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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, 𝐾0-procedure, influence of Poisson ratio

• Calibration



www.finesoftware.eu

Webinar: Material models in GEO5 FEM

Laboratory tests
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Laboratory tests
Oedometer test

(1D constrained compression)

Triaxial shear test

Drained (CID), undrained (CIUP)

Why these two laboratory tests?

Homogeneous stress and strain.

Compare to direct shear test.



www.finesoftware.eu

Webinar: Material models in GEO5 FEM

Oedometric test
• 1D constrained compression

• 𝜀𝑥 = 𝜀𝑦 = 0
• 𝜎𝑥 = 𝜎𝑦 unknown

• 𝜎𝑧 , 𝜀𝑧 known (prescribed or measured)
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Drained triaxial shear test (CID)
• Drained test
• Pore pressure 𝑢 is constant

• Lateral stress 𝜎𝑥 = 𝜎𝑦 is constant

• Volumetric deformation is measured
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Undrained triaxial shear test (CIUP)
• Undrained test
• Water does not flow out of the specimen
• Pore pressure field is homogenous
• Pore pressure is measured
• Volumetric strain 𝜀𝑣 = 0
• Simulated with prescribed

displacement
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Elastic material models
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Elastic material model
• Linear elasticity, Hooke’s law
• 𝜎𝑖𝑗 = 𝐷𝑖𝑗𝑘𝑙𝜀𝑘𝑙

• Isotropic material
• Elastic operator 𝐷𝑖𝑗𝑘𝑙 depends on

two elastic material parameters
• Young’s modulus 𝐸
• Poisson’s ratio 𝜈
• Other elastic constants are also

expressed in terms of 𝐸 and 𝜈. 
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Elastic material model
• Shear modulus

• 𝐺 = 12(1+𝜈)𝐸
• Oedometric modulus
• 𝑃-wave modulus 𝑀
• 𝐸𝑜𝑒𝑑 = (1−𝜈)(1+𝜈)(1−2𝜈)𝐸

• Bulk modulus

• 𝐾 = 13 1−2𝜈 𝐸
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Modified elastic model

• Primary loading:
• 𝐸 … elastic modulus

• Unloading, reloading:
• 𝐸𝑢𝑟 … unloading-reloading modulus

Oedometer test with 𝐸𝑢𝑟 = 3𝐸
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Elasto-plastic material models
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Mohr-Coulomb model

• Within elastic domain
• Linear response

• Yield criterion – six planes
• ± 𝜎3 − 𝜎1 = 𝜎3 + 𝜎1 sin𝜑 + 2c cos𝜑
• ± 𝜎3 − 𝜎2 = 𝜎3 + 𝜎2 sin𝜑 + 2c cos𝜑
• ± 𝜎2 − 𝜎1 = 𝜎2 + 𝜎1 sin𝜑 + 2c cos𝜑
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Drained triaxial shear test (CID)

With unloading, 𝐸𝑢𝑟 = 3𝐸
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Modified Mohr-Coulomb model

Elastic domain evolves

Angle of internal friction 𝜑 𝐸𝑑𝑝𝑙
Cohesion c(𝐸𝑑𝑝𝑙)
Piecewise linear functions

Strain ε z [%]
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Drained triaxial shear test (CID)
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Critical state elasto-plastic 
material models
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Concept of soil’s state
• Loose soil contracts when 

sheared
• Dense soil dilates when 

sheared

• The state parameter quantifies the soil’s 
“density”
• Preconsolidation pressure 𝑝𝑐
• Void ratio 𝑒
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Diagram of isotropic compression
• 𝑒 = 𝑒0 − 𝜆 ln −𝜎𝑚
• 𝑒 = ҧ𝑒0 − 𝜅 ln −𝜎𝑚
• ҧ𝑒0 depends on 𝑝𝑐
• Tangent bulk modulus

• 𝐾𝑡 = 𝜎𝑚𝜅
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Modified Cam clay model
• Slope of critical state line

• 𝑀𝑐𝑠 = 2 3 sin(𝜑𝑐𝑣)3 −sin(𝜑𝑐𝑣)
• Overconsolidation ratio
• 𝑂𝐶𝑅 = −𝜎𝑚𝑝𝑐
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Modified Cam clay
• Oedometer test with 𝑂𝐶𝑅 = 1

Strain ε z [%]
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Hypoplastic clay

Strain ε z [%]
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• Resembles Mohr-Coulomb for
overconsolidated soils

• Prevents tension that
Cam clay allows
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Geostatic stress, 𝐾0 procedure
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Geostatic stress in 1st stage
[Topo] -> Settings

Geostatic stress
• Standard FEM analysis
• Loaded by self weight
• Displacement are zeroed𝑲𝟎 procedure
• Vertical stress 𝜎𝑧 = 𝛾ℎ
• Horizontal stress 𝜎𝑥 = 𝜎𝑦 = 𝐾0𝜎𝑧
• Shear stress 𝜏𝑥𝑦 = 𝜏𝑥𝑧 = 𝜏𝑦𝑧 = 0
• Equilibrium and strength condition may not be satisfied
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Coefficient of lateral pressure 𝐾0
• Ratio of horizontal to vertical stress
• 𝐾0 = 𝜎𝑥𝜎𝑧

• Theory of elasticity for 𝜀𝑥 = 𝜀𝑦 = 0
• 𝐾0 = 𝜈1 −𝜈

• Jaky’s formula
• Perfect plasticity
• Cohesionless soils
• 𝐾0 = 1 − sin(𝜑)
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Coefficient of lateral pressure 𝐾0
• Mohr-Coulomb failure criterion
• 𝜎3 − 𝜎1 = 𝜎3 + 𝜎1 sin𝜑 + 2c cos𝜑

• Minimal value of 𝐾0 for cohesionless soil

• 𝐾0,𝑀𝐶 = 𝜎𝑥𝜎𝑧 = 1−sin 𝜑1+sin 𝜑
• Minimal value of Poisson ratio
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Stiffnes depending on depth
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Stiffness depending on depth
• Defined at material level
• 𝐸 ℎ = 𝐸 + 𝐾𝑑 ℎ

• First guess of 𝐾𝑑
• 𝜎𝑧 = 𝛾ℎ
• 𝜎𝑥 = 𝐾0𝜎𝑧
• 𝜎𝑚 = 13 𝜎𝑥 + 𝜎𝑦 + 𝜎𝑧
• Cam clay: 𝐾 = 𝜎𝑚𝜅
• 𝐸 = 𝐸 𝐾, 𝜈

𝐸 = 10 MPa 𝐸 = 10 MPa,𝐾𝑑 = 4MPa/m
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Calibration
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Mohr-Coulomb parameters
• Oedometer test
• Primary loading branch → 𝐸𝑜𝑒𝑑
• Unloading-reloading  branch → 𝐸𝑜𝑒𝑑,𝑢𝑟
• Both for chosen stress level

• Triaxial or direct shear test
• Failure point → 𝜑 and 𝑐

• Use elasticity relations → 𝐸 and 𝜈
• 𝐸𝑜𝑒𝑑 = (1−𝜈)(1+𝜈)(1−2𝜈)𝐸
• 𝐺 = 12(1+𝜈)𝐸



www.finesoftware.eu

Webinar: Material models in GEO5 FEM

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

https://soilmodels.com/excalibre-en/
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Summary
• Mohr-Coulomb model – linear elastic with strength criterion
• Suitable for strength-critical applications
• Pay attention to 𝐸 and 𝜈
• Depth-dependent stiffness

• Models of critical state
• Stiffness increases with stress
• Formulated for compressive 𝜎𝑚 - potential problems on terrain
• ExCalibre web app at soilmodels.com

• OED and TRIAX laboratory tests
• Represent material point
• Easily simulated 

http://www.soilmodels.com/
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Thank you for your attention
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