
1 INTRODUCTION 

Delayed convergence of deep tunnels can occur for a 
long duration. Monitoring this behaviour in existing 
openings is a useful data basis for back analysis 
computations. To do so, material mechanical behav-
iour is to be defined, and viscous parameters be de-
termined. As an example, in Malabata experimental 
shaft for Gibraltar strait project, at 157 and 300 m 
depth in shale, gallery’s convergence measures 
showed an important section closure within time 
(Hammoud, 1998).  

 

 
Figure 1. Malabata experimental gallery at 300 m depth 
(SNED) 

 
To prevent the lining damage at gallery’s wall, 

three removable wedges were inserted within the 
steel structure (Figure 1). The step 1 acceleration 
given in Figure 2 corresponds to the removal of the 
first wedge, then step 2 to the removal of second 
wedge and so on. 
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Figure 2. Relative convergence measures at –300 m in the 
Malabata experimental gallery for the Gibraltar strait project 
(SNED data) 

 
 
For the strait link project, the delayed conver-

gence knowledge is considered, in actual prelimi-
nary study, as a fundamental condition to insure the 
long-term stability of the tunnel. 
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2 VISCOPLASTIC TESTING BEHAVIOUR 

Primary creep tests on many rocks have been re-
ported to fit a power law with respect to time (Sahli, 
1990). Creep of rocks can be shown experimentally 
by carrying up tests on different paths. In constant 
strain rate paths to failure, higher strain rates values 
end in low viscoplastic strains while for very low 
strain rate viscoplastic behaviour is observed. For 
experimental creep paths at constant stress tensor in-
crease of strain with time is due to the viscous be-
haviour. In relaxation tests, at a constant total axial 
strain, total lateral strain and the whole viscoplastic 
tensor strain are free to vary with increasing time. 
Three stages of material response are usually ob-
served (Figure 3): -the primary (or transient) creep 
occuring at high decreasing strain rate, -the secon-
dary creep at a constant strain rate, -and the damage 
of material when the tertiary stage is occurring. 
Some authors define stress threshold values for these 
behaviours (Laigle & Kolmayer, 1998). 
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Figure 3. Creep stage behaviours (under constant loading) 

3 VISCOPLASTIC LAW 

Lemaitre & Chaboche (1996) previously presented a 
three-dimensional generalised viscoplastic flow rule 
for primary creep, derived from a potential. 

3.1 Tensor strain partition 
Partition of total tensor strains assumed by authors 
involves two terms: the instantaneous strains term 
and the viscoplastic strains. 
Since for our purpose, loading paths are monotonic, 
instantaneous strains are kept together and denoted 
εep , while viscoplastic strains are the sum of purely 
plastic and anelastic strains, this latter being as-

sumed negligible. Partition condition for small de-
formations within viscoplastic behaviour leads fi-
nally to:  

vpep εεε +=  (1) 

where ε = the total strain tensor at a given time; εep = 
the time independent strain part; εvp = the viscoplas-
tic strain tensor. 

Our study is restricted to the analysis of the first 
and second stages of the behaviour. Hence experi-
mental loading results considered are under the ma-
terial damage threshold, defined as the initiating of 
microstructure growth and volume changes limit 
discussed by Thorel & Ghoreychi (1996). The tran-
sient creep involves a hardening phenomena, corre-
sponding to microstructure changes during specimen 
loading (as gliding, deviation, etc..), while ageing 
and recovery are assumed to be not present. In re-
spect with these assumptions, the isotropic harden-
ing parameter can be chosen as a viscoplastic strain 
scalar functional p, defined by: 
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3.2 Lemaitre viscoplastic law 
Lemaitre generalised viscoplastic flow rule is deriv-
ing from a dissipation potential. Hence, the material 
deforming occurs with respect to the second princi-
ple of thermodynamics. For an isotropic material 
with an existing initial relaxed configuration, and no 
temperature changes, thermodynamic independent 
variables are reduced to the total strain tensor, while 
viscoplastic strain tensor is an internal variable (de-
scribing the actual deforming state). As we deal with 
a dissipating process, one can define a dissipating 
pseudo-potential, denoted ϕ = ϕ(σ,R,p), where R  is 
the isotropic hardening variable. Normality rules 
then allow following relations: 
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Since the material is isotropic, ϕ can be expressed 
as a function of the three stress invariants. Further-
more, because of experimental evidence, the third 
stress invariant effect can be neglected, and for vis-
coplastic incompressible behavior (assumed for hard 
rocks), the first stress invariant has no more influ-
ence on the dissipating potential function. ϕ is then 
function of the second deviator stress tensor invari-

 



ant, denoted J2. By using normality rule, following 
relation is obtained: 
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3

J
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where s = σ - 1/3 σii.δ ; δ = the identity tensor. 
Lemaitre & Chaboche, assume a mathematical 

dissipation function for the transient creep, in case of 
no threshold, as follows: 
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where K = scalar constant; <x> = 0 for x<0 and <x> 
= x for x>0.  

Hence, constitutive equation of the viscoplastic 
strain rate tensor is: 
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3.3 Material constant determination 
Equation 6 describes the isotropic viscous material 
behaviour, through three material constants: K, n 
and m. Parameter’s determination can be done after 
laboratory tests on material specimens, carried out 
on simplest, shortest paths. For triaxial tests carried 
out on cylindrical specimens, with the vertical axis 
being a principle direction for isotropic materials, 
lateral directions are identical. Since the viscoplastic 
incompressibility condition is assumed, viscoplastic 
lateral deformation is related to the axial one (de-
noted I) through following expression: 
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while hardening parameter expression reduces to: 
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Second invariant tensor expression is: 
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For monotonic uniaxial compression tests, Equa-
tion 6 reduces to: 
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Integrating along a purely creep path ends in: 
αβσε tA I

vp
I ⋅⋅=  (11) 

Creep test data give the time exponent as a ten-
dency curve slope in a log-log axes. When a set of 
curves are carried out for different constant stress 
values, one can by a similar way find the stress ex-

ponent and the coefficient A values. For rocks in 
study, this latter parameter is very small, we define 
instead the parameter a given by Equation 12: 
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Along with experimental relaxation path, for each 
curve carried out at a constant axial strain εI

0, we 
have at any time 
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and by deriving with respect to time, 

E
Ivp

I
σ

ε
&

& −=  (14) 

where E is the material monotonic loading modulus. 
In case of tests with constant total strain rate, we 

have, instead  
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For both the two latter test paths, there is no ana-
lytically simple expression, giving the time-
dependent response. However, for a set of data on a 
given path, we point out a useful fitting method, us-
ing the logarithmic expression of Equation 10, that 
is: 
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3.4 Path delayed equivalent time 
For primary creep, the three tensor variables εvp, its 
time derivative and stress tensor σ are all related at 
any time through an analytical expression given by 
Equation 6, no matter could be the loading path. For 
a given state, namely {εI

vp,*,σI
*}, time to reach the 

given variables set is depending on the chosen path. 
For the uniaxial creep path, time is: 

( )
n

mvp
I

f

K
m

T

⎟
⎠
⎞

⎜
⎝
⎛−

=
−

*)1(

1,*

σ
ε  (17) 

while for a relaxation path, 
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where Tf = equivalent time on creep path; Tr = 
equivalent time on relaxation path. Numerator for 
right term of Equation 18 is given below: 
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Comparing the two time’s values Tf and Tr gives 
the shortest way to carry out laboratory tests for a 
{εI

vp,*,σI
*} set, along with primary creep path. 

4 EXPERIMENTAL RESULTS 

Laboratory investigations are carried out on two 
rock specimens. These are an homogeneous iso-
tropic sandstone from Villarlod site in Switzerland, 
and a shale from the east of France. For both materi-
als, initial porosity is close to 19% , temperature and 
water content during loading were under control. 
However the two material compositions and derived 
viscoplastic behaviour are different. 

4

4.1 Material description 
Table 1 below summarizes physical and mechanical 
values for the rock materials tested. 

 
 

Table 1. Identification of materials: physical parameters, 
maximum water content, uniaxial compression strength and 
loading modulus 
Rock density porosity 

(%) 
wsat 
(%) 

σc
(MPa) 

E 
(MPa) 

Sand- 
stone 

2.2 17 6 11.5 - 13 2200 

Shale 2.2 18 - 19 9 - 10  36. 3600 - 
8000 

4.2 Villarlod sandstone results 
Uniaxial constant strain rate tests are carried out 
with total axial strain rates ranging from 4 10-3 to 3 
10-6 s-1 (Figure 4) . Number of specimens per strain 
rate varies from 4 to 8. Several uniaxial creep tests 
were also carried out on the same rock during sev-
eral days, under constant stresses, varying from 3.5 
to 8.7 MPa (Sahli 1990, Pellet et al. 2000). Only 
primary creep was observed for all specimens tested. 
Fitting the experimental measures gives up the aver-
age values of parameters a, α and β as shown in 
Table 2.  
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Figure 4. Stress-strain curves for different strain rates on sand-
stone  

 
 

Table 2. Lemaitre power Law constants, given by fitting creep 
tests on a sandstone 
 a  

[MPa, days] 
α β n m 

Average 
value 

3.35 10- 5 7.36 10-2 1.49 21.11 -13.20 

Variation 
coefficient 

25.5% 21.4% 1.2% 21.9% 23.4% 

 
 

Since both axial and lateral strains are simultane-
ously monitored within time, volume variation dur-
ing creep was also determined. Assumption of pri-
mary creep behavior occurrence with no significant 
volume change, during the delayed process is con-
firmed for the sandstone tested (Table 3). 
 
 
Table 3. Volumetric variation coefficients (instantaneous νinit 
and viscoplastic νvp), obtained by fitting creep tests on a sand-
stone 
 νinit νvp

Average value   0.39   0.48 
Variation coefficient 21.9 % 17.6 % 

 
 
Comparison between creep and relaxation paths 

can be made in term of quickness to attend a 
{εI

vp,*,σI
*} set values. Conclusion is that creep tests 

are about 20 to 28 % slower than relaxation tests, in 
term of equivalent times to reach a given state, as 
shown in Table 4.

 
 

Table 4. Relative equivalent time to reach a given state along 
with creep or relaxation path (primary creep of sandstone) 
εΙ

vp σΙ 
[MPa] 

Tf/Tr 

2.5 10-4   3.5 1.24 
5.0 10-4   6.0 1.28 
6.0 10-4 10.0 1.20 

4.3 Shales from the east of France 
Few unpublished creep tests were carried out on this 
material and a set of Lemaitre parameters previously 
determined. Using these values for equivalent time 
calculations ends in equivalent time’s ratio varying 
from 3 to 5. Hence, a relaxation-testing program was 
preferred since these tests are shorter. An example of 
the relaxation test is given in Figure 5. 
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Figure 5. Relaxation curve on shale  
 
 
Constant strain rate tests were also carried out under 
a wide range of deformation rates, from 10-9 to 10-3 
s-1. As a result of Equation 16, all experimental data 
can be gathered together in a log-log diagram. Pa-
rameters finally obtained for the material are n= 
9.25; m= -1.77; a= 8.25 10-8 (MPa, days) (Boidy & 
Pellet 2000). As a result, final equivalent time calcu-
lations are given in the Table 5. 

 
 

Table 5 : Relative equivalent times to reach a given state along 
with creep or relaxation path (primary creep of shale) 
E  
[MPa] 

εΙ
vp σΙ 

[MPa] 
Tf/Tr 

7500 1.6 10-3 10 3.84 
7500 2.4 10-3 17 3.22 
4700 5.3 10-3 15 4.96 

 
 
Relaxation tests show a secondary creep appear-

ance after approximately one week of loading. By 
equation 14, we conclude for the secondary creep 
behaviour to occur also at the same stress and strain 
set of values (i.e. εI

vp=1.6 10-3, sI=10 MPa). By using 
Table 5, one can then estimate the creep time ap-
pearance, which is close to 4 weeks.  

We conclude from these testing programs that 
Villarlod sandstone has a fair ability to creep with 
respect to time. In contrast, shale exhibits a great 
tendency to deform. Furthermore, with one-month 
duration testing, the shale behaviour is yet a steady-
state creep  

5 NUMERICAL SIMULATION 

The Lemaitre viscous law for primary creep behav-
iour was implemented in a 2D-FLAC numerical 
code, using a proper internal code language (Boidy 
& al. 2001). An underground-unlined circular tunnel 
is simulated at 300 depth, in sandstone and a shale 
material discussed in this paper. Initial stresses are 
assumed to be isotropic, and gravity effect negligi-

ble. Mesh discretisation and other assumptions, so as 
boundary conditions are summarised in Figure 6. 
 
 

 
 
Figure 6. Tunnel mesh discretisation and boundary conditions 
 
 
Stress relaxation and total strains at the simulated 
tunnel wall during 4 years, are given in Figure 7 for 
the sandstone and in Figure 8 for the shale. These 
curves show a more important tunnel closure with 
the shale surrounding material, and an amount shear 
stress decrease of 30 %.  
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Figure 7. Time-dependent relaxation and closure of a deep tun-
nel facing in sandstone 
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Figure 8. Time-dependent relaxation and closure of a deep tun-
nel facing in the shale 
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In Figure 9 are plotted the radial displacements at 
different distances from the tunnel axis excavated in 
shale, for periods going from 1 day to 4 years. These 
curves show an important change in convergence 
values from the wall tunnel to a distance of 20 m in 
the rock mass. However, delayed strains are ob-
served in all the rock mass, with a fair decrease 
when distance from the tunnel axis increases. 
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Figure 9. Dimensionless radial displacements of grid points of 
the simulated tunnel in the shale 

 
 
In Figure 10, the relaxation of J2 deviator for 

some elements of the mesh is given as a function of 
the distance from the tunnel axis. This figure shows 
an important decrease of stresses with time at the vi-
cinity of the excavation. Stress deviator at the wall 
decreases to half its initial value after 4 years for an 
unlined tunnel. This stress-delayed change is rele-
vant for a radius of 15 m in rock mass. 
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Figure 10. Relaxation of the stress deviator of the simulated 
tunnel in the shale 

6 CONCLUSION 

A viscoplastic formulation law for viscous rocks 
before damage is given. Different laboratory testing 
paths are used for the parameter determination of a 
fairly viscous sandstone from Villarlod in Switzer-
land and a mid viscous shale rock from the east of 

France. Best laboratory testing paths in term of gain 
of time are discussed. The primary creep model is 
implemented in a finite difference code and applied 
to tunnel at 300 m depth. However, a suitable nu-
merical simulation for real projects has to take into 
account the secondary creep behaviour. This focus is 
under achievement with objective of a back compu-
tational analysis of the Malabata and East France 
waste disposal as two examples of deep underground 
projects.  
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