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Constitutive laws for finite element analysis

Goal of FE analysis:

reproduce as precisely as possible stress-strain response of a
system subject to different or complex stress paths

\O
R
S
-~
N
q Retaining walls _
) (active) Foundations etc
: Ty ¥ ¥ Ground
Infiltration < dralar
/ lowering
»
p!
Excavations Retaining walls
(passive)

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland

since 1985



Continuum models available in ZSoil v2014
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Why do we need advanced constitutive models?

Better approximation of soil behavior for simulations of practical cases

Drained compression test
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Why do we need advanced constitutive models?

Accounting for stress history and volumetric plastic straining

Preconsolidation
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Why do we need advanced constitutive models?

ENGINEERING CALCULATIONS

ULTIMATE STATE ANALYSIS DEFORMATION ANALYSIS

Bearing capacity Pile, retaining wall deflection

Slope stability Supported deep excavations

Tunnel excavations

Consolidation problems

\ ]|

| |

Basic models e.g. Mohr-Coulomb Advanced soil models
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Basic differences between implemented soil models
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Practical applications of the Hardening Soil model

Tunneling
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Basic differences between implemented soil models

Mohr-Coulomb Volumetric cap

models
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Practical applications of the Hardening Soil model

Berlin sand excavation
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Basic differences between implemented soil models
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Defining type of analysis
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Setting parameters: Initial state setup
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Setting unit weight
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Imposing initial stresses using superelements

Below GWT
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From saturated to unsaturated soil

Saturation degree Interstitial pressure
0 1 E 0 Pw

Discontinuous

S - saturation degree water phase

Continuous
water and air
phases

p,, — pressure in liquid R

phase
Discontinuous

air phase

Water table

Saturated
soils

S =1 p<0

Depth

Y

Figure 2.1 Schematic representation of the saturation phases in a soil profile with a ground water table
bevond the surface, atter Wroth and Houlsby (1985).

NB. fluid = liquid + gas from Nuth (2009)
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Effective stress in ZSoil

Fluid is considered as a mixture of air and water

(single-phase model of fluid)
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Deformation + flow analysis (soil water retention curve)

a Effect of an apparent cohesion can be easily reproduced by coupling:

o constitutive model described by effective parameters

o Darcy’s flow in consolidation analysis

o Soil water retention curve model (van Genuchten’s model)

S=S(p) =

Sr + 173 if p>0
D
{ 1+ (r_lj—)
F
L 1 if p<0
SA
1
Sho—o oo
y P
0 Ye
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T T T T T
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I u
06 [ ]
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02F = Exp. .
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D- ol 1 r ol ool I |
1000 10° 107

Matric suction s (Pa)
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Deformation + flow analysis (uncoupled or coupled)

Effective stress principle

O Bishop stress g?t _ gfj + S P 66"
O All constitutive models are

formulated in terms of
effective stresses Ao’ = D®P A=

d Therefore effective stress parameters should be used
o Effective stiffness parameters £ E'), E' , E's,, V', V',
o Effective strength parameters ¢, ¢’

d Example:

o for tertiary soils some codes may suggest ¢ =15° and ¢ =40 kPa
but these are NOT EFFECTIVE PARAMETERS

o one would obtain from a drained triaxial test ¢' =27° and ¢' =7 kPa

o possible reason: geotechnical experience is often based on past triaxial test data,
such as parameters interpreted from undrained triaxial tests but carried out
on PARTIALLY SATURATED SAMPLES (no sufficient back-pressure was applied)
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Suction pressure effect in ZSoil

Let’'s consider stress sign convention Apparent cohesion effect
from classical soil mechanics in unsaturated, unstructured clay
0 1 E. 0 p 0 S'p

~

~

-~

p<0 \
""""""""""""""""""""""""" Gi'= 0 — P~ 'S0 \ ¢’=0 kPa

Water table

S =1 p>0

Depth

Soil resistance: qdr (6’1 +c -cotg’)
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Setting flow parameters

2D Flowy ==
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Setting flow parameters

Flow parameters from Yang & al. (2004)

12 *_—El—‘u"olcénic sand —e—Fine sand b 0 [l/m] m
- | :h'—GIass beads —®— Touchet silt Ioan’F Gravely 100 0
- 1 == ] ] Sand
A | .
-_% 08 L ? i Medium 10 0
5| \ Sand
5 °F Yo s ] Fine Sand 8 0
8 o4f \ 1 Clayey 1-1.7 0.09-0.23
o i ] Sand
0.2 - \FE—E— 7
I 00
1 _ | 10 Fines content &', constant a <
Matric suction s (kPa)
from Nuth (2009) o can be taken as an inverse of height

of the capillary rise
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Effect of SWRC constants on soil strength

d Reproducing an apparent cohesion

o Effective stress principle (Bishop) f-’-TEr-Ot = Tjj +Sp f5rj

o Find a limit for S-p (for p — o) using van Genuchten’s model

o ForS.=0.0andp — Sp_)_yF
(04
Suction — ' ~— aipha=2.0
(apparent — alpha=5.0
cohesion) al — alpha=10.0
Sr — 00
© 3 i
o
=,
o
& 2 S
1 Positive pore
pressure
I:JO 2|O 4IO EIO BIO 100 above GWT

p [kPa]
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Effect of SWRC constants on soil strength

d Reproducing an apparent cohesion

o Fors,>o0.0andp— o Sp (for p > )
100 . T |
Suction S, =0.10 Z:p:ng'g; NB.
(apparent s To avoid too much
cohesion)  sof alpna=o.1 |

60

S*p [kPa]

20

apparent cohesion above
the GWT set S, = 0.0 and an
appropriate o value

(e.g. if a=1.0, the apparent
cohesion will not exceed
10 kPa)
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p [kPa]

80

100

Positive pore pressure above GWT
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Exercise 1 — Determining the initial state

. 0.00
Open file: — _
Ex 1 InitialState.inp — :
— - -10.00
— : -20.00
-

r

Yo (Year)[KN/m3] 16.5 (20.3) 17.6 (21.4) 16.5 (20.9)
eo [] 0.6 0.6 0.8
o [1/m] 10 1.0 0.25
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Exercise 1 — Determining the initial state

Defining physical properties and hydraulic constants

#

9

- .
Materials |._EE 20 Flow ‘ u
— Material definition
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D ata mode Standard LI Cancel | ak. I Help |

— Gravity term in Darcy's law
[~ Skip gravity term

— Settings for undrained drivers

[+ Undrained behavior
Penalty factor for fluid bulk I 1000000
modulus KF § K

Suction pressure cut-off I 100
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Help oK

Cancel
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Exercise 1 — Determining the initial state

Problem type: Analysis type:
formation+Flow Initial State

: File Control Assembly Analysis Results W -lE hE EE LFE EI'I% P.E — LE

= Settings
Version type Advanced Driver | Tvpe | Ini. load factor | Fin. load factor | Increment
Units STANDARD _[Initial State 0.5000 1.0000 0.5000

kM-m-deg-day-C

= Analysiz and problem type B
Analysis type Plane Strain
Problem type Defomation + Flu% -

= Project description
Project title Ex_1_Initial State
Madel description
Author ZACE
Company FACE

Associated preprocessed projects
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Exercise 1 — Determining the initial state

Profiles of saturation degree
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Exercise 1 — Determining the initial state

S*p profiles
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Very short description of selected models

» Mohr-Coulomb

Main features
» Drucker-Prager

» Cap (+DP) 4

* linear elasticity

- * no hardening
» Modified Cam-Clay \\.‘/4;:/_/4[ » failure described with
. _ ' Mohr-Coulomb criterion

» Hardening Soil 7

T T . « non-associated flow

i R rule

\\J h *“linear” dilatancy
Q >

Mohr-Coulomb vyield criterion

T |=c+g,tan¢
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Very short description of selected models

» Mohr-Coulomb

» Drucker-Prager

» Cap (+DP)

» Modified Cam-Clay
» Hardening Soil

v Elastic

Open |
haterial

Elaztic parameters
Young moduluz

E [100000 [kN/mi°2] ok
Cancel
v |03 1

|Standard

Poizzon ratio
Help

Pl g

Drata mode

Load function [ Stability

Super element data

[v Mar linear

Open
tohr-Coulomb @
Tield Plastic Flow

Dilatancy angle I [deq]
C 20 [kM/m™2] M Q
I Dilatancy cut off
Friction angle P 30 [deql
_ el | N

Cohesion

[ Cut off Rankine f¢ ’I:I— en IEI—
W &dvanced [ Monlocal |
Datamode | Standard j Help | ok | Cancel |
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Very short description of selected models

v Mar i Upen
» Mohr-Coulomb e [t |
rucker-Prager @
Yield Plaztic Flow Size adjustment

» Drucker-Prager —
g Cohesion c |0 [kN/m"2] Dilatancy angle yr |0

> Cap (+ D P) Friction angle I?.EI— [deq] [deq]

H 1 utoff  I'e g 1
> Modified Cam-Clay =i o B
> Hardening Soil v Advanced Data mode |Standard ﬂ Help | ok | Cancel |
Strength anisotropy
g, _
axial compression A MC Main features
D-p * linear elasticity
- . * no hardening
* no strength anisotropy
* linear dilatancy
g, g

Deviatoric sections of Mohr—Coulomb (M-C) and Drucker-Prager
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Very short description

of selected models

» Mohr-Coulomb

» Drucker-Prager

» Cap (+DP)

» Modified Cam-Clay
» Hardening Soil

Main features

* linear elasticity

* volumetric hardening
(accounting for
preconsolidation effects)

* D-P: non-associated
flow rule,
Cap: associated

* “linear” dilatancy

—Cs

pr

Fei
Pcs Pe
Yield function criterion
p_+ (1= R)pr
R
k
3(1-¢
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Very short description of selected models

» Mohr-Coulomb

» Drucker-Prager

» Cap (+DP)

» Modified Cam-Clay
» Hardening Soil

NB. In Cap model, the initial
overconsolidation ratio is
defined in mean eff. stress

!

OCR" = L0
Pl

[v Mar linear M .
Cap rmodel @

Dirucker Prager data |

Cap parameters

Slope of primary consalidation A= 0.1 ll

[&-Inlp)]

Direct definition | Parameters from oedometric tests |

Imitial preconsolidation pressure P 100 [kN/m™2)
Initial cap shape ratio R 15

Initial ztate overconzolidation ratio OCR |1

Datamode | Standard ﬂ

Help | ] | Cancel |

Direct definition Parameters from oedometnc tests |

Yertical preconsolidation stress Dy |0 [kMm™2] |
HE
Coefficient of lateral pregsure Ko |EI.5

Compute direct parameters |
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Very short description of selected models

» Mohr-Coulomb

» Drucker-Prager

» Cap (+DP)

» Modified Cam-Clay
» Hardening Soil

Main features

* linear elasticity

* linear stress dependent
stiffness

* volumetric hardening
(accounting for
preconsolidation effects)

» associated flow rule

Yield surface

Flop )= q>+MZr?(0)p(p—p,)

Critical
CoL  state
Line

0

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland
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Very short description

of selected models

» Mohr-Coulomb

» Drucker-Prager

» Cap (+DP)

» Modified Cam-Clay
» Hardening Soil

v Elastic Open |

haterial
Elastic parameters
Cancel
Paoizzon ratio v |03 1 4
4 Help
D ata mode |Standard ﬂ
Ve s ! l —}_GO,J
K=K(@{p)=——m_
Iy

G _31—21/
K 21+v

G/K = const

current shear modulus

G = 3(l . QI/)(J- + Efio)p"
- 2(1+I/)H_

g Constitutive models for practice
g Rafal Obrzud
e 26.08.2015, Lausanne, Switzerland
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Very short description of selected models

» Mohr-Coulomb

» Drucker-Prager

» Cap (+DP)

» Modified Cam-Clay
» Hardening Soil

[v Mar linear

Strength
anisotropy

Compression meridian /

Open

Carn-Clay

Slope of critical state line
Slope of primary conzsolidation [ & - In[p] ]

Slope of secondany congolidation [ & - In[p] ]

Initial Poo state
kinimal preconzolidation pressure

[nitial state overconzolidation ratio

Strength anizotrapy

" Dizabled
& default k=3/[3+Mc]
" Prescribed 0.7

Drata mode |5tandard

Sl

Evolution law

B 1+ e,
N Pe

dp_= del

(2]

M

A |01

¥ |005

B 10 [kM#m™2]
OcCR |1

Virgin consolidation line
Swelling line
1
p(t=0) IN(P,) In(p)

since
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Very short description of selected models

> Mohr-Coulomb Setting overconsolidated state in MCC

[ritial Poo state

> DrUCker-Pl"agel" Minimal preconzalidation pressure F:a |'|E| [kN/m™2] |
> Cap (+DP) Initial state overconsolidation ratio aCcR |'|

> Modified Cam-Clay @ In the MCC, the overconsolidation ratio is defin.ed as
OCRmcc = pco/ph contrary to the classical definition OCR = o, /0!,

» Hardening Soil

K, line

-
-

sl \C‘,.-"f

Mo~ w7
'l(‘gd” \L\\ EN
w

- \\\§s\' : \\L"-

| :
»

D'y P Peo D'

@ Relationship between OCRpcc and OCR can be established using expression
for the plastic surface of the MCC:

9(1 — KN + M2 (1 + 2kK[NC)?

OCRucc = OCR
Mee M2(1 + 2Ko)(1 + 2KNC)

§ Constitutive models for practice
& Rafal Obrzud
¢ 26.08.2015, Lausanne, Switzerland
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Very short description of selected models

» Mohr-Coulomb Setting material properties
> Drucker-Prager Restrictions:
@ 0<K<A M: >0 ,
> Cap (+DP) @ 0.5 < k <1 and such that (a = kf -1 )< 0.7925
. kn +1
» Modified Cam-CIay @ minimum value of p_/ > 0 and OCR > 1.00
@ >0 B
@ 0< v < 0.49999

» Hardening Soil

Relnarb;s: g
o Y — 0 may vyield convergence problem (generally X > 0.1 works well )

@ )\ parameter can be estimated as A = 0.36 (LL — 0.09) with liquid limit
(Schoefield and Wroth 1968). A can be also expressed through the oedometric
compression index Cc which is the slope of the virgin compression line plotted in
log 0|, — e axes. Since logijgpx = 0.43Inx, one can derive A = (/2.3

@ dito k = (/2.3 where G is the sloped of unloading-reloading line in the
oedometric test

@ typical ratio between k and A can be expressed by the plastic volumetric strain
ratio A = 1 — /A which for clays is typically between 0.75 and 0.80

@ M can be calculated from the value of effective residual friction angle ¢’ as
6sin( ¢’ . )
Mec = # so ¢ = 30° gives M = 1.2
3 —sin(¢’)
@ k=1 gives the original version of the model and it significantly overestimate
ultimate limit load or safety factors; hence the use of the default setting for k is

recommended)

Constitutive models for practice

%ﬂg Rafal Obrzud
| E

» 26.08.2015, Lausanne, Switzerland



List of soil models and description of the most versatile one

» Mohr-Coulomb Main features
» Drucker-Prager * non-linear elasticity including hysteretic behavior
> Cap (+DP) » strong stiffness variation for very small strains

g - stress dependent stiff |
> Modified Cam-Clay stress dependent stiffness (power law)

] i ] » volumetric hardening (accounting for
» Hardening Soil SmallStrain preconsolidation effects)

» deviatoric hardening (prefailure nonlinearities
[ before reaching ultimate state)

/p,

/

* failure: Mohr-Coulomb

o3

Isotropic hardening

mechanism: ’ .

cap vield surfaces ° Rowe S dllatanCy
described with

van Ekelen’s formula

* flow rule

Mohr-Coulomb
o3 failure surface

non-associated for deviatoric mechanism

associated for isotropic mechanism

g Constitutive models for practice
5 Rafal Obrzud
¢ 26.08.2015, Lausanne, Switzerland
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HSM - Dialog windows

Elastc
HS-small strain stiffness E
Standard HS model zetup
foung modulus unl./rel. at ref. stress ﬁ 20000 [kM #m™2]
Reference stress for Young modulus O ¢ 100 [kM #m™2]
Paiszan ratio unl./rel. Voo 0.2
Ewxponent for power law m A
Lower bound stiffness cut-off at stress 0 10 [kM/m™2]
Small ztrain extenzsion
Active
ref =
Initial roung modulus at ref. stress Es 240000 [kMN#m™2]
Treshold shear strain Yor 0.0002
Advanced [ Help ] [ 0k ] [ Cancel
Initial Ko State
Initial State Ko (2D) x]
Walue [0.0ignare o)
Ko ] 07
Koz 07
[ Advanced [ Help ] [ o ] [ Cancel ]

Mo linear

HS-small strain stiffness E
Stiffness setup i
Demanded secant reference E modulus at 50% of gf E so 25000 [kMAm™2]
Reference stress for voung moduluz [n i [kM/m"2]
Shear mechanizm
Friction angle ¢ 30
Dilatancy angle y 0
Cohesion c:I 20 [kM#m™2]
Failure ratio Rs [R:]
[ Tensile cut-off Tensile stranath f i [N 2]
[ Dilatancy cut-off P aximum void ratio Em 1
Multiplier for Fowe's dilatancy law in contractant domain - D a
Cap [woluretric] mechanism
Hardening parameter H E0000 [kM/m™2]
Hardening parameter hd 07

b, H calculator bazed on cedometric kest

[#] &utomatic evalustion of H and M parameters

Giver:  Oedometric tangent modulug  E ged 25000
Refersnce vertical stress Gr::d 200
o coefficient K}:qc 05 ’ Apply Jaky's formula For KolC
Compute b H ]

Setting initial state wanables with respect to the inihal stress state

() Thiough overconzolidation ratia OcR 1
POP
() Thiough preoverburden pressure q
Histarical consolidation setup
KﬁR (&) Ko"NC conzolidation

(3 |sotropic conzolidation

() Arnizotrapic consalidation

Minimum preconsolidation stress |31cnojn 10 [kMAm™2]
Advanced Convert standard MC ta HS model ] ’ Help ] [ QK ” Cancel

Constitutive models for practice
'l Rafal Obrzud
| 5 26.08.2015, Lausanne, Switzerland
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Small strain stiffness in geotechnical practice

Strain range in
which soils can be
considered truly
elastic is very small

Once a certain
shear strain
threshold is reached )
a strong stiffness '
degradation is
observed

Shear modulus G/d; [-]

VERY |
SMALL |
STRAINS :

|l

SERVICEABILITY LIMIT
STATE ANALYSIS

120000

100000 -\

80000 \\
60000

G [kPa]

40000 \

— —HS-std
—HS-small

20000 === ==

AN
-.\

0

N~

0.00001 0.0001 0.001  0.01 0.1
EPS-X - EPS-Y []

ULTIMATE LIMIT
STATE ANALYSIS

e

Unloading-
Reloading
PMT

Initial loading PMT-—

MR STRAINS

-
>

[#- —f«—»] Retaining walls
|«—+—! Foundations
|« {——! Tunnels

On exceeding the 4«
domain of non-linear
elasticity, plastic
(irreversible) strains
develop

<

10°® 10%

»

SCPT

Geophysical methods
-4 -

T i T T >
10* 10° 10% 10" 10°
Shear strain ys[-]

| 3
Screw plate

>
Conventional soil testing

g Constitutive models for practice
'lg Rafal Obrzud
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Hardening Soil model framework

Secant shear

modulus
A

Go

Small strains:
Hardin-Drnevich

HS-small strain stiffness

Y

Hardening Soll
SmallStrain

Hardening Soll
Standard

107

Very small

Engineering strains

strains

Standard HS modal setup

'oung modulus unl.Arel. at ref. stess
Reference stress for Young modulus
Poiszon ratio unl. /el

E xponent for power law

Lower bound stiffness cut-off at stress

Small strain extenzion
Active
Initial Young modulus at ref. stiess

Treshold shear strain

Advanced

Ex 8000 | [ iz

Op 100 e

-

m 08

Op 10 [z

s 240000 | [ g
Help ] [ ak. l [ Cancel

X

Shear mechanism:
Duncan-Chang

Ultimate state:
Mohr-Coulomb

Ys Shear strain

Constitutive models for practice

%ﬂg Rafal Obrzud
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HS-SmallStrain: Non-linear elasticity for very small strains

Elaztic:

HS-small strain stiffness

X

Hyperbolic Hardin-Drnevich relation
to describe S-shaped stiffness

350 A

300

j

Hardin-Drnevich

301 G,=0.722G,

200

150 — e

100

Standard HS model zetup

foung modulus unl./rel. at ref. stress Eﬁ |BDDDD | [ [kM #m™2] ]
Reference stress for Young modulus O ¢ |1DD | [ [kM #m™2] ]
Poizzon ratio unl. /rel. Voo

Ewxponent for power law m

Lower bound stiffness cut-off at stress 0 |-|[| | [ [kM/m™2] ]
Small strain extension

Active

Initial roung modulus at ref. stress E r:f |24DDDD | [ [kN/m™2]
Treshold shear strain Yor 0.0002

Advanced Help ] [ 0k ] [ Cancel

Secin‘t shear modulus G, [MPa]

0 T
0.000001 0.00001

E{] — 2(1 + If“’ur} ;rl:l

0.0001 0.001 0.01

Y[ (=e1-¢3)

g Constitutive models for practice
'l§ Rafal Obrzud
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HS-SmallStrain: Non-linear elasticity— estimation of E,

Determination of G, from geophysical tests, SCPT, SDMT and others
R 72 _ A /- \ v
Gog = :O{"s Eo = 2L1 + Vur ) Go

with p denoting density of soil and ¥V, shear wave velocity. (v=0.15..0.25 for small strains)

In situ tests with seismic sensors:

1 » » seismic piezocone testing (SCPTU)

(Campanella et al. 1986)

 seismic flat dilatometer test (SDMT)
(Mlynarek et al. 2006, Marchetti et al. 2008)

TRUE
INTERVAL

S, » cross hole, down hole seismic tests

[Vs = (S2-51) / nt]

Geophysical tests: (see review by Long 2008)

» continuous surface waves (CSW)

 spectral analysis of surface waves (SASW)

* multi channel analysis of surface waves (MASW)
* frequency wave number (f-k) spectrum method

§ Constitutive models for practice
& Rafal Obrzud
¢ 26.08.2015, Lausanne, Switzerland
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HS-SmallStrain: Non-linear elasticity— estimation of V_ from SPT

0 20 40 G0 ED 100
—(ihba & Toriurmi (159710

—(Jhsaki & Iwasaki|1973)
—Imai | 1977] —Cihta and Goto [1978)

— Fujivwara (197 %]

= Imai and ¥oshimura [1975)

=—|rinai & Tonouwchi (1982] =—%eed B1 al. [1983]

Jinan {1927) — Athanasopoulos [1995)
—Sisman {1995) hyisan [1996]
Kiku &t al. {2001} Hasan<ebd and Ulusay | 200T)

(correlations for all types of soil)

For correlations see report on HS model in Zsoil Help

_ 2
Go=p - Vs
VS measured at given depth at ¢’
Go = Go(0'3)
where:
/ . . !/ !/
g';s =min (o', Ky, 0',0)

then G, can be scaled to o,

Go(o'3)
(0',3 + a)m
O-Tef + a

with: a =c¢' - cot¢’

Ggef (Uref) —

g Constitutive models for practice
5 Rafal Obrzud
5 26.08.2015, Lausanne, Switzerland
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HS-SmallStrain: Non-linear elasticity— estimation of E,

100 =
N
b N
\ -
EG’
E o
‘ — AN SN
\\. p N \\
N | P \
10 e .07} N
.
J M,
e 9!',3:,.\ [
NN~ gy S
Ly
~— -
1 y | LE [kPa]
1000 10000 100000 1000000

Approximative relation between "static" E; and "dynamic® modulus E
corresponding to E, proposed by Alpan (1970)

Constitutive models for practice
Rafal Obrzud
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HS-SmallStrain: Non-linear elasticity— estimation of E,

Determination of G,for sands from CPT NB. Ey=2(1 + vy)Go

after Robertson and Campanella (1983) Rix & Stokoe (1992)

300

a,,'=800 kPa

250 - i
—0.75

200 -

(G”)% — 1634 | L

S
150 - e ave v T
100 -
Average
oL Range = Average + —

al

Dynamic shear modulus G, (MPa)

0 I | | \ J
0 10 20 30 40 50

Cone resistance, ¢, (MPa) with (__:rf.;;., q- and o ::(} in kPa

Typically for soils, G/G,.=2 + 10
Average ratios:

granular soils - (G,/G,) +4

avg

clays - (GyY/G,)

avg

Constitutive models for practice
Rafal Obrzud
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HS-SmallStrain: Non-linear elasticity— estimation of E,

Relation between E;and E.,
Natural clays

1
4NC $.L.B. Sand
E / E50 5+ 30 3 | NOTES: A0C S.LB. Sand
. E 0.9 Solid Dots = Undrained
higher values for the ratio are m Open Dots = Drained Tests 0:-“0:= :-ﬂ:
suggested for aged, cemented and ? 0.8 o $ r::::-: e
structured clays, whereas the lower - o © Toyoura Sand e =0.83
ones for insensitive, unstructured and L'JE b - il g
remoulded clays o 06% B Kentucky Clayey Sand
- E = T B Kaolin
3 0.5+ > -1 eKiyohoro Sty Clay
g E A ‘% 2 o O Pisa Clay
Q L 9 U.5q. « Fujinomori Clay
= 0 - Q&I Q K ;‘f 1f o Pietrafitta Clay
E T %? a | x Thanet clay
it T« nj il - -+ ELondon Clay
E.’_‘.u = [}.2(_1}:—'{} 1 5 - .E | Q%'Lu_‘_a'utﬁ =y -gl =] | evaltericea clay
s 1 5
_ . $ g1 Gt # v 30g, .
Esy = 0.06F) —tem TS A— gﬂa .
G I .l u ST EE IR R TN PR TR AN AR NN lnlnlll‘;lll M@
ranuiar Solls ' ¥ ' T
0 01 02 03 04 05 06 07 08 09
| By/Esg=4+18 Mobilized Strength, T/Tmax or 4/Amax
higher values are suggested for
normally-consolidated soils Observed secant stiffness modulus reduction curves from static torsional and

triaxial shear data on clays and sands (from Mayne, 2007).

See HS Report

URES
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HS-SmallStrain: Non-linear elasticity at small strains

Granular soils Yo7 Mainly depends on magnitude of mean eff. stress p’

after Wichtmann & Triantafyllidis (2004)

1.1
i 104 1
= ;
Q
G 09r T - H
= —=5— p =400 kPa |
S 08f | —e— p=200kPa i
- A— p =100 kPa
E'; ~ all tests: ‘
S 06f Ip=056-058 4
10°® 107 10 103
Shear strain amplitude yamp! [-]
o ~ref (orefy _ 1 0. 10—4
Ay = 8.7H - 10—5p_ 4 ~ref 0.7 (1” ) =1.0-10 Typically for clean sands
/0.7 5 T o7
pe pref — 100kPa and pref = 100kPa: 810 < y,, <2 - 10#

E Constitutive models for practice  For more correlations see report on HS model in Zsoil Help
'l'g Rafal Obrzud

| 5 26.08.2015, Lausanne, Switzerland



HS-SmallStrain: Non-linear elasticity for small strains

Cohesive soils Yo.7 depends on soil plasticity PI, w_, wp
Influence of soil plasticity

after Vucetic&Dobry (1991) Stokoe et al. 2004

Yor =6+ 5+ 107°IpOCR"

0.9

0.9

0.7

ek (Ip =0,0CR}=1) =110

0.6

G/G, [-]

0.4

0.2

0.1

1E-06 1E-05 0.0001 0.001 0.01 0.1
Shear strain 7 [-]

o = ’”;"H_‘r - 10~ L'Ip for jrp 15
Yor = 101 J.LﬁlllgLIp:J—J 1 for fp 2 15

¢ Constitutive models for practice For more correlations see report on HS model in Zsoil Help
& Rafal Obrzud
¢ 26.08.2015, Lausanne, Switzerland

since 1985



Hardening Soil: Double hardening model

Why do we need two hardening mechanisms?

1. Volumetric plastic strains are often dominant in normally consolidated
clays and loose sands

2. Deviatoric (shear) plastic strains are dominant in overconsolidated and
dense sands

3. In practice, all depends on stress paths ...

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland
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Hardening Soil: Double hardening — shear hardening

Pure deviatoric shear in overconsolidated material with HS Standard model

q = 0403

o failure surface

>

]
Peo p S0 &1
Volumetric mechanism

not activated

o, Initial stress state o, —c¢ Elasto-plastic of—o, Linear elastic
6y —0, Linear elastic Of On failure surface

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland
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Hardening Soil: Hyperbolic approximation of the stress-strain

E., — secant stiffness modulus corresponding to 50% of the ultimate
deviatoric stress g;described by Mohr-Coulomb criterion

E, - unloading/reloading modulus

hardening parameter which
tracks the evolution of the
deviatoric mechanism that
evolves with the deviatoric

asymptotic deviatoric stress for lastic strains

A '/ hyperbolic Duncan-Chang approximation P 1
. o T T T P PP SRPITITITIHVIPRR PR

. - Lolake (a (] o -
b i fi = d L 94 P for ¢ < gy
IE E5 / ESO Qo — ¢ Eur
- 1 Mohr-Coulomb q;
@ failure limit Jo = ——
g Hy
S 0.5 /4 hyperbolic function by default Ry = 0.9
C
© E. For most soils R, falls between 0.75 and 1
& i
(=]

>

Shear straingq

g Constitutive models for practice
g Rafal Obrzud
e 26.08.2015, Lausanne, Switzerland




Hardening Soil: Stiffness moduli

Elastic Open : Man linear :
H small strain siffness X

Standard HS model setup Demanded s;canl reference E modulus at 50 of of E 15%’ 28000
Young moduluz unl.frel. at ref. stess E ﬁ 80000 Feference stress for roung madulus Ol
Reference stress for Young modulus O ¢ 100 F-n-ct»i-'-:r:.an.g.l;... e . =
Paizzan ratio unl. /el Voo 0.z Dfltarvew &mal " a
Exponent far power law m ns Cohesian e 20
Lower bound stiffness cut-off at stress 0 10 Failure: ratio =

Tensile strength ft
Small strain extension
Active
Initial Y'oung modulus at ref. stress E r:f 240000
Treshold shear strain Yor 0.0002

Cap [volumetnc] mechanism

Hardering pararneter H G000a [kM/m™ 2]

Hardening parameter b ns
. H calculator based on oedometric test

Autornatic evaluation of H and M parameters

Advanced [ Help ] [ oK. ] [ Cancel Giver:  Oedometic tangent modulus  E ged 25000 [kM #m™2]
Tef
Reference vertical stress O,.q dn [kM4m™2]

- HC
Ko coeffizient Ko 05 [Appl_l,.l Jaky's farmula far KoNC

Typically for most soils: Compute 1 1
— - Setting initial state wariables with respect ta the initial strezs state

() Through overconsolidation ratio 0OCR 1

rop
) Thiough preoverburden pressure q

M u St be SatiSﬁ ed : Eur /E50 >2 Minimum preconzolidation stress  pea 10

[[] Advanced Correert standard MC to HS model ] [ Help ] I 0K H Cancel

g Constitutive models for practice
ilg Rafal Obrzud

26.08.2015, Lausanne, Switzerland
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Hardening Soil: Stiffness moduli

Secant vs unloading-reloading modulus in
drained test on sand

800
700
600
500
400
300
200
100

loose sands: dense sands:
E /E,=3+5 E, /E,=2+3
o5 = 200 kPa, e, = 0.81 G4' = 400 kPa, ey = 0,56
T T T T Eur I.~"E . =1 5.7 T 7
L. Eyr 'Egq = 4.8 . -
L Lol - .
4,0 o
- = - II,E : -] —
v | /|
= I{ - —
.;ff..;!-... L l' . .J:.;il . -
s i

10

In the case of cohesive soils

the analogy to C /C, can be
considered

typical C/C. ratios are 3 +6

since 1985
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HSM: Parameter identification based on drained triaxial test

Stiffness characteristics

E;, < E (&,=0.1%) <E,

r

F
(] e
¢
E res
1l -
o s
W
(7]
2
(1]
% 0.5q; L{ -4
©
& o3 = const
a

>
Shear strain g4

0.1% being resolution of a standard triaxial apparatus

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland
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HSM: Identifying E;, from drained triaxial test

Identification of £, and R, 9= =1 Ry

1.8E-03 -
Identification of Ry

1.6E-03 - _ _
0 Ri=dr/ gz =bq ¢

LAE0O3 +
1.2E-03 o

1.0E-03 A

€,/q

8.0E-04

4.0E-04

2.0E-04

a=1/2E,

O.0E+00 T T T 1
0 0.05 01 0.1% 0.z

€ [-]

g Constitutive models for practice
& Rafal Obrzud
¢ 26.08.2015, Lausanne, Switzerland
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HSM: Identifying E;, based on known E_

Classical, geotgchnical modulus E, corresponds to €,=0.1%
so-called « static » modulus

ESO < Es < Eur
Shear strain-shear stress q= -l -
hyperbolic relation in HSM 1 4 e1lly
2 ks dr
qg | 1
Assumption €,=0.1% E,= 0.001 ] 0.001-R,
_|_
2E, q

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland
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HSM: Identifying E;, based on known E_

1
1.9 1 E =
" 1 0.00lR,

=
co
1

+
2EVSO qf(¢9 C)

E, / E;, for o;=100kPa
T
N w ~ (9] (o)) ~N

(o)
%
>

=
=
1

1 T T T
10 20 30 40 50

Friction angle [deg]

Constitutive models for practice
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Hardening Soil: Stress dependent stiffness

Triaxial drained compression test - Texas sand

1200
tl;nlOOO EG) s -—
) ¢ @
1]
T 800 ®
g o
W 600 o’/
(7,]
1
‘S 400 ¢ ® ° |
B ® (] (R ®
- (C)
o
>
Q
Q 200
mE B m m m
0 1 1
0.00% 5.00% 10.00% 15.00%

Axial Strain g,

B SIG3 = 34.5kPa
® SIG3 = 138kPa
@ SIG3 = 345kPa

510 < 552 < 5,3

I

E(D) < E(2) < EG)

Constitutive models for practice
Rafal Obrzud
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Hardening Soil: Stress dependent stiffness

Eoref ) Esoref, , E

m

o4 + ¢ coto
ot + ¢ cotg

ef
Eso = Exy

where o3 = max (o3,0p)

i.e. stiffness degrades with decreasing o,
up to the limit minor stress o,

o correspond to reference minor stress ™!

Elaztic:

HS-small strain stiffness
Standard HS model setup

Young moduluzs unl. frel. at ref. stress Eg

20000 [kM/m™2]

Reference stress for Young maduluz O

100 [kMAm™2]

Paizzon ratio unl./rel. Vor

Exponent for power laiw m

0.z

0.5

3

Lower bound stiffness cut-off at stress o

10 [kM/m™2]

Small ztrain extension

Achive

M Fay
Initial ' oung modulus at ref. stress Eo |2‘“:":'E":I | [ [kMAm™2] ]
Treshaold shear strain ¥ og 0.000z2
Advanced Help ] [ (] ] [ Cancel

NB.Setting m=0 -> constant stiffness like in the standard M-C model

g Constitutive models for practice
'l§ Rafal Obrzud
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HSM: Identyfikacja parametru m

II |dent|f|cat|on methOd fOr E50 HS-small strain stiffness E|
Standard HS model setup
q - 61 _63 roung moduluzs unl.Arel. at ref. stress Eﬁ |SDDDD | [ [kM/m™2] ]
Reference stress for Voung modulus O [ |'IDD | [ [kN/m™2] ]
'g g - () = 60OKP Paiszon ratio unl. /rel. Vo
.‘g E 63 o3 a I Exponent far power law m 0.5
8 I Lower bound stittness cut-off at stress T 10 | [kM /2] ]
Small strain extension
2) 300kP [v] &ictive
1) a3 = a —
Qso(0a ) —oeveeeeeneis Initial Young modulus at ref. stress ErloEf |24DElDlJ | [ [kN/m"2] ]
Treshold shear strain Yoz
so(0d?) L Sl 53¥ = 100kPa =6,
aso(oa”) :j.'. -
. ™ > Advanced Help I 0k, l Cancel
0 AN _ Shear straing,4 [ l [ ]
. 1. Find three values of E ) corresponding 5, to
™ .
\ . respectively
InEs 4 .

2. Find atrendline y = ax + b by assigning variables

Lineat trendline

y=ax+b o + ¢ coto

x=In
R ot + ¢ cotg
0 02"+ coty 3. Then the determined slope of the trendline a is the
n 0 *ccoly
o3""+c cotp parameter m

Rafal Obrzud

% g Constitutive models for practice - HS Standard
Il o
||';E= 26.08.2015, Lausanne, Switzerland
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Hardening Soil: Stress dependent stiffness — Setting o,¢

Let’s assume that the geotechnical report suggests assuming the stiffness
modulus E for a given layer which is located at given depth ...

1. Define what is given E with respect to Es; and E,,

2. Evaluate reference stress o

Layer 1 Z
G vo
E Layer 2 ——
from 4
geotechnical |
report
Don’t
FORGET!
S
% G o™’ -reference minor stress so if K, <

Gref = MIN (G’VOQ KU.G’VU)

reference level

Eref(Gref) = E

1 then ¢’;=0",

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland
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Hardening Soil: Stiffness exponent m

Coarse-grained soils

Soil tested m [-]
Kenya carbonate sand 0.45-0.52
Quiou carbonate sand 0.62
Ottawa sand No.20-30 0.50
SLB sand (subround) 0.44-0.53
Toyoura sand (subangular) 0.41-0.51
Toyoura sand (subangular) 0.50-0.57
Toyoura sand (subangular) 0.45
Ticino sand (subangular) 0.44-0.53
Ticino sand (subangular) 0.43
Ticino sand (subangular) 0.43-0.48
H.River sand (subangular)  0.5-0.52
Silica. sand (subangular) 0.5
Hostun sand (angular) 0.47
Silica. sand (angular) 0.50
Silica sand 0.42
Hime gravel (subround) 0.45-0.51
Chiba gravel (subround) 0.50

Typically m = 0.4 to 0.6

Cohesive soils

D.4 TR TR R T N RN SN RN NN NN SO SN SR TR N 0.4 TN S N AT ST 4 N N e N M AT
0 20 40 G0 0 20 40 B0 &0 100 120 140 160 180

Pl [%] w [%]
after Viggiani&Atkinson (1995) , and Hicher (1996)

Typically m > 0.5

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland
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Hardening Soil: Stress dependent stiffness at initial state

m

o4 + ¢ coto
ot + ¢ cotg

of
Eso = Lxy

E [kPa] E [kPa] E [kPa]
0 50000 100000 150000 200000 0 50000 100000 150000 200000 0 50000 100000 150000 200000
0.0 ' ' ' ' 0.0 ' : : ' 0.0 ' ' : '
\ — — i= \ — =
2.0 \-\\ \ — —m=04} 2.0 \\\ ph! e 2.0 \\\ 0 =0l
\\ m= 0.6 \ phi= 30 \ —c=15
4.0 N\ - 4.0 A\ - 4.0 AWV -
\

\\ ---m=08 N \ =+ = phi= 40 - \\\ --=-c=30

6.0 \ \
8.0 \ 8.0 .
'E ‘E \ ‘E \
€ 100 Level of £ 100 £ 100
d reference stress —\
N N N

12.0

12.0 . . :
\ \ A
14.0 W\ 14.0 14.0 \\

\
16.0 \ \ 16.0 16.0 .\\
\\\ \\

18.0 \ \" 18.0 18.0 ‘_\\
) _ |

20.0 (A 20.0 ¥ 20.0 AN

Don’t

% w; Stiffness moduli will evolve with the stress levels

Constitutive models for practice
Rafal Obrzud
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Hardening Soil: Unloading/reloading Poisson’s ratio v,

A typical value for the elastic unloading/reloading Poisson’s ratio of v,. = 0.2 can be
adopted for most soils.

Elaztic

HS-small strain stiffness E|

Standard HS model zetup

Young modulus unl./rel. at ref. stress E ﬁ 80000 [kM /™ 2]
Reference stress for Young modulus O ¢ 100 [k ™ 2]

I Poiszon ratio unl. /el y 02 I

Ewxponent for power law m [IRS]

Lower bound stiffness cut-off at stress 0 10 [kM 2]

Small ztrain extenzsion

Active

rEf .
Initial roung modulus at ref. stress Ea 240000 [kM /2]
Treshold shear strain Yiag 0.0002
Advanced Help ] [ 0K ] [ Cancel

g Constitutive models for practice
'l§ Rafal Obrzud
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Hardening Soil: Unloading/reloading Poisson’s ratio v,

Experimental measurements from local strain gauges show that the initial values of
Poisson’s ratio in terms of small mobilized stress levels q/q,,, varies between 0.1 and 0.2 for

clays, sands.
Typically ellastic domain
0.5 ‘
0.4 ;onFf
X . o0
— e o0 0.
— 03 v Ao
CF A} Sad J\]Jj
~ VA
W 0.2 - A /—;gbo
| thu:u__‘gﬁﬁ\’% s
0.1 oo
results after Mayne et al. (2009)
0.0 IIIIIIIIIIIIIIIIIIII!IIII!IIII!IIII!IIII!IIII

0 01 02 03 04 05 06 07 08 09 1
Mobilized stress level q/ q,,.,

—o—Toyoura Sand (Dr=56%) —a—Ticino Sand (Dr=77%)

—e- -Pisa Clay (Drained Triaxial) =~ —o—Sagamihara soft rock

Constitutive models for practice
Rafal Obrzud
¢ 26.08.2015, Lausanne, Switzerland




Hardening Soil: Parameters M and H

Mo linear

H5-small strain stiffness

Stiffness setup

X]
Demanded secant reference E modulus at 50% of gf E ?gf 25000
Reference stress for v oung modulus a0
Shear mechanism
Friction angle ¢ 30
Dilatancy angle y 0
Cohesion cl 20
Failure ratio Rs [R:]
[ Tensile cut-off Tenzils strangth ft 0
[ Dilatancy cut-off P aximum void ratio Em 1
Multiplier for Fowe's dilatancy law in contractant domain - D a
Cap [woluretric] mechanism
Hardening parameter H E0000
Hardening parameter hd 07

b, H calculator bazed on cedometric kest

[#] &utomatic evalustion of H and M parameters

Evolution of the hardening
parameter p,. :

dp. = —H

e

p. + ccot ¢ p

Oref + C COL O

———> H controls the rate of volumetric
plastic strains

’ Apply Jaky's formula for KoM C

Giver:  Oedometric tangent modulug  E ged 25000
Reference vertical stress Gr::d 200
Ko coeffizient K}:qc (18]
Compute b H

l

Setting initial state wanables with respect to the inihal stress state

() Thiough overconzolidation ratia OcR 1
POP
() Thiough preoverburden pressure q
Histarical consolidation setup
SR
Ko
Minimum preconsolidation stress plcnom 10

() Ka"NC consalidation

(3 |sotropic conzolidation

() Arnizotrapic consalidation

[kM/m™2]

Advanced [ Convert standard MC to HS model ] ’

Help ] [

0K

] [ Cancel

600

500 -

400

300

q|[kPa]

200

100

Cap surface

500

since 1985

Rafal Obrzud

w
w
o
2
Il o
2
w
@

Constitutive models for practice

26.08.2015, Lausanne, Switzerland



Hardening Soil: Parameters M and H

H5-small strain stiffness

Stiffness setup

b, H calculator bazed on cedometric kest

[#] &utomatic evalustion of H and M parameters

Giver:  Oedometric tangent modulug  E ged 25000 [kMAm™2]
Tof
Reference vertical stress Opeq 200 [kM/m™2]

. HC
k.o coefficient Ko 05 ’ Apply Jaky's formula for KoMC

Compute b H ]

X]

Demanded secant reference E modulus at 50% of gf E ?gf 25000
Reference stress for v oung modulus a0
Shear mechanism
Friction angle ¢ 30
Dilatancy angle y 0
Cohesion cl 20
Failure ratia Rs 09
[ Tensile cut-off Tenzils strangth ft 0
[ Dilatancy cut-off P aximum void ratio Em 1
Multiplier for Fowe's dilatancy law in contractant domain - D a

G = e B = L
Hardening parameter H E0000
Hardening parameter hd 07

Setting initial state wanables with respect to the inihal stress state

() Thiough overconzolidation ratia OcR 1
POP
() Thiough preoverburden pressure q
Histarical consolidation setup
KﬁR (&) Ko"NC conzolidation

(3 |sotropic conzolidation

() Arnizotrapic consalidation

Minimum preconsolidation stress plcnom 10 [kMAm™2]

Advanced [ Convert standard MC ta HS model ] ’ Help ] [ QK ” Cancel

q [kPa]

M and H must fulfil two conditions:

1. K,N¢ produced by the model in oedometric
conditions is the same as K N“ specified by
the user

2. E ., generated by the model is the same

E. .. “'specified by the user

600 — Typical stress path in the oedometric test
500 - _
Cap surface “C’\-\(\e/ “

400 - Yo ~
300
200
100

0

0 100 200 300 Pc 500
p [kPa]

URES

Constitutive models for practice
'l'g Rafal Obrzud
| 5 26.08.2015, Lausanne, Switzerland

since 1985



Hardening Soil: selection of oedometric modulus E__,

In case of lack of oedometric test data for granular 50 | p
. L] L] — - . /,
material the oedometric modulus can approximately Karlsruhe Sand {7
--&--Toyoura Sand /! -
be taken as: 40 7| —s—Hostun 5and J.-'
-—- Eoed = E50 /}

E ref E ref A0

oed ~ 50 30 e
. ref ",’;
if so o,.,"" should be matched to the reference [E:;a] A7

. . . X
minor stress ™' since the latter typically 20 5
corresponds to the confining (horizontal) pressure L

. . 10 . el
re re o
Eoed ESO i
0+~ .
0 10 20 30 40 50
Euedmf [MPa]
o-oedref — Gref / KONC Gref

Table 3.7: Relationship between triaxial stiffness moduli and oedometric moduli for three
lacustrine clays in Germany, from Kempfert (2006).

On tr}_e Otr:e_r hand, When deflnlng Eé,’;El:la ES();’;Eoecl Eurf;Eun:l:l.ur Eon:n:l.ur;’;Ecu:d
ref —~re

Goea =0 N .the m.odel, the Soil 1 2.08 1.03 2.33-2.52 2.60
following relationship should be Soil 2 1.63 0.77 1.29-2.09 3.63
taken: Soil 3 2.82 1.45 1.32-2.51 6.65

A verae 17 0 4.2
E ref | _ ref (K NC)m Average : 21 108 : — -

oed ~ L5 0 E; was derived froter=ttre=tetred slope of the triaxial curve £, — g

Eoed e denotes unloading /reloading oedometer modulus

Constitutive models for practice
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Hardening Soil: Tangent oedometric modulus E_,

- ref
Eoed — (%) o

where CC is the compression index

Ao’

ref A ]
1, o Toed + AO_
0810 ref

o =

er(l

Since we look for tangent E_.4, Ac’>0, and

6*=2.3030,,4f

Dy (- ref
o 23(1 4+ ™) ¢
‘oed — (1 O-C:red
<

&1

Virgin
loading branch

ref
\ Eoed

oo o'1
h Preyield = Postyield
Ao’

A

C Virgin loading
¥ / branch
I
| >
Gocd log o’y

g Constitutive models for practice
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Initial state variables - OCR

Notion of overconsolidation Typical oedometer test Vertical preconsolidation
ratio: pressure G‘,.
' 0@
/
Oyc
OCR = — o
o 021
v0 \)
o’,o — current in situ stress = 0.04 1
w
‘,c — Past vertical =
¢’ . — past vertica &
. . )
preconsolidation pressure ¥ 0.06 -
=
[}
£
3
o 0.08 -
NB. In natural soils, overconsolidation > O,
may stem from mechanical unloading
such as erosion, excavation, changes in
ground water level, or due to other 0.1 1 ) )
phenomena such as desiccation, —Simulation
melting of ice cover, compression and @ Experiment
cementation.
0.12 : :
1 10 100 1000

Vertical stress ¢, [ kPa]

'l'g Rafal Obrzud

S § Constitutive models for practice
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Estimation of preconsolidation pressure and OCR

Laboratory: -
- Oedometer test (Casagrande’s method, Pacheco Silva )
method (1970), cf. report on HS model)

Field tests: | —
- Static piezocone penetration (CPTU) Pore ressure ]
(for correlations see report on HS model in Zsoil Help) Ao o -
- Marchetti flat dilatometer (DMT) |
(correlations by Marchetti (1980), Lacasse and Lunne, J{ |
1988), see report on HS model in Zsoil Help) {
i" -‘l
A
l |

g Constitutive models for practice
5 Rafal Obrzud
5 26.08.2015, Lausanne, Switzerland
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Initial state variables — OCR and K,

HS-small strain stiffness

Stiffress zetup

3

Demanded secant reference E modulus at 50% of gf E ’5‘3 25000
Reference stress for Young modulus (e
Shear mechanism
Friction angle ¢ an
Dilatancy angle yr 1]
Cohesion c:l 20
Failure ratio =

Tensile strength ft

Cap [volumetric] mechanizm

Hardening parameter H E0000 [kM/m™2]

Hardening parameter 14 0.7
M. H calculator bazed on oedometric best

Automatic evaluation of H and M parameters

Given: Oedometric tangent moduluz  E ged 25000 [kN4m™2]

. . . . ref —
K N¢ consolidation — most cases of natural soils; the Rl velcalsiess Ty (A0
value is automatically copied from @ o cocfieen Ry O [’“DD'Ta"”'S oo ot (oHC
Compute M H
. . . . . . Setting initial state variables with rezpect to the initial stress state
Isotropic .consolldatlo.n — for. running j[rla>-<|al O o ocA B
compression test after isotropic consolidation R e e ar
Hiztonical conzolidation zetup
KER (¥ Ko NC consalidation
Anisotropic consolidation — for running triaxial g'm"wicwm'ida"m
. . . . . Anizotropic conzolidation
compression test after anisotropic consolidation e B 10 e
[ &dvanced Correert standard MC to HS model ] [ Help l I Ok H Cancel

Constitutive models for practice
'l§ Rafal Obrzud
| 5 26.08.2015, Lausanne, Switzerland
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Initial state variables - K,and K,"¢

A
G’V
o’ /
Vertical
effective
stress
o ® A — past stress o'SR
K SR = K NC
qPoP ‘& Vur
.QO) g 1_Vur
s/ 8
, S/ 3
Cv T
B — current in situ stress o/,
Ko
K NC
I
S'ho Horizontal

effective stress

Excavation
o’,
(o % -
A )
WO
\,02‘6\ S
6\(\
\0(‘>

B o«

p,

Constitutive models for practice

%ﬂg Rafal Obrzud
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Initial state variables - K,and K/,"¢

A o’ SR Preconsolidation stress configuration
q Mohr-Coulomb : NC
failure limite f;* corresponding to Ko
e @ao N0® o’y Current in situ stress configuration

corresponding to K,
Shear (at the beginning of numerical simulation)

mechanism f; Mo linear

HS-small strain stiffness

C a p Su rface f2 Stiffness setup

Demanded zecant reference E modulus at 507 of gf E

/{;IS.R .

18

v

25000 [k Ami"2]

Reference stress for Young modulus [kMAm™2)

£

Shear mechanizm

Friction angle [ 30
Dilatancy angle Wy a
Peco pr Cohesion c 0 k2]
Failure ratio Rt 049
|mitial k.o State [ Tensile cut-aff Tensile strength fr ] [kM /2]
[ Cilatancy cut-off Marimum woid ratio Em 1
i ultiplier for Rowe's dilatancy law in contractant domain D a
Initial State Ko (2D) X
l"."‘EIlLIE [I:I I:I igr‘u:lre KD] Cap [volumetric] mechanism
Hardening parameter H 27051.94745112
KD [HI] |:| ?‘I Hardening parameter 1] 1.144862997530

b, H calculator based on oedometric test

K.l:l [2] |:| ?1 [] Automatic evaluation of H and M parameters

Giver: Oedometic tangent madulus  E ged 28000 [kM/m™2]
Tef
Reference verical stress Tped 200 [kN/m"2]
B8 He
k.o coefficient Ko 0.5 Apply Jaky's formula for KoMC

Compute b.H ]
Setting initial state variables with respect ta the initial stress state
D Advanced [ H Ell:l ] I Ok l Cancel (%) Through overconsolidation ratio 0CR 2
POP
() Through preoverburden pressure q

K.o coefficient K:R 08

. . . Mirimurn preconsolidation stress mom 10 T
Constitutive models for practice ’ *
|l g Rafal O b rzu d Advanced Convert standard MC to HS modsl ] [ Help ] [ ok, ” Cancel
e

URES
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Initial state variables - K, vs. OCR

Estimation of earth pressure at rest

Normally-consolidated soils

0.9 e 1-sin(phi')
------ Brooker&Ireland(1965)
0.8 \ .
. \\ == == Simpson(1992)
0.7 \

0 20 40 60
¢' [deg]

KYY =1—sin¢’ so-called (Jaky’s formula)
KYC = (V2 —sineg)/(vV2 +sing’)  (Simpson, 1992)

j'{[II"IC' = 0.95 — sin ¢’ Brooker & Ireland (1965)

m = sin ¢’

Overconsolidated soils

2.5 T P
e
72
2.0 A
1.5 -
o
4
1.0
0 - — - -phi=20deg
05 1/ ——phi=30deg
— —phi=40deg
0.0 T T T 1
0 5 10 15 20
OCR [-]

Ko = KYCOCR™
m = 0.5 suggested by Meyerhot (1976)
suggested in Kulhawy & Mayne (1982)

Constitutive models for practice
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Setting initial effective stresses

1. Th rough KO (Materials)
Iritial Ko State

Initial State Ko (2D) X
‘Yalue (0.0 ignore Ka) Gy — ’Y . “depth,’
Ko [+ 07
Ko(z) 07
Ox = Ox KO(X)
T [ [
P Paint 1| Paint 2| Paint 2| Pairt 4
2. Th rough Initial Stress (PrePro->FE->Initial conditions)
W [1298
w1236 | [(emez) |
" [
z [1296 | [ m'a) |
<
/| /| | | vz |0
/ I[ /,/ F“g /)94/ I::;i.stence function 0
Hﬁ\‘ / IU— Initi.al stress condition will be applied to
cantinuum elements only

I ook [ canedl |

Constitutive models for practice
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Setting initial state variables - troubleshooting

Walue [0.0 ighore K.a)
What to do if a model does not converge at @) |07
Initial State even though for a specified K, ko[0T
[ &dvanced Help ] [ Ok ] [ Cancel

1. try to start Initial State analysis from a small
Initial loading Fact. and Increment

Dirivers definition

|n F | | toot | = | e | Monl. sol\rersetti...| )

I Initial State J q IL.ooou 0.2000 1.0000 Default [IE
‘ TWAU.. et o H—r =4day] | 1.0000 Default .. |
2. otherwise, define initial conditions through m
el Sessas opton e
Don’t e e

% ** Numerics, like engineers,
they like regularity and elegancy. £

embanking — troubleshooting

Privilege regular meshes by means of Initial stresses

to avoid spourious oscillations
and lack of convergence.

Constitutive models for practice
Rafal Obrzud
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Initial state variables — preconsolidation effect

HS-small strain stiffness E|

1. through OCR (gives constant OCR profile)

Stffness setup

Demanded zecant reference E modulus at 50% of gf E 15%’ 28000
Feerence sesforYoung mcds i At the beginning of FE analysis, Zsoil sets the
Shear mechanism . .
Fricion angle ¢ |w stress reversal point (SR) with:
Dilatancy angle W 0
Cohesion c:l 20
Faile rati Ry |09 cf =g, -OCR or o °R=c,+¢"°F
[ Tensile cut-off Tensile strength ft 0 Yy ¥ u y
[ Dilatancy cut-of M awirur woid ratio & met 1 i-’[,]]_(l
Multiplier for Bowe's dilatancy law in contractant domain - D 0
o R = U;RI{.‘S’R and o R = U_gSRKOSR

Cap [volumetnc] mechanism

Hardering pararneter H G000a [kM/m™ 2]

Hardening parameter k4 n7

b, H calculator based on oedometric test 2 [ th ro u g h qPOP (g |Ve5 va rla ble OCR pl"OfI Ie)

Autornatic evaluation of H and M parameters

Giverr  Oedormetric tangent modulus E ged 25000
Reference vertical stress Ul;e:d 200

HC

k.o coefficient Ko 05 [Apply Jaky's farmula far KoNC

Compute b H ]

Setting initial state variables with respect to the initial stress state

() Through overconsolidation ratio OCH E
rap

() Through preaverburden pressure q

e A= e
KER (#) Kn"MC consolidation

() |sotropic consolidation

) Anisotropic consolidation

Minimum preconsolidation strezs p::nom 10 (kM 2]

[v] Advanced [ Correert ztandard MC to HS model ] [ Help ] I Ok H Cancel

Constitutive models for practice
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Stress history through OCR

Deposits with constant OCR over the depth (typically deeply bedded soil layers)

OCR [-] Effective stress [kPa] Ko [-]
1 3 5 7 9 11 13 0 500 1000 1500 0.00 0.50 1.00 1.50

2 2“ 2
4 » W\ 4
6 6\\ 6
8 8\\ 8

L\

: TN :
14 TN 14
\

10

10

10

Depth [m]
Depth [m]
Depth [m]

\\ 16

18 18 18
= SigEff vertical

16 16

= SigEff preconsolidation
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Deposits with varying OCR over the depth (typically superficial soil layers)

OCR
1 2 3 4 5
D T T T T T T T
i .
og
I ~o.gdf
5 B
i S
*
x
10 F + E
E | B
= @
a ﬁ
©
'D L
15 1 00 | 7
L <L o Piston o
20 Lo - ] o Laval 4 | . — - —SBPT (Nash et al.,[25]} |
G o g’llfT’egmke S o SBPT (Hight et al. [27])
: o dsﬁf{;fc]; 0 DMT (Marchetti) .
(QBI7-710) | A DMT (Uglow&Powell)
—_— NN{QBKI7=710) 1 CPTU PPSV
NN(QBHIE-6I0) ' ——— NN(QBMI2-8IH 1 :
. F 0_301 T + NN%QBFM'B—B'L] 1 PrOfIIeS for Bothkennar Clay
1 L | ! 1 L | ! 1 L PR S TR T [ T T T TN N TR S TR S NN T
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Stress history through qP°P

Deposits with varying OCR over the depth (typically superficial soil layers)

Effective stress [kPa] OCR [-] Ko [-]
0 200 400 600 1 3 5 7 9 11 13 0 0.5 1 1.5
4 4 / 4 /
6

"
1/

Depth [m]
[y
o
"]
"
Depth [m]
=
o
Depth [m]
S

7
7

"
"
N~
[ [
U N

& Variable K, can

14
16 \ \ be introduced
\ 4 | merely through

18 —y =
. . Initial Stress
= SigEff vertical .
e SigEff preconsolidation Optl on

K,°C¢ = K,N¢ VOCR
KOOC = KONC OCRSin(‘b) (Mayne&Kulhawy 1982)

&

P
[E
(e)]
[EY
(e)]

[y
(o]
[y
0o
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Versatility of Hardening Soil model

Good approximation of stress-strain relation for different and complex stress
paths that can be encountered in geotechnical engineering

q Retaining walls
4 (active)

Infiltration

Excavations

Retaining walls
(passive)

Constitutive models for practice
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Hardening Soil Model - Report

Results Extras

i File Control Assembly Analysis System configuration

% | G | 5 DE Quick help

Parametric Run analysis =0 [0

D = b

MNew Open Save

Project Control  Drivers User manual contents

Tutaorials
ettings Getting started
Yersion type Advanced White paper
Units STAMDARD Hardware & Software requirements
kM --m--deg--day--C
Technical documentation L4
Reports * Pushaver

.@. Abaout T5ail... Large deformation

Dynamics

THE HARDENING SOIL MODEL
A PRACTICAL GUIDEBOOK Multilaminate model

ZS0il.PC 100701 report ECP Hujeux
revised 17.03.2011 Hardening Soil-small model

[

Parameter estimation toolbox

Hoek-Brown model

by
R. Obrzud
A. Truty
., Zace Services Ltd, Software engincering
& P.0.Box 2. 1015 Lausanne, Switzerland
= (T) +41 21 802 46 05
Il Y (F) 412100246 06
25 hep:/ jwww. zace.com,
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Undrained behavior analysis (1st approach)

Input parameters

O Hardening Soil model is formulated in effective stresses (¢, o5, o5 and p’)
and therefore it requires:

!

o Effective stiffness parameters E'), E', E'5), V',

o Effective strength parameters ¢, ¢’

O Undrained or Partially drained conditions can be obtained by in
Deformation+Flow, Consolidation type analysis
depending on action time and adequate permeability coefficients

Drrivers definition

Drriver |T].rpe Time start | Time end | Increment | )
Initial State 0.5000 1.0000 0.1000
rTimE ML Consolidation ] [day] | 1.0000 [day] | 1.0000 [day] |1
Advantages:

1. Partial saturation effects included
2. Possibility of running any analysis type after consolidation analysis

g Constitutive models for practice

g Rafal Obrzud
5 26.08.2015, Lausanne, Switzerland

since 1985



Undrained behavior analysis (2"d approach)

d Undrained behavior can be simulated in effective stress analysis
Deformation+Flow, Driven Load (Undrained)

Dirivers definition

Driver IT}.-'pE Time start | Time end
Initial tate 0.5000 1.0000

rTime BENELLEM (Driven Load (Undrained) [ I [day] | 1.0000 __[da

It follows any other like Driven load+Steady state, Driven

load+Transient or

Consolidation then the condition for the suction pressure is verified for pressure
p =S8y py+ I

(4p is produced exclusively by the undrained driver.). In order to trace the evolution of the
pore pressure values stored at the element integration point must be used so:

Disadvantages
1. Undrained driver cannot be followed by any other driver

Advantages:
1. Fully undrained behavior (no volume change) with effective stress parameters
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Setting undrained behaviour for Driven Load (Undrained)

Mixed drainage conditions in terms of sublayers setup

Sand

Settings for undrained drivers
[ Undrained behavior -

) N N T . O T
L L

NRNARN
IRERREEE

=ettingz far undrained drivers
v Undrained behawvior

ALV L]
R RSRESS
MOV

NERY
YRR

20 Flovwe

Fluict bulk modulus
Darcy's coefficient

Darcy's coefficient

Darcy's coefficient

Inclination angle =x' x=
Saturation
Residual saturation ratio

Saturation constart

=
Bg |2200000

Ke |1 [midiay]
Ky |1 [mickay]

BJo [ddeg]

5 Jo
o 2 nm

Gravity term in Darcy's law

I~ Skip gravity term

Seftings for undrained drivers

v Undrained behaviar

Penalty factor for fluid bulk 1000000
modulus KAF § K

Suction pressure cut-off

Help

100 [khfm*2]

| QK | Cancel |

Data mode | Standard

b ¥ Advanced
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Undrained behavior analysis (39 approach - simplified)

d Undrained behavior in total stress analysis can also be performed for the
HS model using total stress strength parameters, i.e.

Q$=0° c=S, (y=0°
QE', E', Es, v=0.499 (undrained conditions)

1 Set high OCR, e.g. 1000 to disable cap mechanism (no plastic volumetric
deformations)

however

o sequence of parameter setup should be followed (given below)

o appropriate analysis type should be selected (D& formation)

o Limitations ...
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Undrained behavior analysis — single phase analysis using HS

Parameter setup for undrained simulation with single phase analysis:

1. Insert effective parameters E', E',, in Elastic menu.

2. Disable_ Automatic eva_luation_of H anq M parameters T
(to avoid autoeval. while closing the dialog and errors

. [ ] &utomnatic evaluation of H and M parameters
due to null friction angle)

3. Set high OCR, e.g.1000, to disable cap mechanism (no plastic volumetric deformations
should be produced due to assumed undrained conditions)

4. Change ¢' and ¢’ into "undrained” parameters ¢ = 0° and ¢ = S_. In order to ensure stability of
numerical computing, specify v = 0° .. mechanion

Friction angle ¢ 0
Dilatancy angle yr 1]
Cohesion c 60 [kN/m"2]

5. Considering that the undrained conditions imply ¢, = 55, change V', into v, = 0.4999 (the
"undrained” stiffness behavior will be obtained in the analysis by recomputing the stiffness
tensor with v, = 0.4999

Standard HS model setup

“oung moduluz unl. frel. at ref. stress Ef a0000 [kMAm™2]
Reference stress for Young modulus O ¢ 100 [kMAm™2]

Poizzan ratio unl. Arel. ¥ 049999

i

Constitutive models for practice
Rafal Obrzud
26.08.2015, Lausanne, Switzerland

since 1985



Undrained behavior analysis — single phase analysis using HS

Parameter setup for undrained simulation
with single phase analysis:

6. Setinput Es, as undrained E.,"¢ (but not E ,and E,which should remain as effective ones)

shear modulus is not affected by the drainage condition so one can write:

E, ) ) E
Y G, =G=—
2(1+vy) 2(1+v)

where v, is the Poisson's coffecient in undrained conditions equalk to 0.499.

So the above equation can be rewritten for E,; as: '
50
2(1+0v)

where V should be considered as that corresponding to E’SO ,l.e. V= 0.3 (plastic deformations)
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Post-processing

“Undrained” pressure only for
Driven Load (Undrained)

Results for

Elements : Saturation ratio »  Component : bt

*  Continuum b atvirity

ft Layer positian; i

Pore pressure (p) only for
Deformation+Flow

Maps == ™ Contact Heat flux
Hurnidity flus Min:  |-5.42890e+001
Modes : Tangent Y'oung mo
r | ™ Modal quartities ::f_ﬂtifﬂ YDUIUdEI tdeUIL E Max: |1.86997e+002
_ _ E: ge.mduals . reconsolidation pre e
olid velocities S+ <dp undry L W Default

| =l 1 ™ Solid accelerations MR
Results for
El?_':“EE'tS = Displacement Companent : - Max: |0
antinLILIm
Layer positior; |1 MStep o |20

Total heads

" Contact Rotation i
Temperature Min: |-1.53477e+002
Modes Hurmnidity
* Modal quantities Maw: |7.28304e+001
e He.smluals = "izualization
™ Solid velocities [w Diefault
" Solid aceelerations Mim: |-200

s Suction pressure (S*p)

MStep: |20

Fezults for
Elements :

Additional visualization
" lzalings (mano) [T Fluid vel. vec.

*+ Di —
Liscreleimap [ Principal stress.

™ lzalines [calor] .
[ Principal MN

Visibility |

D eformation wigibility
™ Deformed mesh

[ Displ. vectars

[ oot |
Cancel | Ok |

&+ Continuurn

" Contact

Modes :
" Modal quantities
" Residuals
" Salid velocities
" Solid accelerations

b atuarity
ft
Heat flux

Hurnidity fl

Tangent Young mo
Initial r'oung modul, £
Preconzalidation pre

ndr.prezsure
I

Saturation ratio »  Component : -

Laver pozition; -

Min:  [-1.87755+002

Maw:  |9.21944e+001

Wizualization
v Default

Min: |0
Max: |0
MStep : |20
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Pressure BC via fluid head
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Practical applications — Shallow footing on an overconsolidated sand

HS-small-Footing-Texas-Sand-2phase.inp

Input files:

(Help/Reports/Hardening Soil small ->

Benchmarks/Spread footing on
overconsolidated sand)
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Practical applications — Shallow footing on an overconsolidated sand

5. Interpreting and Setting K,

Kol-1
0 05 1 15 2 25
o
= 0.76 N
: *z m Ko=1.82
L8 m =
2 _ Jz> —0m Ke=080
!ﬁ*/ m K,=0.90
3 k.
--1a
-
x::_. [ Simplified definiion |
4 -
D[EP;h \E” ': Paint 1 | Paint 2| Paint 3| Paint 4 »
m -
° L * w585 || emt2) | \7
ot vy |60 (kM Am™2] 7:0,)7 K~=1.00
A 1 [wwa ) 0=1.
_,_-_' d ZZ | RS [kN/m™2]
, A —— D71 vz D
% |-a-om 2 [ [wma)
«_T -
assumedin ||
8 ﬁq;; . FE model Existance function D
*‘ih?k NE: Variable K, can be introduced
g . = Initial stresz condition will be applied to .y
m=ZT ] ,._7}_ continuum elements only merely th rough In’t’al stress
1 oK H Cancel ] Opt|0n
10 3
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Practical applications — Shallow footing on an overconsolidated sand

4, Selecting gPoP 5. OCR based on gP°P

. OCR[-
Stiffness modulus [kPa] ]
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o =— "\ Saa
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1 >
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s E | T( 73] 5 x —
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a
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Practical applications — Shallow footing on an overconsolidated sand

Comparison of models: HS-SmallStrain, HS-Std vs Mohr-Coulomb

Load [kN] Load [kN]
0 2000 4000 6000 8000 10000 12000 8000 10000 12000
0 L 0
-0.01 -0.01
-0.02 - 0.02 4=
-0.03 -0.03
-0.04 0.04 4
-0.05 -0.05
-0.06 -0.06
E 007 4 T 007 - \ i
+= 0,08 = -0.08
E-n.m E -0.09 NN \\\.ﬁh AN
£ 01 E 01 S AN P \
@ 011 & -0.11 T

LT .
L [l
‘.h ke EETTTT
L Ny

-0.12 -0.12

-0.13 -0.13 \Q‘\‘%\ -l"... .‘j
\ o

-0.14 -0.14
*

-0.15 -0.15 N‘- Y t'

\ “-{‘*ﬁ.
-0.16 ‘x -0.16
\
-0.17 v -0.17 5
-0.18 : -0.18
=@ Experiment  =——HS-5mall ——=H5-5td ==@-= Experiment H5-Small ===== == Mohr-Coulomb
(a) HS-SmallStrain vs HS-5td (b) HS-SmallStrain vs Mohr-Coulomb
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Practical applications — Excavation in Berlin sand

Engineering draft ﬁand the sequence of excavation

; 30m ; 90m
i X ] 0.00m
GW = -3.00m uGOK
1=-4.80m -3
) LS Tererrren
Z
i 2=-9.30m
! preesevey .
! 3=-14.35m
: prizesavg x
i 4 =-16.80m
. S .
i sy 47.90m
E v -30.00m 22.00
-32.00m
_V
| » Hoom
: Y :Y Sand
60m !
S
I
|
—— jus

Input files:
HS-small-Exc-Berlin-Sand-2phase.inp
HS-std-Exc-Berlin-Sand-2phase.inp
MC-Exc-Berlin-Sand-2phase.inp
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Practical applications — Excavation in Berlin sand

v,

Seepage
Elements

Fluid head BC

Interface parameters

Existence function

Attribute
Contirwity [uphi,T s k ]

| [ Contirwity [u.phi, T
Contact

il Continuity [L.phi. T w)
Attribuke

T | = Continwity [Lphi.T.w)

b aterial Unloading fun..
Urdefined  Undefined

1< >

4[] Continwity for all inactive periods

14 [] Automatic generation of continuity prior o first contact apparition
1 HE:

u - dizplacement
phi - ratation

T - temperature
wi = humidity

p - pOIE pressure

: Label Mo name [ ok, ] l

Catcel ]

X

Interface wall-soil

qi'f m

X R4

R R EE AL S o ho Lo b o e o oo e o o

Seepage
Elements +
Fluid head BC

Fictitious interface to model

impermeable barrier

90m

120m
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Practical applications — Excavation in Berlin sand

Berlin sand excavation

Toboal 7T T obmel T T T el T T hoel T 7 foel T T obml T T

ol T R R L R E L D R L

DAL B ¥ e

Standard Mohr-Coulomb
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Practical applications — Excavation in Berlin sand

G T50.0

liono

Accumulation of

-0.004

A
liftin : : 2
L g - spurious strains g o
\ 7 S eSS g 0.002
- g 0001
g 0.000
E 0001
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; -1.907e-002
_ | T
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— Q
—,,,,,,__—_——_,—— 2| oo ooz
g -1.216e-002
g -1.043e-002
E -5.707e-003
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s
| 52508003
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W —
0.0 j j j Ts00 j looo N
2]
True zone of influence N s
| oo 8 o012
e
c 2 oo
- « Stiff » o
- - . w -0.009
S s = Zone g -0.007
settlements Of Grax | g o
Z -0.004
@® ‘oooz
) g —
HS SmallStrain | &

Vertical displacements
at soil surface

NB. HS SmallStrain makes
it possible to reduce the
extension of the FE mesh
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Practical applications — Excavation in Berlin sand

Meaning of stress level in HS model

oo ' ' Tano ' ' ' ' 1000

0o

IFd
¥
I
I

L

=

Displayed stress levels are computed as:

SL=gq/qy

g — current deviatoric stress at given p’

q,— failure stress corresponding to p’

licensed to GEOMOD ING. CONSEILS SA (License: GEOMCD2012)
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Practical applications — Tunnel excavation

London Clay - tunnel excavation (addenbrooke et al., 1997)

Problem statement FE mesh

_ PRESSURE BC
Sand 7 impaosing hydrostatic

Thames Gravel ground water pressure
#=35° ¢ = 0kPa

SEEPAGE elements around
the tunnels simulating free
drainage during excavation

\ N

BEAM elements simulating
the tunnel lining +
INTERFACE between soil

?1? lining

London Clay ; | Eastbound |
§'=25°, ¢ = 5kPa tunnel
=4, 75m

D=d.75m

Dwainage prior
installation of the
tunnel lining

Westbhound == ‘Q }‘
tunnel
|
|
3 |
|
"

Woalwich and
Reading Bed Clay

$'=27°, ¢ = ZD0kPa

Input files:
HS-small-Exc-London-Clay-2phase.inp

HS-std-Exc-London-Clay-2phase.inp
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Practical applications — Tunnel excavation

1.000e+05 ' ' L5 Do0e+D4 ' ' Ib.000e+b0 ' ' 's 000e+D4

| 5.000e+04
120

15.0
18.0
21.0
24.0

27.0

|_0.000e+00

HS-SmallStrain

Tunnel level:

E, = 500 MPa
E,r = 90 Mpa
Esp = 40 MPa

licensed toc GEOMOD SA (License: GEOMOD)

| -5.000e+04

CONTOURS OF : Displacement-ABS
TIME = 12.000[h]

s Rafal Obrzud
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Practical applications — Tunnel excavation

Excavation of Westbound Tunnel Excavation of Eastbound Tunnel
0 oo . o ° _:_____
. o'_’_________ pEmE— h\.j ®
/ /_—-_/_,___-—-—' ® /
5 S P g \ o |
) I § A
®
[ ]
= i
IE @ / \’ L&)
0 ® /
c =
% 15 / _
= e Field data
s 5 \ Al /
[ )
3 ey —M-C (Ko=1.0, E=6000z kPa) \ ¥ Figld d5t3
15 [ ] i o e
a —HS-Std (Ko=1.0) 8 M-C (Ko=1.0, E=6000z kPa)
\ / —HS-Std (Ko=1.0)
—HS-Small (Ko=1.0)
1st tunnel —HS-Small (Ko=1.0)
30 1 ! 1 1 : : : ]
10 0 10 20 30 40 >0 60 .10 0 10 20 30 40 50 60

Offset from the westbound tunnel [m] Offset from the westbound tunnel [m]
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