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INTRODUCTION
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

b cannot be accounted for with simple
elastic-perfectly plastic constitutive models
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INTRODUCTION

oedometer test

0’1 A

unloading
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INTRODUCTION
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INTRODUCTION
model Smax [mm]
LE 33
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HS 60
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* All models calculate settlements
 Differences in shape of trough
and maximum values
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INTRODUCTION

Example for vertical displacements behind a
retaining wall

Typical vertical displacements behind a retaining wall
(sheet pile wall in clay)
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> Hardening Soil Model calculates Settlements
> Mohr-Coulomb Model calculates Heave
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DESCRIPTION OF HARDENING SOIL MODEL
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DESCRIPTION OF HARDENING SOIL MODEL

1 q
Ta = . forq <q
f
2 ESO 1- q / Qa
o JR asymptotic value for shear strength
qa — q_f ‘I.“ asymptuoic
Rf O O failyre line
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DESCRIPTION OF HARDENING SOIL MODEL

A f<O0+f.<O0
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REGION 1
no yield surface active > elastic
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DESCRIPTION OF HARDENING SOIL MODEL

f>0+f. <0

v

REGION 2
shear hardening surface active
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DESCRIPTION OF HARDENING SOIL MODEL

— q=(0,-0;)

HARDENING SOIL MODEL

@ > ® 0

/ 02%

G;=constant test
P =constant
G, = constant
undrained

50%
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400D}

200

Y.
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05%
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“_equation v
200 400 kPa

—*p’

Deviatoric yield surface: lines of equal shear strains in triaxial test
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DESCRIPTION OF HARDENING SOIL MODEL

f>0+f.>0

REGION 3
shear hardening and volumetric hardening surfaces active
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DESCRIPTION OF HARDENING SOIL MODEL

REGION 4
volumetric hardening surface active
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DESCRIPTION OF HARDENING SOIL MODEL

m 4
£ _ gl C-cotp + o} Pret:
50— 50 ref for E
C-Cotp+ p O3 50
o, for E 4
m
/
Eo_pre C-Cotp + o,
ur ur ref
C-Cotp+ p
m
C-coty+ o
Eoed = Egg; . i 1 <— holds strictly for K,-stress paths only

C-COtQ + Py
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ref
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DESCRIPTION OF HARDENING SOIL MODEL

Chart 1
Stress [kNm2)
L 1 : ——
' : ' ' ; ' sig_% 100
5 ? ? : ——
E.,, reference pressure = 200 kPa | g e
Ec,. reference pressure 100 kPa
200 I —:—-—:..g ...... G 3....1[k.|.:?§'..] ____________
E : > = 600 kPa
: : § - 1500
S0 100
sescanet 0 Mo1 02 03
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DESCRIPTION OF HARDENING SOIL MODEL

Volumetric behaviour
"stress dilatancy theory" (Rowe, 1962)

dilatancy angle > non-associated flow rule

évp :Sinmep

B sin @, —Sin @,

Siny ., =
Vm 1—sin g, sin gy,
. oy — O3
sing,, =———
" o, +03—2C-cotop
_ Singp —siny
sing.,,, = _ _
Voo 1-sing siny
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DESCRIPTION OF HARDENING SOIL MODEL

mobilized dilatancy angle for ¢ = 35°

301 | _o— /=
v=0 _

25 v=5 dilation

201 | —~—y=20 A

15 4 +W:35

mobilized dilatancy angle [°]
o

VP

'35 v T T T
0 5 10 15 20 25 30 35

mobilized friction angle [°]

in reality negative values of
y are cut-off in Plaxis

0 5 10 15 £1[%)] p
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ALTERNATIVES TO ROWE
10
0
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PARAMETERS OF HARDENING SOIL MODEL

Q@ friction angle
c’ cohesion
v dilatancy angle

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

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

ref

ur  Unloading /reloading modulus

default: Ei =3 Eg

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)

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

80- SANDS
00 -
Eg’
40 - --Eif = BT
[MP&] - Tcswsoura Sozjrld
20 *Karlsruhe Sand
0 <|Hostun Sand

f Correllation for p¢=100 kPa
E ¢ = | D ® 60MPa (Lengkeek)

oed . .
/, = relative density
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804
B0 : « LADE & NELsoON (1987)
« Toyoura Sand
Eref < Hostun Sand
50 40 - * Karlsruhe Sand
[MP&] &V. WOLFFERSDORFF (1992)
o LEE & SEED (1967)
20 - o DuNcAN & CHANG (1970)
o ARSLAN (1980)
0 | 1 , i
0.30 0.35 0.40 0.45 0.50
no [-]
0.7 -
wm 0.6 oDuNcaN & CHANG (1970)
] 0.5 1 *RIVERA & BARD (1988,1993)
0.4 e LADE & NELSON (1987)
0.3 ; r T 1
0.30 0.35 0.40 0.45 0.50

no []
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PARAMETERS OF HARDENING SOIL MODEL

For normally consolidated clays (m=1):

Er ~LiEL Order of magnitude (very rough)

« _50000kPa

Egeq = I Correlation with /, for p#*=100 kPa
p
« DS00kPa _
Eoeq © Correlation by Vermeer
w, —-0.1
ref ref * ) ) .
Epeg = P /ﬂb Relation with Soft Soil model
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COMPARISON WITH EXPERIMENTAL DATA
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250 (—————___ Fm——————— Fm———————
| I
| I
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INFLUENCE E.,/ E_4

deviatoric stress Triaxial Compression (drained)

25

Referenge values

20

10

50

reduced

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

axial strain
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INFLUENCE E,, / E,,

volumetric strain Triaxial Compression (drained)
-2.00E-04— ¢¢v¢¢§\ . o v e e e e
E,.q iINCreased

-4.00E-04

D s

-6.00E-04
| Reference values
-8.00E-04
-0.01
0 -5.00E-03 -0.010 -0.015 -0.020 -0.025 -0.030 -0.035

axial strain
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OEDOMETER TEST - COMPARISON MC / SS / HS

-600

-550 A

-500
__ -450 A Mohr-Coulomb:
e 400 | ratio o,/c, determined by v
p
-
— -350 A
)]
n
O -300 1
@ oeg | Hardening Soil:
S Hardening Soil Model ratio ¢,/c, determined
= Soft Soil Model
S -200 - by K"
o Mohr Coulomb Model Y Ko
1150 | _

Unloading: v,
-100 A
-50 -
O I I I I I I
0 50  -100 -150 -200 -250 -300  -350

horizontal stress [kN/m?]
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0.0

-0.1

c
‘s -0.2 -
far Hardening Soil Model
e Soft Soil Model
8 +— Mohr Coulomb Model
503 ———
>
B I e I I
| | | | |
| | | | |
| | | | |
0.5 | | | | |
0 100 200 300 400 500 600

vertikal stress [kN/m?]
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UNDRAINED BEHAVIOUR

i triax_HS5_1_undr.PLX - Chart 1 i tiax_HS_1_undr.PLX - Chart 1
g [khimz] Stress [khim2]
1) T i P ; — L prmmmmmeee : —_——
: IR B : : : : HS_1_undr, ps...
0 Lo oo : — 5 : : : —_——
[ I E MC_undr, psi=0 1204---- ; R F=cosoosazos 5 MC_undr, psi=0
: : . ! Hs 1_undr, pz... ' ! i '
ClL) o mdeone e i Bl aed peasses o iRREE R R LR CC LR EEREEEEOERE 5
BO{—----4------ : A T b i
e e
Oee--a-0- L 5 & | 0 | | | |
O 20 40 B0 @0 100 120 0 0.01 0.0z 0.03 0.04
B [kMm2] Dizplacement [m]
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elastic

o

double hardening
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SUMMARY
Mohr-
Coulomb
Model
stress dependent stiffness* NO
distinction in stiffness for primary
loading and unloading / reloading
NO
plastic strains for stress states
below MC - failure line
NO
failure according to
Mohr-Coulomb YES

* (not only dependent on oy, this is possible also with MC-Model)
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Hardening
Soil Model

YES

YES

YES

YES
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FURTHER DEVELOPMENTS

HS-small: extension of HS model incorporating small strain stiffness

o Grax
X |almost constant
0) with strain highly non-linear variation
N of G with shear strain
- o~} ~
= >
=) T2
o O ®
o) NERJ
X
£ = |
=
5 =2P= low stlffness_ at
_GCJ o > large strains
2
@ ~1%
very small small large
> >t

shear strain y [%] (log-scale)

2 additional parameters:
« reference shear modulus at very small strains: G,

e shear strain at which G = 0.7 G v, ,
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