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3.1 Synopsis

• Discusses enhancements of the standard FE for 
geotechnical analysis

• Undrained analysis, modeling structural and interface

3.2 Introduction
• Constitutive relationships in effective stresses
• Interaction problems
• Wider range of boundary conditions
• Excavation and construction 
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Normal stress:

Shear stress:  no change

Effective stresses control: both deformation and 
shear resistance (or shear strength) since they 
reflect soil particle interaction  

Effective stress principle:  有效应力原理
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3.3 Total stress analysis

μu=0.499 <0.5 for undrained analysis – there is NO need to 
separate effective stress and pore water pressure
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0.5-μ
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3.4 Pore pressure calculation

• The previous undrained analysis is done using total 
stress Δσ and total stress parameters Eu and μu.

• The undrained analysis is preferred to be done using 
effective stress and parameters E’ and μ’ :
(a) Pore water pressure Δpf calculation is needed.
(b) Constitutive relationships are normally expressed in 
terms of effective stresses Δσ’

The principle of effective stress is:
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In effective stress analysis – there is a need to separate 
effective stress and pore water pressure
(calculated separately –要分开计算)
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n=void ratio, Vv=volume of voids, Vs=volume of solids,
V=total volume.  The relationship is:
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• In undrained analysis, Ke must be set. For saturated case, 
results are not sensitive to as long as it is large, but not 
too large. Ke=βKskel

(β=100 to 1000, Kskel=bulk modulus of soil skeleton)
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• Relation between  μu and μ’ :
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3.5 Finite elements to model structural components

• Many geotechnical problems involves soil-structural 
interaction: retaining walls, props, anchors, etc.

• How to model a structure?
(a) Using 2-D/3-D continuum elements – structure size 
is small which needs large number of elements or 
unacceptable ratio
(b) Using structural elements – beam, membrane, cable 
elements for averaged quantity such as bending, axial 
force, etc.  
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• Classic (pure bending) beam element – E, I, A(A is 
area)

• Mindlin/Timoshenko (bending and shearing) beam 
element – E, G (k), μ , I, A 

• Membrane (no bending and tension only) element – E,
μ, A
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3.6 Finite elements to model interface

3.6.1 Introduction

• Soil-structural interaction – large relative movements, 
even separation

• Three common interaction modeling methods:
(a) Using continuum elements – problem with 
separation and large relative movement (large 
deformation?) 
(b) Linkage elements using discrete springs
(c) Using interface elements with zero thickness   
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3.6.2 Basic theory
• Isoparametric interface 

element
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3.6.3 Finite element 
formulation
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3.6.4 Comments on zero thickness interface elements

• Suffer from numerical instabilities if they have widely 
different stiffness from adjacent continuum/beam 
elements

• How to determine Kn and Ks ?

• Interface
- true zero thickness case
- non-zero thickness case
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Large direct shear tests on soil-geotextile interface
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Large direct shear tests on soil-geomembrane interface
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Large direct shear tests on soil-geogrid interface
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600mm

700mm
570mm

Soil Sample
Slope

Soil nail pullout testing study
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Shear layer
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3.7 Boundary conditions

3.7.1 Introduction

Boundary condition (BCs) types:

(a) BCs affecting            - Point loads, Boundary stresses, Body 
forces, Construction, and Excavation

(b) BCs affecting              - Prescribed displacements

(c) BCs affecting the whole structure of the system 
equations - Local axes, Tied freedoms, Springs

{ }GRΔ

{ }nGdΔ
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3.7.2 Local axes
• Local axes requires a transformation of the stiffness 

matrix and the right hand side load vector
• Local axes simulate sliding in a certain direction – only 

one degree of freedom (vl=0 in Fig 3.15))
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3.7.3 Prescribed displacements
• Certain prescribed displacements are needed to at least 

to restrict any rigid body translation or rotation; 
otherwise, the global stiffness matrix becomes singular 
and the system equations can NOT be solved.

• How to apply prescribed displacements:
(a) Specifying  natural structure boundaries –
footing/soil/rock bottom etc. 

(b) Specifying sufficient number of displacements –
Example 1: left/right infinite domain by letting u=0 
(see Figs. 2.20 and 2.21)
Example 2: see Fig.3.16 
(c) For beam elements:

one point with u=v=θ (rotation)=0
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Example 1:
• Strip footing (12m wide) – 2-D plane strain
• Half FE mesh – 20m x 20m > 3(B/2), reducing BC effects



19

NANJING UNIVERSITY

Example 2:
• A stress boundary problem with removal of rigid body 

mode (no translational move and no rotation)
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3.7.4 Tired degrees of freedom
• This boundary condition allows equal displacement 

components to be imposed at one or more nodes whilst 
the magnitude of the components remain unknown

• Example: a smooth rigid strip footing
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3.7.5 Springs
• Spring is an alternative to membrane element which 

takes axial force only.
• Used to model strut, cable, anchor, soil nails or other 

structural elements subjected axial forces only
• The parameter is ks
• First case: for an inclined spring (see Fig.3.21):
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• Second case: a horizontal spring for strut (see Fig.3.22):
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• Third case: continuous 
spring support
(see Fig.3.23):

For a single element side, 
contribution to the global 
stiffness matrix takes the form: 



23

NANJING UNIVERSITY

3.7.6 Boundary stresses
• Examples such as pressure loading (see Fig.3.24)
• Stress boundary conditions must be converted to 

equivalent nodal forces
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Equivalent nodal forces:
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3.7.7 Point loads
• True point loads
• Traction boundary (stress) conditions is converted to 

discrete nodal point loads
• For plane strain and axi-symmetrical analysis, they are 

line loads !
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3.7.8 Body forces
• Gravity loading or body forces are important forces as 

they influence the deformation and failure of 
geotechnical structures a lot ! 

• Body forces shall be converted to equivalent nodal 
forces
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The body force’s equivalent nodal forces are:
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3.7.9 Construction
• Many constructions involve placing of new earth 

materials
• Examples: embankment construction, backfilling 

behind a retaining wall, backfilling a trench, etc.
• How to use FE to simulate ?

NANJING UNIVERSITY
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3.7.10 Excavation
• Excavation involve removing earth materials
• Examples: excavation for foundation construction, 

tunnel excavation, metro cut-cover-tunnel, etc.
• How to use FE to simulate excavation ?

- Determine tractions T which are equal to the internal 
stresses in the soil mass before excavation between A 
and B
- Apply the equal and opposite –T at the boundary A-B
- The behavior of soil mass B is then simulated

NANJING UNIVERSITY
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3.7.11 Pore pressures 
• When performing analysis in which total stresses are 

expressed using effective stresses and pore water 
pressure (see Section 3.4), the pore water pressure may  
be specified

• This is possible to simulate deformation due to pore 
water pressure changes

• Examples: settlement due to de-watering, de-watering in 
excavation, de-watering in tunneling, etc. 

• How to use FE to simulate de-watering caused 
deformation ? Porewater pressure is converted to 
equivalent nodal forces

• This approach can simulate the final deformation due to 
de-watering, but is not fully coupled consolidation 
analysis ! Biot’s theory – full coupling of soil skeleton 
deformation and pore water pressure dissipation. 

NANJING UNIVERSITY

(a) Pore water 
pressure changes 
due to de-watering
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(b) Pore water 
pressure increase 
due to loading q
and dissipation 
due to drainage
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3.8 Summary
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