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Soil - Structure interaction
in tunnelling

Presented by
Dr. Ardie PURWODIHARDJO
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Soil - Structure interaction

Two main components :
Soil
Structure

DESIGNS
NOT ECONOMIC
OVER CONSEVATIVE

Soil - Structure interaction

ONE 
COMPONENT
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Two main components

Structure :
magnitude of the relative deflections
distribution of forces and stresses within the 
structures   

Soil :
presence of porewater in soil and its 
pressures and movement through the soil 
mass
deformation characteristics of the soil 
skeleton, including its ultimate failure in shear
in-situ stresses 
behaviours of soil

4

Tunnels



LECTURE SERIES  SEMINARS AND 
WORKSHOPS ON GEOTECHNICAL 
ENGINEERING PRACTICE

SOIL-STRUCTURE INTERACTION IN 
TUNNELLING,                                                   
ARDIE PURWODIHARDJO 3

5

Excavation Methods

Drill and Blast Method Tunnel Boring Machine (TBM)

6

Problems in tunnelling
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CONTROL DEFORMATIONS

The need for control of deformations arises from 
the following concerns:

To avoid damage to the infrastructure and buildings on the  
surface.
To ensure the safety of the workmen in various stages of the
excavation.
To control the increasing of the bending moments in the
temporary lining that may result from loosening of the ground,
asymmetric loading (due to the geomorphology, proximity to 
another cavity), and heterogeneity of the ground.
To avoid the initiation or recurrence of the phenomenon of 
slope stability.

8

DESIGN PROCEDURE IN TUNNELLING

(From International Tunnelling Association)
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METHOD OF SOIL-STRUCTURE ANALYSIS

Closed from solutions/ Analytical methods

Numerical methods :

method of springs
finite element method

10

FINITE ELEMENT METHODS
DATA NEEDED :

Geotechnical data
Mechanical behaviour of ground
Mechanical properties of ground
Initial state of stress
Model boundary conditions

Lining data
Mechanical behaviour of lining
Mechanical properties of lining

Support/ground interface data
Mesh generation and computations
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MECHANICAL BEHAVIOUR OF GROUND

CONSTITUTIVE   MODEL

DEFORMATION STRESS

BEHAVIOURS OF GROUND
Elastic
Elasto-plastic
Softening-hardening
Creep : Viscoelastic and viscoplastic
Swelling, etc…
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MECHANICAL PROPERTIES OF GROUND

ELASTIC   MODEL : 
Young’s modulus : E
Poisson ratio : υ

TRESCA   MODEL : 
Undrained cohesion : Cu

Mohr Coulomb   MODEL : 
Cohesion : C
Internal friction angle : Ø
Dilation angle : ψ
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INITIAL STATE OF STRESS

Onset of Plastic Zone around a tunnel in urban environment for different Ko
values and as stress relief takes place around it (the ground is ideally 
plastic and c=0 and ϕ is 35° (Wong and Kaiser,1991)
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MODEL BOUNDARY CONDITION

STRESS ON BOUNDARIES

DISPLACEMENT ON BOUNDARIES
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DISPLACEMENT ON BOUNDARIES

SHALLOW TUNNEL

D

5D

≤ 10 D

5D

DEEP TUNNEL

D

5D

5D

5D

> 5D

16

Computation Methods
Computation Methods

3 DAxisymmetric
- stiffness of the lining

- circular shape

- one layer of the soil

- Ko = 1.0

- advanced rate of 

tunnelling

- distance from the 

working face

- reinforcement on the 

working face

Plane strain
- stiffness of the 

lining

- actual shape of the 

tunnel

- stratigraphy of the 

ground

- Ko ≠ 1,0

Deconfinement rate method



LECTURE SERIES  SEMINARS AND 
WORKSHOPS ON GEOTECHNICAL 
ENGINEERING PRACTICE

SOIL-STRUCTURE INTERACTION IN 
TUNNELLING,                                                   
ARDIE PURWODIHARDJO 9

17

[ ] oσλ−1
Stress0

u Deformation

Calculation Procedure

[ ]iλ−1

2i

py d= −

d = last lining distance 
from the working
face

p = advanced rate 

Confinement curve

Convergence curve

yi

u Deformation

Horizontal Distance
y

λi= initial deconfinement rate

18

Convergence – Confinement Methods
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Worksite of Lyon Metro line D

20

OBJECTIVE

To assess  the influence of 

strain-softening of the soils on 
settlement 

due to tunnelling
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CONSTITUTIVE MODEL USED

Mohr-Coulomb

devε

1 3σ σ− 1 3σ σ−

devε

Mohr-Coulomb

with strain-softening behaviour

22

MOHR COULOMB WITH STRAIN-SOFTENING BEHAVIOUR
(PURWODIHARDJO AND CAMBOU 1999)

devε

1 3σ σ−

A B C

O D ps
oε

peak

residual

Two additional parameters
• parameter χ
• parameter s

Two additional parameters
• parameter χ
• parameter s

BC ABχ= ⋅

res peaksσ σ= ⋅
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GENERAL EQUATIONS

24

VALIDATION TEST ON DENSE SANDS 
(MOHKAM, 1983)
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STRATIGRAPHY ON SECTION P2

D=6.0 m

Grey silt

Grey silt

Data real Input data  

Filling material

Silt 1

Silt 2

Silt 3

Sand

Silt 4

Grey Clay

Sand

Sand and gravel

D=6.27 m

± 0.00

Ground water table
-3.0 m 

Centre of the tunnel
-13.34 m

26

PARAMETERS OF SOILS AND LININGS

Es = 6.0 Mpa
ν =  1/3 
c  = 50 kPa
φ  = 22°
Ψ = 2°

Five parameters of  
Mohr-Coulomb :

Soils Linings

Ec = 13.5 Gpa
νc = 0.20

Thickness of lining : 350 mm
Elastic parameters :

Two parameters of             
strain-softening model :

Model I   : χ = 5.0
s = 0.5, 0.75 et 1.0
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CHARACTERISTIC CURVES OF SOIL 
(PLANE STRAIN CALCULATION)

28

INITIAL DEFORMATIONS AND DECONFINEMENT RATE
(AXISYMETRIC AND PLANE STRAIN CALCULATIONS)
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PLANE STRAIN CALCULATION

Ko =0.5Ko =0.5

Mesh and Boundary condition used

30

DEFORMATION AT VICINITY OF TUNNEL
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VERTICAL AND HORIZONTAL CLOSURES
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SETTLEMENTS ON GROUND SURFACE
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Tunnel of Tartaiguille

34

Cracking at the crown
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Cross section of tunnel

Heading – Bench method

36

Cross section of tunnel

Black marl

Calcareous marl

Gray marl

west east

Soil stratigraphy at section PM 1168Dimensions of tunnel

Full face method
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Excavation Sequence – Full face method 

PHASE I
Reinforcement of working face

PHASE II
Excavation in full section/face

PHASE III
Temporary Lining 
Spray Concrete

Temporary Lining
Steel frame – HEB 300

PHASE IV
Excavation and 

pouring of invert part

PHASE V
Final Lining

Cast-in-situ concrete

38

3 Dimensional Model

Tartaiguille

Lakhdaria

G-Freezing

Title 

Example Cases

Q & A

Notes

Introduction

Comput. Methods
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Plane Strain Model

40

Axisymmetric model

Initial mesh Final meshSequential excavation method
(SEM) 

Equivalent pressures (Peila, 1994)

⎟
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VISCOUS EFFECTS

Primary 
creep

Secondary 
creep

Tertiary 
creep

failure

st
ra

in
 (ε

)

time (t)

Primary 
creep

Secondary 
creep

Tertiary 
creep

failure

log t

•

εlog
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VISCOUS HARDENING WITH A BOUNDING SURFACE
(PURWODIHARDJO AND CAMBOU 2004)

Re

Rv

R
Rm

s II
h(

θ)

I1

δv

δr

s11

s22 s33

artificial state of stress 
surface (Re)

creep surface 
(Rv) state of 

stress

rupture surface 
(Rm)

yield surface 
(R)
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Deviatoric viscous mechanism 
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SIMULATION RESULTS OF TRIAXIAL TESTS
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SIMULATION RESULTS OF CREEP TESTS
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Axisymmetric condition with  
ELASTOPLASTIC-VISCOPLASTIC model (Purwodihardjo, 2004)

The sequences of the actual excavation are as follows:

(a) excavating the section with the advance rate: 1.5 m per 0.5 day until 6 m,
(b) stopping for one day
(c) continuing the excavation with the advance rate: 1.5 m per 0.5 day until 6 

m,
(d) stopping for three days (to represent the installation time  of the anchors 

on the working face)
(e) Continuing the excavation.

up
pe

r s
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tio
n

lower section

F G
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Lakhdaria Tunnel – Algeria
(Autoroute Est-Ouest)

48

Lakhdaria Tunnel - Algeria

Jet Grouting in T2 East Reinforcement of working face
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Lakhdaria Tunnel - Algeria

Cross section of tunnel

50

Lakhdaria Tunnel Algeria

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:05
  step         0
 -1.459E+02 <x<  1.055E+02
 -5.482E+01 <y<  1.966E+02

User-defined Groups
'User:marl'
'User:conglomerate'

Grid plot

0  5E  1      

 Marked Gridpoints

-0.250

 0.250

 0.750

 1.250

 1.750

(*10^2)

-1.000 -0.500  0.000  0.500  1.000
(*10^2)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:07
  step         0
 -3.014E+01 <x<  2.260E+01
 -4.287E+00 <y<  4.845E+01

Grid plot

0  1E  1      

 Marked Gridpoints
 Fixed Gridpoints

XX
XX
XXX
XXXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XXX
XX

X

  X  X-direction

 0.500

 1.500

 2.500

 3.500

 4.500

(*10^1)

-2.500 -1.500 -0.500  0.500  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:14
  step         0
 -2.345E+01 <x<  1.506E+01
 -3.527E+00 <y<  3.498E+01

Grid plot

0  1E  1      

 0.000

 0.500

 1.000

 1.500

 2.000

 2.500

 3.000

(*10^1)

-2.000 -1.500 -1.000 -0.500  0.000  0.500  1.000
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

GRID MESH USED

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:20
  step         0
 -1.281E+01 <x<  1.971E+01
 -3.313E-01 <y<  3.219E+01

Grid plot

0  1E  1      

Cable plot

 0.250

 0.750

 1.250

 1.750

 2.250

 2.750

(*10^1)

-1.000 -0.500  0.000  0.500  1.000  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:21
  step         0
 -1.281E+01 <x<  1.971E+01
 -3.313E-01 <y<  3.219E+01

Grid plot

0  1E  1      

Cable plot
Beam plot

 0.250

 0.750

 1.250

 1.750

 2.250

 2.750

(*10^1)

-1.000 -0.500  0.000  0.500  1.000  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:22
  step         0
 -1.281E+01 <x<  1.971E+01
 -3.313E-01 <y<  3.219E+01

Grid plot

0  1E  1      

Cable plot
Beam plot

 0.250

 0.750

 1.250

 1.750

 2.250

 2.750

(*10^1)

-1.000 -0.500  0.000  0.500  1.000  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:24
  step         0
 -1.281E+01 <x<  1.971E+01
 -3.313E-01 <y<  3.219E+01

Grid plot

0  1E  1      

Cable plot
Beam plot

 0.250

 0.750

 1.250

 1.750

 2.250

 2.750

(*10^1)

-1.000 -0.500  0.000  0.500  1.000  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:26
  step         0
 -1.281E+01 <x<  1.971E+01
 -3.313E-01 <y<  3.219E+01

Grid plot

0  1E  1      

Cable plot
Beam plot

 0.250

 0.750

 1.250

 1.750

 2.250

 2.750

(*10^1)

-1.000 -0.500  0.000  0.500  1.000  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:26
  step         0
 -1.281E+01 <x<  1.971E+01
 -3.313E-01 <y<  3.219E+01

Grid plot

0  1E  1      

Cable plot
Beam plot

 0.250

 0.750

 1.250

 1.750

 2.250

 2.750

(*10^1)

-1.000 -0.500  0.000  0.500  1.000  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      

  FLAC (Version 4.00)  

LEGEND

   20-Sep- 5  21:27
  step         0
 -1.281E+01 <x<  1.971E+01
 -3.313E-01 <y<  3.219E+01

Grid plot

0  1E  1      

Cable plot
Beam plot

 0.250

 0.750

 1.250

 1.750

 2.250

 2.750

(*10^1)

-1.000 -0.500  0.000  0.500  1.000  1.500
(*10^1)

JOB TITLE :                                                                                 

Itasca Consulting Group, Inc.    
Minneapolis, Minnesota  USA      



LECTURE SERIES  SEMINARS AND 
WORKSHOPS ON GEOTECHNICAL 
ENGINEERING PRACTICE

SOIL-STRUCTURE INTERACTION IN 
TUNNELLING,                                                   
ARDIE PURWODIHARDJO 26

51

Ground Freezing

LIQUID LIQUIDSOLID

Structures 
supported 
by ground

Ground 
supported by 

structures

Phase Changes

GROUND PROPERTIES = f (temperature, time)

52

Ground Freezing
ADVANTAGES

1.STRENGTH 
Soil strength is increased many times and frequently excavations are rendered
stable without any further temporary support. Frozen soil can be likened to a 
weak concrete or rock therefore complete stability can be assured. 

2.IMPERMEABILITY 
Impermeability is common to all frozen soil types thus the requirement for 
dewatering or pumping is eliminated.

3.STABILITY 
Settlement associated with vibration during piling and removal of fines due to 
pumping are eliminated. 

4.NON-POLLUTING 
Freezing does not pollute the ground water or affect its level in any way. 

5.VERSATILITY 
Freezing satisfactorily stabilises and excludes ground water in all types of 
ground from fine micro-grain to fissured rock structures. 

6.SAFETY 
A safe working environment is provided eliminating hazards associated with
toxic chemicals compressed air working excessive noise and the possibility of 
pumping contaminated groundwater.
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Ground Freezing

Install the freeze 

tubes around the 

tunnel

Development of the 

ice ring 

Design thickness 

achieved

Complete Freezing 

of Core

54

Lok Ma Chau Spur Line, Hong Kong
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Lok Ma Chau Spur Line, Hong Kong
Ground conditions 

56

Lok Ma Chau Spur Line, Hong Kong
General arrangement of cross passages
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Lok Ma Chau Spur Line, Hong Kong

Construction Sequence 
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LDB201 Ground Freezing
Site Installation – Freeze Unit (Down)
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LDB201 Ground Freezing
Site Installation – Freeze Unit (Down)

60

LDB201 Ground Freezing
Site Installation – Freeze Probe Details
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Ground Freezing

62

Ground Freezing
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63

Ground Freezing

  FLAC (Version 4.00)        

LEGEND

   15-Sep-04  17:57
  step      1954
 -1.322E+00 <x<  6.623E+00
 -4.025E+00 <y<  3.920E+00

Grid plot

0  2E  0      

-3.500

-2.500

-1.500

-0.500

 0.500

 1.500

 2.500

 3.500

-0.500  0.500  1.500  2.500  3.500  4.500  5.500  6.500

JOB TITLE : Cross Passage - Ground Freezing - Elastic condition - Lok Ma Chau               

wsatkins                         
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Ground Freezing - Temp. Contours at 1 Week

  FLAC (Version 4.00)        

LEGEND

   24-Sep-04  10:39
  step      3634
Thermal Time   6.0480E+05
 -2.340E+00 <x<  7.609E+00
 -4.997E+00 <y<  4.952E+00

Temperature
       -2.50E+01
       -2.00E+01
       -1.50E+01
       -1.00E+01
       -5.00E+00
        0.00E+00
Contour interval=  2.50E+00
Grid plot

0  2E  0      

-4.000

-3.000

-2.000

-1.000

 0.000

 1.000

 2.000

 3.000

 4.000

-1.500 -0.500  0.500  1.500  2.500  3.500  4.500  5.500  6.500  7.500

JOB TITLE : CP2 - AGF -thermal analysis--7 days                                             

wsatkins                         
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Ground Freezing - Temp. Contours at 2 Weeks

  FLAC (Version 4.00)        

LEGEND

   24-Sep-04  10:42
  step      5314
Thermal Time   1.2096E+06
 -2.314E+00 <x<  7.704E+00
 -5.009E+00 <y<  5.009E+00

Temperature
       -2.50E+01
       -2.00E+01
       -1.50E+01
       -1.00E+01
       -5.00E+00
        0.00E+00
Contour interval=  2.50E+00
Grid plot

0  2E  0      

-4.000

-2.000

 0.000

 2.000

 4.000

-1.000  1.000  3.000  5.000  7.000

JOB TITLE : CP2 - AGF -thermal analysis--14 days                                            

wsatkins                         
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Ground Freezing - Temp. Contours at 3 Weeks

  FLAC (Version 4.00)        

LEGEND

   24-Sep-04  10:44
  step      6994
Thermal Time   1.8144E+06
 -1.645E+00 <x<  7.095E+00
 -4.394E+00 <y<  4.346E+00

Temperature
       -2.50E+01
       -2.00E+01
       -1.50E+01
       -1.00E+01
       -5.00E+00
        0.00E+00
Contour interval=  2.50E+00
Grid plot

0  2E  0      

-3.500

-2.500

-1.500

-0.500

 0.500

 1.500

 2.500

 3.500

-1.000  0.000  1.000  2.000  3.000  4.000  5.000  6.000  7.000

JOB TITLE : CP2 - AGF -thermal analysis--21 days                                            

wsatkins                         
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Ground Freezing - Temp. Contours at 4 Weeks

  FLAC (Version 4.00)        

LEGEND

   24-Sep-04  10:46
  step      8674
Thermal Time   2.4192E+06
 -1.226E+00 <x<  7.115E+00
 -4.202E+00 <y<  4.139E+00

Temperature
       -2.50E+01
       -2.00E+01
       -1.50E+01
       -1.00E+01
       -5.00E+00
        0.00E+00
Contour interval=  2.50E+00
Grid plot

0  2E  0      

-3.500

-2.500

-1.500

-0.500

 0.500

 1.500

 2.500

 3.500

-0.500  0.500  1.500  2.500  3.500  4.500  5.500  6.500

JOB TITLE : CP2 - AGF -thermal analysis--28 days                                            

wsatkins                         
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Ground Freezing - Temp. Profile at 4 Weeks

  FLAC (Version 4.00)        

LEGEND

   24-Sep-04  10:46
  step      8674
Thermal Time   2.4192E+06
  8.677E-02 <x<  1.006E+01
 -2.417E+01 <y<  1.900E+01

 
Linear Profile
   Y-axis :
 Temperature
   X-axis :
 Distance
 From (-3.78E-02,-2.55E-02)
   To ( 1.00E+01,-2.55E-02)

 1   2   3   4   5   6   7   8   9  10  

-2.000

-1.500

-1.000

-0.500

 0.000

 0.500

 1.000

 1.500

(10        )+01

JOB TITLE : CP2 - AGF -thermal analysis--28 days                                            

wsatkins                         
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Ground Freezing - Temp. Contours End of Exc

  FLAC (Version 4.00)        

LEGEND

   24-Sep-04  10:50
  step     11554
Thermal Time   3.4560E+06
 -1.564E+00 <x<  6.763E+00
 -4.242E+00 <y<  4.085E+00

Temperature
       -2.50E+01
       -2.00E+01
       -1.50E+01
       -1.00E+01
       -5.00E+00
        0.00E+00
Contour interval=  2.50E+00
Grid plot

0  2E  0      

-3.500

-2.500

-1.500

-0.500

 0.500

 1.500

 2.500

 3.500

-1.000  0.000  1.000  2.000  3.000  4.000  5.000  6.000

JOB TITLE : CP2 - AGF -thermal analysis-L=5.0m-40 days-with insulation                      

wsatkins                         
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Notes

Choose a sympathetic treatment to solve 

problems of soil-structure interaction.

Instead of performing a 3D numerical 

analysis, a 2D numerical analysis (plane 

strain and “axisymmetric” models) could 

still achieve fair accurate results by using 

the deconfinement rate method.
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Q and A

Questions

Answers


