigid connection
(default)
| ok || cencel |

lllustration: Connection.P2D



3.8 Plate Element

Walls — thin wall vs. thick wall

* Thin wall

— Wall thickness << wall length

— No much end-bearing, only friction
- Plate element suffices

* Thick wall
— Wall thickness significant
— End-bearing capacity needed
- Use soil elements with material set representing wall material

- In order to obtain structural forces a plate with fictitious properties
may be inserted



3.9 Plate Element

Walls - thick wall

1. Soil elements with material set representing wall material EELIERR SN e

- ]
&

2. Difficult to obtain structural forces from soil elements, I

therefore introduce very flexible plate within the solid wall |
elements: - I
* No influence on deformation: low stiffness, no weight '. __ F
 Located in on the neutral line (usually the middle) P —— I‘

e Tight bonding to the concrete elements: no interfaces

(lllustration: Beam.P2D): d

Solid elements: E_,;=E, ., | = ¥/,*d®, d = wall thickness

Plate element: El = E_;| / X, choose x large (e.g. 10°)

— — y* — yk
uplate - usoil — |\/Iwall =X |vlplate’ Qwall = X Qplate




Placing a Hinge for free rotation of plates

Flle Edit

Materials - Mesh  Help

Wiew | Geometry  Loads

SR E®

Hinges and rotation springs [Point 7]

Ratation spring

Spring stiffness

EE—

Min. moment

—

§ Mazx, mament
_— —

I

20,00

10.00

’_ oK ] L Cancel _J

= =1 Pixels 1 238 % 176 Units ; 12,000 x 15,000 m Selection: Mone :I
i Paint For bean hinges |

Slide 15 of 24

‘s Start & Flaxisworkshop Se... | @@ english B Madras CE8-Struct.., Y Rajagopalanchors,... [ PLARISZDInput: (.. & @ C MRLE &05PM

Can be placed at joint between plate elements — allows for free rotation



Full-height panel support to reinforced soll
walls — rigid body rotation of facing

-

%

Incremental panel support to
reinforced soil walls — bulging type
deformation at front end

).




STRUCTURAL ELEMENTS

4. ANCHOR ELEMENTS



Anchors - fixed-end ‘

a) To model supports, anchors and struts
a) Elasto-plastic spring element

b) One end fixed to point in the geometry, other end is fully
fixed for displacement

c) Positioning at any angle

d) Pre-stressing option

Anchors — node-to-node P




4.1 Anchor Element

Anchors — material properties

Axial stiffness, EA (for one anchor) [KN]
Spacing, L, (out-of-plane distance between anchors) [m]
Maximum anchor force for compression and tension,
|Fmax,comp| and |Fmax,tens| [kN]
Property Lnit Value

Material set

Identification Anchor rod

Comments

Colour . RGE 51, 89, 91

Material type Elastoplastic
Properties

EA kM 500.0E3

L qpacing m 2,500

| F asetens | kM 1.000E12

| F maxcomp | kM 1.000E12




4.2 Anchor Element

Anchors — pre-stressing

Defined in Staged construction phase

Both tension (grout anchor) or compression (strut)

possible

Mode-to-node anchor

Properties
Material set Anchor rod

|| Adjust prestress
Prestress force : 200.0

Prestress not per anchor but per m

Tension = positive




STRUCTURAL ELEMENTS

5. GEOGRID ELEMENTS



5.1.Geogrid Element
Geogrids

3 or 5 noded line element
Elastic or elasto-plastic behaviour

- B =

Only allows for tension, not for compression

Property LInit Value

Material set

No flexural rigidity (El), only axial stiffness (EA)

* nodes

H siress !:".l'l'lt
& +

- - L - L] L L L

Identification Grout body

Comments

Colour RGE 255, 255, 0

Material type Elastoplastic

Properties
Isotropic

EA, kM/m 100.0E3

EA, kN /m 0,000

M kMjm 10,00E6

p.1

kM/m 10.00E6

Npa

3. J-node geognd eement b, S-nods gpeagrid alement

Figure 3,12 Posiion & nodes and Siress poinks & geagrid alamens




CE

5.2 Anchor Element + Geogrid Element

Ground anchors

Combination of node-to-node anchor and geogrid

Node-to-node anchor represents anchor rod (free length)
(no interaction with surrounding soil)

Geogrid represents grouted part (full interaction with surrounding soil)
No interface around grouted part; interface would create unrealistic failure surface
Working load conditions only — no pullout

If pullout force is known this can be used by limiting anchor rod force



BT

Modeling of soil nails using
geogrid elements

Fizbal dis placarea s o

R rrearm valuee = 280 2 m (Elemen B3 al Hode TT0E)

|PLAXIS |Project . armaon2

I 2o ne-C-final sectiond-gabions :':‘TEE _I'rum-arn Institute of Technology Madras




5.3 Ground anchors

Axial force distribution along fixed length (modelled using geogrid)

N,oq <> Ny, due to shared node
between anchor, geotextile

and soil

rod

Probable actual distribution of axial

. . . forces in ground anchor
axial forces in geotextile element

Input geometry Generated mesh



5.4 Ground Anchors: Influence of node numbers

along structural elements

I~
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STRUCTURAL ELEMENTS

6. INTERFACE ELEMENTS



6.1 Interface Element

Interfaces — material properties

1. Soil-structure interaction N\ /A\x s
1. Wall friction : \'\ ;’I- .1\1‘
2. Slip and gapping between soil and structure ; H‘; < { o - "‘*: :

2. Soil material properties & € node ol lme b, 1-node sol elemen
A. Taken from soil using reduction factor R, .. T ey AR R e e e

3. Individual material set for interface possible

|.| | | |.| |-| -
it i 2 | i
| | i i | | | | ; ; Properties
=N (! e|e i| Material set: <Cluster material> =
| | i i | | | | i i virtual thickness factor : 01000 %
lol :q: | lol g
(5 s Ty "6 e
E E i i Ok ] I Cancel |
| | I | il
H H) aifi@
| il If It it
11 i i 1L | L] i i l&|
M =HEE Tho T oil5@ M2
“10 010
Il Il | i
Il It Il it

E =
HE
s
S
s
s
e
E =
4
e
=
s
e
e



Interfaces — soll structure interaction

Doubling of nodes to (partially) uncouple soil and structural element
Spring connection between soil nodes and structural nodes

— Normal spring

— Shear spring
Allows for modelling of slip, gapping and closing between soil and structure
Can also be used between to soil materials

Output:

 Normal stresses
* Shear stresses
« Displacements




Interfaces — material properties

e Soil material properties

Taken from soil using reduction factor R, ..,

Cinter = Rinter * Cooi
tan(d;ner) = Rinter * tan(dye;)
Winter =0forR, . <1

= Weoi Rinter = 1
Ot inter = Rinter * Ot soil
Ginter = (Rinter)” * Gsoi

1. Residual reduction factor R.

inter.res ONIY affects strength,
not stiffness

2. Individual material set for interface possible



Interfaces — material properties

1. Residual strength after reaching maximum shear strength
2. Gap closure

Foundation Pressure Gap opening Gap closing Foundation
pressure reduction (soil shrinkage) (soil swelling) pressure
(soil shrinkage) (soil swelling)




6.2 Interface Element
Interfaces — reduction factor

Suggestions for R. . :
— Interaction sand/steel =R oy =0.6-0.7
— Interaction clay/steel =R, ey 0.5
— Interaction sand/concrete =R =1.0-0.8
— Interaction clay/concrete =R s =1.0-0.7
— Interaction soil/geogrid (grouted body) =R._=1.0

(interface may not be required)

— Interaction soil/geotextile =R. . =0.9-0.5 (foil, textile)

inter

With reference to BS8002:

3.2.6 Design values of wall friction, base friction and undrained wall adhesion

These should be derived from the representative strength determined in accordance with 2.2.8, using the
same mobilization factors as for the adjacent =soil.

The design value of the friction or adhesion to be mobilized at an interface with the structure should be the
lesser of:

a) the representative value determined by test as desecribed in 2.2.8 if such test results are available; or

b) 75 % of the design shear strength to be mobilized in the soil itself, that is using:

design tan 0 = 0.75 X design tan ¢’ (5)

0
design ¢, = 0.75 X design ¢, (6)



Interfaces

* Try to omit stress oscillations at corners of stiff structures

Inflexible
i corner points,

may cause bad
wv w stress results

i Flexible corner

points with
e s improved stress
u results




STRUCTURAL ELEMENTS

/7.EMBEDDED BEAM ROW ELEMENTS



Embedded pile row (Embedded Beam Row)

3 or 5-noded line element

Interaction with soil through an interface allowing for skin friction

(linear skin resistance distribution)
End-bearing capacity through spring connection
Soil can “flow” in between piles

Available from Plaxis 2D 2012




Embedded pile row - Grout body upper

Embedded pile row - parameters

Property | Unit | Value
Material set
Identification Grout body upper
Comments
Colour . RGE 199, 82, 143
Properties
E kN/m 2 210.0E6
kiafm 3 50.00
Pile type Predefined

Predefined pile type
Diameter
A
I
Lsp&cirn;
Rayleigh a
Rayleigh B
Skin resistance (linear)
TtOp. max
Thot, max
Base resistance
F max
Interface stiffness factor
Default values
Axial skin stiffness factor
Lateral skin stiffness factor

Pile base stiffness factor

iMassive dreular pile

m

m?

m* 0.05147E-6

m 1,000
0.000
0.000

kijm 110.0

Khjm 150.0

kN 0.000

0.03200

Material data

Pile shape

/

- Rayleigh damping (dynamics)

| Skinresistance

| Base resistance

. Interface stiffness factors




B L

Embedded pile row — parameters

Material data (stiffness E and material weight y)

Pile shape (circular or square, hollow or massive, user-defined)

Cross sectional data (area A, moment of inertia /)

Out-of-plane spacing

Skin resistance at top and bottom of the pile row (T, nax @3Nd Thottom, max)
Base resistance (F,.,)

Interface stiffness factors

« Determined by curve fitting on predefined load-displacement curves

e Default values obtained from the load-displacement curve for a pile in Dutch
soil conditions (bored pile in sand, submerged) according to the national
annex of Eurocode 7.



GOOD USAGE AND APPLICATION OF STRUCTURAL ELEMENTS

ADDITIONAL INSIGHTS



Plates / Shells - Boundary Conditions

Free rotation

| Fixed rotation I

 Rotation fixed at (partly) fixed boundaries — axis of symmetry

* Rotation free at free boundaries



Plates / Shells — Connections

s S - Selection explorer
- s
inpror= . > (=} (@ Connection_1
Lppr. s mn a .
el fa e B ’ __
= L
= - “

| & oot o i o | i

| & e A 2 Rotation: ~Fu|;ed "r’
| i o i |

| i =

Free
Elastic spring
Elastoplastic spring

Tomdrww  LTIDET.IRcAm  |Faken | Gm e CFaminiet | Bwima | A8
(5= -1
SRR el ey
S L U
- = &l
T LR % s
- TS




Anchors - Material Properties

Residual strength (Plaxis 2D 2012)

9, F
Property | Unit | Value | 4
Material set Fmax,tens
Identification <MoMame >
Comments
F res,tens
Colour . RGEOD, 0,0
Material type Elastoplastic with residual strer >
Properties F
EA ke 2.000E6 res’com p
L specing m 5.000
I F maxctens | kN 1000
| F maxcomp | kN BO0.0 F
max,comp
| F el tens | kM 50.00
|F'Ei:..al.mr'p | ke 20,00
Cancel | ‘




Anchors - Pre-Stressing

Defined in Staged Construction phase

Both tension (grout anchor) or compression (strut) possible

Selection explorer (Phase_1)
=} @ [+] Line_2_1
Coarseness factor: 0,2500
= @, [¥] NodeToModeAnchor_1_1
+}- Material: Anchor
Apply strength reduction: [ ]

Adjust prestress:

F prestrasst 200.0 kN

P

o



Geogrids

3 or 5 noded line element

Elastic or elasto-plastic behaviour

No flexural rigidity (El), only axial stiffness (EA)
Only allows for tension, not for compression
Updated Mesh option relevant

Q= CORIDE =



Grouted Anchors

Combination of free length and bonded Iength

1. Free length is modelled using a node-to-node
anchors (no interaction with surrounding soil)

2. Bonded length is modelled using either as:

*  Full bonding with the sail

 No interface around grouted part
(interface may create unrealistic failure surface)

B. Embedded pile row (Plaxis 2D 2012 and higher)
« Allows for slip

. Allows for soil to move in between anchors
(more realistic)

e-to-node anchors



Grouted Anchors - Axial Forces

Geotextile as grout body Embedded pile row as grout body

«— axial forces in geotextile axial forces in

embedded pile
row

7

Residual force on end node
Niog <> Ngrout due to shared node between anchor, geotextile and soil



Grouted Anchors — Practical Use

Pullout mechanism technically possible with embedded pile row

1. Properties of the steel rod for the beam = B st i
N >Nl o g
Y/ N\ ik boe Syadifrad
gs(kPa) | ® et s
\ ] [l n Hocd
N ~— ,/
2. Linear skin resistance based on el ) i

cylindrical grout body shape and pull-out __y | sssess
strength gs '

Tskin,start: skin,end — qungrout S Bttt m—

3. Base resistance setto 0 T T
o il

4. Interface stiffness factor set to default e

values >




Grouted Anchors — Practical Use

1. Some practical uncertainties still remains:
« Size and shape of the grout body

 Degree of bonding between grout body and soil

2. Alternative: If pull-out force is known this can be used by limiting
anchor rod force



Soill-Structure Interaction: Interface Elements

1. Interface elements handle normal and shear behaviour
« Linear elastic perfectly plastic behaviour
« Shear strength defined according MC criterion (slipping)
« Tension cut-off (gapping)

_ MC line
Tension
cut-off
.
{0 = f(Au) o
T = g(Av) N > O




Interfaces — Material Properties

Soil material properties
1. Taken by default from soil using reduction factor R,

Cinter = Rinter * CsoiI
tan((Pinter) = Rinter * ta~n((|)soil)
Winter = 0 for Rinter <1
= Wsoil Rinter =1
Gt,inter = Rinter * Gt,soil
Ginter = (Rinter)2 * Gsoil

2. Residual reduction factor R, s ONly affects strength,
not stiffness

3. Individual material set for interface possible



Interfaces — Material Properties

Additional features
— Residual strength when reaching maximum shear strength
— Gap closure

load

/ [ .u
e

No gap closure

unload

Consider gap closure



END
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CONTENTS

" Introduction
= 3D Example
" Comparison with in-situ measurements

" Note on ¢-c-reduction
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Deep Excavations < v ﬂ-lc;g.

NUMERICAL ANALYSIS OF DEEP EXCAVATIONS

involves modelling of
" various excavation stages
" interaction wall / soil > interface elements
® changes in groundwater level
® struts or anchors (including load transfer to soil)
" adjacent structures (buildings, tunnels, piles, ...)

requires advanced constitutive model because

" stress paths in soil are not monotonic (significant change in
stress path direction)

" primary loading and unloading / reloading occurs in different
parts of the domain analysed

" some areas will experience large strains with significant plastic
deformations, others will be in the very small strain range

> simple elastic - perfectly plastic models not sufficient

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING

)\ COMPUTATIONAL GEOtECHNICS GROUP
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2D model
_l_ sufficient

AR RS Do e S
(e A

N

Institute for
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Deep Excavations

A
@ yllaty

3D model preferable, but 2D
approximation possible

% Institute for
=5 SOIL MECHANICS and
Yﬂ FOUNDATION ENGINEERING
JA

7=\ COMPUTATIONAL GEOteCHNICS GROUP
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INTRODUCTION

TR

R | O

AT ASY

Th.Voit, 2016
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Deep Excavations b v ﬂ-lc;g.

HYDRAULIC CONDITIONS

= Setting of new hydraulic conditions

* Consider each individual case carefully

* Select the relevant situation: undrained, drained or consolidation, it may
be different for different materials

" Specifying pore pressure distributions

* General phreatic level
> applies to all clusters that have not been separately defined

* Cluster phreatic level > applies to one specific cluster

* Cluster dry > makes a specific cluster dry

* Interpolate > interpolates pore pressures between clusters above and below
* User-defined pore pressure

> specify pore pressure at reference level and the rate of increase in the
y-direction

* Groundwater flow calculation > gives the steady-state solution

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING
JA

COMPUTATIONAL GEOteCHNICS GROUP



Deep Excavations b v ﬂ-lc;g.

HYDRAULIC CONDITIONS

Groundwater flow &
calculations dj Ny TH i
A
? il 5,111
* Plate elements are FT H T
ermeable
P ! fiffrfm f
?rr r}ﬁ Fitt h
* Interface elements are ._ ”rff A
. ! 1l
impermeable /;;{ :,J’;j{f‘ﬁx ‘\\\ WA
. . 2 ! It 4
(unless deactivated in the : f’f;”i;,;f;ﬁ,‘,', 1‘ VO
groundwater flow calculation) - o AR
DI

Equal pore pressure values on
both sides at the foot of thewall!

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING
JA

Z=x\ COMPUTATIONAL GEOteCHNICS GROUP
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Deep Excavations ;5 ﬂ-g.g‘z'.

HYDRAULIC CONDITIONS

Dewatering

Z-shape phreatic level gives wrong results:

_ ™ No equilibrium in horizontal water pressures:
° Local peak stresses
° Local peak strains
* Non-physical horizontal displacements
* Non-physical excess pore pressures

" Possible incorrect water pressure acting on wall

Institute for
SOIL MECHANICS and
FOUNDATION ENGINEERING

COMPUTATIONAL GEOteCHNICS GROUP
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3D EXAMPLE

e e e e R e __________________.!__ A e T e S Wl et T e e e e
I
|
—— - — — — — - ___.___JF. — — — — —  — -_—  — — — — —
[ | BT 1+ |
I I ; O .
| | ¢ N :
I I ~ ] I
| | 3 o :
| | | E’ 1 16 :
|_ __-__+.|,-_"*ﬂ R i O -
| 111 = Bullding 1 {plale
| | foundation)
| | L % q = 80 kMim* 14
| | . : d=am
| | L 2 E =30 "10% hM'm®
N, T S L7 ll'"r -I'"l,
TSNS i ] | .-__.___.%
R i e T i Y i e T T e e q =200 kNir? d=12m
I
__________________________ P Buliding 2 (e Toundat|ons) o = 250 kMNAm® d = 1.2 M E= 30 *10% kNime
] L g=200kMim* d=12m

40,0

)% Institute for
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JA
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Deep Excavations
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Deep Excavations -Ic;g.

3D EXAMPLE Cross Section B-B Cross Section A=A

Building 2
[TToEe T b g e T J;L;Lg i
F £; i
I i){ :t:l;;':o::ndatl::ns
mm + Plate Foundatlon 5 ; 2.5 Flne Sand E = 30*106 kN/m?
E = 301046 kN/m* -—| s Tl «3.4 GW-table
E—— | i TP level _-2_
= l s
=65.0
‘_| 7.0 STRUT level 2
i on Tevel
_ 9.0
‘_I ) STRUT level 3
! Tion level Seeton 1
=12.0
- STRUT level 4

=17.0
SZ

final excavation level

— — — — — — — S — — — — — — . — —

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING
JA

COMPUTATIONAL GEOteCHNICS GROUP



Deep Excavations @ ﬂ-grle;!l
I

3D EXAMPLE

= Model dimensions
* xlylz = 50/60/60 m

= Mesh
* ~ 150 000 elements

Voit, 2016
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Deep Excavations e ﬂ-gg.

NOTE ON ¢/c REDUCTION

Material parameters soil layer:
sheet pile

type AZ-18 ¢ = 35°
Tom 5 m Cc = 0.1 KN/m?
- v =17 KN/m3
y=0°
6.5m Properties sheet pile wall:
EA = 3.008E6 kN/m
, El = 6.84E4 KNm*/m

My = 505 kNm/m

Properties strut:
E = 3.0E7 kN/m?

A=0.24 m?

40m

Horizontal strut distance: 1 m

ttttttttt for
SOIL MECHANICS and
% FOUNDATION ENGINEERING

COMPUTATIONAL GEOteCHNICS GROUP
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NOTE ON ¢/c REDUCTION

AVA

\

\WANVANVAYA

wall elastic
Msf =1.95

Institute for
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\ FOUNDATION ENGINEERING
T

OMPUTATIONAL GEOteCHNICS GROUP



TU

Grazm

Deep Excavations
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% Institute for
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7 AP‘L‘AW 2 g
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AVA\VAVAVANVANZAVANVAN AN

NOTE ON ¢/c REDUCTION

wall elastic - perfectly plastic

Msf =1.73

-
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Deep Excavations
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BACK ANALYSIS OF DIFFERENT EXCAVATIONS

N

» 30,00 m
0,00
e
ol
GRAVEL i ;
] —
GW-90 (7
o’
-10.00 = -
. 11,50 =
fing sand
CLAYEY SILT ;
]
diaphragrm wall —4;’;
-23,00 j,_; |
+—+ —
a0 (& G

Layout of project "Toskanatrakt"

20 D0 m

S 3y -5,00 r

o]

GRAVEL g
o -EI'*E?L’}—,_#—J.K
_,—'-"'-'_':—'-"'_'_FF F o .:]
E::__Ef:é’#ﬂf '11[”]___.-
-16.00 ]
CLAYEY SILT 5
By

diaphwagm wall —
-22, 00
X

N

-1

- L -
24,00 had

+H
G0

Layout of project "Hypobank™
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BACK ANALYSIS OF DIFFERENT EXCAVATIONS

T }‘ road .{ 60.00
|< A 00 m
GRAVEL £.00 - ' / |
=  GRAVEL ow-250  ll|.330
_‘1‘1:I_LDLGW 2,50 - - — e == |
— .-"' ne s4drg e
fing sand — '3 00 i
is0 [ e
|~
% “~ ’
CLAYEY SILT | o 10,00 11,50 |]
; = x ,Erz_:[]tllm - L
] G %
;: diaph [l —:
. laphragm wa
diaphraqgqm wall
SRl CLAYEY SILT ’
] ]
-20,00 :j -EID_:D[} ¢
+— —
80 a0

Layout of project "AMV" Layout of project "Kiesel"

ttttttttttt
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BACK ANALYSIS OF DIFFERENT EXCAVATIONS

P 85.00 m
(3,00
1 - I~
GRAVEL
GV -3,50 _
- _w | )
— ] = —
_4.00 £ \
 —— X 1 .
fine sand =
----- 4 berm \
-11,50 H ™
- bW
|
CLAYEY SILT ﬁ
)
diaphragm wall _‘H
i B
29',_51{] ¢
¥
a0

Layout of project "Penta"
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BACK ANALYSIS OF DIFFERENT EXCAVATIONS

N B

N0 Penta Kongresshotel

My

mqum

Kiesel - Gebaude

A WG

® Arbeitsmarktverwaltung

e

° Toskanatrakt

° Hypobank Nonntal

......... - \
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Deep Excavations

A g7y,

PROJECT KIESEL

Y YsaT E50 ref Eur ref Eoed ref ( 14 C Vur pref m

Soil layer | Typ | [kN/m3] | [kN/m?] | [kN/m?] | [kN/m?] | [kN/m?] | [] | [] | [kKN/m3] | - | [kN/m?] | -

Gravel D | 19.50 | 21.50 | 65.000 |194000| 65000 | 35| 5 0 0.20 | 100 | 0.50

Silty sand D | 20.00 | 20.50 | 40.000 |{120000| 40000 |32 | O 2 0.20 | 100 | 0.60
Fine sand

.« | UD | 20.00 | 20.00 | 35.000 [140000| 35000 |30 | O 2 0.20 | 100 | 0.70
(,,Seeton 1)
Coarse silt

(,Seeton2%) | UD | 20.00 | 20.00 | 25.000 |100000| 20000 | 28 | O 10 | 0.20| 100 | 0.70

Parameters HS / HS-small model

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING

)\ COMPUTATIONAL GEOtECHNICS GROUP




Deep Excavations
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Grazm

PROJECT KIESEL

KOnc KO, manual Rf Rinter kx ky Yo.7 Go

Soil layer - - - - [m/d] [m/d] [KN/m?] [kN/m?]

Gravel 0.426 0.55 0.90 0.67 8.64E+01 | 4.32E+01 1.50E-04 | 242000

Silty sand 0.470 0.55 0.90 0.67 8.64E-01 8.64E-01 1.50E-04 | 150000
Fine sand

(,Seeton1%) | 0-500 0.55 0.90 | 0.67 | 4.32E-03 | 4.32E-04 2 00E-04 | 175000
Coarse silt

(,,Seeton 2%) 0.531 0.55 0.90 0.67 8.64E-04 8.64E-05 2 00E-04 | 125000

Parameters HS / HS-small model

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING

)\ COMPUTATIONAL GEOtECHNICS GROUP
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PROJECT KIESEL

gravel
silty sand WAVAVAVAVAE X Sy Ty b S '., pos "‘J,/" :
~ fine sand (,Seeton 1) AN TR RIS
NN AR A A AR A KO ke A
ﬂ\ \'/ ﬂ | coarsesilt(,Seeton2) ,‘ Y AANT

coarse silt (,Seeton 2)

Soil layers and mesh for project ,,Kiesel*

Institute for
SOIL MECHANICS and
FOUNDATION ENGINEERING

COMPUTATIONAL GEOteCHNICS GROUP
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PROJECT KIESEL

Deformed mesh - HSS model

Failure mechanism - wall elastic

FoS = 1.40

Institute for
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)\ COMPUTATIONAL GEOtECHNICS GROUP
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PROJECT KIESEL

Wall deflection Bending moments

= H 0 | 0
——HS

2 HsS ’

4 == ==anchor row 1 4

N\

= = anchor row 2

excavation depth 11.5 m

<
-

E, £
| 12 <
(] Q 12 o
(@]
/ £ N g
14 5 N 1 >
| > h s
2
16 O \ o
© 16 ©
/ 2 2
e
e
- s B
() (D)
a) [a)
r r r r r r r 20 20
0 10 20 30 40 50 60 70
u [m m] -600-500-400-300-200-1000 100 200
’ M [kNm/m] Kern, 2013
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Deep Excavations

PROJECT KIESEL

Surface settlements, excavation depth 11.5 m

0
# 1 —HS
— 5
N / . ——HSS
B \‘\ -10
\\
S —
\\\ \‘v"'\ 15 E
/ NS E
~~ - 20 3
c
)
25 £
2
5
30 N

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
Distance from wall [m]

Kern, 2013
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BACK ANALYSIS OF DIFFERENT EXCAVATIONS
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Deep Excavations

A g7y,

BACK ANALYSIS OF DIFFERENT EXCAVATIONS

size
measured | calculated | measured | calculated
GR/SI |L*B| Vol u v

Project m/m m2 | m3 mm mm
Toskanatrakt 6.7 850 | 9800 5 0 8 0
Hypobank 4.5 1000 | 11000 13 13 11 7
AMV 0.1 1800 | 18000 17 20 26 15
Kiesel 0.4 2200 | 25000 20 23 28 16
Penta 0.5 6500 | 75000 100 100 30 64
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Deep Excavations { v ﬂ-gg.

BACK ANALYSIS OF DIFFERENT EXCAVATIONS
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Long, M. (2001). Database for retaining wall and ground movements due to deep excavation, Journal of Geotechnical and Geoenvironmental
Engineering, 203-224.

Clough, G.W., Smith, E.M., Sweeney, B.P. (1989). Movement control of excavation support systems by iterative design. Proc. Foundation
Engineering-Current Principles and Practices, Vol. 2, ASCE, New York, 869-884. _
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Deep Excavations e ﬂ-gg.

NOTE ON ¢/c REDUCTION

Material parameters soil layer:
sheet pile

type AZ-18 ¢ = 35°
Tom 5 m Cc = 0.1 KN/m?
- v =17 KN/m3
y=0°
6.5m Properties sheet pile wall:
EA = 3.008E6 kN/m
, El = 6.84E4 KNm*/m

My = 505 kNm/m

Properties strut:
E = 3.0E7 kN/m?

A=0.24 m?

40m

Horizontal strut distance: 1 m

ttttttttt for
SOIL MECHANICS and
% FOUNDATION ENGINEERING

COMPUTATIONAL GEOteCHNICS GROUP
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NOTE ON ¢/c REDUCTION

AVA

\

\WANVANVAYA

wall elastic
Msf =1.95
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NOTE ON ¢/c REDUCTION

wall elastic - perfectly plastic

Msf =1.73
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EXCAVATION OF BUILDING PIT (MC-Model)

EXCAVATION OF BUILDING PIT (MC-Model)
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EXCAVATION OF BUILDING PIT (MC-Model)

INTRODUCTION

A building pit was constructed in the south of the Netherlands. The pit is 15 m deep and 30 m wide. A
diaphragm wall is constructed using 60 cm diameter bored piles; the wall is anchored by two rows of pre-
stressed ground anchors. In this exercise the construction of this building pit is simulated and the deformation
and bending moments of the wall are evaluated.

The upper 40 m of the subsoil consists of a more or less homogeneous layer of medium dense fine sand with a
unit weight of 18 kN/m?3. Triaxial test data of a representative soil sample is given in Figure 2. Underneath this
layer there is very stiff layer of gravel, which is not to be included in the model. The groundwater table is very
deep and does not play a role in this analysis.

AIMS

e Determination of soil stiffness parameters
e Using interface elements

e Using ground anchors

e  Pre-stressing of anchors

e« Combination of structural elements

Y A
/Diaphragm wall
& =
Stage 1, S| @
Stage 2 top sand
Y e Anchor rod &
Stage 3 &

- Grout body middle sand

)/

@ =

lower sand

deep sand 1

deep sand 2

Figure 1: Geometry for tied-back excavation.
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EXCAVATION OF BUILDING PIT (MC-Model)

DETERMINATION OF STIFFNESS & STRENGTH PROPERTIES (SAND)

Use the Mohr-Coulomb model and extract model parameters for the sand layer from the triaxial test data.
Concerning stiffness behaviour, take into account the fact that the excavation involves unloading rather than
primary loading. It is suggested to divide the sub-soil into three regions: Top Sand (0 m — -15 m), Middle Sand
(=15 m — -25 m) and Lower Sand (-25 m — -35 m). This allows for the input of an average stiffness in each
individual region. As the simple Mohr-Coulomb model cannot take into account the stress-dependency of the
stiffness, the input of an average stiffness per region, by the user, is the next best option to enhance the model.
Please note there are other models (HS and SS model) available in PLaxis that take into account the stress-
dependency of the soil stiffness. These advanced models will be introduced in a later exercise. The soil
parameters can be entered into Table 1.

10,79, Eso

270 _______ [ i o,= 100 kPa

a5l /L B
|
|
|
| -
I
I 0.675%
|

0 .

0 81

Figure 2: Mohr-Coulomb model for the sand layer.

Table 1: Soil material set parameters.

Parameter Symbol Top sand Middle Lower Deep sand Deep sand Unit
sand sand 1 2
. Mohr- Mohr- Mohr- Mohr- Mohr-

Material model Model Coulomb Coulomb Coulomb Coulomb Coulomb )
Type of behaviour Type Drained Drained Drained Drained Drained -
Dry weight Yunsat 18.0 18.0 18.0 18.0 18.0 kN/m?3
Wet weight Yeat 18.0 18.0 18.0 18.0 18.0 kN/m?3
Permeability x-dir. Kx 0.0 0.0 0.0 0.0 0.0 m/d
Permeability y-dir. ky 0.0 0.0 0.0 0.0 0.0 m/d
Young's modulus* E ? ? ? 280.000 470.000 kN/m?
Poisson's ratio v 0,33 0,33 0,33 0,33 0,33 -
Cohesion c ? ? ? 1,0 1,0 kN/m?2
Friction angle [0} ? 35 35 °
Dilatancy angle ] ? 5 5 °
'rztdeJZi;enStre”gth Rinter 0.6 0.6 0,6 Rigid (1.0)  Rigid (1.0) -

Course ,PLAXIS ADVANCED COURSE’ 3



EXCAVATION OF BUILDING PIT (MC-Model)

GEOMETRY AND MATERIAL PROPERTIES INPUT

Start a new project

Enter general settings

Accept the default values in the Project tab sheet of the General settings (15-node elements). For the

dimensions see Figure 3.

Weight ki fm

Project properties
Project| Model
Type General
Model [Plane strain v] Gravity 1.0 g (-Y direction)
Elements [15-Noded v] Earth gravity 9.810 m/s?
T s 10,00 khfm?
Units et
Conto
Length [m v] ortour
X oo 0.000 m
Force [kN vl n
b 97.50 m
Time [day v] s
¥ min -55.00 m Y
Stress kM fm2
¥z 0 m

= ¥

[ 5et as default

Mext Cancel

Figure 3: General settings, tab sheet dimensions.

Enter GEOMETRY, PLATE, interfaces, anchors, and geotextiles

Start by using the borehole tool

H=

to define the virgin soil conditions.

Enter the material properties for the three soil data sets, as determined in the first table of this exercise.

After entering all properties for the three soil types, drag and drop the properties to the graph of the soil

column on the left hand side.

Set the Head in the borehole to -55 m.

Click the Structures tab to proceed with the input of structural elements in the Structures mode.

Enter the geometry as proposed in Figure 4

Course ,PLAXIS ADVANCED COURSE’



EXCAVATION OF BUILDING PIT (MC-Model)

Y
(59 . (97,5:0)
(0;0) » (40;0)
*(0:5) I
-—
010 @ | e \go-15)
(0;-15) (37}5;-20)
(30;-20)
L L
(0;-25) (37,5;-25)
[ ]
(0;-35) (40;-35)
(0;-45)
(0;-55) (97,5;-55)

Figure 4: Geometry of the model

r
e Click the Create structure button = = in the side toolbar and select the Create Plate I Createplate

option to introduce the diaphragm wall.

«" Create geogrid

e Click the Create structure button again and select the Create geogrid option to

introduce the two geotextile elements that represent the grout body.

¢ Right-click the plate representing the diaphragm wall. Point to Create and click on the Positive interface
option in the appearing menu (Figure 5). In the same way assign a negative interface as well.

Course ,PLAXIS ADVANCED COURSE’ 5



EXCAVATION OF BUILDING PIT (MC-Model)

[1] vine_1
+

| Create b] 4 Line load

I Plate b %} Line displacement

Line contraction
640 Merge equivalent geometric objects @
° )
:.g Snap « Geogrid
x Delete % Embedded pile row
ele

E  positive interface
15 MNegative interface

@a  Node-to-node anchor |

456 0
A+ Well

Drrain

+ 4
++

Groundwater flow BC

Figure 5: Interface assignment to existing geometry

e Click the Create structure button again and select the create node to node anchor
e Create node-to-node anchor  ontion to introduce the two anchors. These anchors connect the
beginning of the grout-body to the wall.

e Enter material properties for the plates, anchors and "geogrids’ as indicated in Table 2, Table 3 and Table 4.
After entering all properties, assign the appropriate properties to the structures.

Table 2: Properties of the diaphragm wall (plate)

Parameter Diaphragm wall

Material Model Model Linear Elastic -
Normal stiffness EA 8.0*107 kN/m
Flexural rigidity El 1.5*%10° kNm?/m
Weight w 8.0 kN/m/m
Poisson's ratio v 0.0 -

Table 3: Properties of the anchor rod (node-to-node anchors).

Parameter Anchor rod

Material Model Model Elastic -
Normal stiffness EA 2.0*10° kN/m
Spacing [ 1.0 m

Table 4: Property of the grout body (geogrid).
Parameter Symbol Grout body Unit
Normal stiffness EA 2.0*10° kN/m

Course ,PLAXIS ADVANCED COURSE’ 6



EXCAVATION OF BUILDING PIT (MC-Model)

MESH GENERATION

e Proceed to the Mesh mode. Generate the mesh and use the default option for the Element distribution
(medium).

e View the mesh. The resulting mesh is shown in Figure 6.

ey TAAVAVENEAVAVAVA
D AVaVa v AVAvAVAVAVA /\/

IS

Figure 6: Medium Finite Element mesh

e Select the Clusters "% around the diaphragm wall and press Refine Clusters S5 button. Generate the
mesh again. This will result in a refinement around the selected Clusters as shown in Figure 7.

DR, ;ﬁﬁﬁb Svavavay

KRS ﬂmv;mﬂk_.
ﬁmwwﬁmmwfﬁ%w A
ﬁm A\ Wﬂ?& mﬁ?ﬁ ﬂ’m‘fmg__

Figure 7: Refined Finite Element mesh
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EXCAVATION OF BUILDING PIT (MC-Model)

WATER CONDITIONS b

e As the phreatic surface is located below the deep send 2 layer, the generation of pore pressures can be
skipped.

r—— ey >

CALCULATION

e Click on the Staged construction tab to proceed with the definition of the calculation phases.

¢ In the Phases explorer the Initial phase is already introduced. Double click the Initial phase to check if the
calculation type is KO procedure.

Make sure all the soil volumes are active and all the structural elements are inactive.

Construction process

The entire construction process consists of five phases. Define the phases, as shown graphically below. For
each phase, use plastic for the calculation type and Staged construction for the loading type.

¢ Inthe first phase (Figure 10) the diaphragm wall is activated and the first excavation takes place. Note that
though the interfaces along the wall are activated automatically with the activation of the wall.

¢ Inthe second phase (Figure 11), a new option is used, namely the pre-stressing of anchors.

e  First the grout-body (the geogrid) is switched on by right clicking on the 'geogrid' element and activating it.
The element will appear in yellow as soon as it is switched on. The light grey color indicates non-active
elements.

e Now the grout-body is active and the anchor element needs to be pre-stressed. In the Selection explorer
set the Adjust prestress parameter to true and assign a pre-stress force of 300kN (Figure 8). The letter P
indicates that a pre-stress force will be active in the anchor.

Create the remaining phases, as indicated in Figure 12, Figure 13 and Figure 14. Select some nodes for the load
displacement curves (e.g. top of wall).

Selection explorer (Phase_2)
= @[] C5_Line_7
Coarseness factor: 10,2500
= (E_j_ ModeToModeanchor_1_1
=} Material: Anchor
Colour: Il
Adjust prestress:
F prestress? 300.0 kN

Figure 8: Selection explorer

e  Start the Calculation.

Course ,PLAXIS ADVANCED COURSE’ 8



EXCAVATION OF BUILDING PIT (MC-Model)

Figure 9: Initial conditions, diaphragm wall and anchors are Figure 10: Phase 1, excavation and activation of the
not active. diaphragm wall.

Figure 11: Phase 2, activation of the anchor and geotextile Figure 12: Phase 3, excavation of the second part.
(grouting). Pre-stressing of the anchor to a value of 300
kN/m.

Figure 13: Phase 4, activation of the second anchor and Figure 14: Phase 5, excavation of the third part
geotextile (grouting). Pre-stressing of the anchor to a value
of 300 kN/m.

Course ,PLAXIS ADVANCED COURSE’ 9



EXCAVATION OF BUILDING PIT (MC-Model)

INSPECT OUTPUT

By double clicking on the node-to-node anchors, Plaxis will present a box, in which the stress in the anchor may
be inspected.

15.3 cm maximum heave

VRPN NANAN
CRRRHIRRRIAAX KN

r o
o
s
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K

Figure 15: Deformed mesh (MC-model with Esg- modulus)

4,4 cm maximum heave :
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Figure 16: Deformed mesh (MC-model with E,- modulus)
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EXCAVATION OF BUILDING PIT (MC-Model)

heave [mml

S rEEEEGE:

1a.00 u'-m 1000 800 600 4.00 100 000
distanes from shaet pile wall [m]

Figure 15: Sole heave after the last excavation step

£0000 40000 20000 000 20000 40040
bending moments [kNm,fm]
—iC_ES0 (mam My™=-530kNm/m] =BAC_Eurimax. bdy=-520kN fm)

Figure 16: Bending moments after the last excavation step
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EXCAVATION OF BUILDING PIT (MC-Model)

DETERMINATION OF PARAMETERS FROM TRIAXIAL TEST

10795 Eso

270_______[ T o,= 100 kPa

asl  / B
|
|
|
| _
l
I 0.675%
|

0 .

0 81

Figure 1: Mohr-Coulomb model for the sand layer.

STRENGTH PARAMETERS

Fill in o1 and o3 in the Mohr-Coulomb criteria:
o;-03=(0;+03)siNp+ 2ccos g

Since c will be small, assume c = 0:

01 — 03 .
= sin
370 — 100
370 + 100 ¢
p=35° For reasons of numerical stability use c = 1 kPa
y=9p-30 v=>5
Th
=y
N .'I:I'i—l:l'g
b \2
I
c b b
L Y -
—

oy tog

.
=

Figure 2: Strength parameter of the Mohr-Coulomb model.
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EXCAVATION OF BUILDING PIT (MC-Model)

STIFFNESS PARAMETERS

Since excavation is considered in this exercise, the input of Young’s modulus E should be based on unloading,
rather than on primary loading.

03 =100 kPa (corresponds with reference pressure, Esg = Eso"f)

Ao, _ 135

=—= = *10% 2 -
50% ae, ~oersn 20" 10 kN/m assume Eyr = 4 Esp

For improved modelling, three regions are distinguished, for each individual layer an average stiffness is
determined by using:

f [ 93
E50=Eg% F Eso = Eicad = Eur = Eunload

We distinguish:

Top layer (from top to - 15 m)

Middle layer (from -15 m to -25 m)

Lower layer (from -25 m to -35 m)

Top layer:

03 = depth - ysoil -+ Ko

03 = average horizontal stress (reference point at - 7.5 m)
03=7.5-18 - (1-sinp) = 58 kPa

58

E9 =2,010* [— ~1,5-10% kPa
50 100

Eu'®P = 4 - E'® = 6.0 - 10* kPa

Middle layer:
03=20-18 - (1-sinp) = 153 kPa

_ 153

Emiddle = 2 0-10% |— ~2,5-10*kPa
100

Eurmiddle =4 Esomiddle =1.0- 105 kPa

Lower layer:
03=30-18 - (1-sinp) = 230 kPa

230
ERSttom = 2.0-10* 00" 3,0-10%kPa

Eurbottom =4 Esobottom =1.2- 105 kPa

Assume for all layers v = 0.33.
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EXCAVATION OF BUILDING PIT (HS, HSS)

EXCAVATION OF BUILDING PIT (HS-Model and HSS-Model)

PLAXIS ADVANCED COURSE
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EXCAVATION OF BUILDING PIT (HS, HSS)

INTRODUCTION

In the next exercise the geometry from ‘Excavation of building pit (MC-Model) " is used. Instead of the Mohr-
Coulomb model, the Hardening Soil and the Hardening Soil Small model is used.

A building pit was constructed in the south of the Netherlands. The pit is 15 m deep and 30 m wide. A
diaphragm wall is constructed using 60 cm diameter bored piles; the wall is anchored by two rows of pre-
stressed ground anchors. In this exercise the construction of this building pit is simulated and the deformation
and bending moments of the wall are evaluated.

The upper 40 m of the subsoil consists of a more or less homogeneous layer of medium dense fine sand with a
unit weight of 18 kN/m3. Triaxial test data of a representative soil sample is given in the exercise ‘Excavation of
building pit in (MC-Model) °. The groundwater table is very deep and does not play a role in this analysis.

GEOMETRY INPUT

e Select the existing project of the ‘Excavation of building pit (MC-Model) * exercise.

e From the File menu select Save As and save the existing project under a new file name.

GEOMETRY INPUT — HS MODEL

¢ Modify the material properties by selecting the item Soils & Interfaces from the Materials menu. Use the
material properties as given in Table 1. Assign the Sand material set to all soil clusters.

YA

/Diaphragm wall
)

D -
Stage;( & |@®

Stage2 @ A top sand
Stage 3 @ ‘.\
e lle \ = SR middle sand
lower sand
deep sand 1
deep sand 2

Figure 1: Geometry for tied-back excavation.
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EXCAVATION OF BUILDING PIT (HS, HSS)

Table 1: Soil material set parameters for HS-model.

Parameter Symbol Top/Middle/ Deepsandl Deep sand 2 Unit
Lower sand

Material model Model HS-model HS-model HS-model -

Type of behaviour Type drained drained drained -

Dry weight Yunsat 18 18 18 kN/m3
Wet weight Ysat 18 18 18 kN/m?3
Young's modulus Esoref 20.000 40.000 60.000 kN/m?
Oedometer mod. Eoed"®f 20.000 40.000 60.000 kN/m?
Unloading modulus ~ Ey"f 80.000 160.000 240.000 kN/m?
Power m 0,5 0,5 0,5 -
Poisson's ratio v 0,2 0,2 0,2 -
Reference stress Pref 100 100 100 kN/m?
Cohesion c 1,0 1,0 1,0 kN/m?
Friction angle 10} 35 35 35 °
Dilatancy angle \ 5,0 5,0 5,0 °
Interfa.ce strength Riar 06 10 10 i
reduction

Ko " Ko=1-sinf 0,426 0,426 0,426 -

CALCULATION
Construction process

The entire construction process consists of five phases. Define the phases, as shown graphically below. For
each phase, use the Plastic calculation, Staged construction.

Create the remaining phases, as indicated in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7. Select
some nodes for the load displacement curves (e.g. top of wall).

— =
¥ .l L] &
° L
e e
LA \\ 1 @ \\
Figure 2: Initial conditions, diaphragm wall and anchors are Figure 3: Phase 1, excavation and activation of the

not active. diaphragm wall.
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EXCAVATION OF BUILDING PIT (HS, HSS)

Figure 4: Phase 2, activation of the anchor and geotextile Figure 5: Phase 3, excavation of the second part.
(grouting). Pre-stressing of the anchor to a value of 300
kN/m.

Figure 6: Phase 4, activation of the second anchor and Figure 7: Phase 5, excavation of the third part.
geotextile (grouting). Pre-stressing of the anchor to a value
of 300 kN/m.

Course ,PLAXIS ADVANCED COURSE’ 4



EXCAVATION OF BUILDING PIT (HS, HSS)

GEOMETRY INPUT - CHANGE MATERIAL (HSS MODEL)

e Modify the material properties by selecting the item Soils & Interfaces from the Materials menu. Use the
material properties as given in Table 2. Assign the Sand material set to all soil clusters.

Table 2: Soil material set parameters for HSS-model.
Parameter Symbol Top sand / Middle Unit

sand / Lower sand /
Deep sand 1 + 2

Material model Model HSS-model -
Type of behaviour Type drained -
Dry weight Yunsat 18 kN/m3
Wet weight Ysat 18 kN/m3
Young's modulus Esoref 20.000 kN/m?
Oedometer mod. Eoed™f 20.000 kN/m?
Unloading modulus Euef 80.000 kN/m?
Power m 0,5 -
Poisson's ratio v 0,2 -
Reference stress Pref 100 kN/m?
Cohesion c 1,0 kN/m?
Friction angle 0) 35 °
Dilatancy angle \ 5,0 °
Interface strength reduction  Rinter 0,6 -
Ko ™ Ko=1-sinf 0,426 -
Shear modulus Go™f 100.000 kN/m?
Shear strain do7 0,0001 -

Course ,PLAXIS ADVANCED COURSE’ 5



EXCAVATION OF BUILDING PIT (HS, HSS)

INSPECT OUTPUT

The main results for this exercise are illustrated in Figure 8, Figure 9 and Figure 10. The maximum values are
listed below in Table 7.

= MC_Eur = MC_E50 e HSS HS

160

140

N\ 120

100

80

heave [mm]

60

20

14 12 10 8 6 4 2 0
distance from sheet pile wall [m]

Figure 8: heave after the last excavation step [mm]
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EXCAVATION OF BUILDING PIT (HS, HSS)

-600  -400  -300 a o0 400 =50 -40 -30 =20 -10 ]
bending moments [kNm/m] lateral deflection sheet pde wall [mm]
il _ES = _Bur ———H55 ——HE e—pAC S0 T Fur e H§ =—jES

Figure 9: Bending moments after the last excavation step Figure 10: lateral deflection of the sheet pile wall after the
[kNm/m] last excavation step [mm]

Table 3: Maximum value of the results after the last excavation step

Parameter Symbol MC (Eso) MC (eur)

Max. Sole heave uy 153 44 57 56 mm
Max. Lateral deflection Uy -45 -12 -15 -13 mm
Max. Surface settlements uy -8 0 -7 -9 mm
Max. Bending moments M, -537 -320 -451 -426 kNm/m
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Modelling of Groundwater in Plaxis

PART A: INTRODUCTION



Groundwater Analysis and Conditions

A. Geotechnical problems are related to
extreme conditions of porewater response are normally considered,
they are:
1. Drained
2. Undrained (Method A, B & C)
, I.e. transient, with the porewater
pressure being dependent on imposed:
1. Permeability
2. Rate of loading
3.  Hydraulic (Flow) boundary conditions
D. The interstitial voids of the soil skeleton can be with
pore fluid and therefore effective stresses are influenced by this action
E. This lecture will look into the following issues:
1. The of pore pressures in PLAXIS
parameters
3. Some of groundwater regimes



Modelling of Groundwater in Plaxis

PART B: DEFINITIONS OF PORE
PRESSURES IN PLAXIS



A. DEFINITIONS AND MODES

A. Calculation Type (Staged Construction Mode)
1.  Ground Water Flow Only
2.  Consolidation (based on P_excess ONLY)

3.  Fully Coupled Flow-Deformation Consolidation (based on Total PWP ie Pactive)

B. Definition of Pore Water Pressure Terms in Plaxis
1. Pactive - Active State Pore Pressures (idea of Total Pore Water Pressure)
2. Pwater - Pore Water Pressures (Psteady + Pexcess)
3. Psteady - Steady State Pore Pressures (Background)

4. Pexcess - Excess Pore Pressures



GROUNDWATER FLOW ONLY MODE

by Phases
% /L 0-
H:) Initial phase [InitialPhase] LE]] | Name Value
() Phase_1 = L] 2 General
1D Phase_1 TRANSIENT FLOW ANALYSIS
Start from phase Initial phase

Calculation type Flow only

Pore pressure calculation type ?;:. Transient groundwater flow

£ 4|4 4

Thermal calculation type [ 1] Ignore temperature
Time interval 10,00 day
Estimated end time 10.00 day
First step

Last step 4

Design approach (None) v

Groundwater Flow mode:
Similar to PlaxFlow but with huge improvements in the kernel (see Galavi, 2010)
All functionalities of PlaxFlow rewritten in PLAXIS code (new)
Steady state groundwater flow
Transient groundwater flow (ONLY POSSIBLE IN THIS MODE)
All types of boundary conditions
New features in wells and drains
Faster calculation (new)



PLASTIC OR CONSOLIDATION TYPE

A Steady-state pore pressures

%% 00 o
1. Phreatic lines

8 Initial phase [InitialPhase] E _ m MName Value .
) Phase_1 CLASSICAL CONSOLIDATION [Phase_1] i3 [© 3/ [I] | [ General 2. Use pressures from previous
in Phase_1 CLASSICAL CONSOLIDATION [Phase_ phase
Start from phase Initial phase -
caton e ) Crekiston . 2. Steady-state groundwater flow
Loading type  Staged construction - an aIySIS
M peight 1000 B, EXxcess pore pressures
Pore pressure célculahontype Steadystate groundwater flow - N Un draine d materlal type ( A) in
Thermal calculation type 1] tgnare temperature hd ; o 5 @ o,
S 10.00day combination with “Plastic
Estimated end tne 10,00 day calculation, combine with
Fiststen : 2. Consolidation analysis
Last step 4
Design approach (Mane) -
INPUT KERNEL

| T |

| Steady State Excess Porewater (¢msimspi  Deformation

. —) Note

|1 H st | 1. UndrainedAnalysis

- TYAroes . | 2. Consolidation
| 2. GWEF calculation | Analysis

Active Porewater = Steady-state + Excess PP




FULLY COUPLED FLOW-DEFORMATION TYPE

Name Value a. Consolidation analysis ON Total PP
- General . 0 5

ID Phase_1 COUPLED FLOW CONSOLIDATION B. lransient groundwater flow an a|yS|S IS

Start from phase Inita phase v Implied in the calculations

Calculation type '@ Fully coupled flow-deformation -

Loading type |—_|-| Staged construction -

M eight 1.000

Thermal calculation type |I| Ignore temperature -

Time interval 10,00 day

Estimated end time 10.00 day

First step

Last step

Design approach (Mone) -

KERNEL

Active Porewater |(e) Deformation




ACTIVE PORE PRESSURE Pactive

9.3.6 PORE PRESSURES

Pore pressures are the quantities that relate to the stress in the pores of the material. The
pores in soil are usually filled with a mixture of water and air. In most cases, stresses and
pore pressures in the soil are negative (pressure). However, due to capillary action or
undrained unloading, pore pressures may become positive (tension), which is denoted as
suction.

PLAXIS distinguishes between different types of pore pressures and related quantities. It
is important to understand the differences between these quantities in order to properly
interpret the results from a PLAXIS calculation.

Total stresses are divided into effective stresses, o', and active pore pressures, Pactive.

0 =0" + Pactive

Active pore pressures are defined as the effective saturation, Sz, times the pore water

PIESSHICS, Pualer- Effective degree of saturation: S.s = (S — S..5) [ Ssat — Sres)

Degree of saturation: S

Pactive = Setf - Pwater Residual degree of saturation: S

Pore water pressure differs from active pore pressure when the degree of saturation is
less than unity, which is usually the case above the phreatic level. Below the phreatic
level paciive @nd Pwater are generally equal.



PORE WATER PRESSURE Pwater

Total stresses are divided into effective stresses and pore pressures, Pore pressures are
composed of steady-state pore pressures and excess pore pressures, including suction.
Since decades, PLAXIS uses the term 'active pore pressure' to denote the contribution of
the pore stresses in the total stresses. In the context of unsaturated soil behaviour, active
pore pressure is defined as:

Active pore pressure: Pactive = Seft{Psteady + Pevcocs) = Set Pw

Pore water pressure: Dyater = Pstoady + Pexcess

Note that for fully saturated soil the ‘active pore pressure' is equal to the ‘pore water
pressure’, but there is a clear difference in the unsaturaled zone.

As an alternative to the pore water pressure, Pyarer. the groundwater head, h, can be
viewed:

He=P— waj_{_g{

=

W

where z is the vertical coordinate and + is the unit weight of water. In the pore water
pressure a further distinction is made between steady state pore pressure, Dspaagy, and
EXCEeSS pore pressure, Paycess-

Pwater = Psieady + Pexcess

where steady-state pore pressure is the steady-state or long term part of pore pressure,
which is supposed to be input data for a deformation analysis.

Excess pore pressure is the result from undrained behaviour (Undrained (A) or (B), or
low-permeable materials), and is affected by stress changes due to loading or unloading,
a (sudden) change in hydraulic conditions and consolidation.




STEADY-STATE AND EXCESS PORE PRESSURE

I:)steady I:)excess.

Steady-state pore pressure: Psteady
« Input for a deformation analysis Plastic Drained or Undrained Analysis

. Direct generation based on phreatic levels and cluster-related pore pressure
distribution

. Or, calculated from steady-state groundwater flow calculation GWF- STEADY FLOW

Excess pore pressure: Pexcess
> Result from undrained behaviour (Undrained (A) or (B)) and K,,/n from Table C.1

. Affected by loading, a (sudden) change in hydraulic conditions and consolidation.

. In the case of a fully coupled flow-deformation analysis, Psteady is calculated from a
preliminary steady-state groundwater flow calculation using the hydraulic boundary
conditions at the end of the calculation phase. This enables the calculation and
output of Pexcess for a fully coupled analysis in all steps. Pexcess = Pwater — Psteady-

Consolidation process is dissipation of P,gjye OF Peycess 0 Psieagy Values in the
long-term condition



SATURATION AND SUCTION

SATURATION

SUCTION

Effective degree of saturation: Sgi = (S — Sjes)/(Ssat — Sres)
Degree of saturation: S

Residual degree of saturation: S

Saturated degree of saturation: S, (usually 1.0)

. There is a relationship between the (effective) degree of saturation (S or Sg¢) and
the suction in the unsaturated zone, which depends on the selected soil-water
retention curve in the material data set. By default, the data set for 'fine sand' is
selected.  SWRC (OR SWCC OR RC) = SATURATION — SUCTION RELATIONSHIP

The term 'suction' is used to denote any positive value of pore water stress (pore water
tension):

Suction: Tension component in Py Suction = Max(pPwater, O)

. Suction could be a result of a positive component in Psteaqy as Well as Pexcess, but it

is evaluated from the sum of both. [Include Steady (capillary action) and Excess_PP components
(undrained unloading)

Effective suction: Suctiongs = Sgis Suction

. When multiplied by the tangent of the friction angle, this quantity gives a kind of
'artificial cohesion' in the soil. This is know as the apparent cohesion

Similar in concept to Prof Fredlund’s strength model Ca = (ua-uw)*tan ¢, = S *tand



TERZAGHI OR BISHOP EFFECTIVE STRESS

Terzaghi Effective Stress (only for Saturated Soil with pressure or suction)

Effective stress: o' (stress in the soil skeleton)

Total stress: @ = 7' + Pagive

Terzaghi's effective stress: o' =0 — Paive

. Terzaghi's definition of effective stress applies to saturated soils.

Bishop Effective Stress (only for Saturated/Unsaturated Soil with pressure or suction)

Bishop' s stress: ' =0 — P + \(0s — Pwater)
Atmospheric pressure: p; (100 kPa, but in PLAXIS taken as the zero reference level)
Matric suction coefficient: \ S-eff = Effective Degree of Saturation

In PLAXIS, p. is assumed to be 0 and \ is supposed to be equal to S, so Bishop's
stress in PLAXIS:
o' =0 — St - (Psreac.’y + Pexcess) = T — Pactive

«  When the soil reaches full saturation (S = 1), Bishop's stress coincides with
Terzaghi's effective stress.

. Using Bishop's effective stress as a basis for all calculations, distinction can still be
made between conventional calculations (fully saturated or dry materials) and
calculations in which unsaturated soil behaviour is taken into account.

«  The aforementioned distinction can be made by ignoring suction or allowing suction.



Modelling of Groundwater in Plaxis

PART C: GENERATION OF POREWATER
PRESSURES



GENERATION OF STEADY-STATE PORE PRESSURES

Steady-state (Background) pore pressures can be generated by:

A. Phreatic and Cluster Approach (Hydrostatic)

B. Groundwater Flow Analysis



PHREATIC AND CLUSTERAPPROACH
GENERATION OF STEADY-STATE PRESSURES



PHREATIC AND CLUSTER APPROACH

A. Phreatic Level

1. General Phreatic Level

2. Cluster Phreatic Level
B. Cluster Pore Pressure Distribution

1. Interpolation (Adjacent to clusters or phreatic lines)
2. Cluster Dry

3. User-defined Pore Pressure Distribution (by Customised BH)



il

C1.

R

PHREATIC LINE

Tl | 5 M

0048 0058 00.08 00,8t 00,8t
- T - - ! 1 | 1 | Lo bl | 1 |
= 1 .
&l E oot
i =
* 2
ih =
- E oosr
i E
3 — ¥ - 3 E
- ik =
Bifa E oo.ar
ik E
h - =
5] =
i =
alk& E oo
=
1] =
e i E
¥ W =
p= h Tw H 3
L F 002
* W E
F_ooe
F oos
F_o0.0

Porewater pressures are hydrostatic

Calculated based on gamma-water * height of the water column

Simple situations (water-table is horizontal)

No flow

For cases, i.e. simple excavations, foundations or embankments
Hydrostatic steady-state pressure along interface



GENERAL PHREATIC LINE




GENERAL & CLUSTER PHREATIC LINES




Cluster: Dry

' || €S_GeneratedSoilPolygon_1_Soillayer_6

E/Set cluster dry

Eﬂ Set cluster to interpolate pore pressures
E|‘ Set cluster to global water level

Set custom water level 2

ﬁ Fegenerate

@ Preview phase




CLUSTER DRY + INTERPOLATION COMBO

&l }E "'i"|j_ ..‘#."'E*E :

[ 1] cs_eneratedSoilPolygon_1_Soillayer_6 .,,q f
o |

Activate

Deactivate

Set duster dry - ;""E: '“

b .-r

Set duster to interpolate pore pressures

Wm s m

Set duster to global water level

Set customn water level

Regenerate

Preview phase

5 _GeneratedSoilPolygon_1_Scillayer_6

Activate

Deactivate

Set duster dry

Set cluster to interpolate pore pressures

WA e BE D

Set duster to global water level

Set custom water level

Regenerate

Preview phase

A H

Cluster Dry

Interpolated




Cluster: User-defined Pore Pressure Distribution

EIJ (S_GeneratedSoilPolygon_1_Soillayer 6

n] Activate
"_‘] Deactivate

Set cluster dry
I.Iﬂ Set cluster to interpolate pore pressures

E} Set cluster to global water level

ﬂ Regenerate

@ Preview phase

‘ Set custom water level 3 ‘ E

BorehaleWaterLevel_1

UseriWaterLevel_3
UseriWaterLevel 2

UseriaterLevel_1

Set custom water level by

custom BH with any kind of

water settings




DEFINE WATER CONDITIONS IN INDIVIDUAL SOIL
LAYERS IN BH IN SOIL MODE

Borehole_1 (c| Borehole 4 [oy) .
Insert te
T e
Head  2.000 Head  2.000 Soil layers | Water | Initial conditions | Field data |
Layers Borehole_1 Borehole_4
£.000 6000 = Water conditions Peop P bomom Pip P bottom
PR 1 Hydrostatic 5.000 -15.00 0.000 -45.00
\
4,000 4000 BN\ 2 Head -20.00 -38.00 -15.00 -45.00
\. 3 Dry 0.000 0.000 0.000 0.000
2,000 2,000
2 _*‘ul 4 User-defined 1.000 -20.00 0.000 -30.00
\\ ' \
8,000 N 0,000 | \,'
|| '_ikl
2000 .‘*"' -4:000 l".
4,000 4,000
6000 ll| 5,000
!
8,000 ‘ -8,000
|
[
1040 | -10.03
| #Peoehoes | [ [meteias [ ok |

Figure 4.5 Water tabsheet of the Modify soil layers window



DEFINE HYDRAULIC CONDITIONS IN STRUCTURE MODE

»
“ie Creste wed
& OORE e
.
.

rpate hran

, Create groundwates fow be

Figure 5.41 The Create hydraulic condilions menu

Selactinn expiores
2 Une |

X 5.000m

y: 0.000m

« 1100m

y:2.000m
Oran_1

Behavios : Normal

ha 0.000m

Figure 5.43 Normal drain definition in the Selection explover

wel _t .
Bebaviowr: Extracton EXtraCtlon
IQ ot it ©.000 m*fday/m . .
or Infiltration

well

Figure 5.42 Well definition in the Selection explorer

The minimum possible head in the well, When the groundwater
head reduces below the hyy, level no further extraction will
occur. As a habit, h,,, may be set equal to the bottom level of
the well in the ground.

Selettion explorer

% lre_l

%: 5000 m

y: 0000 m

Xx: 11.00m

y: 0.000 m
Dran_}

Behaviour: Yacuum

n: 0.000m

Figure 5.44 Vacuum drain definition n the Selection explorer

* Drains are lines where Excess PP are set to
reduce to the specified head h. These are
relevant only to GW Flow, Consolidation or
Fully Coupled Analysis

* Normal drains setting will cause Excess PP to
reduce to given head h, usually set at
hydrostatic value. PP lower than given head are
not affected (ie it works only for compressive
Excess PP)

* Vacuum drains allow drains to reduce Excess
PP to below atmospheric pressures (tensile
Excess PP). The value of h is set to —ve value
usually to a maximum of -10m (-100 kPa). Real
drains can only achieve between -60 and -80
kPa




Groundwater Flow Analysis
GENERATION OF STEADY-STATE PRESSURES



GROUNDWATER FLOW ANALYSIS OPTIONS

1. Steady-state Pore Pressure Generation based on Groundwater Flow Calculation
. PLASTIC CALCULATION TYPE

. CONSOLIDATION CALCULATION TYPE

2. Transient-state groundwater flow
- IMPLIED IN FULL-COUPLED FLOW DEFORMATION ANALYIS

POSSIBLE TO PERFORM THIS ANALYSIS IN “PURE” GWFMODE



GROUNDWATER FLOW: STEADY STATE

Calculation based on setup of:

1.

2.
3.

Boundary conditions:

a) Prescribed water levels (constant)

b) Closed flow boundaries (bottom, axis of symmetry)

c) Wells and drains (constant)

d) Interface elements (on=impermeable, off=permeable)
e) Inflow / outflow (constant)

Soil permeabilities of layers

Phreatic level in the soil is being calculated for t=infinite



GROUNDWATER FLOW: TRANSIENT-STATE

Transient groundwater flow:

1.

o

Boundary conditions

a) Prescribed water levels (changing with time)

b) Closed flow boundaries (bottom, axis of symmetry)
c) Wells and drains (changing with time)

d) Interface elements (on=impermeable, off=permeable)
e) Inflow / outflow (changing with time)

Flow field changes in time:

a) Constantly changing natural water conditions

b) Relatively fast building process, pumping, wells
Embankments with river changes, tidal change
Reservoir impoundment and drawdown

Precipitation problems



Pore pressures — steady-state

= .
am - mm

Steady-state flow:
Water conditions
settings

RESULTS — FLOW FIELD RESULTS — GROUNDWATER HEAD

Eaasnannde DELIE S S L ARE S 2l
S P - WP Wi VLT T 0t POTY
v w4 " ——— o r—



STEADY STATE — ARTESIAN CONDITION

...- — T
WATER CONDITIONS 3
SETTINGS: il

| .

CLOSED FLOW

RESULTS — GROUNDWATER
HeAD—— e

RESULTS — FLOW FIELD




SOME POINTS: FINITE ELEMENT MODELING

1. GWEF calculation generally needs finer mesh than deformation analysis

2. GWF calculation generally needs larger number of steps than deformation
analysis

3. GWF calculation usually converges, but can be problematic when:

a) Mesh is too coarse

b) Elements are distorted

c) Large differences in permeability of adjacent layers



SOME POINTS- FINITE ELEMENT MODELING

Phreatic line of zero PP
Flow

1. Qualitative evaluation:
Flow field
«  Location of phreatic line
2. Quantitative evaluation:
 Heads, pore pressures compared to hydrostatic,

«  Compare with measurements or field experience



Modelling of Groundwater in Plaxis

PART D: HYDRAULIC MODELS IN PLAXIS



Groundwater flow - flow In unsaturated soill

Water content and permeability in unsaturated zone

pore pressure K

[T <@

K=Kie Keats Kiet = T (hp’S)

o(h,)
N

I

S(h) =

h,=W => pressure head




Groundwater flow - flow in unsaturated solil

A. Linear Model

L(\rel
1
m
ke > O > hp
|[1 h,>0  Saturated For numerical stability
kg=4{1-mh, ~ O0>h,>/ Partially saturated
1 o\/
- h<p P ﬂ>§ﬁ§



Groundwater flow - flow Iin unsaturated soil

Soil Water Characteristic Curve (SWRC or RC)

ol

c

3

5 = Field data

o

= —van Genuchten Model

T 20

s

£ 15 |

Y]

g 10 ' 1 1 ' ' T 1
§ 0 -50 100 -150 -200 -250 -300

pore water pressure head y [cm]
il '." Field data
* Field da

;. g8
8 06 - — Mualem + van

E 04 - Genuchten Model

Q@
& 02

0 - — —r — ' T
0 -50 -100 -150 -200 -250 -300

pore water pressure head 1y [cm)]



Groundwater flow = flow in unsaturated solil

van Genuchten model

S(h;) =S+ (Six — Seec) (1+ (9.

gnﬂ[

Ke (S) - (Se )gl

with

1-| 1- se(

dn-1

)

gn-1)

on )

e

S — S_Sres
Ssat_sres

S.a Sres: Saturated and residual saturation
Ja» G, and g;: curve fitting parameters

hp

1—9n)
Dgn) In
2



Groundwater flow — flow In unsaturated soill

Approximate van Genuchten model

s(hp)=<1+“:]—p‘ if h,<h <O
ps
0 if hy<h

(1 if h

| - -
ke (hy )= 1ol if hy <hp <0

10¢ If h) <hy
L

hps: length of partially saturated zone under hydrostatic conditions

hp: pressure head at k=104



Groundwater flow - material data sets

A. Parameters:
1. Permeabilities (ky, ki)
2. Void ratio (to calculate storage)

3. Elastic storage coefficient
(The volume of water that a unit volume of saturated soil loses due to
a unit reduction in the applied water head)

4. Maximum unsaturated zone height
A. Soll classification
1. Particle fractions

2. Predefined series (Staring, Hypres, USDA) with Van Genuchten and
Approx. van Genuchten parameters.

3. User-defined



Groundwater flow - material data sets

0 B & [

| General | Parameters | Groundwater | Thermal I Interfaces I Initial |

Property
Model
Data set
Model
Soil
Subsoil Topsoil
Type

Flow parameters

Set to default values

k

s

Ky

“Woinsat
init

5

=

Change of permeability

Ck

Unit

mfday

mfday

1/m

Value

%Staring

Van Genuchten

Subsaoil

Mondoamy sand (01)

1.000E15

Soil Graphs

Loam

01  Nondoamy sand
Loam poor, very fine to moderate fine sand

0-10 %

Lutum %
QOrganic 0-3 %o
M50 105-210 pm
a8, 0.0100

B 0,350

kg 1.760E-6 mfs
dg 2.24 1/m
q| 0.00

an 2.29

Soil Graphs

w

P

-1.0

0.0

______________________________

______________________________

------------------------------

——————————————————————————————

de-ee- tee-ne ey q==n- pee-3--

0.00010.001 0.01 0.1 1
kr [

1--t--r--i-am-d--r--beom -
0.2 04 06 0.8 1.0
ar[4]

Soil classification - Staring
Dutch soil classification system

18 upper soils data sets
18 lower soil data sets

Upper soils:

< 1m below soil surface
Lower solls:

all deeper soils



Groundwater flow - material data sets

e & I

General | Parameters | Groundwater |Therma| IInherfar_es IInitiaI |

Property

Model
Data set
Madel

Soil
SubsoilTopsoil
Type
< 2pm
2 pm - 50 pm
50 pm - 2 mm

Flow parameters
Set to default values
k)ﬁ
k\,
Vst
€ init
SS

Change of permeability

Ck

Unit Value

Hypres

Van Genuchten

Subsoil

%Fine :
%o 46.00
%o 20.00
%o 28.00
mjday 0.08502
mjday 0.08502
m 10.00E3
0.5000
1fm 4.008E-0
1.000E15

Soil Graphs

[ml

-7.9

-5.2

-2.8

-------------------------

0.0001 0001 0.01 0.1 1
Kr [

-10.5 4

0.0

----------------------------------------

_______________________________________

Soil classification: Hypres

Hydraulic Properties of
European Soils

Particle distribution:
e <2um

e 2um - 50um

* 50pm — 2mm

5 upper soils data sets
5 lower soil data sets
1 organic soil data set



Groundwater flow - material data sets

J B & [

General | Parameters | Groundwater |Therma| I Interfaces I Initial |

Froperty Unit
Model
Data set
Model
Soil
Type
< 2pum %o
2 pm - 50 pm %o
50 pm - 2 mm %o

Flow parameters

Set to default values

k,, mfday

kv mfday

“Wunsat u

€ init.

5. 1/m
Change of permeability

Cx

Value

USDA

Van Genuchten

st

6,000

87.00

7.000

0.5956
0.5956
10.00E3
0.5000

4.068E-6

1.000E15

Soil Graphs

“
e

F

"‘\.‘
<

£
"J
%
P N— /\ /\?%
5 /éi Eéij’ ;%mu

100 a
[%c] Sand 50 pm - 2 mm

ks

Soil Graphs

Soil classification: USDA

United States Department of
Agriculture

Particle distribution:
e < 2um

e 2um - 50um

* 50um — 2mm

12 soils data sets

No difference between
upper and lower soils



Groundwater flow - material data sets

Soil classification and Van Genuchten parameters

O i & O

General I Parameters | Groundwater |Therrna| I Interfaces I Triitial |

Property

Model
Data set
Madel

Soil
SubsoilTopsoil
Type
< 2pm
2 um - 50 pm
50 pm - 2 mm

Flow parameters
Set to default values
k

ky

8

“Wunsat
Cinit
5

5

Change of permeability

Ck

Unit

m/fday

m/fday

1fm

Value

Hypres

Van Genuchten

éSubsu:uiI

Coarse

10.00

13.00

1.000E15

Soil Graphs

w
[m]

-1.7 4

-1.3 4

0.9 4

v
[m]

-1.7 4

-1.3 4

0.9 4

] ' ' ' '
""" i I e e ==

0.0001 0.001 0.01 0.1 1
kr [

00 Lo ey

Relative permeability

For SS Flow analysis,
only need Relative
Permeability

Degree of Saturation
SWCC (Soil Water
Characteristic Curve)

Both Kr and Sr
functions are
needed for Transient
Seepage and Fully
Coupled Flow
Consolidation
analysis



Modelling of Groundwater in Plaxis

PART E: EXCAVATION EXAMPLES

GWT LOWERING BY STEADY STATE SEEPAGE
GWT LOWERING BY TRANSIENT SEEPAGE



GWT lowering SS Seepage

B 2SO U !;;ﬁ Excavate 10m, k=1e-5m/s i
SN 4 e
— - - \Lower 3.0m =
Excavate 15m, k=1e-5 m/s - For a given permeability value and Steady-state
~ + GWT drawdown is nearly proportional to
Lower 5:6m - excavation depth.




GWT lowering SS Seepage

- .. - - e - - .- -— .. - e

Excavate 15m, k=1e-5m/s ' “ Excavate 15m. k=le-7 m/s !::
. ,_ , = E
Lower 5.6m - | Lower 5.6m 2

- 7 7 777 "~ Fixed geometry configuration but variation in
Excavatg 15m, k=1e-9m/s !’“ permeability:

| ower56m | e  For SS case, GWT is not dependent on k.

[ » Pattern of GW heads is function of geometry
I::-,:: only and soll layer arrangements




GWT and Transient Seepage

Excavate 5m, k=1e-7 m/s

Excavate 5m in 30 days.
Sands, k=1e-5 m/s is like SS case

Clays, k=1e-9 m/s very little GWT
lowered



GWT and Transient Seepage

B - THe L L N RHE Wb mod W RhR

e

L B - THe L L N RHE Wb mod W RhR

Excavate next 5m in 30 days.

Excavate 10m, k=1e-9 m/s

r Sands, k=1e-5 m/s is like SS case

T Clays, k=1e-9 m/s very little GWT
- lowered




GWT and Transient Seepage

N RHE Wb W L] e

!:-.

Lower 3.€

S B B ¥ amoAwHEH B
ié!!;??!§§!§!§¥§§!‘

L R -

Excavate next 5m in 30 days.

!,w Sands, k=1e-5 m/s is like SS case

- Clays, k=1e-9 m/s very little GWT
lowered

— L
BEERRNEREE

L I

RN E



GWT in Fully Coupled Flow Models

Excavate 25m, k=1e-5m/s Excavate 25m, k=1e-7 m/s

Lower 8.0m Lower 4.7m

= Excavate 25m in 150 days.

Sands, k=1e-5 m/s is like
SS case

Clays, k=1e-9 m/s very little
GWT lowered




END

QUESTIONS?
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A
Undrained Soil Behaviour and Consolidation A - ﬁ-lc;la'!.

Drained / Undrained | Skempton’s Parameters | Modelling Undrained Behaviour | Consolidation | Example

CONTENTS
= Definition drained / undrained

= Drained / undrained soil behaviour
« Skempton‘s parameters A and B

= Modelling undrained behaviour

* In terms of effective stresses with drained strength parameters
* In terms of effective stresses with undrained strength parameters
* In terms of total stresses

= Influence of constitutive model and parameters

* Influence of dilatancy
» Undrained behaviour with Mohr-Coulomb Model
 Undrained behaviour with Hardening Soil Model

= Consolidation
= Example - stability of embankment
= Summary

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING
JA

COMPUTATIONAL GEOteCHNICS GROUP



A
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= Drained analysis appropriate when
* permeability is high
- rate of loading is low
* short term behaviour is not of interest for problem considered

= Undrained analysis appropriate when

« permeability is low and rate of loading is high
* short term behaviour has to be assessed

= Implications of undrained soil behaviour
* €XCess pore pressures are generated

AU # 0, Ac # Ac’

* no volume change

in fact small volumetric strains develop because a finite (but high) bulk modulus of water is
introduced in the finite element formulation

- predicted undrained shear strength depends on soil model used
« assumption of dilatancy angle has serious effects on results
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PORE PRESSURE PARAMETERS A AND B
Skempton 1954: pr —B [AG3 + A(AG1 — Ao, )]

= fully saturated soil

= no inflow / outflow of pore water

= pulk modulus of soil grains >>>

= jsotropic linear elastic material behaviour (Hooke’s law)

AgvoI, skeleton — A‘c;vol, pore water

= Ap ¢ F

AgvoI, skeleton

K 3(1 -
nAp, ZV)
AgvoI, pore water —
Kw
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PORE PRESSURE PARAMETERS A AND B
Assuming triaxial compression:

AG—I; AGZ — AG3

Ac, +2Ac; —3Apw K

Ap,, =
P 3K" n
leading to Apw = 1 [AG +1(AG Ao )}
w = 3 1 3
1+nK_K 3

1

with B A=
1+&
K

tttttttttttt
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PORE PRESSURE PARAMETERS A AND B

Notes on parameters A and B:

=for K,, large compared to K, parameter B ~ 1.0 (corresponds to Ap,, = Ap >
Ap =0)

=small amount of drapped air reduces parameter B significantly

=parameter A depends on stress path, even for elastic material behaviour

=parameter A cannot be determined a priori for complex elastic-plastic
constitutive models > is a result of the model behaviour for the stress path

followed
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UNDRAINED SHEAR STRENGTH

A — ' ‘
T T=C+o lang total stresses

Effective stresses

= Soil behaves as if it was cohesive
= G (= SJ): undrained shear strength
« G, only changes if drainage occurs (no change if undrained conditions prevail)
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UNDRAINED BEHAVIOUR WITH PLAXIS

UNDRAINED A (analysis in terms of effective stresses):
effective strength parametersc’, ¢’, v’
effective stiffness parameters E;;,’, v

UNDRAINED B (analysis in terms of effective stresses):
undrained strength parametersc=c, =0,y =0
effective stiffness parameters E;;’, v

UNDRAINED C (analysis in terms of total stresses):
total strength parametersc=c,, ¢ =0, y =0 undrained
stiffness parameters E,, v, = 0.495

tttttttttttt
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UNDRAINED A
Constitutive equations in terms of

t A4 . 1 1
effective stresses: Ao '=D'Asg

the total stiffness matrix is computed as:
D=D+D;,

=single set of parameters in terms of effective stress (undrained, drained,
consolidation analysis consistent)

=realistic prediction of pore pressures (if model is appropriate)

=the undrained analysis can be followed by a consolidation analysis
(correct pore pressures, correct drained parameters and c, is updated

automatically)
=c, iIs aconsequence of the model, not an input parameter!!
Available for all models (including user defined models)!
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UNDRAINED C

A

Constitutive equations in terms of
PEae total stresses: Ao =D A¢

s TSP=ESP

= parameters in terms of total stress
= no prediction of pore pressures (only total stresses are obtained)

= the undrained analysis can not be followed by a consolidation
analysis

= c,lis aninput parameter!!

Available for Linear elastic, Mohr Coulomb, NGI-ADP models
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A e
t //,,
ESP TSP

n v

S,

=sparameters in terms of total stress and effective stress
=prediction of pore pressures (but generally unrealistic)

*the undrained analysis should not be followed by a
consolidation analysis (pore pressures unrealistic and c,is not
updated automatically). Note: "Model change" to effective
parameters also not recommended because of unrealistic pore
pressure distribution.

=Cc, IS an input parameter!!

Available for Mohr Coulomb, HSM, HSSM, NGI-ADP models
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UNDRAINED STRENGTH FROM MOHR-COULOMB

Consider fully undrained isotropic elastic behaviour
(Mohr Coulomb in elastic range)

Ap,, = Ap > Ap” = 0 — centre of Mohr Circle remains at the same position

T A

C, = %(J;(O + g'y°)sin @' + C'cosg'

c' cos @'

Undrained
shear strength c,

>
c

Mohr Circle for evaluating undrained shear strength (plane strain)
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Parameters used for Hardening Soil model (HS)

Parameter Meaning Value
Y [KN/m?3] | Unit weight (unsaturated) 16
r [KN/m3] | Unit weight (saturated) 16
o) [°] Friction angle (Mohr-Coulomb) 24
c' [kPa] Cohesion (Mohr-Coulomb) 0

W [°] Angle of dilatancy 0
Vu [-] Poisson’s ratio unloading-reloading 0.20
o [kPa] Secant modulus for primary triaxial loading 2000
= | [kPa] | Tangent modulus for oedometric loading 1 000
E.~ | [KPa] Secant modulus for un- and reloading 7 500
m [] Exponent of the Ohde/Janbu law 1.0
p [kPa] Reference stress for the stiffness parameters 100
S [] Coefficient of earth pressure at rest (NC) 1-sin(®’)
R [-] Failure ratio 0.90
Orension [kPa] Tensile strength 0

Parameters for Soft Soil model and Mohr Coulomb model accordingly
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Undrained triaxial test (numerical simulation - UNDRAINED A)
Preconsolidation to 100 kPa > compression / extension

q [kN/m?]

Triaxial compression:

[ A2c,

¢ /o, = 0.47 (MC)
¢ /o, = 0.35 (HS)

Triaxial extension:
c, /o, =0.36 (MC)
c, /o, =0.26 (HS)

125
Advanced models - Method A _--7
100 A
(HS / SS) P
-
75 f”
-
-
. ¢"” \
’f
259 -7 Mohr Coulomb model
’f
-
O 1
-25 - l‘
// l
-50 ( |
75 L
-100 . . . . .
0.00 -25.00 -50.00 -75.00 -100.00 -125.00 -150.00
p' [kN/m?]
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Undrained triaxial test (numerical simulation - UNDRAINED A)
Test 1: Preconsolidation to 200 kPa > compression / extension

Test 2: Preconsolidation to 200 kPa > isotropic unloading to 150 kPa > compression /
extension Test 3: Preconsolidation to 200 kPa > isotropic unloading to 100 kPa >
compression / extension

200 -
P |
150 Hardenln Soil model .- | I:Azcu (NC)
I
100 1 C — Om :
I

50 +

- Test 3

0 =

q [kN/m?]

-50 A

; / e

Mohr Coulomb model

-200 : : : : : : : :
0.00 -25.00 -50.00 -75.00 -100.00 -125.00 -150.00 -175.00 -200.00 -225.00

p' [kN/m?]
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Undrained triaxial test (numerical simulation - UNDRAINED A)
Test 1: Preconsolidation to 200 kPa > compression / extension

Test 2: Preconsolidation to 200 kPa > isotropic unloading to 150 kPa > compression /
extension Test 3: Preconsolidation to 200 kPa > isotropic unloading to 100 kPa >
compression / extension

INFLUEI\LE;E OF DIFFERENT FLOW RULE IN HSS MODE
225
200 Hardening Soil model
175 A
150 -
125 -
100 -
75 -
50 |
25

0 _<
-25 |
-50 |
-75 |

! !
\ l
— .’
\\
100 | %/
- —~

125 Mohr Coulomb model

1—

I:AZCU (NC)

Hardening Soil
Small model

q [kN/m?]

/I

150 T T T T T T
-0 -25 -50 -75 -100 -125 -150 -175 -200 -225
s o' [kN/m’]
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INFLUENCE INPUT PARAMETERS - HS / HSS MODELS

Eoyef E urref E,oqf (P‘ T} cf 10.7 GO ESO/Eoed
HSS_a 2000 10 000 1000 24 0 0 0.0003 15 000 2.00
HSS_f 3 000 10 000 1000 24 0 0 0.0003 15000 3.00
HSS_g 3500 10 000 1000 24 0 0 0.0003 15 000 3.50
HSS_h 4 000 10 000 1000 24 0 0 0.0003 15 000 4.00
HSS_i 5000 10 000 1000 24 0 0 0.0003 15 000 5.00
HS_a 2000 10 000 1000 24 0 0 2.00
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COMPARISON UNDRAINED A AND B
Practical example: deep excavation in soft clay

UPPER MARINE CLAY

7

Depth [m]

-20

-25

-30

\‘_OWER MARIN

-35

-40

c,-Profile according to geotechnical design
parameter table

-45

E CLAY
“\
OLD AL LUVIUM
20 40 60 80 100
c_u [kN/m?

Institute for
b= SOIL MECHANICS and
\ FOUNDATION ENGINEERING

)\ COMPUTATIONAL GEOtECHNICS GROUP



Elavation, RL {m}

Undrained Soil Behaviour and Consolidation

N
A gty

Drained / Undrained | Skempton’s Parameters | Modelling Undrained Behaviour | Consolidation | Example

GOMPARISON UNDRAINED A AND B

g3

80

BS

7o

65

60+

|
c, - Profile:

Geotechnical design parameter table

Mohr Coulomb model (UNDRAINED A)

/

UNDRAINED A:
Mohr-Coulomb effective (¢' and c')
UNDRAINED B:

Mohr-Coulomb (c,)

20

40 80
Shear strength (kPa)

> significant difference in
undrained shear strength

a0 100
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Practical example: deep excavation in soft
clay

Method A with Mohr-Coulomb (1)
overestimates undrained shear
strength for normally consolidated soft
soils

> (difference in calculated horizontal
displacements significant

> bending moments differ by a factor
of 2

Drained / Undrained | Skempton’s Parameters | Modelling Undrained Behaviour | Consolidation | Example
COMPARISON UNDRAINED A AND B
ABH 32 ABH 31
Fill i
Fi
E (U) \\ E (V)
M (U)
’ ’
NN
M (U)
PEN ~62rﬁrr\1 / Marine Clay
F2 ~170mm /
N rawawsY e
VAR
S S— \.. v
// \\( Mdrine Clay
F2
OA

> minor differences in earth
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SUMMARY - UNDRAINED BEHAVIOUR

"FE analysis of undrained conditions should be performed in effective
stresses with effective stiffness and strength parameters (Method A)

"Method A must be used:
* if consolidation/long term analysis is required
* to exploit all features of advanced soil models

"Undrained shear strength is a result of the constitutive model
(check what ¢, model predicts; be careful when soil parameters are part of the contract)

"Dilatancy angle has to be zero

"Methods (B) and C provide alternative ways to analyze undrained
problems but:

* the constitutive model dos not generally represent the true soil behaviour (before
failure)

* potentially useful for stability problems in undrained conditions (specification of
undrained shear strength is straightforward)
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Node ——
Element

Stress point

Mesh:
Elements: Interpolation of primary variables

Nodes: Primary variables (displacements, pore
pressures)

Stress points: Derived variables (strains, stresses,

Darcy velocites)
S ame order of interpolation in PLAXIS
P o o i o s o o B e NAVAVAVAV
I e i R e i e B e i e e il W/\/\
i e A SO O s SO E e NAVAVAYAVAVAVAVAVANAVAVAVAVAN
S}{}{}{}{}{}{}{}{}g /\/\/\/\/\/\/\/\/\/\/\/\/\
A
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PERMEABILITY

= PLAXIS allows consideration of change of permeability with void ratio

[ k] Ae

lo =
QL%J Ce
Default valuefor ¢, is10%

= There may be large contrasts of permeability between different materials
In the same problem

« Too much permeability contrast may cause numerical difficulties

 Theratio between the highest and lowest permeability value
should not exceed 10°

* To simulate an almost impermeable material (e.g. concrete), a
value lower by a factor 1000 is usually sufficient
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1D CONSOLIDATION

drainage at top and bottom

- NUMERICAL SIMULATION

Isochrones at 25% consolidation:
not symmetric for advanced models

Excess PP at 25% Consolidation

-100 %0 80 -70 -60 -50 -40 -30 -20

-10

depth (m)

excess pore water pressure (kN/m2)

' | ' ' ' y ' [ ' o

s
o

e HS Model
=SS Model
= MC Model

\
JA
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1D CONSOLIDATION - NUMERICAL SIMULATION

Excess PP (KPa)

-100
90 -
.80 |
70 }
60 ¢
50 |
40 |
30 |
20 |

10

Influence of Constitutive Model

—=HS Model
—aSS Model
= MC Model

10000
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EXAMPLE - EMBANKMENT CONSTRUCTION

Influence of consolidation on stability
(only possible with UNDRAINED A and advanced model)

__________________________

influence of construction speed is investigated
"fast" construction: 2 days of consolidation per placement of 1 m embankment
"slow" construction: 3 days of consolidation per placement of 1 m layer embankment

ttttttttt
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EXAMPLE - EMBANKMENT CONSTRUCTION

"slow": max. excess porewater e
pressure: 86 kPa

“fast": max. excess porewater
pressure: 100 kPa
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EXAMPLE - EMBANKMENT CONSTRUCTION

"slow": stable

"fast": failure
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EXAMPLE - EMBANKMENT CONSTRUCTION

fast

!
3
4
3
G

excess pore pressure [kPa]

\

+ 4

/
+ g

L

\i slow

time [days]

Chart1

Institute for
i SOIL MECHANICS and
\ FOUNDATION ENGINEERING

)\ COMPUTATIONAL GEOtECHNICS GROUP



Undrained Soil Behaviour and Consolidation

_~
» TU

Grazm

Drained / Undrained | Skempton’s Parameters | Modelling Undrained Behaviour | Consolidation | Example

SIMPLIFIED REPRESENTATION OF STRESS PATH

t =% (o, - o3)
4

s=1 (0'1"'03)

»pg =1 +
sS=% (51 63) from Ortigao, 1995
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Ground Improvement
with Vertical Drains
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Content
= \Vertical Drains

PVD Parameters

= Analytical Solution

= 2D Axisymmetric Model

= 2D Plane Strain Model

= Floating PVD (Partially Penetrating)
= 3D Model

= Vacuum Consolidation

Conclusion
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Soft Soil and Soft Soil in Indonesia

«  Soft soil deposits (soft clays, organic soils, and peats) are normally characterized by low
shear strength, high compressibility and low coefficient of permeability. Characteristics
which make them a difficult soil for engineering .

«  Soft Soil deposits can be found throughtout world and are also prevailing in many parts of
Indonesia.

« Indonesia possesses one of the longest coastal-line in the world with many of them having
soft soil deposits.

* The area of soft soil deposits in Indonesia is around 30% of Indonesia’s total land area (60
million-ha with 20 million-ha is peats) with varying depth (black area and some white area
on the map).
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Ground Improvement and Vertical Drains

«  Ground improvement techniques play an imprortant role in extending the infrastructure
across the country in difficult soils.

« Preloading and vertical drains, vibro compaction and replacement, in situ soil mixing,
grouting, dynamic compaction, piles, geosynthetics, electro-osmotic, etc, are some ground
improvement techniques.

« The selection of the correct ground improvement technique can have an important effect
on the foundation choice and can often lead to more economical solutions when compared
to traditional approaches.

« Vertical drains combined with
preloading have become common
practice and are among the most
effective procedures for ground
improvement accelerating the
consolidation process (decrease the
time for reaching final settlements).

* The installation of vertical drains
reduces the drainage path and
speeds up the dissipation of excess
pore water pressure generated during
the application of surcharge loads in
saturated fine grained soils.
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Ground Improvement with Vertical Drains

Ayfy

Floating PVD 3D Model Vacuum

Without Vertical Drains

/ Surcharge \\

Preload

Slow draining
subsoil

The installation of vertical drains
provides a shorter drainage path and
a faster dissipation of excess pore
water, thereby resulting in faster
development of settlements and a
quicker gain of strength due to
consolidation.
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With Vertical Drains
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Prefabricated Vertical Drains (PVD)

«  Prefabricated vertical drains (PVD) are typically 10 cm wide, 3 to 9 mm thick, and packed
inrolls.

« The drain consists of a geotextile filter wrapped on a plastic strip with molded channels
that allow water to travel to the ground surface, relieving excess subsurface pore water
pressure.

«  The geotextile filter prevents soil particles from entering the channels and clogging the
drain.
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Installation of Prefabricated Vertical Drains (PVD)

« The installation equipment consists of the drain spools, mandrel, anchor and PVD delivery
route excavator or crane.

«  The mandrel cross-sectional area is typically 60 - 80 square cm.

«  The installation force is typically provided by vibratory methods, static methods or a
combination of these methods depending on the soil conditions.

«  The majority of depths for PVD applications are between 5 - 40 m, however, drains can be
installed up to 60 m.
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Installation of Prefabricated Vertical Drains (PVD)
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«  The wick drain is threaded through the mandrel which protects it from damage as it is
driven through the soil.

«  After reaching the target depth, the drain is anchored to keep it in place while the mandrel
Is withdrawn.

«  The drain is then cut approximately 10 to 30 cm above ground, and a new anchor fastened
to the wick at the bottom of the mandrel in preparation for the next installation point.

«  The drains layout usually consists of triangular or square grid patterns and center-to-center
spacing is usually in the range of 0.5 - 2.5 m.
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Vertical Drain Parameters
dw=0.5(a+b) Rixner et al.(1986)

-
N Along & Covo (1994)
“ \ dw=2(a+b]:":"[
{ \ Hansbo (1979)
\ /
" « Assumed water
\ —flow net

Pradhan et al. (1993)

D, = .05 S .
¢ D= .13 S ~. de
TRIANGULAR PATTERN SQUARE PATTERN | - E. :
Authors Smear zone radius
2 Im.eq

Holtz and Holm (1973); Hansbo (1986), (1987); Bergado et al. (1991), (1993b)
Jamiclkowski et al. (1983)
Mesri et al. (1994)
Hansbo (1997); Chai and Miura (1929); Hird and Moseley (2000}
Sathananthan and Indraratna (2006)

(2.510 3) fmeq
(2 10 4) I'meq
(210 3) rmeq

2.5 I'meq

axb = dimension of drain,
dw = equivalent drain diameter,
= equivalent smeared zoneradius.

S = center-to-center spacing,
De = equivalent influence zone diameter,

rm = equivalent mandrel radius, rs
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. Vertical Drains PVD Parameters  Analytical Solution 2D Axisymmetry 2DPlane Strain  Floating PVvD 3D Model

Vertical Drain Parameters

PHYSICAL CONDITIONS
3

1/2

a/2

s
L

T

IDEALIZED CONDITIONS

Previously proposed by others

Equivalent
circular drain

£ 3
NNNNNNN
[

2222222777227,
[ PV drain
Mandrel

axb = dimension of drain,
re = equivalent drain radius,

rs = equivalent smear zone radius,
rm = equivalent mandrel radius,

% Maximum undrained
Shear Strain, ¥, (%)

(developed using Strain
Path Method)

Ixw = dimension of mandrel,

dw = equivalent drain diameter,
ds = equivalent smear zone diameter,
dm = equivalent mandrel diameter,

|
|
|
|
Z : k
|
|
|
[
1 o
F-———-+-+t-—-—|—duldz=0
Kk N
h—*||l||
HERN
« L
I
s PI I
L0
L
L
L
I
B e el S
- L ~.
L e - .

D = diameter of soil cylinder,
kw = vertial permeability of the drain,
kn = horizontal permeability of soil,

ks = horizontal permeability of smear zone.

Dyflry.
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2DPlane Strain  FloatingPVD 3D Model Vacuum

Vertical Drain Parameters

Vertical Drain Parameters
S - 19 m spacing
axb - 100x4 mm? dimension of drain
AxB - 120x50 mm?2 dimension of mandrel (rectangular)
I - 10 m length
do d.=1.05S 2 m equivalent influence zone diameter (triangular pattern)
d, d,, = 0.5(at+b) 52 mm equivalent drain diameter
d, d.,= 2V(AB/n) 88 mm equivalent mandrel diameter
d, d.=2.5d, 220 mm equivalent smeared zone diameter
n n=dJd, 38.46 - ratio of d.tod,
S s=dJd, 4.23 - ratio of d tod,,
k, - 4.32 x 104 m/day vertical permeability in the undisturbed zone
K, K, =k, 4.32 x 104 m/day horizontal permeability in the undisturbed zone
K ks=0.5ky, 2.15x 104 m/day horizontal permesability in the smear zone
i > - ‘: ! Venical acsln
|
| ‘ < X . UnSsmaed cisy
‘ N .
| |

11
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. Vertical Drains PVD Parameters  Analytical Solution 2D Axisymmetry 2DPlane Strain  Floating PVD 3D Model Vacuum

Influence of PVD Spacing (S)

| 1 10 100 1000 10000 100000

0 | |
S 10 \ fﬁ’W yie gl_nglgrr[l)liaénoerg
% -20 / / /////// —zig,g(s)m — Wk c
2 -30 \ / / ///////// / —oim m
STJ 40 —— % a / :::igfnm
5 50 |\ —gf;,75m
% 00 T / _S;Z,n215m
g —
| . Time (days) Sl

1 10 100 1000 10000

. Valirv 7777 il
20 V11774 —5-0%0m
. 1=

. 111 =
50 / ///////// /' :23;5”‘
60 / // //// Ay / —ziggrsnm

70 ———— <ANEEE T LY s S=2 75m

Double Drained
S=0.5m -3.0m

Excess Pore Pressure (KPa)

-80 Time (days)

12
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Influence of PVD Configuration (de) (Triangular and Square Patterns)

1 10 100 1000

0 \ / Single Drained

-10

/

-30 \ A/

\ /.

-50 \ // Triangular Single
\ 4

-60 \ Square Single
20 /
-80

Time (days)

Excess Pore Pressure (KPa)

1 10 100 1000

-10 \ /

-20 1//

-30 \ // f

-40 \\ // == Triangular Double _
\

// —— Square Double
y/4

-60 \
0 /
-80

Time (days)

-50

Double Drained

Excess Pore Pressure (KPa)

13
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. Vertical Drains PVD Parameters  Analytical Solution 2D Axisymmetry 2DPlane Strain  Floating PVD 3D Model Vacuum

Influence of Smear Zone Diameter (ds)

| ! 10 100 1000
0 \ Single Drained
g ds1=99 mm
< e (IS 1
o 20 \  de ds2= 240 mm
7 30 ds3 ds3= 360 mm
g 40 \ A e ds4= 396 mm
S 50 \ — ds5= 480 mm
\
§ \
LL
80 Time (days)
| ! 10 100 1000
0 -
< 10 \ %
‘f—; -20 \ 7/ —:sl
5 — [
Double Drained g 30 \\ 7 T s
ds1=99mm & -40 ds4
ds2= 240 mm g -50 \ e dS5
ds3=360mm % \
ds4=396 mm § _, \
ds5=480 mm Y %0
L Time (days)
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Influence of Smear Zone Permeability (ks)

1 10 100 1000
0 Single Drained
o \ S O7

:20 \ —— Kh/ks=2 / ////

e KN/KS=3
kh/ks=4
e KH/KS=5

\
2 \ /
- \ [ —xnks=s |/
\
\

0 a///%

-80

-30

Excess Pore Pressure (KPa)

Time (days)

=

10 100 1000

1 \ 7
\ [T Y7/
-30 - kh/kz=4 /////

\
\ /
- \\ —kks=6 | /)
60 \

_ /7

-80

ROIe, RLesSHLe(KPa)

Double Drained

co—~EXCESS

<
™~

Time (days)
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2DPlane Strain  Floating PVD 3D Model Vacuum

Assumptions made in analytical solution :

e Single cylindrical drainage cell model (each drain is independent at the centre of a
cylindrical soil mass, i.e. valid only below centreline of embankments neglecting
lateral deformations).

e Homogeneous soil layer or limited number of soil layer (one or two soil layer
problems).

e Load distribution is uniform.

e Instantaneously applied load or limited steps and rate of loading.

e Based on simple soil models.

5

D
a,
d.-.‘
i

L -.|, Ly P

=

+’Tw

c——f—oduinz=0
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2DPlane Strain  Floating PVD 3D Model Vacuum
Horizontal Consolidation — Barron (1948)

( 8Th\J

_Ch't :kh’Eoed
"o "

v " In() <, 2 (drai ing factor)
= . = ——= ...(darain spacing ractor
4 4n? bacing

2
L= n |an\ _3 & _I_k_h. ...(drain spacing and soil disturbance factor)
2 2
n-s> (s) 4 4n* k.
n=De =G
d, dy
Where,

Uh = average degree of consolidation on a horizontal plane,

u = parameter for perfect drain condition and with smear condition,
Th = time factor for radial drainage,

ch = coefficient of consolidation for radial drainage,

kh = undisturbed horizontal permeability,

ks = horizontal permeability in the smear zone,

de = equivalent influence zone diameter,

dw = equivalent drain diameter,

ds = equivalent smear zone diameter.

17
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. Vertical Drains PVD Parameters AnalyticalSolution 2D Axisymmetry 2DPlane Strain  Floating PVD 3D Model

Vertical Consolidation — Terzaghi (1925)
U,=1- g(&sin(MZ)e(‘M%v))

Vacuum

M :2m+1ﬂ 7_ 2
2 H
TV:CV.t Cv:kV.Eoed
H* e
Where:

Uz = vertical degree of consolidation,
Tv = vertical time factor,

cv = vertical coefficient of consolidation,
kv = undisturbed vertical permeability,

H = height of drainage path (H/2 for double drainage and H for single drainage).

Combination of Vertical and Horizontal Consolidation — Carillo (1942)
U=1-(1-U,)(1-U,)

Where,

U = combination of vertical and horizontal degree of consolidation
Uv = vertical degree of consolidation,
Uh = horizontal degree of consolidation.

18
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Degree of Consolidation for Analytical Solution (Analytical)

Analytical Solution

01 1 10 100 1000
O -
\
0,1 ?\\ \\
\\ N \
02 \\ N \
N\ \

) N HHHA
' \ \

0,6 \

0,7 \ \

Degree of consolidation

" Terzaghi WithOut PVD (Analytical) \
0,8 \ \
=" Barron PVD (Analytical) x
09 ) \u
.Barro.n P.\/D.&S.m.eér. (VAnaIytlc?I) . :~\ N
! | I
time (day) 43days  6ldays 360 days
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2D Axisymmetric Model (MC and HS)

100 kPa 100 kPa 100 kPa
WL, L AL,
t t t t
kv kv kv kv
kv
T kh_> kh_> Y ks
H=L=10m H=L=10m H=L=10m
¢ <« «—
kh ks ™ kh
kv
kv kv kv kv
! ' ! !
)y D=2m > < D=2m > < D=2m >
Without PVD With PVD With PVD and Smear Zone

(De=2m, Ds=220mm, Dw=30mm, Hsoil=10m, Lpvd=10m, P=100KPa, GWT=0m, Double Drained)

20
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3D Model

. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PVD
Soil Parameters (Rotterdam Klei)
Soil Parameters Soil Parameters
MC Mode HS Model
Parameters Cla_y Parameters Clay
Type - UnDrained Type - UnDrained
Yunsat KN/m? 15 Yunsat KN/m3 15
Vsat kN/m3 16 Y KN/m3 16
= it w8 O Ky m/day 4.32x 10
Ky m/day 4.32x 107 K, m/day 4.32 x 10%
3 kN2 1%530 i KIN/m? 4309
= o = Eoet® KN/m? 1800
(:f deg:ge = E,* KN/m? 14400
2
v degree 0 i I(;N/m ;?
Eincr kN/ms3 0 P i
Cincr kKN/ms3 0 ¥ degree 0
Yref m 0 Vur _ 0.2
T-Strength KN/m2 0 Pref KN/m2 100
Rinter - 0.64 m - 0.9
Ko™ - 0.546
Vertical Drain Parameters Ciner KN/m? 0
| 10 m f L 009
f - .
Oe 2 m T-Strength kN/m2 0
dW 2 mm Rinter - 0.64
d, 220 mm S irmer ; 0
K 2.15x 104 m/day

Vacuum
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Excess Pore Pressure - Mohr Coulomb - 20 days

[kN/m?]

5.000

0.000
-5.000
-10.000
-15.000
-20.000
—1-25.000
—1-30.000
—1-35.000
—-40.000
—-45.000
—1-50.000
—1-55.000
—1-60.000
—1-65.000

—-70.000

-75.000

-80.000

-85.000
Excess pore pressures Excess pore pressures Excess pore pressures -90.000

Extreme excess pore pressure -94,84 kN/m? Extreme excess pore pressure -43,53 kN/m? Extreme excess pore pressure -54,75 kN/m?

(pressure = negative) (pressure = negative) (pressure = negative) -95.000

Without PVD With PVD With PVD and Smear Zone
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Degree of Consolidation for Different Models (Numerical vs Analytical)

MC Model
0,1 1 10 100 1000
O -

E\% i

0,2 N
c
L2 03
)
©
)
© 04
(7]
5 = 2D Axi WithOut PVD
u -
S 0,5
8 = 2D Axi PVD
S
g).o 0,6 \
(a] = 2D Axi PVD&Smear \

0,7

Terzaghi WithOut PVD (Analytical) \\
0,8 7 \
=== Barron PVD (Analytical) 0%
09 - \x\R
A
=== Barron PVD&Smear (Analytical) \\\"‘h
. S ) ) o] |, e
1
I
43d sl 61 days
time (day) 4 i 360-370 days
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Ground Improvement with Vertical Drains

2D Plane Strain

Floating PVD

@ why

3D Model

Degree of Consolidation for Different Models (Numerical vs Analytical)

Degree of consolidation

HS Model
0,1 1 10 100 1000
0 -
"‘\\
0,1 t\'\
) \»\\ N
\%Q \:\
0,2 N
A [N \Q\

0,3 \ \
0,4 \\

=== 2D Axi WithOut PVD
0,5 -

=== 2D Axi PVD
0,6 -

== 2D Axi PVD&Smear
0,7 - \

=== Terzaghi WithOut PVD (Analytical) \\ \
0,8 -

““" Barron PVD (Analytical) \ \ \
0,9 o . N \.‘.Q\

. .Barrt?n P.\/D.&S.m.e.ar. (.Analytlc.al) \\\ Nl
time (day) 19% ! 19% 16%

Vacuum
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Ground Improvement with Vertical Drains

2D Plane Strain

Floating PVD

@ why

3D Model

Degree of Consolidation for Different Constitutive Models (MC vs HS)

Degree of consolidation

Degree of Consolidation

0,1 1 10 100 1000
~~ ""'-'-...,_.. "
o1 ~§\2\N \::k\
N
0,2 \K\\:\\\\\ \t:ﬁ
. N PR \
, \\\ \
0,4
=== 2D Axi WithOut PVD (MC) \
0,5 -
=== 2D Axi PVD (MC) \ \
06 -
=== 2D Axi PVD&Smear (MC) \
0,7 -
=== 2D Axi WithOut PVD (HS) \ \
08 - N\ N \
=== 2D Axi PVD (HS) }i
02 - N N
—.2D A.XI P-\/D-&S.m-e?rl (HS) $$:"*- Y
I

time (day) 19%  19%

19%

Vacuum
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Comparison field measured and numerical model

1.0mJ} | Surcharge

2.0m Embankment

b i Settlement plate

1.0m Sand blanket

o
=

Water table at the ground surface

6.0m| | Very soft soil layer
< Prefabricated vertical drains - PVDs
N 12mdepth
1.5m x 1.5m interval |
g Triangular pattern |
6.0m Soft to medium soil layer

Permeable stiff/dense soil layer (two way drainage)

LU A e
t 1 ’
4.0m | 2.0m =—Embankment
ke kv
k| )
I d 1.0m
— \ Pt :
5 [H=L=12m X « 7| Watertable - B
pe T at the ground surface e
ks
B b
l l 6.0m {very soft soil)
<«Dw
+—Ds
———————De
12.0m ) -~
€= Smeared zone
1343 Elements
©.9m | sailn
S (soft to medium soil}
N

Improved area is around 700m x 700m

A good agreement between the
fleld measurement result and the
numerical model prediction in the
2D axisymmetric condition at
Cirebon Power Plant Project.

Dyflry,

Vacuum

4.0m

12.0m
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Vertical Displacement — Comparison field measured and numerical model

Axisymmetric Model and Field Measured
0 50 100 150 200 250 300

-0.1

0.2 +—

0.3
i \ =PVD
-04 e PVD+Smear

N\
i \ —o—Field Measured
-0.5 \
-0.6 \

-0.7

Vertical Displacement (m)

\

-0.8
Time (days)

A good agreement between the field measurement result and the numerical model
prediction in the 2D axisymmetric condition at Cirebon Power Plant Project.
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Conversion of an axisymmetric unit cell into plane strain condition

Hird et al. (1992) Indraratna et al. (1997) Chai et al. (2001)
[ ) & W S - e g 4 o fal __ h \ p g
N — N Ko
' t
Axn:sy‘r.;:.n[,‘lli(‘: ! ) F’tan:r_‘::?..l.rain il // : Amsv;‘:"\':mrlc . Pluu:l:lt-xin
(@) Axisymmetric o Plane Strain (a) x
v T S S o
| Sy - Y —
| | : T
= o o L -
e e— ‘ B — | oy -
PR ) Flana Straln Axisymmetric " Plane Strain -_K:.usymmmri.l;_ ®) - F'I;mu S l-ru.is_l.
Khp! i kinp B K (1 2,51° kh)
— B ; = = & - —
Kh 3[in (T_:;) i (,;,:_s) in(s) - knp k:;’ [ln(§)+(k+;) 1n(s)—0,75]— a ve wdik, J YV

Transforming the in-situ 3D unit-cell axisymmetric condition into equivalent 2D multi-
drain plane strain condition
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Axisymmetric vs Equivalent Plane Strain Condition (Hird et al., Indraratna et al., Chai et al.)

Tanah 1 Lapis Samgat Lunak Kondisi Only PVD dan Double
Draoinage
ﬂm ) T I
-10.00 0 10 10.0
= -20.00
£ 0.0
<
E -40.00 /
S -50.00 : .
5 / St S YR T ST C
o
50.00 e H jrd| & Indraratna
000 —— Chai
-B000 . .
Waktu (hari) Tanahl Lapis Sangat Lunak Kondisi Pvd+5Smeardan Double
Draoinage
ﬂm ) T 1
-10.00 0 10.0 1,000.0
— —20.00
Ly |
£ 3000
£
= =40 00
(7]
&
2 2000 ARISymMEtric
& _g0.00 Fira

. | Araratng

-70.00

-80.00

Walktu (hari)
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Equivalent Horizontal Permeability for Plane Strain Condition — Hird et al. (1992)

100 kPa

222008

A

&

vbbbs

f

kv

f

kv

v

A

D=2m

Ground Improvement with Vertical Drains

100 kPa

AL bbyye byl

H=L=10m|

T

f

kv kv
kn
4—
kn
kv kv

v

A

2B=2m

\ 4
A

\ 4
A

\ 4
A

Without smear zone

H=L=10m

2D Plane Strain

100kPa
Fllllrvwr rllllw
f f
kv kv
kh_> *# ks
<—
ks ™| kh
kv kv
' '
< D=2m >

With smear zone

X

Floating PVD

@ why

3D Model

100 kPa

AL bbyye bbb

H=L=10m

T

T

kv kv
kh”
4—
kh”
kv kv

A

2B=2m

v

vV V. V. VY
A A A A A

Vacuum

H=L=10m

Transforming the in-situ 3D unit-cell axisymmetric condition into equivalent 2D multi-drain plane strain condition
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Equivalent Horizontal Permeability for Plane Strain Condition — Hird et al. (1992)

khp _ 2B?
k__ |' ‘| (for the permeability matching is obtained by substituting B=R=1m)
e A i L
L ) &) )
de
Kip _ 0.67 n=_- (if smear effects are ignored)
ko [In(n)-0.75] dy

Where,

khp = equivalent horizontal permeability in plane strain condition (with and without smear zone),
kh = undisturbed horizontal permeability = 4.32x10-4 m/day (kh=kv),

ks = horizontal permeability in smear zone = 2.15x10-4 m/day,

de = equivalent influence zone diameter = 2m,

dw = equivalent drain diameter = 52mm,

ds = equivalent smear zone diameter = 220mm.

Equivalent Horizontal Permeability (Hird et al. 1992)

Ko 9.98 x 10> m/day equivalent horizontal permeability without smear zone

P’ 6.63 x 105 m/day equivalent horizontal permeability with smear zone
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Excess Pore Pressure - Mohr Coulomb (Plane Strain - Hird et al.) - 20 days

[kN/m?]

5.000

0.000
-5.000
-10.000
-15.000
—1-20.000
—1-25.000
—1-30.000
—1-35.000
—-40.000
—-45.000

—1-50.000

-55.000

-60.000

-65.000

ExCREE para Pressures Excsaz pora predyure EXCESE pars pressures Extceds pora preasur -70.000
Evirese ascess pore prssung 11,53 KHim® Etreme socess pors preeurs 257,13 H'I.?Th'l Evirese asoess pore prssung -+, 78 KHim® Eatreme socess pors preeurs <7154 H'I.?Th'l

¢ A -75.000
|pprenising = g bive Ipresasmre = rga e | |fprenisiune = mdgabive Ipresamre = rdga el

With PVD (Axi vs PS) With PVD and Smear Zone (Axi vs PS)

32



Yoy can catigae ) ) .
I@ggﬁgecﬂnics Ground Improvement with Vertical Drains @ Ty

. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PYD 3D Model Vacuum

Degree of Consolidation for Axisymmetric vs Equivalent Plane Strain Condition (Hird et al.)

MC Model
0,1 1 10 100 1000
0 .
- < . I
T m gy
0,1 \\‘\ \\ \\\
\ s
03 N \§\\§ \
, NS \
NN \
0,3 \
' N \
A \

04
= 2D Axi Without PVD \ \

:,: == 2D Axi PVD \\ \ \

, “7" 2D PS PVD (Hird) \ \k\\ \\

v == 2D Axi PVD&Smear \\ Y\S\ \
W\

0,8 -
s 2D PS PVD&Smear (Hird) ‘\ A
2 days
09 - ) )
’ N
= 2D PS PVD (khSoil) ;\ \f\
\ \ L — | *n"%. \"n-.
time (day) 43-51 days (18%) |61-71 days (16%) ! 370days

/f

Degree of consolidation

"4
.l
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Degree of Consolidation for Axisymmetric vs Equivalent Plane Strain Condition (Hird et al.)

HS Model
0,1 1 10 100 1000
i RN ~
0,1 NEN \\
\\ \
N \

g 0,3
s \\ A
©
5 \
©° 04
c
8 ====2D Axi Without PVD \
‘s 0,5 7 1'.‘
()
v =)D Axi PVD "{
% 06 -
)
(]
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PVD 3D Model Vacuum

Partially Penetration of Vertical Drains (Floating PVD)

~

A A

* Double Drained
* Single Drained

L/H=1;0.9:0.8: 0.7, 0.6: 0.5:0.4;0.3: 0.2: 0.1;: O
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. Vertical Drains PVD Parameters  Analytical Solution 2D Axisymmetry

Influence of PVD Penetration Depth
(Lpvd = 10m, 9m, 8m, 7m, 6m, 5m, 4m, 3m, 2m, 1m, Om)
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PvD 3D Model Vacuum
Influence of PVD Penetration Depth (Double Drained)
(Lpvd = 10m, 9m, 8m, 7m, 6m, 5m, 4m, 3m, 2m, 1m, Om)

100% 90% 80% 70% 60% 50%

(De=2B=2m, Hsoil=10m, P=100KPa, GWT=0m, Double Drained)
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. Vertical Drains PVD Parameters  Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PVD 3D Model Vacuum

Degree of Consolidation for Different PVD Penetration Depth (Axi)

Influence of PVD Depth
(Double Drained)
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PvD 3D Model Vacuum

Influence of PVD Penetration Depth (Single Drained)
(Lpvd = 10m, 9m, 8m, 7m, 6m, 5m, 4m, 3m, 2m, 1m, Om)
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(De=2m, Hsoil=10m, P=100KPa, GWT=0m, Single Drained)

39



Yoy can catigae ) ) .
I@ggﬁgecﬂnics Ground Improvement with Vertical Drains @ Ty

. Vertical Drains PVD Parameters  Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PVD 3D Model Vacuum

Degree of Consolidation for Different PVD Penetration Depth (Axi)

Influence of PVD Depth
(Single Drained)
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Ground Improvement with Vertical Drains
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Excess PP for Different 3D Condition (2D axi vs 3D)
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PYD 3D Model Vacuum

Excess PP at end of Construction — HS Model

000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
[kiy/m?]
10,007 0,000
E -4.000
] -8.000
5.00] -12.000
] -16.000
] -20.000
% -24,000
-28.000
-5.00] -32.000
E -36.000
] -40.000
1°'°°£ (-44.000
] H-48.000
E (-52.000
o -56.000 o]
: -60.000
-64.000 o0
20007 , !
-68.000 o0
E 2o -4.400
25.00 -76.000 o
] -80.000
E -12.800
: -17.000
2D Plane Strain Model
. [—1-25400
——1-29.600
——1-33.800
——1-38.000
142200
146400
[———1-50.600
[———1-54.800
-59.000
-63.200
-67.400
-71.600

-75.800

3D Model

46



L LTI A e ; ; }
I@ggﬁgecﬂnics Ground Improvement with Vertical Drains @“Lla!_

. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PYD 3D Model Vacuum

Excess PP at end of Construction — HS Model (Floatiing PVD)
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. Vertical Drains PVD Parameters  Analytical Solution 2D Axisymmetry 2D Plane Strain  FloatingPVD 3D Model Vacuum

PVD with Vacuum Preloading

) Vacuum dial
Geotextile and geomembrane

PVD Connect to vacuum
pump
S e Horizontal pipe o

—> | — — | — > |— | — | — > |— —> | — —> | — —> | —

—> | — — > — —> | T —PFr +— —FrP |+ —Fr &+ —r +— —F> +— —r|
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« Kjellman first introduce a vacuum preloading to accelerate
consolidation in 1952 and a small field test was perform.

* In this method the soil load is replace by atmospheric pressure
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PYD 3D Model Vacuum

PVD with Vacuum Preloading
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  FloatingPVD 3D Model Vacuum

Vacuum vs Non Vacuum
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Vacuum vs Non Vacuum

Vacuum
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  FloatingPVD 3D Model Vacuum

Vacuum vs Non Vacuum

PVD with Conventional Soil Prelading

1. Higher Surcharge

Lower Stability

Greater Lateral Movement
Many heavy equipment
Longer Construction Time

OB W N

PVD with Vacuum Preloading
1. Lower or no Surcharge
Better Control of Stability
Less Lateral Movement
Less heavy equipment

AR R

Shorter Construction Time
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. Vertical Drains PVD Parameters Analytical Solution 2D Axisymmetry 2D Plane Strain  Floating PYD 3D Model Vacuum

Vacuum vs Non Vacuum

e e N M Chart 1
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Vertical Displacement — Comparison PVD with Conventional Soil Prelading (four
meters surcharge) vs PVD with Conventional Soil Prelading + Vacuum
Preloading (four meters surcharge + 80 KPa Vacuum Pressure)
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Conclusion

« Analytical methods for evaluating the effect of vertical drains usually assume
consolidation within a uniform soil column with linear compressibility
characteristics without any lateral movement.

* Numerical methods provide a less restrictive analysis compared to analytical
methods, such as: advanced soil models, multiple drain analysis, multi layer
subsoil condition, staged construction, non uniform load distribution (lateral
displacement and stability analysis), variation of drains configuration (spacing
and floating), effects of a sand mat and reinforcement with geosynthetic, etc.

« The equivalent 2D plane strain approach is sufficient to conduct multi-drain
analysis in large projects, where the application of a 2D plane strain model is
efficient both from a computational time point of view and with respect to the
accuracy of the predictions (compared with a full 3D model and 2D Axisymmetric
model).
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Conclusion

» For floating PVDs, the drain length can be reduced to 70% (double drained) and
80% (single drained) of the entire soft clay thickness without significantly
affecting the consolidation process.

* The Advantages Vacuum Consolidation Method compare with conventional soil
preloading are Lower or no surcharge, better control of stability, less lateral
movement, less heavy equipment, shorter construction time.
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Modelling of Embankment Improved with Vertical Drains

INTRODUCTION

The exercise concerns in the consolidation analysis with vertical drains (with and
without drains, with and without smear effeect, with and without vacuum). In order to
keep the problem as simple as possible, only one soil layer is considered.

Objectives:

¢ Consolidation analysis
Modelling drains
Change of horizontal permeability (kx)
Updated mesh analysis (large deformations)
Introduction Vacuum Consolidation

64m
10m 6m 48m

A A

v
A
vy

X

1,5

am Lmbankment ‘ 1
12m Soft Soil Layer
H————t—1—1+— Impermeable Layer
Im 2m 2m 2m
Figure 1: Scheme of the exercise
INPUT

Figure 1 shows a cross section of a road embankment. The embankment is 20.0 m

wide and 4.0 m high. The slopes have an inclination of 1:1.5. The problem is symmetric, so
only one half is modelled (in this case the right half is chosen). The embankment itself is
composed of sandysoil. The subsoil consists of 12.0 m of soft soil.

The phreatic level is located 0 m (at the original

ground surface). Under the soft soil layer there is a Impermeable Soil Layer.

General settings

¢ Start the Input program and select Start a new project from the Quick select dialog box.

¢ In the Project tabsheet of the Project properties window, enter an appropriate title (PVD
Consolidation).

¢ In the Model tabsheet make sure that Model is set to Plane strain and that Elements
is set to 15-Noded.

¢ Define the limits for the soil contour as xmin = 0.0, xmax = 64.0, ymin = -12.0 and
ymax = 4.0.
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i - i B X
Project properties Project properties Ea
Project | Model Project| Model
Type General
bl i JE Model Plare strain v Gravity 1.0 g (-¥ direction)
Project Elements | 15-Noded v | Earth gravity 9.810 mfs?
Titie D Excersise 2015] | ! veater 10.00 kjm?
Units
Director
¥ Length m W Contour
File name X i 0.000 m
Force kM £
X e 64.00 m
Comments Company logo Time day w
¥ min -12.00 m ¥
Stress ki fme2
¥ max 4.000 m
Weight kM fme?
-
No logo selected %
[]set as default Next oK Cancel [[]set as default Mext oK Cancel

Figure 2: Project tabsheet and Model tabsheet of the Project properties window

Definition of soil stratigraphy

The sub-soil layer are defined using a borehole. The embankment layers are defined in
the Structures mode (soil polygon).

To define the soil stratigraphy:

e Create a borehole at x = 0. The Modify soil layers window pops up. =

¢ Define single soil layer as shown in Figure 3.
o The water level is located at y = 0 m. In the borehole column specify a value of 0 to

Head.
2 Maddy so7 layers -
Borslods £ o
- -
T s T T T
[T T ] nid B L iomer | Cnssl crelriecs | Faicdsis
LT Baardeide_ L
" [ L aTS Tea L]
- B Oy L da LLE

o P ] ™

Figure 3: Modify soil layer window.

¢ Open the Material sets window.
o Create soil material data set according to Table 1 and assign them to the

corresponding layer in the borehole (Figure 3).
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¢ Close the Modify soil layers window and proceed to the Structures mode to define
the embankment and drains.

Table 1: Material properties

Hardening Soil Model
Parameters Embankment Clay
Type Drained UnDrained A
Yunsat kN/m3 18 15
Vsat kN/m3 20 16
ky m/day 8,64 x 10-1 4.32x10*
ky m/day 8,64 x 101 4.32x10*
Fss kN/m? 20000 4300
Foed™ kN/m? 20000 1800
Eurref kN/m? 60000 14400
G kN/m? 10 15
0] degree 30 27
1Y degree 0 0
Uur - 0.2 0.2
Pref kN/m? 100 100
M - 0.5 0.9
Ko - 0.500 0.546
R¢ = 0.9 0.9
Rinter - 1.0 0.64
S.inter - 0 0
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Figure 4: General tabsheet of the soil and interface data set window
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Figure 5: Material sets window.

Definition of Embankment and Drains

The embankment and the drains are defined in the Structures mode.

To define the embankment layers:

¢ Click the Create soil polygon button in the side toolbar and select the Create soil
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polygon option in the appearing menu. D’.

¢ Define the embankment in the draw area by clicking on (0.0 0.0), (0.0 4.0), (10.04.0
) and (16.0 0.0).

¢ Right-click the created polygon and assign the Embankment data set to the soil
polygon (Figure 6).

¢ To define the embankment construction level click the Cut polygon in the side
toolbar and define a cutting line by clicking on (0.0 2.0) and (13.0 2.0). The
embankment cluster is split into two sub-clusters.

u ‘ u.uu
m, Create soil polygon X - R —

4

+ . s ) Sl
+ a Create soil rectangle 0
b W Ve RO Gt L St o D
v o' v - T ’ o
Uuu Wl Faollow contour = e 0 i O«
” . L
%, Cutpolygon TR

Figure 6: Assignment of a material dataset to a soil claster in the draw area.

In this project the effect of the drains on the consolidation time will be investigated by
comparing the results with a case without drains.

e Click the Create hydraulic conditions button in the side toolbar and select the Cre
ate drain option in the appearing menu (Figure 7).

L -

*a | *3+ Create wel

r

w

-]
" -
. +i¢  Create drain

£ f Create groundwater flow bc
| |

Figure 7: The Create drain option in the Create hydraulic conditions menu

¢ Drains are defined in the soft layer (y = 0.0 to y =-12.0). The distance
between two consecutive drains is 2 m. Considering the symmetry, the first drain
is located at 1 m distance from the model boundary.

o 8 drains will be created in total (Figure 8)
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Figure 8: Final geometry of the model

MESH GENERATION

¢ Proceed to the Mesh mode
¢ Generate the mesh. Use the default option for the Element distribution parameter

(Medium). (Figure 9). '@J

e View the generated mesh. The resulting mesh is shown in Figure 10. € |
e Click on the Close tab to close the Output program.

| Mgk cptioes 1M

Frhasced maih ereeeets /)
9 Berrsrt dstrbgton

Figure 9: Mesh options window.
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Figure 10: The generated mesh in the Output window.
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CALCULATIONS

Once the mesh has been generated, the finite element model is complete. The calculation
phases to simulate the stages of construction are shown in Table 2.

Table 2. Calculation phases

No Staged Construction Days
Initial condition -
Install PVD

2.0 Embankment (+2.0m)
Consolidation

2.0 Embankment (+4.0m)
Consolidation 10

Final Consolidation -

N o b WN R
N P NN

Initial Phase: Initial Conditions

In the initial situation the embankment is not present. In order to generate the initial
stresses therefore, the embankment must be deactivated first in the Staged constructio
n mode.

In the Staged construction mode deactivate the two clusters that represent the
embankment, just like in a staged construction calculation. When the embankment

has been deactivated (the corresponding clusters should have the background

colour), the remaining active geometry is horizontal with horizontal layers, so the KO
procedure can be used to calculate the initial stresses (Figure 11).

¢ In the Model explorer expand the Soils subtree.
¢ Expand the Soils subtree and deactived The Embankment.

The initial water pressures are fully hydrostatic and based on a general phreatic level
located at y = 0. Note that a phreatic level is automatically created at y = 0, according to
the value specified for Head in the borehole.

A ||| Mame Value
- General

Model explorer (InitialPhase) P Irital phase [in

1 = —

¥ S T =
{ 4 () Soil_1 Calculation type o KD proce =
. o Ci: |:| soil_2 Loading type Stagedc v
#- @[] Soil_3 R Lo
. = o Pare pressure calculati = Phreatic +
#}- @) [] brains Estimated end time 0.000 dar

- @) [ Groundwater flow BCs First step

= Ci: IE Model conditions Last step
+- @) [V] Deformations Design approach (None) M

+ Deformation control parameters

Figure 11: Configuration of the initial phase.
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In addition to the phreatic level, attention

must be paid to the boundary conditions for the consolidation analysis that will be
performed during the calculation process. Without giving any additional input, all
boundaries except for the bottom boundary are draining so that water can freely flow
out

of these boundaries and excess pore pressures can dissipate. In the current situation,
however, the left vertical boundary must be closed because this is a line of symmetry,
so horizontal flow should not occur. The bottom horizontal boundary also closed
because the excess pore pressures cannot be dissipated through Impermeable Soil
Layer. The remaining boundaries are open because the excess

pore pressures can be dissipated through these boundaries. In order to define the
appropriate consolidation boundary conditions, follow these steps:

¢ In the Model explorer expand the Model conditions subtree.
¢ Expand the GroundwaterFlow subtree and set Boundary XMin and YMin
to Closed (Figure 12).

Model explorer (InitialPhase)

- e

+- @) [¥] Soil_1

+- @[] Seil_2

+- @[] Seil_3
+- @[] Drains
¥ CE:D Groundwater flow BCs
= Ci:lE Model conditions
Ci_: Deformations
+ Ci_: Dynamics
= Ci_j_ GroundwaterFlaw

Boundary¥Min: Closed

F

BoundaryXMax: Open
Boundary¥Min: Closed
BoundaryYMax: Open

+}- @[] Predpitation

+ Ci_j_|:| PseudoStatic

+- @[] water

Figure 12: The boundary conditions of the problem.

Consolidation Analysis

A consolidation analysis introduces the dimension of time in the calculations. In order to
correctly perform a consolidation analysis a proper time step must be selected. The use
of time steps that are smaller than a critical minimum value can result in stress oscillations.

The consolidation option in PLAXIS allows for a fully automatic time stepping procedure
that takes this critical time step into account. Within this procedure there are three main
possibilities:

¢ Consolidate for a predefined period, including the effects of changes to the active
geometry (Staged construction).
¢ Consolidate until all excess pore pressures in the geometry have reduced to a
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predefined minimum value (Minimum excess pore pressure).
¢ Consolidate until a specified degree of saturation is reached (Degree of
consolidation).

The first two possibilities will be used in this exercise. To define the calculation phases,
follow these steps:

Phase 1: Install PVD

The first calculation stage is a Consolidation analysis, Staged construction.

Add a new phase. *#

In the Phases window select the Consolidation option from the Calculation type
drop-down menu in the General subtree.

Make sure that the Staged construction option is selected for the Loading type.

Enter a Time interval of 2 days. The default values of the remaining parameters will

be used.
In the Model explorer expand the Drains subtree and actived The PVD (figure 13).
Click the Material sets windows button in the side toolbar. Copy clay material
(clay ps) and select the flow parameters to change haorizontal soil permeability
(kx) with equivalent horizontal permeability for plane strain condition (khp)
(table 4). Change (clay layer) with (clay ps).:

YA ||-|:.|r.-.n.— " Mame Value
B - General
- i e D P\ T
X T r _."_"'_ Start from phase Initial phase
i -' - Caleulation type % Consolid v
: ,.- r 5 Loading type Stagedc v
e IM psighe 1.000
: iy Pore pressure caloulati = Phreatic «
& " i Time interval 2,000 day
# ] ot ot Estimated end time 2.000 day
] — — -
Figure 13: Phase 1.
Table 3: PVD parameters
No PVD parameters Formula Units
1 Space of triangular grid pattern(s) 1.9m
2 Installation depth (1) -12m
3 Mandrel diameter (dm) 88 mm
4 Efektif space(de) 1.05xs 2m
2(a+b)
5 Equivalence PVD diameter (dw) 52mm
) 5
6 Smear are diameter (ds) —dn 220mm

2
7 The permeability in the smeared zone(Ks) Kh/ks = 2 2.15 x 10”* m/day
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Table 4: Equivalent Horizontal Permeability

Equivalent Horizontal Permeability (Hird et al. 1992)
Horizontal
- Formula Units Description
Permeability
Horizontal permeability
Kh (k 4.32x10*m/d
(kx) X m/day undisturb soil
Knp 0,67 equivalent horizontal

ki T = o oo 9.98 x 10°m/d

" Kn [In(n) —0,75] X m/day permeability without smear zone
K kﬁﬁ—’ = 3 R kE ] 3 6.63 x 10° m/da equivalent horizontal

" [n (5 + () In(s) — ] ' y permeability with smear zone

Ic ke 4
heTdh s e
oo » : =
o |
e 3 Ve . (I
e [Pore—
. ) I=== L
I\
: 1" ! » ' o F

Figure 14: Phase 1.

Phase 2: Embankment 1

The second calculation stage is also a Consolidation analysis, Staged construction.

Add a new phase. =

In the Phases window select the Consolidation option from the Calculation type
drop-down menu in the General subtree.

Make sure that the Staged construction option is selected for the Loading type.

Enter a Time interval of 2 days. The default values of the remaining parameters will
be used.

In the Model explorer expand the Soils subtree and activate the first part of the
Embankment (figure 14).
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¢ Change max steps from 250 (default) to 1000 by click Edit Phase

Name Value

= General
D PVD [Phase_1]
Start from phase Initisl phase ~
Calculation type +7J Consolid +
Loaing type Staged ¢ =
M psihe 1.000

tH—r—-

Pore pressure calculati (=] Phreatic =
Time interval 2.000 day
First step 1
Last step 2
Design approach (Mone) -

-

il Deformation control parameters

= Numerical trol parameters

256
Max number of steps s 1
Use defaultiter parame a

Max steps

Time step determinatio Automatic  ~
First time step Automatic

Figure 15: Phase 2.

Phase 3: Consolidation 1

The third phase is also a Consolidation analysis, Staged construction. In
this phase no changes to the geometry are made as only a consolidation analysis to
ultimate time is required.

Add a new phase. w
In the Phases window select the Consolidation option from the Calculation type

drop-down menu in the General subtree.
Make sure that the Staged construction option is selected for the Loading type.
Enter a Time interval of 1 day. The default values of the remaining parameters will
be used.

Phase 4: Embankment 2

The fourth calculation stage is once again a Consolidation analysis, Staged construction.

e Add a new phase. w
In the Phases window select the Consolidation option from the Calculation type

drop-down menu in the General subtree.

Make sure that the Staged construction option is selected for the Loading type.

Enter a Time interval of 2 days. The default values of the remaining parameters will
be used.

In the Model explorer expand the Soils subtree and activate the second part of the
Embankment (figure 15).
Change max steps from 250 (default) to 1000 by select Edit Phase
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Name Value
= General
D PVD [Phase_1]

Y A Startfomphase  Initial phase
:"~.A Calaulation type 3 Consolid ~
Loading type Staged ¢ =
P e IM yeighe 1.000
] ! | Pare pressure calculati = Phreatic =
e ! Time interval 2.000 day
! ! First step 1
| | Last step 2
1 l Design approach (None) ¥
| | % Deformation control parameters
| | = Humerical control parameters
! | Max cores to use 25
| | Max number of steps s 1
! ! Use defadlt iter parame O
Max steps [1000] _—

Time step determinatio Automatic =
First time step Automatic

Figure 16: Phase 4.

Phase 5: Consolidation 2

The fifth phase is also a Consolidation analysis, Staged construction. In
this phase no changes to the geometry are made as only a consolidation analysis to
ultimate time is required.

Add a new phase. =
In the Phases window select the Consolidation option from the Calculation type

drop-down menu in the General subtree.
Make sure that the Staged construction option is selected for the Loading type.
Enter a Time interval of 10 day. The default values of the remaining parameters will
be used.

Phase 6: Final Consolidation

The sixth phase is a Consolidation analysis to a minimum excess pore pressure.

e Add anew phase. *

¢ |In the Phases window select the Consolidation option from the Calculation type
drop-down menu in the General subtree.

e Select the Minimum excess pore pressure option in the Loading input drop-down
menu and accept the default value of 1 kN/m2 for the minimum pressure. The
default values of the remaining parameters will be used.
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Execution of calculation:

Before starting the calculation, click the Select points for curves button and select
the following points (figure 16): . -

Point A (0 0) will be used to plot the development of vertical displacement.
Point B (0 -6) will be used to plot the development (and decay) of excess pore pressures.

. § —
.| et paTe ]
-1

v

2% om Vi

Figure 17: Point A and B.

After selecting these points, start the calculat{f«]

During a consolidation analysis the development of time can be viewed in the upper part
of the calculation info window.

In addition to the multipliers, a parameter Pexcess,max occurs, which indicates the current
maximum excess pore pressure. This parameter is of interest in the case of a Minimum

excess pore pressure consolidation analysis, where all pore pressures are specified to
reduce below a predefined value.
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Figure 18: Calculation progress displayed | the Active task window.
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RESULTS

After the calculation has finished, select the ‘View calculation’ button that will start the
output program. J-‘XJ

Check the various types of output, such as the deformed mesh, displacement
contours, excess pore pressure (Pexcess), etc. These can be found from the
‘Deformations’ and ‘Stresses’ menus.

Figure 19: Vertical Displacement (uy)

Figure 20: excess pore pressure (Pexcess) with PVD

The Curves manager can be used to view the development, with time, of the excess p
ore pressure under the embankment (Point B) (figure 20).

In order to create such a curve, follow these steps: = !

¢ For the x-axis, select the Project option from the drop-down menu and select Time
in the tree.

e For the y-axis select the point in the middle of the soft soil layers (Point B) from the
drop-down menu. In the tree select Stresses — Pore pressure — pexcess.
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- G — ———
..

Figure 21: Development of excess pore pressure under the embankment (Point B)

Also

the Curves manager can be used to view the development, with time, of the vertical
displacement (Uy) of the embankment (Point A and B).

In order to create such a curve, follow these steps:

e For the x-axis, select the Project option from the drop-down menu and select Time
in the tree.

e For the y-axis select the point in the top of the soft soil layers (Point A) and also can
be select the point in the middle of the soft soil layers (Point B) from the drop-
down menu. In the tree select Deformation — Total Displacements — uy.
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Figure 23: Displacement versus time for the point A and B
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WITHOUT PVD VS ONLY PVD VS PVD WITH SMEAR

Consolidation analysis PVD with Smear zone

e Save as this work.

e Click the Material sets windows button in the side toolbar and select “clay ps”
material to change the flow parameters from equivalent horizontal permeability for
plane strain condition (without smear) (khp) with equivalent horizontal permeability for

plane strain condition (with smear) (khp’) (table 4) =

Consolidation analysis without PVD

e Save as this work.

¢ In the Model explorer expand the Model conditions subtree,
expand the Drains subtree and deactived The PVD.

e Click the Material sets windows button in the side toolbar and select “clay ps”
material to change the flow parameters from equivalent horizontal permeability for
plane strain condition (without smear) (khp) with original horizontal soil permeability
(kx).

Figure 24: excess pore pressure (Pexcess) Without PVD
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Figure 25: Excess pore pressure versus time (Point B)
Comparison curve using the PVD only, PVD + smear effect, and without PVD
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Figure 26: Displacement versus time (Point A)

Comparison curve using the PVD only, PVD + smear effect, and without PVD
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Modelling Vacuum Consolidation

There are various methods of vacuum consolidation in the real world, but they are all
modelled in similar way in Plaxis. Most methods in reality are using vertical drains, which are
somehow connected at the top to an air pump that reduces the air pressure in the drains until
near-vacuum exist. In Practice, a complete vacuum (100 kN/m? pressure) is not achievable,
but an effective under-pressure of 60-90 kN/m?2.

Since Plaxis does not take air pressure into account (atmospheric pressure is assume to be
the zero reference pressure level), a reduction of the groundwater head is used instead to
simulate vacuum consolidation). It is modelled leads to negative pore stresses (suction),
which are not there in reality.

Vacuum Consolidation analysis
Open File Analysis Consolidation with PVD (without smear).

e Save as this work.

¢ Click the Material sets windows button in the side toolbar and select the material data
set. Arrange the parameters in material data set, so the saturated condition apply to
this volume.

0o Change unsaturated unit weight (yusa) in clay soil parameter (General
tabsheet of the material data set), must be set equal to the saturated unit

weight, Vsat
uimkile | e Hspeaang g - Clisy
T ki B &= |:_
P o s paraessters | Grarmeass | Tuewa | erereem | nes
i e i o] i b - — i Ao I
O b £ 1wl w
E v T el e T s |
[ trbarass tH Mg m =y g il
[eprme by i ] A
T PSS #hd, 08, =3
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2 o e
o [ P
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[oderray ol o
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.. 71 2] T 1
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Figure 273: Material set for clay parameter Yunsat = Ysat

o In Groundwater tabsheet for clay parameter, hydraulic model must be set to
saturated after selecting Data Set : User-defined
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Soil - Hardening soil - Clay

J B s
General | Parameters | Groundwater |Therma| | Interfaces | Initial |
Property Unit Value
Model
Data set |User-defined -
Model a?;de:rd
Flow parameters ;‘E:i '
ky m/day W
kY m/fday 0,4320E-3
Woraet m 10.00E3
it 0.5000
5 1jm 0.01695E-3
Change of permeability
k 1.000E15

[ Mext ] [ oK ] ’ Cancel
(a)
ISsoi~ Hardening soil - Clay
J)
Parameters —m‘ Thermal | Interfaces | mitial |
Property Unit  Value
Model
Data set User-defined
Model [Sahtated_ ']
Flow parameters g?ngenumben ’
ke mjday b
ky m/day 0.4320E-3
“Vunsat m 10.00E3
S init 0.5000
Ss 1jm 0.016956-3
Change of permeability
‘k 1.000E15
[ Next ] [ OK ] [ Cancel ] ‘
(b)

Figure 284: Groundwater model for Vacuum Consolidation :
(a) Data Set : User Defined, (b) Model : Saturated

¢ In Phase Explorer for stages construction,

o Click ‘initial phase’ and de-select the ignore suction option in Deformation
control parameters sub tree. Do exactly same for all phases.
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Figure 295: De-select Ignore suction

o from Initial Phase to ‘Consol 2 (Phase 5). Change Phreatic to Steady state
groundwater flow In pore pressure calculation (general tab)
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Figure 306: Steady state groundwater flow for pore pressure calculation

o In ‘Embankment 1 (Phase 2)’, Select all drains. Expand selection explorer
and sub tree of drain. Then change behaviour of drain from normal to
vacuum. Input head (h) must be underpressure (-8 m). Do exactly same




Modelling of Embankment Improved with Vertical Drains
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Figure 317: Modelling vacuum behavior
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Figure 28: Displacement versus time (Point A)
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Figure 29: Excess pore pressure versus time (Point B)

Comparison curve using the Vacuum Consolidation, and without Vacuum Consolidation
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Figure 29: Excess pore pressure versus time (Point B)

Comparison curve for all cases
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Figure 29: Displacement versus time (Point A)
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Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

CONTENT

Initial stresses

* general

« KO-procedure

 gravity loading

* Special cases

Phi-c-reduction

- safety factor

- safety factor analysis

« examples

 final advice

Comparison Phi-c-reduction — Limit equilibrium analysis
Comparison Phi-c-reduction — Limit analysis
Non-associated plasticity
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Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

= |nitial stresses represent the equilibrium state of stress of the
undisturbed soil and consist of:

« Soil weight
* Loading history

= |In Plaxis two possibilities exist:
« KO-procedure
« Gravity loading
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Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

GENERATION OF INITIAL STRESSES AS FIRST STEP IN CALCULATION
Ko-PROCEDURE

= Needed:
coefficient for lateral earth pressure K,

= Disadvantage:
No equilibrium for inclined surface (a nil-step can be used)

= Advantage:

No displacements are generated, only stresses, can take
into account initial OCR or POP

Institute for
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CASES WHERE GRAVITY LOADING SHOULD BE USED INSTEAD OF
Ko-PROCEDURE
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Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

SPECIAL CASES

For example a slope in overconsolidated soil or if
(approximate) modelling of geological history is required

Gravity loading needed due to geometry,
but initial OCR or POP required

—¥

Ky procedure using Phase 1. Phase 2:
desired K,, OCR, POP Excavate excess soil Reset displacements

v

v

Check K,, OCR'!

Institute for
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FOUNDATION ENGINEERING



N
Initial Stresses / Safety Analysis < — ﬁ'E,E.Jz.

n Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

SPECIAL CASES

For complex initial situations like inner city building projects it may be needed to
use several calculation phases to model the current situation before starting the
calculation for the actual project.

) existing buildings
1 NN 1 I = I -

I —> —> —>
current project

initial phase 1 phase 2 current project

reset displacements to 0

Institute for
SOIL MECHANICS and
FOUNDATION ENGINEERING

IMPUTATIONAL GEOteCHNICS GROUP
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Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

Methods of assessing the factor of stability problems:

= Limit equilibrium method > generally used in practical engineering
= Displacement finite element method > phi-c-reduction (strength reduction method)
= Finite element limit analysis

Limit equilibrium analysis

Overall form of the failure surface needs tobe
determined in advance

Distribution of the interslice forces isassumed
differently in various methods

Kinematic admissibility is not ensured

Need to perform a global search for identifying
the failure mechanism with the lowest factor of
safety

~ Institute for

FAeme| SOIL MECHANICS and
FOUNDATION ENGINEERING
ey COMPUTATIONAL GEOtECHNICS GROUP
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A gty

- Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

DISPLACEMENT FINITE ELEMENT METHOD > PHI-C-REDUCTION

Factor of safety: Many possible definitions

A A

PLAXIS: Safety factor on soil resistance

available soil resistance

1.8
mobilized soilresistance
failure load
. =5.9
working load

Institute for

SOIL MECHANICS and
FOUNDATION ENGINEERING
COMPUTATIONAL GEOt@CHNICS GROUP



»

Ty,

Initial Stresses / SafetyAnalysis

- Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

= Strength reduction method: Phi-c-reduction (safety analysis)
= Same numerical tool as for serviceability design
= Automatically detects most critical failure mechanism
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Fems| SOIL MECHANICS and
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Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

= Reduction of strength parameters ¢ and tan(g) until failure is reached.
= The factor of safety is then defined as:

T A
tan@

>Ms = =
Cooticed [ MNPraticed T /
& ,

C tan ¢ Lowered incrementally 1 tanQrequced
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Calculation procedure:

= Create a Safety Phase

Accept the default increment for Mg = 0.1 from the multiplier tab-sheet
Calculate

Carefully examine 2Mg; vs. displacement curve in Plaxis Curves to assure
that failure is indeed reached

If so, the value of 2Mis assumed to be the factor of safety on soil resistance

Notes:

In order to check failure, select a control point within the (expected) failing
body

Use sufficient number of load steps

Choose elasto-plastic behaviour for wall, anchors and geotextiles with realistic
full plastic values in order to prevent excessively high structural forces

Displacements etc. AFTER safety analysis are meaningless
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MAIN ADVANTAGES OF PHI-C-REDUCTION METHOD

= Requires no a-priori assumptions on the failure mechanism

= Critical surface is found automatically as slope failure occurs naturally
through the zones due to insufficient shear strength to resist shear
stresses.

= No requirement of assumptions on e.g. inter-slice shear force
distribution

= Applicable to complex conditions
= Numerical tool same as for deformation analysis

= Powerful alternative approach
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INFLUENCE OF MESH DISCRETIZATION

,f#xf

_f,f'ﬂ 15-noded elements | Factor of Safety

g 5 1.90

11 1.62

(very coarse) 38 1.52

(coarse) 82 1.51

(medium) 170 1.50

(fine) 414 1.45

(very fine) 871 1.43

3733 1.43

15749 1.43
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NUMBER OF LOAD STEPS

1.16 1.16
Not sufficient load|steps!

5 — 5
= /' =
£ £
a 1.08 3 1.08

1.04 1.04

1.0 10

0.0 0.3 0.6 0.9 1.2 1.5 0.0 0.3 0.6 0.9 1.2
displacement displacement

1. Arrows of mcremental
displacements

2. Shadings of incremental
displacements

3. Shadings of incremental
shear strains
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UNDRAINED STABILITY OF A SLOPE

Chart1
Sum-hist
c,= 50kPa 1 St
* Curve 1
13-
e
c,= 100kPa 124
e e e
p : : ; v i !
10 —_—
0 1ed4 2e4 3e4 44 54 Ged

[Vl m]

Stability charts: F =N, 66 i—138 N —f(<9,_) (Taylor,1948)
P 12-20
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UNDRAINED STABILITY OF A SLOPE
Automatic detection of most critical shear surface

100 10,00 2000 30,00 40 00 :
S WY S Wt iaa g A&L&l'.‘&.l.¢‘.ll£l¢\£llllxlLLLL!&LL&!&LLL[LLL&lLLLL111

Plaxis:
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UNDRAINED STABILITY OF A SLOPE
Automatic detection of most critical shear surface

50,00 6000 7000

Plaxis:
F=1.19
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EXAMPLE - SOIL NAILING

Soil parameters:

L S0m _ pS5m ¢ = 25°, ¢ = 5 kN/m?
v =19 kKN/m?3
20 KN/m? E =8 MN/m?, v=0.37
10 KN/im? 7 v Shotcrete:
L l IR ER y =25 KN/m3
| D S  shotcrete E = 15.000 MN/m2, v =0.18
Cal 0= df 1:om excavation 1
o 1. row of nails /__,-f\ va ~ 1 05m
-0,5m < e \ excavation 2 1.7m
I=55m _— A il
Cand 1E) s ‘°'. Aushub 3 1,7m
2.row of nails__— % excavation 3
’D 2 "j"ar%e"age " 0\ Aushub 4 L 1am
I=55m i excavation 4 »
d=20mm 3 row of nails ‘x ‘
-3, 9m
'd=_52-g mm Nails:

- E = 30.000 MN/m?,d = 20 mm
maximum force nails can take:
first2.5m Frax= 75 kN

[’\/L from 2.5 m to end of nail F,,,,=40kN
N AN o
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EXAMPLE - SOIL NAILING

Initial Stresses / SafetyAnalysis

©
z
£
-4
w
z
<
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z
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Zz
<
ge
ma
22
mu
a2
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=
£
2
2
@
&
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Nails elastic: safety factor from ¢/c - reduction: 1.18
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EXAMPLE - SOIL NAILING

Nails plastic: safety factor from ¢/c - reduction: 1.07
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EXAMPLE - SOIL NAILING

nails elastic: max. force 181 kN/m

nails plastic: max. force 75/ 40 kN/m as specified

Institute for
SOIL MECHANICS and
FOUNDATION ENGINEERING

COMPUTATIONAL GEOt@CHNICS GROUP



N
Initial Stresses / Safety Analysis < — ﬁ'E,E.Jz.

Initial Stresses | Phi-c-Reduction | Comparison with Limit Equilibrium Analysis

SOME FINAL ADVICE FOR PHI-C-REDUCTION

= Always inspect the incremental displacements or strains as computed in the
last load step to make sure that failure is reached.

= The mesh used in the calculation needs to be sufficiently fine.

= Mesh: Refine and redo the phi-c analysis until the factor of safety remains
constant upon further refinement of the mesh.

= Always use the arc-length time stepping procedure within the phi-c-reduction
(default)

= Use a small tolerated error (maximum should be the default error of 1%)
= Beware of three-dimensional effects

= Check for local, not relevant, failure mechanisms

Institute for

SOIL MECHANICS and
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EXAMPLE OF STEEP SLOPE

5om 10 m

10 m

Reference: Conte, E.; Silvestri, F.; Troncone, A. (2010)
Stability analysis of slopes in soils with strain-softening behaviour.
Computers and Geotechnics, Vol. 37 (5), 710-722.
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RESULTS _ .
high cohesion
Plaxis 2D vs Slide 6.0
Slide 6.0 - FoS Plaxis 2D
friction angle ¢’ | collesion ¢/ | Morgenstern-Price FoSforp =y FoSfory =0
[°] kPa] [-] [-] [-]
V9.0 1.194 1.035 1.013
33.0
99 5° 21.5 1.097 1.018 KOLLAPS
’ 28.0 1.321 1.187 1.134
30° 17.0 1.097 1.056 KOLLAPS
23.0 1.308 1.230 1.139
35 14.0 1.103 1.074 KOLLAPS
19.5 1.299 1.247 ., 126
20° 11.0 1.105 1.082 KOLLAPS
16.0 1.294 1.260 1.108
45° 8.0 1.098 1.080 KOLLAPS
12.5 1.292 1.266 1.083
5.5 1.0s5 KOLLAPS
_— 9.5 1305 v | 1286 vy ([ 1060 |
high friction -—
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HOMOGENEOUS SLOPE

¢@'=15[°] |cohesion c’ Slide Plaxis (p=y) | Plaxis (y=0) | Plaxis (p=y) | Plaxis (y=0)
[kPa] Morlg;iinc setern- no tension no tension | with tension | with tension

26.5 1.135 1.035 1.013 1.044 1.018

33.0 1.300 ~ 1.131 1.112 1.198
¢'=30[°] |cohesion c’ Plaxis (p=y) | Plaxis (y=0) | Plaxis (p=y) | Plaxis (y=0)
[kPa] Morit:irlsetern- no tension no tension | with tension | with tension

17.0 1.101 1.056 0.930 1.098 1.050

23.0 1.312 1.230 1.139 1.288 1.178
¢@'=45[°] |cohesionc’ Plaxis (p=y) | Plaxis (y=0) | Plaxis (p=y) | Plaxis (y=0)
[kPa] Mori(:ir:;tern- no tension no tension | with tension | with tension

8.0 1.100 T080V | 0814 1.100 |V 1.050

12.5 1.293 1.266 1.083 1.298 1.000
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INFLUENCE OF TENSION CUT OFF / TENSION CRACK

Extreme case:
©=0° Plaxis:
¢ =50 kPa o FoS =
B = 65° 1.255
, fco = 100 kPa
Slide - no tension {
crack: FoS =
1.259 '
Plaxis:
Slide - with 5\ fgfz‘olfgj
tension crack: FoS ||| N =
=102 qm ‘ M
1l |
Il Il
.’{;I: | | J l !
‘HJ| | | 14 A
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SUMMARY

= Strength reduction techniques (phi-c-reduction) are well suited to
calculate factors of safety for slopes

= |t can be shown that results compare extremely well with rigorous limit
analyses

= For high values of friction angles and low values of dilatancy angles
numerical instabilities may occur

= Numerical instabilities of non-associated displacement finite element
analyses can be avoided by employing a modified Davis approach.

= The modified Davis procedure can be used with displacement based
finite element analysis and finite element limit analysis

References:
Tschuchnigg, F., Schweiger, H.F., Sloan, S.W. (2015): Slope stability analysis by means of finite element limit analysis and finite
element strength reduction techniques - Part I: Numerical studies considering non-associated plasticity. Computers and Geotechnics, 70,
2015, 169-177.
Tschuchnigg, F., Schweiger, H.F., Sloan, S.W. (2015): Slope stability analysis by means of finite element limit analysis and finite
element strength reduction techniques - Part Il: Back analyses of a case history. Computers and Geotechnics, 70, 2015, 178-189.
Tschuchnigg, F., Schweiger, H.F., Sloan, S.W., Lyamin, A.V., Raissakis, |. (2015): Comparison of finite-element limit analysis and
strength reduction techniques. Geotechnique, 65, 2015,249-257.
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CONTENT

Introduction

Unsaturated soil behaviour

Retention curve

Relative permeability

Volumetric behaviour

Soil strength
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PARTIAL SATURATION OF SOILS

Precipitation -

Evaporation

Transpiration

Infiltration

Unsaturated Flow \

UNSATURATED ZONE
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PARTIAL SATURATION OF SOILS

Regions in a soil segment: iuction pore v&ter pressure

= suction:
* unsaturated zone unsaturated zone
(unsaturated)
« capillary fringe
(quasi-saturated — suction)

capillary fringe

= pore water pressure:
+ zone with entrapped air
(quasi-saturated — pore water pressure)
* saturated zone
(saturated)

= for fluctuating water tables above ground surface
zone with entrapped air is relevant
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PARTIAL SATURATION OF SOILS

n:Vpores :\/quuid+vgas S :\/"qud _ \/quuid ~-1-S
\/total \/total Vpores \/quuid +Vgas ’

Porosity Degree of saturation
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EXAMPLES FOR THE INFLUENCE OF PARTIAL SATURATION OF SOILS

Shum Wan Road landslide, Hong Kong
Island on August 13th,1995

Photographs from Geotechnical Engineering Office, Hong Kong
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EXAMPLES FOR THE INFLUENCE OF PARTIAL SATURATION OF SOILS
Failure triggered by extensive rainfall (Indonesia, 2010)

T - |

— I p
2
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EXAMPLES FOR THE INFLUENCE OF PARTIAL SATURATION OF SOILS
Collapse in Via Luigi, Settembrini, Naples, (15-09-2001)

<
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CAPILLARY ACTION
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CAPILLARY RISE HEIGHT

O

7
Z
A
A
/
A
A
VA
A
Vi
’ ——
A
7
A
] |
VA

CAPILARES ;

IRREGULARES 7 H
/ %
4 Z

h, 7 % hy |2
/
7 Z
A_¥ / NIVEL ¢ 5
— FREATICO —

Capillary rise height is irregular and depends on the geometry
of the pore space.
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CAPILLARY HYSTERESIS

Wetting case

@

©
—©

—®

x

hs Drying case

NIVEL .
—_ i FREATICO e b ik el el T i g
] " L} L
h3
A . A
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Ty,

a4

7\

k max
10 cm
—60cm
— 100 cm
1-3m
3—10m
10-30m
30 -300 m

H
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3
10 -30cm

30
60

[mm]
6
2
1
.06

0
0
0

1ze
0

6 —
2

1

0
0.002

2
0
0

0
0.06 — 0.02

InS
0.02 - 0.006
0.006 — 0.002

soil type | gra

sand
clay

silt

(R

e UL IS e
' '
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CAPILLARY POTENTIAL

Unsaturated Soils

11

(senaw) jenuajod Asejjides

10
10

0.01 0.1
pore radius (mm)
0.01 0.1
particle radius (mm)

SILTS | SANDS |

0.001
0.001

CLAYS

0.0001

0.01
0.0001
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WATER POTENTIAL W

I:'atm
= " 1470
N | gravitational
|/ potential
| Z
I
gas pressure I — pg
SEMIPERMEABLE potential  —| ||
MEMBRANE
| t
eI peg s pegpeg s prg
h%526%6%6%6¢69 |
:.-"OOOOGOOQOOOOC4 h I
FO~O 0 0 0. 0.0 tri
20900000300020‘ ma rI_C
5 SOLUTE i9 potential
b505969808080s PURE
gogogogogogcgd—._ WATER
2620262020209
"\O(')Ono(’\oﬂo(')o(}cl
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FLOW AND CONSOLIDATION

= Saturated soils: equation of continuity (with soil deformation)

4
CIy ay

on 5qx N aqy\ ~0 a, on q + oY dx

o \ox oy | A ’
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FLOW AND CONSOLIDATION

= Unsaturated soils: equation of continuity (with soil deformation)

A

y° :3 d
o(ns) | oc , % \
O q + 99 dx
at |\ ax ay) Oy R a(nsr) X <--x.d
ot
qY
on(c,s) 0S (o,s) [ oq, 50|y\
S + +] =0
ot ot \8X y )
| | 1
Constitutive  Retention Darcy’s
law curve law
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SOIL WATER CHARACTERISTIC CURVE (SWCC) / RETENTION CURVE

Magnified
soil particles

~ Radius of meniscus
0.0002 cm

A |S=F(P—p)=T(9)

- Radius of meniscus
0.002 cm

v@/ing

- Radius of meniscus
0.02 cm

735 cm

SUCTION

Wetting\A

Radius of
| meniscus
01cm

SIS

DEGREE OF SATURATION
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RETENTION CURVES
= Retention curves exhibit hysteresis effects

= This value of negative water pressure is called the air entry value (small for
sands, large for clays) for that soil (suction is not strong enough to draw out

water from the soil)
= Negative pore pressures can exist in saturated soils

@ Desaturation starts
UNSATURATED l

Wi
20 Y
r SATURATED Toa ¥
—-— |

2c SATURATED

max
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RETENTION CURVES - EXAMPLES

L}
i Touchat glk Inam
w15
h i
‘ l{\ -‘-; -
N
S \\\- @@ =.'- _
b Y =
‘ln‘-.‘ \\qu@ :Eh "
o 8 _
‘ \\ = \\O E d
‘l, - ___---_- \'-, : —
N ) W]
—— X = 5
UNIFORM \ ﬁ - Class beads
= _
i
1 Sr | Yalcanic sand
“ ] 1 ] 1 I I 1 | ]

L[} ik 40 &l ad 100
DEGREE OF SATURATION (%)

(Brooks and Corey, 1964)
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HYDRAULIC PARAMETERS: DATA SET

= Standard (Topsoil part of Hypres)

= Hypres (International soil
classification system)

= USDA (International soil
classification system)

= Staring (Dutch soil classification
system)

= User-defined

Soil - Mohr-Coulomb - <NoName>
) B & i [

"General | Parameters Flow parameters | Interfaces | tnitial |

Property

| Unit | Value

Model
Data set
Model
Soil
Subsoil [Topsoil
Type
< 2um Yo
2 um - 50 um Yo
50 um - 2 mm Yo
Parameters

Set to default values

k‘.‘ m/day

Wonsat

Change of permeability

0.000

0.000

10.00E3

10,5000

Introduction | Unsaturated Soil Behaviour | Retention Curve | Relative Permeability | Volumetric Behaviour | Soil Strength

Soil

Graphs |

0.0001 0.001 001 0.1 1

kr [

02 04 05 08 10
sr

oK Cancel

= Parameter values are provided depending on soil classification

= Hydraulic parameters must be chosen very carefully!
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PERMEABILITY

Unsaturated soils: Darcy’s law £ 10"
i -5 .
ah a s I o, Calluvium
q= kM= k% 2
dy dy =
~IRU
p =
h=¢p=y+2 = 10
YW ==., i Decompoeed +'.
E m-; granite
o ]
c, lu—ll'l'
K=Ka (S )Ka 7 '
el t £ m‘“é %
E L ".
b 10 Permeabllity function &
B, for Hong Kong sofls
o
o 1’ i’ 10° 10’
Permeability decreases in MATRIC SUCTION, (u,-n,,) (kPa)

partially saturated soils Fredlund & Rahardjo (1993)
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PERMEABILITY

( (o))’

gl1 [1_ 2|\ 9 _ > residu
kreI(Sr):(Se) kl (1 Seign_1J ) > St — Stesiay

|l s,=10 S.,=0027
g =224m* g =2.286
: |g=00
E 0.5 -
0.0 ,

pressure (m)
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VOLUMETRIC BEHAVIOUR

Suction increases the apparent preconsolidation stress
and (often) soil stiffness

(Oedometer
tests on a
Brazilian
residual soil;
Lemos, 1998)

0.60 e R R O B a3 T TT5IT}  [pE g
10 100 1000 10000
VERTICAL STRESS (kPa)

—7— Suction = 60 kPa —O— Suction = 120 kPa —@— Saturated soil
—— Natural water content —— Suction=250kPa —&— Suction =450 kPa

~ Institute for
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VOLUMETRIC BEHAVIOUR

| SWELLING

Ug=Uy

Volume change behaviour
on saturation depends on

COMPRESSION

Ug-Uy

SWELLING

(Collapse)

COMPRESSION

applied stress level

=
SO]L MECHAN]
FOUNDATION ENGINEERING

IPUTATIONAL GEOt@CHNICS GROUP
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VOLUMETRIC BEHAVIOUR

Yield curve Yield curve |sotropic plane

LC,
Elastic
domain

SUCTION, S
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VOLUMETRIC BEHAVIOUR - SUMMARY

Features of volumetric behaviour:

= suction increases the apparent preconsolidation pressure (yield stress) and
(often) soil stiffness

= volumetric behaviour depends on stress level. Swelling or compression
(“collapse”) may occur depending on applied load

= collapse behaviour
* after collapse soil lies on saturated consolidation line
* volume change reversal may occur during collapse

* in loose soils, collapse strains reach a maximum at a certain intermediate
stress level

= volume change behaviour is path independent only for a certain class of
stress paths

= suction changes may lead to irreversible deformations

Institute for
SOIL MECHANICS and
FOUNDATION ENGINEERING

COMPUTATIONAL GEOteCHNICS GROUP
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SOIL STRENGTH

Shear strength increases with suction

a
b S\
Extended Mohr- ¢ \\,é
: SN
Coulomb failure Y ==y F
envelope &‘9@” \/
=0,
l.)» .{.\? / \\\ Q’"
g:: (us‘uw)f'a“ (‘6’) \/\ \ / \\
E V4 E 3 \ /)
7 /1 Vi V o\
; g 7 _
g § L4l B 'S Wil
= x / /
— .l / ¢'/
; iz ot / / /
& /4 // -
7 o’ / //
4 /
C'I: q & /

NET NORMAL STRESS, (C-u,)

11 =C'+(on—pa )tan ¢+ stan ¢P

Fredlund & Rahardjo (1985)

Shortcoming: close to saturation ¢P should be equal to ¢' but this gives jump
and too high strength with very low saturation
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SOIL STRENGTH

Effective stresses in partially saturated soils (Bishop 1959) — other definitions
possible

c = (G' ua) T (ua'uw)

= o and o = effective and total stresses
= U, = pore air pressure
= u, = pore water pressure
= (u,-u,) = capillary tension
= x = Bishop parameter
varies from O (dry) to 1 (fully saturated)

Assuming that, u,= 0 and y = S the equation simplifies to:
c’=(c-Suy,)

Institute for
2. SOIL MECHANICS and
\'"| FOUNDATION ENGINEERING
) co i

IMPUTATIONAL GEOteCHNICS GROUP
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COEFFICIENT ¢
1.0 >
g
s 7
0.8 23 /
4 2
= /
e :
5 0.6 - 3/ / / /
O X = Sr / ,’j
= a4
= 0.4 7,/ i
g [ l///'fJ
O ‘Y .
0.2 - . {7
" 5
'_!’,
0 T 1 T
0 20 40 60 80

DEGREE OF SATURATION S _ (%)

100

1 COMPACTED
BOULDER CLAY
(Bishop et al, 1960)

2 COMPACTED SALE
(Bishop et al, 1960)

I BREAHEAD SILT

(Bishop & Donald, 1961)

4 SILT (Jennings &

Burland, 1962)

SSILTY CLAY (Jennings
& Burland, 1962)

6 STERREBEEK SILT

(Zerhouni, 1991)

7 WHITE CLAY

(Zerhouni, 1991)
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SOIL STRENGTH

¢ =(c-SWU,)

Check this product!

T, =C +otan¢'=C +( —SU,)tanp'=C +o,tan gﬂ

The variation of shear strength with suction depends on the variation of S
with suction

= Often S, isreplacedby S, (PLAXIS!)
S _
S — r S‘GS

e

Ssat _ Sres

S.. effective saturation

S.: degree of saturation

S residual saturation (suction — )
S, saturation when (suction=0)

Institute for
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SOIL STRENGTH

Sand (USDA): (S,.s=10,5%)

c 1 25
-9 09 a s
B —Saturation (5r) ~—Saturation (5r) '
5 08 - 20 /
w . .
w 0,7 - - -Effective Saturation (Se) UIT - ~Effective Saturation {Se)
o
2 06 - ~ 15 /
S os o) Sr
% 0’ pw

4 ~~ 10
H &
,g 03 41

\

02 (/If’ oy
25, Lz~
w

011 N ] /‘i’f (_Se pw)

0 50 100 150 200 0 50 100 150 200
Suction (kPa) Suction (kPa)
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DEFINITION OF QUASI-SATURATED

,Where air is entrapped in soils beneath the groundwater
table, the soils are not fully saturated...... we would like to

Introduce a new term, ,quasi-saturated soils”, that will

be used to define solils beneath the water table which

contain entrapped air.”

(Faybishenko, B.)
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DEFINITION

Stages of saturation:
= closer look to area near saturation
= distinction of quasi-saturated stage between zone with positive and negative pore waterpressure

saturated

guasi-saturated
(suction)

entrapped air -

guasi-saturated
(pw-pressure)

continuous
air phase

quasi-

saturation S [-]

A

1,0

E, quasi-
£ saturated |saturated
§ (pw- (suction)
pressure)
unsaturated
Y -
0 air entry value  suction s [kPa]

Reference: Boutonnier, 2013
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Unsaturated Soils

DEFINITION
Regions in a soil segment: _
suction pore water pressure
- o >
= suction:
 unsaturated zone
(unsaturated) unsaturated zone

« capillary fringe
(quasi-saturated — suction)

capillary fringe

= pore water pressure:
 zone with entrapped air
(quasi-saturated — pore water pressure)
* saturated zone

(saturated)

= for fluctuating water tables above ground surface
zone with entrapped air is relevant

Institute for
%SOIL MECHANICS and
FOUNDATION ENGINEERING

COMPUTATIONAL GEOt@CHNICS GROUP
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CONTENTS

Introduction

Simple slope with MC (check mesh dependency)
FEM vs. LEM

Unsaturated soil slope subjected to rainfall infiltration

Summary and conclusions
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Introduction Simple Slope with MC FEM vs. LEM Unsaturated Soil Slope Conclusions

Definition of safety factor obtained by FEM
(available = characteristic value)

_ tanQ,ane _ Cavlable
tan(pfailure Cfailure

Basically 2 possibilities to obtain factor of safety:

nfe

1: Calculation with characteristic parameters > automatic
reduction of strength parameters of soil until equilibrium is no
longer achieved in numerical analysis

Some FE-codes do this automatically > strength-reduction technique

2. Calculation with reduced parameters > perform new calculation
with different factors until equilibrium is no longer achieved in
numerical analysis

Some codes do this automatically

see also: e.g. Griffiths (1980), Naylor (1981), Brinkgreve & Bakker (1991), Matsui & San (1992)
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Homogeneous, drained soil layer

Inclination of slope: 2:1

20,00 20,00 20,00

15,00

B
5,00

60,00

Soil parameters (Mohr-Coulomb failure criterion):
o‘=20.0[°], ¢ =10.0 [kN/m?]
E=10°[kN/m?] , v=0.3[-], y=20.0 [kN/m3]

Example from: Griffiths and Lane, Slope stability analysis by finite elements, Geotechnique 49, 387-403, 1999
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Introduction Simple Slope with MC FEM vs. LEM Unsaturated Soil Slope Conclusions

Check of Mesh Dependency:

Incremental shear strains after @/c-reduction

650 elements
(6-noded)
FOS: 1.37

Coarse Mesh (650 elements):

650 elements
(15-noded)

FOS: 1.33

L ——
!
'

BT L T e S L A L et et S

r
r
'
)
|
?
!
r
’

3233 elements
(15-noded)

FOS: 1.32

Fine Mesh (3233 elements):

3233 elements
(15-noded)

Reduced Factor: 1.32

No difference in results for

Method 1 and 2
tq?g!eanmcs
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Advantage of FEM vs. LEM for Slope Stability Analysis

1. Inthe FEM, failure occurs naturally through the zones within the soil
mass wherein the shear strength of the soll is not capable to resist the
applied shear stress, so there is no need to make assumption about
the shape or location of the failure surface.

2. There is no theory of slices in the FEM, so no need to make
assumption about slide side forces. The FEM maintains overall
equilibrium until failure is reached.

3. As long as the compressibility data of soils is available, the FEM will
provide deformations result at the working stress levels.

4. The FEM is capable to check the progressive failure up to and
including shear failure.

Source: Griffiths and Lane, Slope stability analysis by finite elements, Geotechnique 49, 387-403, 1999
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Introduction Simple Slope with MC FEM vs. LEM Unsaturated Soil Slope Conclusions
(1) Homogeneous slope with no foundation layer EEM

Geometry and mesh:

1 2m 20m

4[ SRR . Failure mechanism:
Vg araviy vl Ve ) Incremental strains:
DT AT | FOS =1.348

Soil parameters with Mohr-Coulomb model:

KN/ms3 i
Unit weight [kNim?) 20 Incremental displacement;
Effective secant ;
modulus E [kPa] 100.000
Effective poisson's ratio V [-] 0.3

Cohesion (effective
shear strength)
Friction angle (effective :

shear strength) 9 [’ 2

c [kPa] 10

T ottt
taameanmcs
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Elevation

Elevation

(1) Homogeneous slope with no foundation layer

Ordinary Method of Slice:

11
10

©

A OO N ©

O, N W
CFTTTTT T T T

Bishop’s Simplified Method :

11

=
oOFr NWHAOON®OOO

Model: Mohr-Coulomb
Unit Weight: 20kN/m?

Cohesion: 10 kPa
Phi: 20°

Simple Slope with MC

Modelling of Slope Instability and Influence of Unsaturated Soil Behaviour

1.344

FOS =1.344

N
IN
o
©

Model: Mohr-Coulomb
Unit Weight: 20kN/m?

Cohesion: 10 kPa
Phi: 20°

w

16 18

Distance

20

22

24

26

o
N
IN
o
©

Distance

28

FEMvs. LEM

30

FOS = 1.388

Elevation

Elevation

Ty

Conclusions

LEM

Unsaturated Soil Slope

Janbu’s Simplified Method :

1.330
®
11—
10
|- FOS =1.330
7 : Model: Mohr-Coulomb
6| Unit Weight: 20kN/m?
5| Cohesion: 10 kPa
4| Phi:20°
3
21
= I I R R
0 2 4 6 8 10 20 22 24 26 28 34
Distance
Morgenstern and Price Method :
1386
11—
10K
o1 FOS =1.386
3: Model: Mohr-Coulomb
6|  Unit Weight: 20kN/m?
5|_  Cohesion: 10 kPa
4| Phi:20°
3|
21
e I I I I

Distance

T ottt
taameanmcs
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9 ple Slop p
(2) Homogeneous slope with foundation layer EEM

Geometry and mesh:

10m

Soil parameters with Mohr-Coulomb model:

KOS, Failure mechanism:

LN T e KAALN '*~._,__\.

;* VAV 2 B SATAY > » Incremental strains:

]' { ‘ | di : = . = o3 S -

| AaV. > T A e L '_... Vo " o ¥ " > 3

I - o La ;é ; oA W ow :‘ o - n.'a' B ; L R L FOS - 1'339

T T —

Cohesion (effective S
shear strength) '
Friction angle (effective y [°] +
shear strength)

Unit ht KN/m3 20 -
nitweig [km] Incremental displacement:
Effective secant ,
modulus E [kPa] DTS
Effective poisson's ratio V [-] 0.3

c [kPa] 10

20

T ottt
taameanmcs
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c
i=i
B
i
L

& itenas

Introduction

(2) Homogeneous slope with foundation layer

Ordinary Method of Slice:

Simple Slope with MC

1.346
L]

16,—
= FOS =1.346
12 [— Model: Mohr-Coulomb
10 |= Unit Weight: 20 kN/m?
¢ |= Cohesion: 10 kPa

— Phi: 20
6 -
=
2=
0° |

0 10 20 30 40 50

Distance

Bishop’s Simplified Method :

1.388

16,—

14 |—

12 |~ Moded: Mohr-Coulomb
10 |— Unit Weight: 20 kN/m?
[— Cohesion: 10 kPa

— Phi: 20°

FOS =1.388

onN M O

°
5
S
8
84

Modelling of Slope Instability and Influence of Unsaturated Soil Behaviour

FEMvs. LEM

Elevation

Elevation

Ty

Conclusions

Unsaturated Soil Slope

LEM

Janbu’s Simplified Method .

1.332
L]
16,—
ul= FOS = 1.332
12 [— Model: Mohr-Coulomb
10 |— Unit Weight: 20 KN/m?
s |= Cohesion: 10 kPa
— Phi: 20°
6 |
ol
2=
0
0 10 20 30 40 50 60

Distance

Morgenstern and Price Method :

1.386
e
16,—
14 |— -
12 |- Model: Mohr-Coulomb FOS = 1.386
10 |- Unit Weight: 20 kN/m3
s |~ Cohesion: 10 kPa
[— Phi: 20°
51
Al
, =
o | | | | |
0 10 20 0 40 50 60

Distance
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(3) An Undrained Clay Slope with a Thin Weak Layer EEM
Geometry and mesh:

L 20m g 20in <
e om | 12m »
[ ; \“1 VATV, TS
- e e AT e -

Oits ‘. o\ + \"‘.-3:':.5;}‘ ., Y, i < i >
| e - ~ 12m G
|. NV < e . = -« >

- b AR X 1 j ATAS 1

| NN i b M Vs

1 G ’Ei ¥ % | ':~:::*:,“:i:'~11” {
: 4 R P e o aVAY o APt
Y Y I T S S T W T Vi N Vi S : M TERTERTY. o TR S Tl |

Soil parameters with Mohr-Coulomb model:

The analysis are carried ou

Unit weight [kN/m?3] using a constant value of
undrained shear strength of soll

Effective secant modulus E’ [kPa] 100.000 . )

(cu,) and five different values of
Effective poisson's ratio 4 [ 0.3 undrained shear strength of the
Cohesion (undrained Cut [kPa] 50 thin layer (cu,) with ratio cu,/cu,
shear strength) | d
Friction angle (undrained 4 [°] 0 equa to1,0.8,0.6,0.4, an
shear strength) 0.2.

T ottt
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I (‘) Itenas Modelling of Slope Instability and Influence of Unsaturated Soil Behaviour ﬂ-[rta!_

Introduction Simple Slope with MC FEM vs. LEM Unsaturated Soil Slope Conclusions

(3) An Undrained Clay Slope with a Thin Weak Layer EEM
Failure mechanism (incremental strains):

c,/c,; =1.0
FOS =1.451

c,/cy1 =0.4
FOS =0.954

cy/c,; =0.8
FOS =1.424

Cyo/C,p =0.2
FOS =0.505

-".l T T
ta ECHSEHIGS
=Lk
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Elevation

Elevation

=
h=
B
I3
L

Introduction

(3) An Undrained Clay Slope with a Thin Weak Layer

Modelling of Slope Instability and In

Simple Slope with MC FEM vs. LEM

1.488

FOS =1.488

Model: Undrained (Phi=0)
Unit Weight: 20 KN/m?3

fluence of Unsaturated Soil Behaviour

Ty

Conclusions

LEM

Unsaturated Soil Slope

Morgenstern and Price Method :

E B Cohesion: 50 kPa
10 [ i
8 Model: U
6| Unit Weight: . L354
1| Cobesion 50kPa P CalC,y=1.0 FOS = 1.354
% 10 20 30 40 50 60 Model: Undrained (Phi=0)
Distance 1446 S |- Unltéy;g%iggww

22 — = .
FOS=1.446 & 2 _
18 Model: Undrained (Phi=0) @ |- )
16 Unit Weight: 20 kN/m® o[ Model: Undr
e ohesion: 40 kPa = (L;nlht Welgl;tc.) iP
12— ohesion: a
10 |~ ’ = ‘ cuzlcyl =0.4
8| Model: Undr % 10 20 30 2 50 60
6]  Unit Weight: 2 .
4|  Cohesion: 50 kPa /c..=0.8 Distance 1238
2 | u2 u‘l : . o2
0o 10 20 30 40 50 60 20H FOS =1.238
” Distance 1400 18 Model: Undrained (Phi=0)

— 16 : : .
200 FOS=1400 ¢ .| Unit Weight: 20 kN/m

2 Cohesion: 10 kPa
Model: Undrained (Phi=0) ® 12

B Unit Weight: 20 KN/m2 B 1
e W 8|~ Modd: Undrained (Phi=0)
0l ‘ 6] Unit Weight: 20 KN/m?

4 q .
— Mode: Undr y Cohesion: 50 kPa Cuzlc 0= 0.2
Unit Weight: 2 : | | | | s

| Cohesion: 50 kPa
\

10

20

30

40 60

Distance

0

10 20 30 40 50 60

Distance

B L B e

G
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Simple Slope with MC

FEMvs. LEM

Unsaturated Soil Slope

(3) An Undrained Clay Slope with a Thin Weak Layer

Computed FOS for an undrained clay slope with a

thin weak layer with variations of c,/c;:

FOS

16

1.4 -

1.2 7

1.0 7

0.8 7

0.6 -

04

—e— Finite Element Method
—w— Limit Equilibrium Method

0.0

0.2

04

Cu2/ Cul

0.6

0.8

1.0

Ty

Conclusions

FEM

VS.

LEM

ot

BOECHIES
EEU
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(4) An Undrained Clay Slope with a Weak Foundation Layer

Geometry and mesh:

20m 20m

-
-

X
.

A e T AT R T
-~ .
1 -
¢ ' s \! P - . )
10mj ! TNA TSN X " 0k 20
- x ’ ' - > >
| - o ~§ \J \ ; N -« >
I X \ AT,
| | |, O
Y e - — B, T T R T, - = - O |
p : T NI [ T
e ¥ ; : : A / . ] .
: | A L ; v 7\ A : X * QA TRV - | l N |
I (m ’ . \ { X |.'; N e, N . | ~J 5L > - 1
- : ’ LA 1 A8
! v | ¥ - & - . AN - "
[ - ¢ * ‘ol B % % | - .

RN ! SV P W Yl 7 Vil R T VUl T P B Pl Q¥ 2 B i S 7 R 5

Soil parameters with Mohr-Coulomb model:

Unit weight [KN/m3]

Effective secant modulus E’ [kPa] 100.000
Effective poisson's ratio 1% [-] 0.3
Cohesion (undrained

shear strength) Cur [kPa] R
Friction angle (undrained 4 [°] 0
shear strength)

Modelling of Slope Instability and Influence of Unsaturated Soil Behaviour

Ty

Conclusions

Unsaturated Soil Slope

FEM

The analysis are carried out
using a constant value of
undrained shear strength of soll
(cu;) and six different values of
undrained shear strength of the
foundation layer (cu,) with ratio
Cu,/cu; equal to 0.5, 1.0, 1.5,
1.75, 2.0 and 2.5.
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(4) An Undrained Clay Slope with a Weak Foundation Layer EEM

Failure mechanism (incremental strains):

Cyplcyy =1.75
FOS =2.069

cplcyy =0.5
FOS =0.892

Cy/Cyy =2.0

cp/c,; =1.0
FOS =2.076

FOS =1.454

Cyp/Cyy =2.5
FOS =2.069

Ccplc,y =1.5
FOS =2.032
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ta ECHSEHIGS
L =Lk




as Modelling of Slope Instability and Influence of Unsaturated Soil Behaviour ﬂ-[g_

LR ]

&

W Introduction Simple Slope with MC FEMvs. LEM Unsaturated Soil Slope Conclusions

1—o

(4) An Undrained Clay Slope with a Weak Foundation Layer LEM

o3 (2052
22 — 22 —
Morgenstern and 2,
Price Method : | Modet undreined
16 ™ Unit Weight: 20kN/,
S u & 14 Cohesion: 50kPa FOS =2.052
"B 1 B 2 '
i; 10 d E 10
w s W8] Moda: Undrained (Phi=0)
6 6 Unit Weight: 20 kN/m?
4 Cohesion: 25 kPa 4 [ Cohesion: 87.5 kPa
0 0 10 20 30 1.485 40 50 60 0 0 10 20 30 2.064 40 50 60
2 — . 2 — ..
Distance 20 Distance
181~ Mode!: Undrained
c c 16 I Unit Weight: 20 kN/m?
5 FOS=1.485 5 | Gcoheson 50in FOS = 2.064
= g |
E 10 < § 10 +
w s . W' 8 Mode!: Undrained (Phi=0)
6 Unit Weight: 20 6 Unit Weight: 20 kN/m?
4 [~ Cohesion: 50 kPa _ 4 [ Cohesion: 100 kPa _
‘o | JlCy = 1.0 ‘C | | | | CwlCyu=2.0
% 10 20 30 2,052 40 50 60 % 10 20 30 2.064 40 50 60
2 — .4 2 — ity
Distance 0 Distance
ﬁ ™ Model: Undrained(
I Unit Weight: 20kN/m? _
5 Cohesion: 50 kPa FOS = 2.052 S 14— cohesion: 50kPa FOS =2.064
B 12 ’ ®] 12
§ 10 t § 10 +
w s | Model: Undrained (Phi=0) W 8] Mode: Undrained (Phi=0)
6 Unit Weight: 20 kN/m? 6 Unit Weight: 20 kN/m?
4 [ Cohesion: 75 kPa 4 [ Cohesion: 125 kPa
0 0 10 20 30 40 50 60 0 0 10 20 30 40 50 60
Distance Distance
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(4) An Undrained Clay Slope with a Weak Foundation Layer

Computed FOS for an undrained clay slope with a

weak foundation layer with variations of c ,/c,;: FEM |vs.| LEM
2.2
RS
2.0
1.8 -
1.6 -
%)
Q 14
1.2 7
1.0 7
—e— Finite Element Method
0.8 - —v— Limit Equilibrium Method
0.6 | | | ;
0.0 05 1.0 15 2.0 25

Cu2/ Cul
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(5) Homogeneous Slope with Horizontal Free-Surface
Geometry and mesh:

12m - - 2

Inind GWT

xi |

X o, A 1 "ATAYAYAR : S NES
H= 10m | 09 I i g S X 4 o A - - 7
-~ 3 v » v - - p— H

4 4 NS 7 oy T, it e N

~ -
' ............. U SRR S S S S N S B

Soil parameters with Mohr-Coulomb model:

FEM

Sl in this analysis, a slope with

Unit weight [kN/m3] different drawdown ratio, L/H
Eff%ctllve secant P (kPal 100.000 which has been varied from 0.0
g (slope completely submerged
Effective poisson's ratio 4 [-] 0.3 with water level at the crest of
Cohesion (effective ¢ [kPa] 10 the slope) to 1.0 (water level at

shear strength)
Friction angle (effective y, [°] 20

shear strength) considered

the toe of the slope) were
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(5) Homogeneous Slope with Horizontal Free-Surface EEM
Failure mechanism (incremental strains):
L/H =0.0 L/H=0.6
FOS =1.276

L/H=0.2
. FOS = 1.552
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(5) Homogeneous Slope with Horizontal Free-Surface

Elevation

Elevation

Elevation

N WA OO N

Sy

Model: Mohr-Coulomb
Unit Weight: 20 kN/m?
Cohesion: 10 kPa

Phi: 20°

1.848
®

Morgenstern and Price Method :

11—

o

Model: Mohr-Coulomb

Unit Weight: 20KkN/m?
Cohesion: 10 kPa

Phi: 20°

10
=0.0 ol
: sl
c
o 7
g o6l Model: Mohr-Coulomb
g 5[ Unit Weight: 20 kN/m?
o 4 '
3
2 —
L=
0

w o

o

Model: Mohr-Coulomb

Distance

PN WA OO N ©

w

o

Unit Weight: 20kN/m3
Cohesion: 10kPa
Phi: 20°

Model: Mohr-Coulomb
Unit Weight: 20 kN/m?

Elevation
ocRrNMNWhROO~N®O SR

Ty

Conclusions

LEM

L/H=0.8

Distance

L/H=1.0

Cohesion: 10 kPa
Phi: 20°
3| | | | |
34 0 2 4 6 8 10 12 2 24
Distance 36
11—
10
97
=04 8-
c
S I~
g 6| Model: Mohr-Coulomb
] Unit Weight: 20 kN/m?
— 4|— Cohesion: 10kPa
L Phi: 20°
37
27
17
& | | | | |
34 0 2 4 6 8 10

Distance
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(5) Homogeneous Slope with Horizontal Free-Surface

Computed FOS for homogeneous slope with
horizontal free-surface with variations of L/H: FEM [vs.| LEM

20

—e— Finite Element Method
—w— Limit Equlibrium Method

1.8 3

1.6 -

FOS

1.4 ~

1.2 ~

10

01 00 01 02 03 04 05 06 07 08 09 10
L/H
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Unsaturated soil slope subjected to rainfall infiltration

In slope stability analysis, the effect of negative pore water pressure or suction is
usually not taken into account because suction will reduce with rainfall infiltration
and therefore it can be assumed that matric suction does not influence the long
term stability of the slope.

However, to reduce matric suction from the soil, the rainfall needs to be sustained
over a significant time period and also the rainfall intensity needs to approximate
the saturated coefficient of permeability of the soil at the ground surface.

Hydraulic characteristics such as saturated coefficient of permeability and initial
degree of saturation, intensity and duration of rainfall are parameters which are
important in the analysis of slope stability considering rain infiltration.

According to Biot's theory of consolidation, to analyze the behaviour of
unsaturated soils, is required to simultaneously compute deformation and
groundwater flow with time dependent boundary conditions (fully coupled flow
deformation analysis).
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Hydraulic Models

Conclusions

Van Genuchten (1980) presented a set of closed-form equations of hydraulic
characteristics for unsaturated soils which is based on the capillary model of
Mualem (1976). The Van Genuchten model introduced the relation between
saturation and suction pore pressure head (¢,):

gn gC
S ¢, =Sesat SarSesou 1+ 9,0,
Uy
¢ =
> P

where S,..iq, IS the residual degree saturation of the soll that describes the part of
water that remains in the soil even at high suction heads. S., is the degree

saturation of the soil when the pores are filled with water. g,, g, and g. are
empirical parameters, and it is assumed that:

—_ 1-gn
= )

%
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Hydraulic Models

The Van Genuchten Model is used in which the effective degree of saturation (S,)
IS obtained as:

S Sesidu
Se=
Ssat~ Sresidu

The relative permeability in relation to Mualem — Van Genuchten is:

g On-1 2
n gy
kaS=S o9 1- 1-§7

where g,is an empirical parameter.
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Shear Strength of Unsaturated Soll

The principle of effective stress is applicable for saturated soils. For unsaturated
soils, the water phase fills only parts of the pore volume, whereas the remainder
IS occupied by air. Bishop (1959) has modified Terzaghi’s classical effective stress

theory and presented the matric suction coefficient () for the effective stress of
unsaturated soils:

G':G'Ua'i'XUa' UW

where o’ and o are the effective and total stress respectively, u, is the pore air
pressure, and u, is pore water pressure. The term (u, — u,) Is called matric

suction and y is the matric suction coefficient and varies from 0 to 1 covering the
range from dry to fully saturated conditions.

By assuming that the pore air pressure is constant and is small enough to be
neglected (u, = 0), consequently for a dry soil, effective stress and total stress

are the same. The matric suction coefficient (y) is usually obtained from
laboratory tests on both saturated and unsaturated samples.
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Oberg and Sallfors (1997) and Lo O sit, drained test (Donald, 1961)
Vanapalli et al. (1996) 0.8 0/ * zicl;tétc::tstt::tt(vgztne;d,1961)
suggested that the factor y can 06 X ;y 3/ / B Madrid grayday (Escario and Juca, 1989
approximately be replaced by 04 A 2 Viecridlly oy (Escario and s, 1989
the degree of saturation or the " / i . { 1 :dd'(;ghdl(;ndj -
effective degree of saturation, oo 12 / o 2Boulderday(gng;mm
because the shear strength of o| °© + Boulder clay (Blght, 1961)
unsaturated solls is strongly At o BY, 4 Clay-Shale (Blight, 1961)
related to the amount of water =

0 20 40 60 80 100

in voids of soils and in turn to Degree of Saturation (%)
the matric suction.

Consequent|y1 the eﬂ:eCtlve 0.% V '/"':: ,—" S— ).—S;j\\'dluljdl & al | 1996)
stress equation can be i Y 4 e

- . ’ [ r g7 4 7 —— Bishop (1959)
simplified to: / Aa¥ /5

6 =0-SuUy

Figure : Determination of
matric suction coefficient.

where S is the degree saturation
of the saill.

1} 20 10 &0 S0 100
-

Degree of Saturation ("o} FHETHMGES
Lk
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Matric Suction Profile

The matric suction profile will come to
equilibrium at a hydrostatic condition
when there is a zero net flux from the
ground surface. If moisture is extracted
from the ground surface such as
evaporation, the matric suction profile
will be drawn to the left. If moisture
enters at the groundwater surface such
as infiltration, the matric suction profile
will be drawn to the right.

FEMvs. LEM

Modelling of Slope Instability and Influence of Unsaturated Soil Behaviour

Unsaturated Soil Slope

Evaporation /

Ty

Conclusions

Precipitation/

Evapotranspiration Infiltration
EEEY SEREE
| |
NN YVYVYYY
Upward flux / S ¢ Downward flux / infiltration
evaporation . —

suction profile

suction profile

Negative Unsaturated

pore-water _ soil
pressure HydrOStath
suction profile

AV
Groundwater level
_ Positive
Saturated soil pore-water
pressure

Figure : Matric suction profilein horizontally layered unsaturated soil profiles
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Example of Unsaturated Soil Slope

In this part slope stability analysis of unsaturated soils due to rain infiltration will be
discussed. A simple case of a homogeneous slope has been chosen. The
international soil classification system USDA series is used for determining the
hydraulic data for the analysis. The mechanical and hydraulic models used in the
analysis are the Mohr Coulomb failure criterion and the Van Genuchten model

respectively. The height of the slope is 10 m and the gradient (horizontal to vertical)
Is 2:1.

P 20m L 20m L 20m ~
B g i -
A
10m
< I v
AYVZAVZANZS - 74 P8 VA AN VA PN S VN P P P P AN AN VN VAN P2 P VA ZAN N PN N Vi VA FN A
O I IR I ITIIIIHK ﬁﬁ%’%@“‘“‘“‘ﬂ'ﬂﬂ‘v
R DR RIS SRR KR R RRRIAK AAVAVAQ%VAVA%A%"}VA“FQP
RSO AANASDIBEANANANANARNARIKNATIANNNAAFI ] [ 15m
AN >
e e
v VA AAVAN AV VAV Y VAV AVAVVAVAVAVANAVAVAYavavy S
%hﬁhv&ﬁﬁgg%ﬂuvv N/ V%VAWAV;VV \VAVA VVAVA"AVA%@‘
v

Figure : Geometry and two dimensional finite element mesh (4800 15-noded elements)
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Soil Parameters

Soil parameters for the Mohr Coulomb model used in the analysis:

Unit weight kN/m3

Elasticity modulus E’ kPa 7500
Effective poisson'sratio 1% - 0.35
Effective cohesion c kPa 20
Effectivefrictionangle /] @ 20
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Hydraulic Parameters

Four different hydraulic parameter

sets of the USDA series for the Van sand 8.25E-05 14,50
Genuchten Models are used to ——— J— - . .
evaluate the effect of these

parameters in slope stability during % team L e N i
rain infiltration: Loam 2.89E-06 3.60 1.56 0.50
silt 6.94E-06 1.60 1.37 0.50
Silty Loam 1.25E-06 2.00 141 0.50
Sandy Clay Loam 3.63E-06 5.90 1.48 0.50
Clayey Loam 7.22E-06 1.90 131 0.50
Silty Clay Loam 1.94E-06 1.00 1.23 0.50
Sandy Clay 3.33E-06 2.70 1.23 0.50
Silty Clay 5.50E-07 0.50 1.09 0.50
Clay 5.50E-08 0.80 1.09 0.50

Source: Plaxis 2D Reference Manual 2010 Beta
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Boundary Conditions

The initial ground water level was assumed to be horizontal at level of the toe of
the slope. A rainfall with intensity of 10 mm/hour lasting 3 days (72 hours) was
applied on the crest and the slope. The minimum and the maximum pore pressure
head respectively are -0.1 m (0,,,) and 0.1m (0,.)- The left boundary, right
boundary and lower boundary of the model were assumed impervious boundaries.

Rainfall 210 mm/hour

WA ",
‘L\lf\j,\l/
W,

Figure : Boundary conditions of the model.
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Initial Degree of Saturation

Initial degree of saturation for the four different hydraulic parameters leading to
different initial degree of saturation at the same suction:

85.43% 60.73%
100.00% 100.00% saturation
®)
100.00
95.00
90.00
85,00
!8000
75,00
I .00
(b) Sandy Clay . D
I 60.00
55,00
50.00
‘m 40.39% 14.08% | 500
40.00
35,00
30.00
25,00
I 100.00% 100.00% 20,00

15,00
10.00
5.00
0.00

(c) Silt (d) Loamy Sand

Figure: Initid conditions: degree of saturation.
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Initial Suction

Initial suction in the model is woume ™

assumed to increase linearly ' o

above ground water Ilevel
Figure: Initia conditions: suction.

until ground surface.

40.00
30.00
20.00
10.00
0.00

0 kN/m? -10.00

The relation between suction and saturation, i.e.

the Soil Water Characteristic Curve (SWCC): SO T T

0.8

0.6

Saturation

0.4

—— Clay
Sandy Clay
Silt

Loamy Sand

0.2

0.0

0.1 1 10 100
Soil Suction (kPa)

Figure : Soil Water Characteristic Curve (SWCC)
for chosen soil types. t@'épuééﬁﬁms
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Result: Failure mechanism, distribution of suction and degree of saturation

(Clay)
Before rain infiltration: _
suction

\ FOS =1.709 (kNim®)

80.00
70.00
60.00
50.00
40.00

After 3 hours rain infiltration: 20

0.00

_ —
\ FOS =1.708 _
F -10.00

. \ g saturation
)
100.00
95.00
90.00
85,00

80.00

After 6 hours rain infiltration: — oo
65,00
FOS=1.708 [ = §2£
2 | 4500
| 40.00
| 35,00
10.00

5.00 .

Failure mechanism Distribution of suction " Degree of saturation
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Result: Failure mechanism, distribution of suction and degree of saturation

(Clay)
After 9 hours rain infiltration:

R suction
\ FOS =1.707 ., (k)
90.00
> 80.00
70.00
60.00
50.00
. . N N 40.00
After 18 hours rain infiltration: 2
10:00
FOS =1.704 0.00
-10.00
saturation
(%)
100.00
! 95.00
90.00
After 36 hours rain infiltration: o o
65,00
FOS =1.702 _ :2&
| 45:00
| 40.00
| 35,00
150
10.00
5.00 ]
Failure mechanism Distribution of suction o Degree of saturation
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Result: Failure mechanism, distribution of suction and degree of saturation

(Clay)
After 48 hours rain infiltration:

. FOS =1.698 i

suction
(kN/R)
100.00

90.00

80.00
70.00
60.00

50.00
40.00

After 60 hours rain infiltration: 2
10:00
FOS = 1694 0.00
-10.00

saturation

(%)

100.00

! 95.00

90.00

After 72 hours rain infiltration: | 0

65,00
60.00

FOS =1.690 50
45,00

| 40.00

35,00

30.00

25,00

20.00

15,00

10.00

5.00

Failure mechanism Distribution of suction o Degree of saturatior]_
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Result: Failure mechanism, distribution of suction and degree of saturation
(Sandy Clay)
Before rain infiltration: _
suction

V =1.666 (kNim®)

70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
-10.00

After 3 hours rain infiltration:

Ns =1.666

saturation
(/ )
100.00
95.00
90.00
85,00
80.00

After 6 hours rain infiltration: ZS%
65,00
FOS =1.663 Me— 5500
- 45,00
| 40.00
35,00
10.00

5.00 .

Failure mechanism Distribution of suction " Degree of saturation
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Result: Failure mechanism, distribution of suction and degree of saturation
(Sandy Clay)
After 9 hours rain infiltration: _
suction

FOS — 1662 . 3 (kN/m?)
> 100.00

90.00

80.00

70.00

60.00

50.00

After 18 hours rain infiltration: |

30.00
20.00
10.00

— e
FOS =1.656 = 0.00
-10.00

saturation
(%)
100.00
95.00
90.00
85,00

After 36 hours rain infiltration: o0

. FOS =1.643 i

Failure mechanism Distribution of suction o Degree of saturation
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65,00
60.00
55,00
50.00
45,00
| 40.00
35,00
30.00
25,00
20.00
15,00
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Result: Failure mechanism, distribution of suction and degree of saturation
(Sandy Clay)
After 48 hours rain infiltration: _
suction

FOS = 1.631 o
100.00
90.00
80.00
70.00
60.00
50.00

After 60 hours rain infiltration: |

‘)S =1.623

After 72 hours rain infiltration:

‘);S =1.611 i

Failure mechanism Distribution of suction o Degree of saturation
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30.00
20.00
10.00

0.00
-10.00
saturation

(%)
100.00
95.00
90.00
85,00

80.00
75,00
70.00
65,00
60.00
55,00
50.00
45,00
| 40.00
35,00

30.00
25,00
20.00
15,00
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Result: Failure mechanism, distribution of suction and degree of saturation
(Silt)
Before rain infiltration:
suction

\FOS =1.654 (kNim®)

70.00
60.00
50.00
40.00

After 3 hours rain infiltration: 2000

20.00

10.00

FOS =1.649 000
-10.00
saturation
(/)
100.00
95.00
90.00
After 6 hours rain infiltration: ZS%
65,00
FOS = 1.642 = -
50.00 .
45,00
| 40.00
35,00
I 1500
10.00
5.00 .
Failure mechanism Distribution of suction " Degree of saturation
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Result: Failure mechanism, distribution of suction and degree of saturation
(Silt)
After 9 hours rain infiltration:
suction

FOS = 1.636 v s
100.00
90.00
80.00
70.00
60.00
50.00

After 18 hours rain infiltration: |

30.00
20.00
10.00

FOS =1.618 0.00
-10.00

saturation

(%)

100.00

95.00

90.00

85,00

80.00

After 36 hours rain infiltration: o0
FOS = 1.573 s

| 35,00
| 30.00
25,00
20.00
15,00
10.00
5.00

Failure mechanism Distribution of suction oo Degree of saturation
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Result: Failure mechanism, distribution of suction and degree of saturation
(Silt)
After 48 hours rain infiltration:
suction

FOS = 1.537 (oum)
100.00
90.00
80.00
70.00
60.00
50.00

After 60 hours rain infiltration: |

30.00
20.00
10.00

FOS =1.498 0.00
-10.00

saturation

(%)

100.00

95.00

90.00

85,00

80.00

After 72 hours rain infiltration: 000
65,00

FOS =1.436 =

45:00

40.00

| 35,00

g0

10.00

5.00

Failure mechanism Distribution of suction oo Degree of saturation
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Result: Failure mechanism, distribution of suction and degree of saturation
(Loamy Sand)
Before rain infiltration:
suction

FOS =1.575 (kNim®)

100.00
90.00
80.00
70.00
60.00
50.00
40.00

After 3 hours rain infiltration: 2000

20.00
10.00

FOS =1572 ™, 000
-10.00
saturation
(%)
100.00
! 95.00
90.00
After 6 hours rain infiltration: | o0
65,00
FOS = 1.570 =
45,00
| 40.00
35,00
I 450
10.00
5.00 .
Failure mechanism Distribution of suction o Degree of saturation
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Result: Failure mechanism, distribution of suction and degree of saturation

(Loamy Sand)
After 9 hours rain infiltration:
suction
FOS =1.568 (KN/?)

100.00
90.00
80.00
70.00
60.00
50.00
40.00

30.00
20.00
10.00
0.00

-10.00

95.00
90.00
65,00
60.00

85,00

FOS = 1.532 0
45,00

| 40.00

35,00

30.00

25,00

20.00

15,00

10.00

After 18 hours rain infiltration:
saturation
5.00

n FOS =1.561 i
(%)
Failure mechanism Distribution of suction 0% Degree of saturation

100.00
After 36 hours rain infiltration: 7000
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Result: Failure mechanism, distribution of suction and degree of saturation
(Loamy Sand)
After 48 hours rain infiltration:

n FOS =1.479 i

After 60 hours rain infiltration:

suction
(kN/R)
100.00
90.00
80.00
70.00
60.00
50.00
40.00

30.00
20.00
10.00

FOS =1.352 0.00
-10.00

saturation

(%)

100.00

95.00

90.00

85,00

After 72 hours rain infiltration: o0

75,00
70.00
65,00
60.00

FOS =1.229 e
45,00
40.00
35,00
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25,00
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Resume of FOS of unsaturated soil slope during rain infiltration:

Clay Sandy Clay Silt L oamy Sand
(kes=5.5E-07 (ke=3.3E-06 | (ke=6.9E-06 (ke=4.1E-05

m/s) m/s) m/s) m/s)
0 1.709 1.666 1.654 1575
3 1.708 1.666 1.649 1572
6 1.708 1.663 1.642 1.570
9 1.707 1.662 1.636 1.568 g
12 1.706 1.660 1.631 1.565 -
18 1.704 1.656 1.618 1.561
24 1.702 1.653 1.606 1.556
36 1.702 1.643 1573 1.532
48 1.698 1.631 1.537 1.479
60 1.694 1623 1.498 1352 "0 0 0 & &
72 1.690 1.611 1.436 1.229 time (hours)
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Conclusions

= Safety factors from FEM compare well with factors obtained from LEM.

= FEM for slope stability is more powerful than LEM. The failure mechanisms
in FEM are computed automatically as part of the stress equilibrium
process.

= Effect of rainfall infiltration, leading to change of suction and saturation in
slope, on factor of safety can be assessed.

= During the time of rain infiltration, suction decreases and thus the FOS of
the slope reduces, whereas the reduction is faster for soils with high
permeability than for soils with low permeability.
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Slope Instability and Rainfall Effects

EXERCISE 1:  Slope stability analysis
(fully saturated slopes)

Indra Noer Hamdhan

COMPUTIONAL GEOTECHNICS
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Slope Instability and Rainfall Effects

INTRODUCTION

The exercise concerns the stability of a slope in short term condition. In order to keep the problem as simple as
possible, only the Mohr Coulomb material model is considered. Besides the procedure to generate the finite
element mesh, attention is paid to the input of boundary conditions, material properties, the actual calculation
and inspection of some output results.

AIMS

e Geometry input
e Parameters

e Calculation of FOS of the slope

20,00 ‘ 20,00 ‘ 20,00

2
1
% GWT
( 60,00 ‘
Figure 1: Scheme of the exercise (Griffiths and Lane, 1999)
SCHEME OF OPERATIONS:
GEOMETRY INPUT

e Project properties
e Defining of soil stratigraphy
e Material data sets
e Defining of slope geometry

¢ Mesh generation

Course ,,Computional Geotechnics” 2
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PERFORMING CALCULATIONS
e Initial conditions

e Phase 1 (safety analysis)

o Execution of calculation

e Viewing calculation results

THE SAFETY FACTOR

e The safety factor

GEOMETRY INPUT

[z Start PLaxis by double-clicking the icon of the Input program.
e A ‘Quick Select’ dialog box will appear in which you can select an existing project or create a new one.

e Choose ‘Start a new project’ (see Figure 2). Now the ‘Project properties’ window appears, consisting of the
two tabsheets ‘Project’ and ‘Dimensions’ (see Figure 3 and Figure 4).

Y Srart a new peoject

= Open en exsting project

RECETA @rejecs

Figure 2: Quick Select dialog box

Project Properties

The first step in an analysis is to define the basic parameters of the finite element model. This is done in the
‘Project properties” window. These settings include the description of the problem, the type of analysis, the
basic type of elements, the basic units and the size of the drawing area.

In order to enter the proper settings for the footing project, follow these steps:

e In the ‘Project’ tabsheet, enter “Slope Exercise 1” in the ‘Title’ box and type “Slope stability analysis
without considering suction” or any other text in the ‘Comments’ box.

Course ,,Computional Geotechnics” 3
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In the ‘Model’ tabsheet, keep the default units in the Units box (Unit of Length = m; Unit of Force = kN;
Unit of Time = day).

In the ‘Model’ tabsheet, the type of the analysis (Model) and the basic element type (Elements) are
specified. As this exercise concerns a slope stability, choose ‘Plane strain’ from the ‘Model’ combo box.
Select “15-Node’ from the ‘Elements’ combo box.

The ‘General’ group the gravity is 1.0g (-Y direction, which is in the vertical direction) and earth gravity is
9.810 m/s? and the unit weight of water ywater is set to 10 kN/m3.

s =

Project properties

Project | Model

assantial for geotechnical professionals

Project

Title Slope Stability Exerdise 1
Directory

File name

Comments Company logo

Slope stability analysis {without considering =«
suction)|

Mo logo selected

[T set as default [ MNext ] ’ oK ] | Cancel

S —

Figure 3: Project tabsheet of the Project properties window

In the ‘Contour’ group the size of the considered geometry must be entered. The values entered here
determine the size of the drawing area in the Input window. PLAXIS 2D will automatically add a small
margin so that the geometry will fit well within the draw area. Enter the following values in the boxes
IXmin’, IXmax,, Iymin’, ’ymax,_ 00, 600, OO, 15.0.

Click on the button to confirm the settings. Now the drawing area appears in which the
geometry model can be drawn.
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# =

Project properties

| Prcject_ MUdE'l

Type General

Model Plane strain - Gravity 1.0 g (- direction)
Elements 15-Moded - Earth gravity 5.810 m/s2

T ; 10,00 kM2

Units e
—_— Conto

Length m - i

oo 0.000 m
Force I - e

oo 50.00 m
Time day - i

¥ enin 0.000] m V4
Stress kM fm2

Vo 15.00 m

Weight kijm?

[7]set as default Next Cancel

Figure 4: Model tabsheet of the Project properties window

Defining of soil stratigraphy

Information on the soil layers is entered in boreholes. Boreholes are locations in the draw area at which the
information on the position of soil layers and the water table is given. If multiple boreholes are definied, PLAXIS
2D will automatically interpolate between the boreholes. The layer distribution beyond the boreholes is kept
horizontal. In order to construct the soil stratigraphy follow these steps:

Ef=| Click the Create borehole button in the side (vertical) toolbar to start defining the soil stratigraphy.
e Click at x =0 in the draw area to locate the borehole. The Modify soil layers window will appear.

¢ Inthe Modify soil layer window add a soil layer by clicking the Add button.

e Set the top boundary of the soil layer at y = 5 and keep the bottom boundary aty =0 m.

e By default the Head value (groundwater head) in the borehole column is set to 0 m. Set the Head to 5.0m

(Figure 5).
s Wl wsmas = ﬁﬁ
[ T -
e . - I T s
& LB s ke TR T W | P
arm [T
» e Taw Frgiers
1 o T
1
LF e - =

Figure 5: Modify soil layer window.

The creation of material data sets and their assignment to soil layer is described in the following section.
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Material data sets

In order to simulate the behaviour of the soil, a suitable soil model and appropriate material parameters must
be assigned to the geometry. In PLAXIS 2D, soil properties are collected in material data sets and the various
data sets are stored in a material database. From the database, a data set can be assigned to one or more soil
layers. For structures (like walls, plates, anchors, geogrids, etc.) the system is similar, but different types of
structures have different parameters and therefore different types of material data sets. PLAXIS 2D
distinguishes between material data sets for ‘Soil and Interfaces’, ‘Plates’, ‘Anchors’, ‘Embedded pile row’ and
‘Geogrids’.

The creation of material data sets is generally done after the input of boundary conditions. Before the mesh is
generated, all material data sets should be defined and all clusters and structures must have their appropriate
data set.

To create of material set for soil layer, follow these steps:

I.il Open the Material sets window by clicking the Materials button in the Modify soil layers window. The
material sets windows pops up (Figure 6).

.r'!.'.lI--|I ey
|
e gltald
| Feojr rrseTrmy
i Bt fepe i e TR "
| Group e Facern ]
|
N
|
| i -«
|
|
|- 15
!

Figure 6: Material sets window.

e Click the New button at the lower side of the Material sets window. A new window will appear with five
tabsheets: General, Parameters, Flow Parameters, Interface and Initial.

e Enter the proper values in the ‘General properties’ box according to the material properties listed in Error!
Reference source not found. (see also Error! Reference source not found. and Error! Reference source
not found.).

e Hydraulic model, data set, soil type, values of permeability, and initial void ratio can be entered in the
‘Parameter’ box of the ‘Flow parameters’ tabsheet. (see Error! Reference source not found.)

¢ Since the geometry model does not include interfaces, the fourth tabsheet ‘Interfaces’ can be skipped.

¢ Click OK to confirm the input of the current material data set. Now the created data set will appear in the
tree view of the ‘Material Sets’ window.
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Figure 7: General tabsheet of the soil and interface data set window.
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Figure 9: Flow parameters tabsheet of the soil and interface data set window.
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The material properties of the soil layer are listed in the following table.

Parameter Symbol Soil Unit
General

Material model Model Mohr Coulomb -

Type of material behaviour Type Undrained A -

Soil unit weight above phreatic level Yunsat 18,0 kN/m3
Soil unit weight below phreatic level Ysat 20,0 kN/m3
Parameters

Young's modulus Eref 10000 kN/m?
Poisson's ratio v 0,30 -
Cohesion c 10,0 kN/m?
Friction Angle ¢' 20,0 °

Flow parameters

Data set - USDA -
Model - Van Genuchten -

Soil type - Silt -
Permeability x-dir. kx 0,5996 m/day
Permeability y-dir. ky 0,5996 m/day

Table 1: Material properties

Van Genuchten model is the model that describes the hydraulic behaviour of unsaturated soil. In this model
Soil Water Characteristic Curve (SWCC) is introduced to describe hydraulic parameters of the groundwater flow
in unsaturated zones (usually above the phreatic surface). This input information is not used in Exercise 1, but

will be used in the following exercises.

e Drag the set Soil from the Material sets window (select it and hold down the left mouse button while
moving) to the graph of the soil column on the left hand side of the Modify soil layers window and drop it

there (release the left mouse button).

e Click OK in the Material sets window to close the database.

e Click OK to close the Modify soil layers window.

Defining of slope geometry

The slope is defined in the Structures mode. To define slope layers:

IOl | Click the Create soil polygon button in the side toolbar and select the Create soil polygon option in the

bd

appearing Menu.

e Define the slope in the draw area by clicking on on (0.0 5.0), (0.0 15.0), (20.0 15.0) and (40.0 5.0).

e Right-click the created polygon and assign the slope data set to the soil polygon (Figure 10).

e Final model geometry will be appear (Figure 11)
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Figure 10: Assignment of a material dataset to a soil claster in the draw area.

The proposed geometry does not include plates, hinges, geogrids, interfaces, anchors or tunnels. Hence, you
can skip the corresponding buttons in the toolbar.

1

Figure 11: Final geometry of the model.

Mesh Generation

In order to generate the mesh, follow these steps:
e  Proceed to the Mesh mode by clicking the corresponding tab.

@l Click the Generate mesh button in the side toolbar. The Mesh options window pops up.
e Select the Very Fine option as element distribution.

e Click OK to start the mesh generation.
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Figure 12: Mesh options window.

As the mesh is generated, click the View mesh button. A new window is opened displaying the generated
mesh (Figure 13).
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Figure 13: The generated mesh in the Output window.

Erﬂ Click on the ‘Close’ tab to close the Output program and back to the Mesh mode.

PERFORMING CALCULATIONS

Once the mesh has been generated, the finite element model is complete.

Initial Conditions

Click the water conditions tab to show the initial water conditions that already defined (Figure 14).

Figure 14: The initial water conditions.
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The ‘Initial phase’ always involves the generation of initial conditions. In general, the initial conditions comprise
the initial geometry configuration and the initial stress state, i.e. effective stresses, pore pressures and state
parameters, if applicable.

Click the Staged construction tab to proceed with the definition of calculation phases. When a new project has
been defined, a first calculation phase named “Initial phase”, is automatically created and selected in the
Phases explorer (Figure 15). All structural elements and loads that are present in the geometry are initially
automatically switched off; only the soil volumes are initially active.

Fomey mpkmy
=

Iraiisdl plorr= [RsilidPftone]

Figure 15: Phases explorer.

The Phases window (Figure 16) is displayed by clicking the Edit phase button or by double clicking on the
phase in the Phase explorer.

d| Choose ‘Gravity Loading’ from the ‘Calculation type’ combo box of the ‘General’ tabsheet.
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Figure 16: The Phases window for Initial phase.

The Staged construction option is available as Loading type.

=1/ The Phreatic option is selected by default as the Pore pressure calculation type.

Course ,,Computional Geotechnics” 11



Slope Instability and Rainfall Effects

In the Model explorer expand the Model conditions subtree.

Expand the Deformations subtree. Note that the Use default fixities box is checked. By default, a full fixity
is generated at the base of the geometry, whereas roller supports are assigned to the vertical boundaries
(ux = 0; uy = free).

Expand the Water subtree. The water level generated according to the Head value assigned to boreholes in
the Modify soil layer window (BoreholeWaterLevel_1) is automatically assigned to GlobalWaterLevel
(Figure 17).
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Figure 17: The Deformations and Water subtrees in the Model explorer.

Phase 1 (safety analysis):

In order to simulate slope stability analysis, a safety analysis is required. In order to define the calculation
phase follow these steps:

=

Click the Add phase button in the Phases explorer. A new phase, named Phase_1 will be added in the
Phases explorer.

Double-click Phase_1 to open the Phases window.

In the ID box of the General subtree, write (optionally) an appropriate name for the new phase (for
example “safety analysis”.

The current phase starts from the /nitial phase, which contains the initial stress state. The calculation type
is Safety, Loading type Incremental multiplier with Msf 0.1 (see Error! Reference source not found.).

Check list Ignore suction in Deformation control parameters.
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Figure 18: Parameters tabsheet of the first calculation phase
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Execution of calculation:

All calculation phases (two phases in this case) are marked for calculation (indicated by a blue arrow). The
execution order is controlled by the Start from phase parameter.

To find the safety factor of the slope, ZMsf -displacement curves should be generated in this exercise.
¥ | Click on the ‘Select points for curves’ button in the toolbar. This will result in a plot of the mesh, showing all

generated nodes. Click on the node and the stress point to be inspected.

Q For the selection of a node it is sometimes necessary to use the zoom option. After selection of the node it
will be indicated as white colour at node and stress point that selected. The name of selected node called

‘A’ points and the name of selected stress point called ‘K’ point. Press the ‘Update’ button to proceed to
calculations (see Figure 19).
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Figure 19: Node and stress point selected

Click the Calculate button to start the calculation process. Ignore the warning that no nodes and stress
points have been selected for the curves. During the execution of a calculation, a window appears which
gives information about the progress of the actual calculation phase (Figure 20).
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Figure 20: Active task window displaying the calculation progress.
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The information, which is continuously updated, shows the calculation progress, the current step number, the
global error in the current iteration and the number of plastic points in the current calculation step. It will take
a few seconds to perform the calculation. When a calculation ends, the window is closed and focus is returned
to the main window.

| The phase list in the Phases explorer is updated. A successfully calculated phase is indicated by a check
mark inside a green circle.

Q Save the project before viewing results.

Viewing calculation results:

Press the ‘View calculation’ button that will start the output program.

Check the various types of output, such as the deformed mesh, displacement contours, effective (principal)
stresses, incremental strain, etc. These can be found from the ‘Deformations’ and ‘Stresses” menus. Figure 21
illustrates incremental deviatoric strain Ay at the end of safety phase that indicates the failure mechanism of
the slope.

L R a5t Picgr Siabdr Errpr ] - [otndmin sy Srictyarahe Pme 1 11 1ESL borrresial desoters steom vl u i

— Fis vow Bgui ewy ek Dvorses Sees Toe RERs Pep

- = = WRFTUR - =} -+ - T = ey Famm || T [0 - 3
I_ =]
"I B Genmay

o -

L H Phile hd .
= I -
=,

= — =
5 [ |
v
G & i
- § P, |

B oo
I T3

- h-ﬂ-lh-hh1h—].11

- S L - LU e ] v

- D i LT Y i 1T T

s R L e ]
Figure 21: Incremental deviatoric strain Ay at the end of safety phase

The safety factor can be obtained from edit phases button at the Phases explorer. The reach values of
XMsf — Reached safety factor represent the safety factor, provided that this value is indeed more or less
constant during the previous few steps.

The best way to evaluate the safety factor is to plot a curve in which the parameter 2Msf is plotted against the
displacement of a certain node. Although the displacements are not relevant, they indicate whether or not a
failure mechanism has developed.

In order to evaluate the safety factor in this exercise, follow these steps:

Y start the curves program by clicking on the ‘Curves manager’ button in the output program.
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e Create a new chart by clicking the button and select the appropriate problem in the file
requester.

e The “Curve Generation’ window as indicated below (see Figure 22) will appear.

e In the Curve generation window, select Point A for the x-axis. Select Deformations > Total displacements
- [u/ (absolute)

e For the y-axis, select Project and then select Multipliers > 2Msf. The safety phases are considered in the
chart. As a result, the curve of Figure 23 appears.

The maximum displacements plotted are not relevant. If the mouse cursor moves over a point on the curve, a
box showing the exact value can be obtained.
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Figure 22: Curve generation
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Figure 23: Evaluation of safety factor
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EXERCISE 2: Slope stability analysis
(partially saturated slopes)

COMPUTIONAL GEOTECHNICS
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INTRODUCTION

When unsaturated soils are considered and the effect of negative pore water pressure or suction is taken into
account. This condition uses Bishop’s definition of stress instead of Terzaghi’s stress and is suitable for
calculating unsaturated response of soils and for performing fully coupled hydro-mechanical behaviour of soils.

Terzaghi’s principle effective stress theory is given by: 0'= 0 — Pw
Bishop’s principle effective stress theory is given by: o' = (O‘ — pa)+ )(( P, — pw)

Where ¢’ is effective stress, ¢ is total stress, pw is pore water pressure, the term (ps — pw) is called matric
suction and y is the matric suction coefficient and varies from O to 1 covering the range from dry to fully
saturated conditions. By assuming that the pore air pressure pq is constant and is small enough to be neglected
(pba = 0) and matric suction coefficient () is can approximately be replaced by the effective degree of

. . . o . p. L
saturation, consequently, the effective stress equation can be simplified to: 0 = 0 — Se Pw

where Se is the effective degree of saturation. This modified principle effective stresses is used when the
suction is taken into account.

AIMS:

e Tounderstand the effect of negative pore water pressure or suction in a slope stability analysis.

SCHEME OF OPERATIONS:

Geometry input

e Use previous input file without change of:
0 Project properties
0 Defining of soil stratigraphy
0 Material data sets
0 Defining of slope geometry
0 Mesh generation

e Save as new data file

PERFORMING CALCULATIONS
e Use previous initial conditions

e Phase 1 (safety analysis)

o Execution of calculation

e Viewing calculation results

THE SAFETY FACTOR

e The safety factor

¢ Inspect the safety factor and compare with slope stability analysis without considering suction.
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GEOMETRY INPUT - USE PREVIOUS INPUT FILE

ks Start PLaxis by clicking on the icon of the Input program.
e Select the existing project file from the last exercise (Slope Exercise 1).

e From the File’ menu select Save As’ and save the existing project under a new file name (e.g. ‘Slope
Exercise 2’)

PERFORMING CALCULATIONS - Re-run existing calculation-list

e Uncheck list Ignore suction in option of Deformation control parameters in the Phases explorer (Figure 24).

= Frami : i |
(= v |
| (0 Cnilind e [ibiniPiar] - = Hem - o i
[ ™ SPPERT TS i eral
[= v g s
i 2 o
iy roa Thagw] v
H o LEn
P L L TR Corua T rie
Pk el ol £ iy
B md il e
LS
a1 6T
Ermgywmuaas Fuarw; -
it I s (R L
[FETH e ]
D0 R
e i
e e e e B
= iy
T E-
i rumme o v ki L -1 |
& |

Figure 24: Uncheck Ignore suction in the Phases explorer

Click the “Calculate’ button. This will start the calculation process (Figure 25).
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Figure 25: Active task window displaying the calculation progress.

The information, which is continuously updated, shows the calculation progress, the current step number, the
global error in the current iteration and the number of plastic points in the current calculation step. It will take
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a few seconds to perform the calculation. When a calculation ends, the window is closed and focus is returned

to the main window.

I The phase list in the Phases explorer is updated. A successfully calculated phase is indicated by a check

— mark inside a green circle.

@ Save the project before viewing results.

Viewing calculation results:

@ Press the “View calculation’ button that will start the output program.

e Error! Reference source not found. illustrates incremental deviatoric strain Ay at the end of safety phase
that indicates the failure mechanism of the slope. Figure 27 and Figure 28 show the suction profile of the

slope. Figure 29 and Figure 30 show the profile of degree of saturation of the slope.
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Figure 27: Suction
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Figure 29: Degree of saturation
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Figure 30: Cross section of degree of saturation
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THE SAFETY FACTOR

In order to evaluate the safety factor in this exercise, use the same procedure as used in the previous exercise.
Figure 31 shows the 2Msf against the displacement curve.

To compare the results obtained with both calculation modes plot both XMsf -|u| curves in one chart.

In order to make a comparison of result in the curve generated, follow these steps:

From the Format menu select Settings and Figure 32 will appear.

Select Add curve and select From another project (all) and then select and open previous project file Slope
Stability Exercise 1. Use the same steps to generate the curve and Figure 33 will appear. Use the manual
scaling in the Chart tab to change the scale of the chart.
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Figure 31: Evaluation of safety factor
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EXERCISE 3:  Slope stability analysis subjected to Rainfall
Infiltration (partially saturated slopes)

COMPUTIONAL GEOTECHNICS
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INTRODUCTION

Slope stability analysis of unsaturated soil subjected to rainfall infiltration requires to compute simultaneously
the deformations and groundwater flow with time dependent boundary conditions (fully coupled flow-
deformation analysis). The calculation will be performed that considering the suction uses Bishop’s definition of
stress instead of Terzaghi’s stress and Biot’s theory of consolidation.

AIMS:

e« To understand the change of negative pore-water pressure or suction during rainfall infiltration. This
change of suction will influence the stability of the slope.

Rainfall 0.2 m/day during 3 days
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Figure 34: Scheme of the exercise (Griffiths and Lane, 1999)
SCHEME OF OPERATIONS:
Geometry input

e Use previous input file with change of:
0 Project properties

= To reduce the computational time, 6-noded elements are used in this exercise. But
nevertheless, 15-noded elements would give more accurate results for safety
analysis.

0 Mesh generation

e Save as new data file

PERFORMING CALCULATIONS

e Use previous initial conditions

e Phase fully coupled flow-deformation.
e  Phase safety analysis.

e  Execution of calculation

e Viewing calculation results
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THE SAFETY FACTOR

e Inspect the safety factor during rainfall infiltration.

GEOMETRY INPUT - USE PREVIOUS INPUT FILE

ks Start PLaxis by clicking on the icon of the Input program.
e Select the existing project file from the last exercise (Slope Exercise 2).

e From the File’ menu select ‘Save As’ and save the existing project under a new file name (e.g. ‘Slope
Exercise 3’)

GEOMETRY INPUT

Project properties

e Change the elements by selecting the item ‘Project properties’ from the ‘File’ menu. Select the “6-Node”
for Elements in Model tabsheet. (see Figure 35).

Figure 35: Elements: 6-Noded

Mesh generation

Use the procedure described before to generate the mesh after the change to 6-noded elements.

PERFORMING CALCULATIONS

e Delete old calculation phases.

Calculation Phases

This analysis consists of six phases. From the first phase until third phase a Fully coupled flow-deformation
analysis is performed. During rainfall infiltration deformations and groundwater flow are computed
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simultaneously with time dependent boundary conditions (fully coupled flow-deformation analysis). From the
fourth phase until seventh phase, safety analyses are performed.

In order to perform all the calculation phases, follow these steps:

Phase 1 (1% day of Rainfall):
Click the Add phase button in the Phases explorer. A new phase, named Phase_1 will be added in the
Phases explorer.

e Double-click Phase_1 to open the Phases window.

e In the ID box of the General subtree, write (optionally) an appropriate name for the new phase (for
example “1t day of rainfall”.

e The current phase starts from the Initial phase, which contains the initial stress state. The calculation type
is fully coupled flow-deformation and time interval is 1 day (see Error! Reference source not found.).
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Figure 36: Phases explorer — Calculation type: fully coupled flow-deformation.

e Uncheck list Ignore suction in Deformation control parameters.
¢ Inthe Model explorer expand the Model conditions subtree.

e Expand the Precipitation subtree. Fill the parameters q (infiltration) = 0.2 m/day, Ymax = 0.1 m, and Ymin = -
1.0 m (see Error! Reference source not found.).
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Figure 37: Model explorer — Model condition — Precipitation subtree
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Phase 2 (2" day of Rainfall):

=

Click the Add phase button in the Phases explorer. A new phase, named Phase_2 will be added in the
Phases explorer.

Double-click Phase_2 to open the Phases window.

In the ID box of the General subtree, write (optionally) an appropriate name for the new phase (for
example “2" day of rainfall”.

Use the same procedure as used in the Phase 1 for the input of the General in Phases explorer but without
select Reset displacement to zero.

Phase 3 (3" day of Rainfall):

Click the Add phase button in the Phases explorer. A new phase, named Phase_3 will be added in the
Phases explorer.

Double-click Phase_3 to open the Phases window.

In the ID box of the General subtree, write (optionally) an appropriate name for the new phase (for
example “3™ day of rainfall”.

Use the same procedure as used in the Phase 2 for the input of the General in Phases explorer.

The calculation-list after Phase 3 from Slope Exercise 3 appears, as indicated below (see Figure 38).
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Figure 38: The calculation-list after third calculation phase

Phase 4 to 7 (safety analysis):

In Phase 4 to 7, stability calculations are defined for the phases 0 to 3 respectively. Initial factor of safety

(FOS), FOS after 1% day of rainfall, FOS after 2" day of rainfall and FOS after 3™ day of rainfall will be
calculated in Phase 4 to 7 respectively.
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—. | Click the Add phase button in the Phases explorer. A new phase, named Phase_4 will be added in the
@  Phases explorer.

e Double-click Phase_4 to open the Phases window.

e In the ID box of the General subtree, write (optionally) an appropriate name for the new phase (for
example “Initial factor of safety (FOS)”.

e The current phase starts from the Initial phase, which contains the initial stress state. The calculation type
is Safety, Loading type Incremental multiplier with Msf 0.1.

o The procedure repeat for Phase 5, Phase 6 and Phase 7 for FOS after 1% day of rainfall, FOS after 2" day of
rainfall and FOS after 3™ day of rainfall respectively.

he full calculation-list from Slope Exercise 3 appears, as indicated below (see Figure 39).
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Figure 39: Calculation phase

Viewing calculation results:
@ Press the ‘View calculation’ button that will start the output program.

e Check the various types of output showing the suction, the degree of saturation and the failure
mechanism, as presented in Figure 40 to Figure 51.
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Figure 40: Initial suction
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Figure 41: Suction after 15t day of rainfall
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Figure 42: Suction after 2" day of rainfall
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Figure 43: Suction after 3 day of rainfall
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Figure 44: Initial degree of saturation
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Figure 45: Degree of saturation after 15t day of rainfall

o FLENE, ol 21 BE -T2 |“m . — ey AL
h'_._‘"ﬁf ke #-!:um-_ﬂmun%m 3
J"" H-Hﬁl-ll.u-hl.l-. TS I:niul:bl.:i.m |'-|.l.l. '.".'l
B & fE) e ‘=": w0 i B | o | [T P ;'..ﬂ_-ﬂﬂurll'hb“.q.?-u:h T Iu_ |
! =
LT
= #, - -y
fig | ¥ =T R |
xd L
] P LA
- Ty prr=y i
= B
sl
i
< 0
B |
= Bk
" i
. [
B
et b g
'r J e i, = L T ke I e
# L - A By Rl o e
! ik S o |

Figure 46: Degree of saturation after 2" day of rainfall

Course ,,Computional Geotechnics” 30



Slope Instability and Rainfall Effects

— PLANT O 20 AE - Tiicpr Bty Ricrer ;Dm-ln.hﬂ'ﬂ skl [ Pl T LNEIE o b ? S — ;E

|_'-mmmmmmm|mm

| sk [ =N _HR-Y = == | TSR et et PPl P - 2|ty |
1 = |
(i e
II-E = T
[ ]]
‘|_ - Lt
o = e i
‘I L
§ = P L
ki
Z L
. ot o
% L] e |
| —r o1
| v R
%] B
H [T ]
-
e w
i e e = Wy et o o ota A
x vy s o 7 00t St ol e oo 100
| E -1 B il

Figure 47: Degree of saturation after 3" day of rainfall
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Figure 48: Failure mechanism before rainfall
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Figure 49: Failure mechanism after 1 day of rainfall
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Figure 50: Failure mechanism after 2" day of rainfall
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Figure 51: Failure mechanism after 3™ day of rainfall

THE SAFETY FACTOR

In order to evaluate the safety factor in this exercise, use the same steps as described before. Figure 52 show
the ZMsf against the displacement curve. The curve shows that the safety factor reduces during rainfall
infiltration.
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Figure 52: Evaluation of safety factor
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