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Some Considerations for Tunnel Design

Quelques Considérations pour le Calcul des Tunnels

F. RODRIGUEZ ROA

SYNOPSIS

Professor of Geotechnical Engineering, Catholic University of Chile, Santiago, Chile

The design of tunnel lining including the effects of the actual shear stresses at

the interface between ground and lining can be expected to differ very significantly from more crude

approaches.

A set of simplified constitutive laws based on experimental evidence are proposed to model the inter

face behavior.

The results of a Finite Element analysis of a tunnel excavated in a estratified rock

mass and subjected to internal pressure is presented.

INTRODUCTION

Previous studies suggest that interface stresses
may affect significantly the magnitude and dis-
tribution of bending moments in the tunnel lin-
ing (Sagaseta, 1976). 1In order to study analyti
cally this problem the constitutive laws of the
interface interaction are required. A set of
such laws of a simplified nature are here propos
ed, and a special purpose Finite Element program

was developed to be used in tunnel lining design.

The program includes an interface element to mo-
del soil-structure interaction.

Several cases were performed to analyze the sig-
nificance of the various parameters affecting
the interface behavior and their influence on
the tunnel lining bending moments. Actually,
the results of only one case are presented here,
because of space limitations. The rest of them
will be published elsewhere.

SOIL-STRUCTURE INTERACTION

General Analysis

The relative displacement between adjacent fini-
te elements, as it occurs in the contact surface
between the soil and the structure, can be consi
dered using special elements known as joint-ele
ments and interface elements (Goodman et al.,
1968; Ghaboussi et al., 1973; Rodriguez Roa,
1977). The simple case of uncoupled interfaces,
i.e. where normal and tangential displacements
are independent, was considered to be a reasona-
ble model for a number of soil-structure inter-
action problems.

Proposed Constitutive laws

A commonly used function for representing the be
havior of '"frictional interfaces', i.e. those
with null adhesion, is the so-called hyperbolic
law which depends on four independent parameters
denoted by Rf, n, K1, § (Clough and Duncan,
1971). Figure 1 shows the hyperbolic function

23 - 017103

which the previously mentioned authors fitted to
direct shear test data on sand-concrete interfa-
ce behavior for various values of the normal

stress, o,.
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Fig.1. Direct Shear Test Data for Sand-Concrete
Interface Behavior.

A simplified bilinear law depending on only
three independent parameters, n, Ky, §, is pre-
sented (See Fig. 2). This relationship is suf-
ficiently accurate for most practical applica-
tions. Under compressive normal stresses, the
tangential stiffness kg is defined by the follow
ing relations:

n
ky = tgh; = Kpv, (i) (for 1 < o tgs) (1)

s i
o, -tgé
or ks = tgby = ~——g~— (for Tg =0ntg6) (2)
where:
OnrTg = normal and shear stresses at the in
terface.
As = relative displacement.
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= peak angle of friction mobilized at
the interface.
Ye = unit weight of water

K;n = nondimensional parameters.
P, = atmospheric pressure.
05,8, = Fig. 2.
;8¢ See Fig
l\‘)ﬁ d = peak angle of friction
- mobilized at the inter_
2 face.
5
P
w
«
i:’ Constant normal stress. 6n
W
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Relative displacement, Ag

Fig.2. Bilinear law proposed for frictional infterfa-
ce behavior.

The normal stiffness k  is commonly taken as a
very large value.

Under tensile normal stresses, arbitrarily small
values are used for both kn and ks'

Figure 1 shows the bilinear law fitted to the ex
perimental results reported by Clough and Duncan
(1971). For this particular case, the values
KI = 33.000 and n = 0,75 were obtained.

In clay soils, the adhesion between soil and
structure may not be negligible and must be ta-
ken into account (Desai, 1975). Adhesion is due
to a physicochemical phenomenon rather than a me
chanical one, thus, it is reasonable to expect
that its magnitude is independent of 9,

Jow, as in the case of frictional stresses, in-
terface displacements are required to mobilize
adhesive stresses. As the tangential relative
displacement increases the adhesive shear stress
also increases until it reaches a maximum value
""cg'"; beyond this point, the adhesive shear
stress gradually decreases with increasing dis-
placements (Uriel, 1980).

Once the interface relative displacement process
stops, the soil may, with time, recover its adhe
sive character. This would be the effect of
thixotropic properties.

The proposed simplified constitutive law for an
ideal adhesive interface (with null friction) is
shown in Fig. 3.

Attempts have been done to estimate the adhesion
from the undrained shear strength of the soil
(Desai, 1975), however, this procedure may not
always be applicable (Burland, 1973).

In order to verify the adecuacy of the proposed

relations, the results obtained by 0'Neill and
Reese (1970) for a clay-concrete interface were
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Bgm : relative displacement requi-
red to mobilize maximum ad-
Ast heslve shear stress, Ca.

. relative displacement that li-
mits adhesive behavior,

Shear sfress,zs
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Relative displacement, As

Fig.3. Constitutive law proposed for adhesive in -
terface.

analized (See Fig. 4). Figure 5 shows how the
constitutive law, for an interface with friction
and adhesion, can be obtained by superposing the
functions mentioned above. It is apparent that
the proposed relations are consistent with the
available experimental evidence. It is also appa
rent that the softening phenomenon observed in
the tests is due to the gradual loss of adhesion
with increasing relative displacements.
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Experimental data (O'Neill and Reese, 19570)
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Fig.4. Direct Shear Test Data for a Concrete-Clay
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In the particular case discussed, the maximum
adhesive shear stress is of the order of the ma-
ximum shear stress due to friction. On the other
hand, the relative displacement required to mobi
lize the maximum adhesion is about thirty per
cent of that corresponding to the maximum fric-
tion.

APPLICATIONS

The problem of a tunnel excavated in a horizon-
tally stratified rock mass and subjected to in-
ternal pressure was studied. The general dimen-
sions of the tunnel considered are very much the
same as those used by Uriel y Sagaseta (1971) in
the problem they analyzed.

The rock mass was modelled as a linear elastic
anisotropic continuous media. The interface fini
te element governed by the nonlinear elastic pro
posed constitutive laws, was assumed to have the
properties indicated in Fig. 6. The finite ele-
ment mesh used is shown in Figs. 7a and 7b.

The stresses on the outward face of the lining
obtained from the analysis are presented in Fig.
8. For sake of comparison, the stress pattern
obtained by neglecting interface relative displa
cements, is also shown in the figure.

CONCLUSIONS

The results of the analysis performed show that
neglecting interface displacements in modelling
ground-tunnel interaction, may lead to signifi-
cantly different design stresses.

The simplified constitutive laws proposed are
shown to fit experimental evidence to a very sa
tisfactory degree. They are very well suited for
use in Finite Element analysis.

#’, T 77777 7 777

Rock mass parameters:
€ 4= 20,58-10° KPa
Ey= 6,86-105 KPa
VyxzVax = 05
Gy= 4.9-10"KPa

3
¥= 23,52 KN/m

Concrete parameters:
Ex=Eyz147-10°KPa
i Yyx =Vxx= 015
¢ ¥=19.6KN/m3

Interface
parameters
K, = 33.000
n=075
d= 25
Cq=0

Fig. 6. Problem considered.
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Fig.7. a) Finite Element Mesh
used.
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Fig. 8. Results obtained with the model.
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