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imental ones.
Many tunnelling problems have been tested

and based on the results, it has been concluded:

a. To reduce surface settlements and main-
tain stability of excavation, drainage
should be stopped at the early stages of
excavation (Figure 4).

b. It has been found that the overconsolida-
tion ratio has a great effect on displace-
ments.

c. It has been found that the modified Cam-
Clay model can easily handle any se-
quence of work operations and show sof-
tening effects due to large displacements
(Figure 5).

6. New Austrian Tunnelling Method [26]
In the New Austrian Tunnelling Method

(NATM), the excavation and supporting are
carried out in many stages. Accordingly, the
assumption of loading in one-stage accord-
ing to the linear elastic model seems far
from reality. To choose a proper structural
design model, two models have been sug-
gested for tunnelling in silty-sand ground
and they are:

i. The curve description model based on the
K-G relations.

ii. The Drucker-Prager elasto-plastic model
with hardening cap and tension cut-off
(Figure 1).

Both models are included in the general fi-

nite element program ADINA [27] and the

parameters of each of them have been ob-
tained from triaxial test results. Samples
have been taken from the metro station of

Imam Khomeini Square and remoulded in

laboratory. Accroding to the results ob-

tained, It has been concluded that:

a. Since NATM is an excavation method
which allows the relaxation of structure
after each stage (large displacements with
small Stresses), it is advisable to use a fi-
nite element model which allows the rep-
resentation of these stages accurately.
The results obtained have shown consid-
erable reductions in stresses compared to
those taken from linear elastic analyses.

b. By comparing the finite element results
with the site measurements available, it
has been found that the Drucker-Prager
model gives better displacement predic-
tions than the K-G model (Figure 6).
Moreover, the Drucker-Prager model is
more suitable since it requires less num-
ber of parameters which can be extracted
easily from tests.

7. Conclusion

In this paper, a simple model has been
used for a parametric study. On the other
hand, many constitutive models have been
used to represent the essential feature of soil
behaviour, and tunnelling activities. It has
been concluded that the Drucker-Prager and
the modified Cam-Clay can be used to pre-
dict tunnelling behaviours in silty sand and
clay soils with high accuracy. Based on
these results, it can be concluded that a thin
lining should be used for the tunnels, drain-
age should be prevented in soils with high
water level and work should be carried out
in stages to allow for the maximum dis-
placements with the minimum stresses.
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4. Parametric Studies [24]

The: requirement for a simple model to be’
used in a parametric study has led to the
adoption of the linear elastic model as: the
most suitable one for this purpose. It has an
advaniage over the bedded-beam (Winkler-
type) model, since it represents the soil-
structure interaction in a more realistic way.
Using this model, the range of ground pa-
rameters expected along the tunnel route is
employed with different loading conditions.
The influence of different support elements,
to the overall behaviour and stability of the
compound structure consisting of ground
mass snd support elements, has been stud-
ied, as well and it has been concluded that:
8. The use of a thin concrete lining is more

economical than using a thicker one,
since the magnitude of bending stresses
produced is smaller for the thin one
(Figure 2). ,

b. The proper presentation of soil-structure
interaction is an important factor. The
role of ground in reducing the forces in
the I'ning is considerable, even for weak
soils (Figure 3).

5. The Modified Cam-Clay Model [25]

In dealing with soft clay soils, as those
found in the southern suburbs of Tehran,
the modified Cam-Clay model has been
adopted. This model is suitable for the anal-
ysis of normally consolidated and highly
overconsolidated clays. Samples have been
taken {rcom. Shush-Khayam metro station
site and remoulded in laboratory. Laborato-
1y tests, raainly one dimensional consolida-
tion tests and isotropic consolidation tests,
have bzen carried out. These tests have
been idealized numerically and the behavi-
ours of soils are reproduced using axisym-
metric solid LST elements. The numerical
results were found within 10% of the exper-
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past experience has shown that empirical and analytical methods of design
| are inadequate. The finite element method has been used to model different tun.-!
Vnelling problems with complicated material, load, geometry and boundary con-!
Iditions. In this paper, the most important constitutive models have been re-|

1viewed and some of them have been tested for tunnellin
jconcluded that elasto-plastic models like the DRUCKER-

roblems. It has beeni
AGER and the mod-

| ifted CAM-CLAY can be used to represent the complicated behaviour of soils dur-,

ng tunnelling with high accuracy.

(18 Lunnecting with mgh accuracy.

1. Introduction

In 1978, The International Tunnelling
Association (ITA) established a working
committee on the general approaches to the
design of tunnels. It started its work by
making a survey on the different methods
used in different countries [1]. The final
findings of the working group have been
published in 1988 [2]. It has been conclud-
ed that the choice of appropriate design
method is heavily dependent on results of
other activities like geotechnical investiga-
tions, excavation methods, supporting
methods and field measurements. To have
a suitable design method, that can describe
the tunnelling excavation and supporting
process accurately and reflects the complex-
ity of ground conditions, a sophisticated nu-
merical method is needed [3].

Only by applying the finite element
method to the design model we may reflect
the complexity of the tunnelling problem.
The finite element can cope with general
shapes of tunnels, starta of different ground,
fissure zones, faults and complicated con-
stitutive behaviour. The simulation of exca-
vation and construction stages can be mod-
elled easily and reflection on the best
excavation procedure can be made.
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2. Alternative Finite Element Models
Since the introduction of the finite ele-

ment method, much research effort has been

directed to employing the different constitu-
tive models in the finite element analysis.

The most important of them are the follow-

ings:

a. Linear elastic models: design models
based on isotropic elastic, and anistropic
elastic relations have been used widely
for tunnels [4-6]. Elastic theory for a soil
which the modulus increases linearly
with depth has been also suggested. By
adopting the bulk module and shear mod-
uli, the linear elastic behaviour of the soil
can be described in more realistic ways.

b. Non linear elastic models: Many bilinear
and multilinear models have been used
for tunnelling problems [7,8]. Moreover,
based on the observations made by
konder [9], the hyperbolic model [10]
has been developed and has been consid-
ered as the most powerful non-linear
model since then. For tunnel problems,
applications of ti.. ., perbolic model can
be sited in References [11-13].

¢. Elasto-Plastic Models: The early elasto-
plastic models have been based on Mohr-
Columb, Von-Mises and Tresca yield cri-
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