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Webinar: Material models in GEO5 FEM

Outline

 Laboratory tests

 Oedometric test
« Triaxial shear test (CIUP, CID)

» Elastic models

* Elasto-plastic material models
« Hardening, softening

» Critical state models, Cam clay, hypoplastic clay

» Stiffness depending on depth

» Geostatic stress, K,-procedure, influence of Poisson ratio
e Calibration
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Laboratory tests
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Laboratory tests
Oedometer test Triaxial shear test
(1D constrained compression)  Drained (CID), undrained (CIUP)
o o
| T
]
| DF - —ﬂd' N a
£ - me

Homogeneous stress and strain.
Compare to direct shear test.
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Why these two laboratory tests? [l
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Webinar: Material models in GEO5 FEM

Oedometric test

Oz
1D constrained compression v
—
I
* 0, = gy, unknown e
. _ e
* 0,, £, known (prescribed or measured) 7~
0 N S - 2000 -
e N e — 1500 -
I -------------- &
oog | ---------------------- ----------------------- I_>I< 1000 A
| | | S
1 e N\ 500 -
0:14 | . ------------------ ---------------------- 0 i I | I
! 10 0.00 0.05 0.10
Eax [_]
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Webinar: Material models in GEO5 FEM

Drained triaxial shear test (CID)

e Drained test

« Pore pressure u is constant Gl
 Lateral stress g, = o, is constant . =
. 7 1 ol e
e Volumetric deformation is measured —
—_ —A— -~
BOO 1 ; €. [%]
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Webinar: Material models in GEO5 FEM

Undrained triaxial shear test (CIUP)

* Undrained test

« Water does not flow out of the specimen lo’;

» Pore pressure field is homogenous

» Pore pressure is measured % <
* Volumetric strain g, = 0 L

- Simulated with prescribed SR

displacement

250 250

200 200
150 150

o |

q [kPa]
q [kPa]

0 5 10 15 20 25 30

Eax [%] p [kPa]
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Webinar: Material models in GEO5 FEM

Add new soils
ldentification

Mame:

Material model
Material model :
Basic data
Unit weight :
Elastic modulus:

Stiffness according to depth :

Poisson's ratio :
Biot pararneter:

Type of soil :

astic material models

elastic -

elastic

elastic modified

Mahr - Coulomb
Medified Mehr - Coulomb
Drucker - Prager

Maedified Camn Clay
Hypoplastic clay

a= 1.00 | []
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Elastic material model

e Linear elasticity, Hooke's law

Edit scil parameters

|dentification
* 0ij = Dijjri€n Name: [rosic
» [sotropic material 7
Material model : elastic -
- Elastic operator D; ;; depends on R :
two elastic material parameters Uit weight - 000 v
) Elastic modulus : E= 20,00 | [MPa]
* Young's modulus E e ——
tiffness according to depth : | constant *
e Poisson’s ratio v
Poisson's ratio (= 0.35 | [-]
. Biot pararneter: o= 1.00 | [-]
» Other elastic constants are also et ol s 5

expressed in terms of E and v.
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Elastic material model

« Shear modulus
1 I 0.45 +
O 2(1+v) & 0401
i 0.0 0:1 0:2 O.I3 0:4 0.5

e Oedometric modulus -]

« P-wave modulus M y/
(1-v)

° E =

Eced./E [_]

oed = (11y)(1-2v)

1 ) ) ) )
00 01 02 03 04 05

e Bulk modulus -]

1
* K= 3(1-2v) E

K/E [-]
o B N W ~ U

‘ B T T T T
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Modified elastic model

Model elastic modified ?

 Primary loading: :
e [ ... elastic modulus Elastic modulus: E- 20,00 | (MPa]

Madulus unleading / reloading : Es= 60.00 | [MPa]
 Unloading, reloading:
* £, ... unloading-reloading modulus

= 300.00
A
= 280.00

Oedometer test with E,,,, = 3E

2 245,00 -

210,00

ffe

o

=S
1

EHrective stres

140,00

105,00

000

3500

0.0

T T T T T T T T T T T T T T T T T T T T T T T T T T T
0,00 004 0.07 0.11 014 018 021 0.25 028 032 035 0.3% 042 D46 049 053 0.5 060 063 067 07D 074 077 081 0.84 088 0.93
Strain £ ; [%]
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Elasto-plastic material models
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Add new soils
ldentification

Mame:

Material model
Material model :
Basic data
Unit weight :

Elastic modulus ;

Stiffness according to depth :

Poisson's ratio ;
Biot pararneter:

Type of soil :

|n.=-.|astic - |

elastic

elastic modified

Madified Mohr - Coulomb
Drucker - Prager

Modified Carn Clay
Hypoplastic clay

v= [-]
o= 1.00 | [-]
drained -
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Mohr-Coulomb model

» Within elastic domain
 Linear response

* Yield criterion — six planes
* +(03 —0y) = (03 + 04) sing + 2c cosg
* +(03 — 0,) = (03 + 0,) sing + 2c cose
* +(0, —0y) = (0, + 0¢) sing + 2c cosg

Model Mohr - Coulomb ? =
£ 6.88
Madulus unloading / releading : = 60.00 | [MPa] " 6.00
$ . . .
T e e o - —— G500 Drained triaxial shear test (CID)
5 - : —
Cohesion of soil : Caf = 5.00 | [kPa] g 4.00 7 With unloadmg, Eur = 3E
©
Dilation angle: = 0.00 | [] g 30
£ 200
Tension cut-off : not consider - S
B o o o 1.00
0.00

\ \ T T \ T T \ \ T \ \ T T \ T T T T T \
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Strain €, [%]
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Per [°]
10.00

) 640 720 8.00 880

Meodel Modifiec

Medulus unloading /

Softening / hardening :

poEy o relationship :

cei-Ey4 o relationship :

Calculate dilation angle :

Dilaticn angle :

0.00 0

Webinar: Material models in GEO5 FEM |

Modified Mohr-Coulomb model

Elastic domain evolves ¢y ho P

rigid plasticity rigid plasticity
l C4 C2 0, 0,
A | f . I I p 1 ha<0 1 hy<0
ternal frict E - - o\
ngle of internal friction @(E;") | 4., \oew |40 \Zi
ijFCres (p3= (pres
1 pl
Cohesion c(E,") _ _
A . ) . . ES =(2e], Em)”z ES = (26}, epli;z
Piecewise linear functions
£ 26.61 -
E 24.00
o
% 20.00 —
2
£ 16.00
Mohr - Coulomb ? é
reloading : Ey = 20,00 | [MPa] ‘u;:'; 12.00
- 2 800 Drained triaxial shear test (CID)
(0.000: 10.00) (0.012: 5.00) =S >
(0.000; 2.00) v (1L [kPa]) - 4.00 —
input -
e 0.00 | 7] 0.00 —
[ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
l 0.00 0.06 0.12 0.18 0.24 0.30 0.36 0.42 0.48 0.54 0.60 0.66 0.72 0.78 0.84 0.90 0.96 1.02 1.08 1.14 1.20
O.(;OO 0.(;01 0.0‘02 0.(;02 0.(;03 0.0‘04 0.0‘05 0.0‘06 0.0‘06 0.(;07 0.0‘08 0.(;09 0.(;10 040‘10 0.0‘11 0.0‘12 0.0‘13 Straln E Y4 [0/0]
Eqp [

fine www.finesoftware.eu % GEOS



Critical state elasto-plastic
material models
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Webinar: Material models in GEO5 FEM

Add new soils
|dentification

Mame :

Material model
Material model :
Basic data
Unit weight :
Elastic modulus :

Stiffness according to depth

Poisson's ratio :
Bict parareter:

Type of soil :

elastic -

elastic

elastic modified

Mahr - Coulamb
Modified Mohr - Coulomb
Drucker - Prager

Hypoplastic clay

drained -
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Webinar: Material models in GEO5 FEM

Concept of soil’'s state

* Loose soil contracts when * Dense soil dilates when
sheared sheared
|
j"? ] i -
1 ] K 1

» The state parameter quantifies the soil's
“density”

* Preconsolidation pressure p,
« Void ratio e
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Webinar: Material models in GEO5 FEM
Dlagram of |sotroplc compressmn

ce=¢y —Aln(—ay,) A
i _J ‘. MCL = normal consolidation line L
e =¢y — Kln(—ay,) > . _:_L
A "t [
) L 48 oA
* ¢, depends on p, Ty T
; swelling line
€y |————_ . unloading/reloading oL S
I 1 —-.-.\\- f..__, '|{¢'1 —-.._,EK“-
. . N\
e S SRR Ve L\
= . o .
» Tangent bulk modulus N N
o _ ———— . e
o K, = =l in(p2)=1  In(B2) In(pl) In(-cM)  In(p)=1 In(RY) In(p) In(-cEM)
K

L
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Modified Cam clay model

Maodified Cam Clay

~ Webinar: Material models in GEO5 FEM

» Slope of critical state line

Kappa line:

Slope of NCL:

Slope of critical line:
Initial void ratio :
Overconsclidation ratio :

Initial preconsclidation stress @ | calculate

- M. — 24/3 sin(@¢p)
cs — :
3 —sin(@cy)
* Overconsolidation ratio
* OCR =
Pc
supercritical |subcritical
Ji dilation compression "
critical state I|r|e |".,r|cs
Ertd of isotropic hardening 4 1
ol N, y
j.E|I|- D"-F' "P[_H.r e el ’_‘_,.r"'-."' 3 --_:_;__Jl%rdﬁﬂmg
R R 3 ~
)= -"____,..fi____ 24’ R
— ;*” 11|H o,
3 ke
f /% % sﬂﬂenlng 2
EI/'J.J 'lll'. I o
P. P.  ~Sm

K= 0.0210
A= 0.2700
M. = 0.620
ey = 230
OCR = 1.00
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Webinar: Material models in GEO5 FEM

i | ev

Modified Cam clay

» Oedometer test with OCR = 1 N

i, 1N
o S \, compression line gl : \\
¥/ primary loading I rone S
1 B s K 1 —
G L i ! \
4 o | BN o

(%=1 In(e%) I(pl) In-0)  In(p%)=1 n(p?) I(pl) In(-o5")

00.00 —
70.00 —

N W

225.00

180.00 —

135.00

Effective stress 0 ;, ff [kPa]

90.00 —

45.00

0.00 —

l l l l l l l l l l l l l

0.00 3.00 6.00 9.00 12.00 15.00 18.00 21.00 24.00 27.00 30.00 33.00 36.00 39.00 42.00 45.00 47.81
Strain € ; [%]
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Webinar: Material models in GEO5 FEM

Hypoplastic clay

« Resembles Mohr-Coulomb for |- Noditied Cam CLy
OverconSOIidated SOiIS Hyvdrostatic stress

* Prevents tension that
Cam clay allows

Hypoplastic clay
Mohr-Coulomb

-02V/2 Oz

& 39927
360.00 —

300.00 —

240.00

180.00 —

Effective stress g ,, eff [k

120.00

60.00 —

0.00 —

[ [ [ [ [ [ [ \ [ [ \ [ [ \ [ [ [
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 33.43
Strain €, [%]
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Geostatic stress, K, procedure
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Webinar: Material models in GEO5 FEM

Geostatic stress in 15t stage
[Topo] -> Settings

Design standards

Concrete structures : | EM 1992-1-1 (EC2) -

Calculation of geostatic stress (1st stage)

Geostatic stress |
- Standard FEM analysis Aeply Ko procedure

 Loaded by self weight
» Displacement are zeroed

K, procedure
 Vertical stress o, = yh
* Horizontal stress o, = 0, = Kj0,
* Shear stress 7., = 7,, = 75, = 0
 Equilibrium and strength condition may not be satisfied

ZGEOS
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Webinar: Material models in GEO5 FEM

Coefficient of lateral pressure KO

e Ratio of horizontal to vertical stress

o
.K():_x

Oz

» Theory of elasticity for ¢, =

vV
* K, = =
 Jaky’'s formula
 Perfect plasticity
» Cohesionless soils

* Ko =1—sin(p)

L
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00 01 02 03 04 05
vI[-]

¢ [°]
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Webinar: Material models in GEO5 FEM
Coefficient of lateral pressure KO

e Mohr-Coulomb failure criterion % N —
* 03 — 01 = (03 + 07) sing + 2c cosg AN M-C

T 0.6 \\
¥ 0.4

* Minimal value of K, for cohesionless soll

o 1—sin ¢ e N
* Kome = O'_x ~ 1tsin 0.0 l\'k
£ @ 0 20 40 60 80
o [°]
 Minimal value of Poisson ratio 0.5 =
— Jaky
. M-C |
— 0.3
| N
% N
0.1 \\
0.0 —

0 20 40 60
fine www.finesoftware.eu ¢ [°] % GEOS
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Stiffnes depending on depth
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Stiffness depending on depth

Edit scil parameters

 Defined at material level
+ E() =E+Kyh =

Material model ?
Material model : Maohr - Coulomb -
* First guess of K, ?
Unit weight : Y= 20,00 | [kN/m?]
* 0, =Yh |
Elastic modulus: E= 10,00 | [MPa]
s = i i = v
O-x KO O-Z Stiffness according to depth |ncn=_-asm by depth |
1 Change of Elastic modulus : Kag= [MPa/m)]
([ ] _— e
O-m 3 (O-X + O-y + O-Z) Poisson's ratio : w= 0.40 | [-]

C _ Om £ -
« Camclay: K = . i
« E=E(K,v) |

L
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Bl - = 10 MPa, K, = 4MPa/m |



Webinar: Material models in GEO5 FEM

Calibration
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Webinar: Material models in GEO5 FEM

Mohr-Coulomb parameters

* Oedometer test
 Primary loading branch - E, .4
* Unloading-reloading branch — E,.q
* Both for chosen stress level

e Triaxial or direct shear test
* Failure point - ¢ and ¢

 Use elasticity relations —» E and v

\ __a-v
Eoea = (1+v)(1-2v)
1
) T 2(1+4v)

ZGEOS
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Cam clay and hypo clay parameters

* Free online tool ExCalibre (CTU in Prague, Charles university)
« Automatic calibration for Cam clay and hypoplasic clay
 https://soilmodels.com/excalibre-en/

» Useful database of material parameters for various soils

m so' I “ n n e Is ABOUT PUBLICATIONS MODELS SOFTWARE DATASETS FORUM MY ACCOUNT

Hub For Geotechnical Professionals

m sn I“n“nls ABOUT ~  PUBLIC

Hub For Geotechnical Professionals

ExCalibre

Theory~ License About~ powered by B Ge0

Home on  Theory-  Liconse  Abouts

Soil Database

The characteristics of clayey and sandy soil samples used during the development and testing of the automatic calibration procedure are listed bellow. We also
Calibration input provide the optimal set of parameters for the corresponding material model. You can use these tables as a starting point about ranges of material maodel
parameters in relation to basic index characteristics and soil classification.

Automatic Calibration

Labaorazory pretocal file

Clayey soil samples

L]
Locality uscs Specific wy wp | PI Clay sand  Gravel Dy Dy Dw Cam-Clay
_ gravity [%] [%] | [%] content content content content [mm] | [mm] [mm]
Marerial model M %] %) %] %] e A K N v M, A K ey v

yp bd Bangkok cH 75 1185 43, 754 643 nz 4 0 0.002 7 0010 B.263 0.20
[ | acrept Terms of Use Bilina 1 C 2.262 49.7 269|228 321 326 6.3 29 0.8%
Bilina 2 cH 5.4 23
dilina 4 cH 53 35 0.0014
CH 5.1 o)
sC 53 59 00014 0.1° 1 0.003
L 13 o 0.0005 8 28.7 0.087 0.016
Brr CH 25 0 0.0013 0010 2141 38
wind L 27 58 29.7 4 512 6.2 0 0.0035 004 268 0.08 020 1.112 0010 1.728 038
Esp CH 2.8 95 2 78.0 220 0 0 0.002 0 3326 034

* ]
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Webinar: Material models in GEO5 FEM

Summary

* Mohr-Coulomb model - linear elastic with strength criterion
 Suitable for strength-critical applications
« Pay attention to E and v
» Depth-dependent stiffness

» Models of critical state
» Stiffness increases with stress
« Formulated for compressive g,,, - potential problems on terrain
« ExCalibre web app at soilmodels.com

* OED and TRIAX laboratory tests

« Represent material point
» Easily simulated
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