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Tunnel Stability Factor — A new parameter for weak rock tunneling
Facteur de Stabilité en Tunnel — Un nouveau paramétre pour la construction
des tunnels en roches tendres

|.K.Mihalis, M.J.Kavvadas & A.G.Anagnostopoulos — National Technical University of Athens, Greece

ABSTRACT: This paper proposes a new approach to combine the influence of depth H and size D of underground openings, as well
as of the in-situ rock-mass strength 6, in weak rock conditions, with the use of a new parameter, named the Tunnel Stability Factor
(TSF): TSF=0.,/ YH*™ D% For this reason, a parametric study of a typical unsupported horse-shaped tunnel section, excavated at
depths varying between 50 -500m, in different qualities of weak rock masses with GSI (Geological Strength Index) values ranging
between 10 — 50 was conducted. Based on the results of the aforesaid analysis, two dimensionless plots were derived, i.e. tunnel con-
vergence / tunnel equivalent radius vs. TSF and plastic zone radius / tunnel equivalent radius vs. TSF. In these plots, in spite of the
very wide range of the examined conditions, it is possible to fit curves, that give a very good indication of the average trend.

RESUME: L’article propose une approche nouvelle, qui combine I’influence de la profondeur H des operations du creusement des
tunnels, la dimension D des ouvertures souterraines et la puissance de la roche in-situ 6, par I’intermédiaire d’un parameétre nouveau:
le Facteur de la Stabilité du Tunnel (TSF): TSF=0,/ yH&’DQ”. Pour cette raison, une étude paramétrique a été exécuté, comprenant
le cas d’une section de tunnel insupportée en forme du cheval , creusée en profondeurs diverses entre 50 et 500m dans des roches
faibles avec une valeur d’indice de la Puissance Geologique (GSI — Geological Strength Index) entre 10 et 50. Finalement, on pré-
sente deux diagrammes sans dimensions, fondés aux résultats des analyses précédentes, c-a-d la convergence de tunnel/le rayon
équivalent de tunnel par opposition a la valeur du TSF et aussi le rayon de la zone plastique/le rayon équivalent de tunnel par opposi-
tion a la valeur du TSF, dans lesquels malgré la vanation des conditions examinées, il est possible de modeler telles conditions avec

I’aide des courbes, qui présentent une indication satisfaisante de la tendance moyenne.

1 INTRODUCTION

According to the traditional methods of tunnels design critical
decisions about the effectiveness of the chosen primary support
measures and the adopted excavation schemes are based mainly
on the results of rock-mass classifications. These classifications
can be made on the basis of geological observations and reliable
laboratory test results, with the use of well-known systems, such
as the Rock Mass Rating (Bieniawski 1989) or Geological
Strength Index (Hoek and Brown 1997) systems. The advantages
of such classifications are directly related to: (i) the denivation of
the mechanical properties of the in-situ rock-masses, and (ii) the
qualitative estimations of rock-masses general behavior during
the underground construction works.

Until now, the factors of the initial geostatic stresses (i.e.
po=7YH) and tunnel’s size (i.e. equivalent diameter D) are gener-
ally ignored, although their impact on to tunnels performance in
similar geotechnical conditions, can be easily shown after the
elaboration of relatively simple two-dimensional numerical
analyses. Additionally, it has to be pointed out that the afore-
mentioned factors play a very decisive role, especially in the de-
sign process of those tunnels, which are excavated in weak rock
conditions.

Weak rock tunneling presents some special challenges to the
geotechnical engineer, since misjudgments in the criticality of
the predicted deformation mechanisms and the design of the
support systems may lead sometimes to very costly failures.
Moreover, the increasing demand to construct tunnels of large
size in relatively poor ground conditions - often under significant
overburden heights - dictates the need to adopt new approaches
in the early stages of design. These approaches have to incorpo-
rate the influence of depth and size of underground excavations,
together with the qualitative estimations from rock-mass classifi-
cations.

The purpose of this short paper is to present the principles of
a new approach to estimate the deformation and failure mecha-

nisms of a weak rock-mass surrounding an unsupported tunnel.
This approach combines the results of rock-mass classifications
with the effects of depth and size of the mining activities, via the
use of the dimensionless factor: Tunnel Stability Factor (TSF).

The next paragraph is focused on the definitions of TSF and
its major components. Finally in the borders of the new frame-
work of analysis, the results of an extensive parametric finite
element study, including a large number of tunnel cases exca-
vated in a variety of “poor” rock-masses, at depths ranging be-
tween 50 — 500m, are commented.

2 THE CONCEPT OF THE TUNNEL STABILITY FACTOR

2.1 Background

Hoek (1999) argued that the severity of the tunnels stability
problems in weak rock conditions depend upon the ratio of the
in-situ rock-mass strength, 6.y, to the in-situ stress level, po=yH.
The value of this argument was verified by the construction of
two dimensionless plots (Figure 1 and Figure 2), based on the re-
sults of a Monte Carlo analysis, in which the input parameters
for the rock-mass strength and the tunnel deformation were var-
ied at random in 2000 iterations.

The upper and lower bounds of the used parameters ia Hoek’s
analysis are as follows: (a) Intact rock strength, o,=1-30MPa,
(b) Hoek-Brown constant, m=5-12, (c) Geological Strength In-
dex, GSI=10-35, (d) In-situ hydrostatic stress=2-20MPa and (e)
Tunnel radius, r,=2-8m.

The following Figure 1 gives a plot of the ratio of plastic zone
radius to tunnel radius (rp/ro) versus the ratio of rock-mass
strength to the in-situ stress (G./po). Figure 2 is a plot of the ra-
tio of the tunnel convergence to tunnel radius (u/r,) against the
ratio of rock-mass strength to the in-situ stress (Gem/po)

In spite of the wide range of the examined conditions, the rea-
sonably well-fitted curves of both diagrams can show a good in-
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Figure 1. Relationship between size of plastic zone and ratio of rock-

mass strength to in-situ stress (Hoek 1999).
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Figure 2. Tunnel deformation versus ratio of rock-mass strength to in-
situ stress (Hoek 1999).

dication of the average trend. It must be pointed out that the
complete analysis corresponds to cases of unsupported tunnels.

An important conclusion derived from Figures 1 and 2 is that
the dimensionless quantities r,,/To and u/r,, increase very rapidly,
once the rock-mass strength falls below 20% of the in-situ stress.
According to Hoek (1999) the limit of 6.,/pe<0.20 can be con-
sidered as a practical criterion for the general stability of a tunnel
excavated in weak rock conditions.

2.2 The Definition of theTunnel Stability Factor

Following Hoek's original idea to adopt the ratio ouy/po, as the
controlling parameter of the tunnels general stability conditions,
the authors in this paper make a further extension, by including
the size of the underground openings in the derivation of a new
parameter, the so-called Tunnel Stability Factor (TSF). TSF is
expressed mathematically by Equation 1:

a,
TSF = c%{ms D025 M

The inclusion of size (equivalent diameter D) of the under-
ground openings in TSF, results from the practical experience,
that in similar geological / geotechnical environment and at the
same depth form the ground surface, tunnels of different size,
exhibit modes of deformational behavior of different scale and
degree of criticality.

Figure 3 summarizes graphically the most important features
of the general pattern of deformation of a tunmel advancing
through a weak rock-mass.
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Figure 3. Pattern of deformation in the rock-mass surrounding an ad-
vancing tunnel.

The in-situ rock-mass uniaxial compressive strength 6., is cal-
culated according to Equation 2 (Hoek 1999):

,GSI1/25.5 @
where o,, = uniaxial laboratory compressive strength of the intact
rock; and GSI = Geological Strength Index (Hoek & Brown
1997).

Equation 2 offers a direct quantitative estimation of the engi-
neering behavior of rock-masses, following mainly geological
and to some extent empirical judgments. Consequently, the use
of Ogq in the derivation of TSF results to the establishment of a
new engineering index, whose use in the tunnels design has cer-
tain advantages, if compared with the mere application of geo-
logical indexes like RMR index or GSI. These advantages will
be discussed in the next paragraphs of the present paper.

o =002 .
cm ci

3 PARAMETRIC STUDY

3.1 Data of analysis

The parametric study presented in this paper addresses the im-
portance of Tunnel Stability Factor for the assessment of general
stability problems, which may be encountered in weak rock tun-
neling.

The performed series of numerical analyses is focused on to
the examination of deformation patterns and shear failure modes
of the rock-mass surrounding an unsupported tunnel. The exam-
ined cases covered a large number of tunneling conditions, in
which the depth of underground operations and the quality of the
surrounding rock-mass are given in Table 1. The well-known fi-
nite element code Phase? of RockScience was used in the analy-
ses of all the examined cases.

The factors: (i) tunnel convergence / tunnel equivalent radius
and (ii) plastic zone radius / tunnel equivalent radius were de-
rived in all the exarmnined cases and a unifying framework is then
developed to account for the severity of tunnel stability problems
in terms of TSF values.

The rock-mass shear behavior was modeled with the use of
the Generalized Hoek-Brown failure criterion (Hoek & Brown
1997), according to Equations 3, 4, S and 6:

g
m T s ©)

g =0,+0,
Uﬂ

/s

where 6), 63 = maximum and minimum principal stresses at fail-
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Table 1. Examined tunneling cases with Phase’.

H (m)
GSI 50 75 100 150 200 300 400 500
15 5 5 [} 5
20 5 5 5 5 5 [}
20 10 10 10 10 10 10
30 5 5 5 5 s 5
30 10 10 10 10 10 10
30 20 20 20 20 20
30 30 30 30 30
40 10 10 10 10 10 10
40 20 20 20 20
40 30 30 30
40 40 40
50 10 10 10 10 10 10 10 10
50 20 20 20 20 20
50 30 30 30 30
50 40 40 40
50 50 50

The values in cells determine the adopted strength o,; in MPa.
The m; valueis 10.

ure;, my = value of the Hoek-Brown constant of the rock-mass
(see Eq. 4); s, & = constants which depend upon the GSI value of
the rock-mass (see Egs 5, 6).

GSI-100
= _— 4
m, =m, exl{ 28 ] (4)
ForGSI>25 s= exp(w) and a=05 5)
For GSI <25 s=0 and a=065- G—gg (6)

The deformation modulus of the rock-masses E was calcu-
lated by applying the following mathematical expression (Eq. 7):

(:Sl IlJ

) Jl = l() 5 " (in GPa) for o expressed in MPa  (7)

Equation 7 is based upon a large number of observations and
back-analyses of excavation behavior in poor quality rock-
masses and has been proposed for the in-situ modulus of defor-
mation of weak rocks (Hoek & Brown 1997).

In all the numerical analyses the initial geostatic stress field
was of gravitational type with characteristic values of the earth
pressure coefficient: K, = 0.5, 0.75 and 1.0. In this paper only
the results of the analyses for K, = 1.0 are presented. Neverthe-
less, similar conclusions apply for Ky = 0.5 or 0.75, since the
aforesaid range of the examined K, values seems not to influ-
ence seriously the behavior of the analyzed unsupported tunnel
sections .

3.2 Results of parametric analysis

A total of 74 finite element analyses have been performed, in
which the depth of tunnel, the GSI and o, values of the sur-
rounding rock-mass were varied according to Table 1.

A useful means of studying the general tunnel’ s behavior
trend is to investigate the variation of representative dimension-
less quantities for all the examined cases. Two such dimension-
less factors can be considered; the ratios uy/ro and r,/r,, where
u;=the tunnel crown convergence: r, = the plastic zone radius;
ro=the equivalent tunnel radius.

Figures 4 and 5 give plots of r/ro and uy/r; in terms of the as-
sumed GSI values (see Table 1) respectively. The erratic nature
of the variation of r,/ro and uy/r, in both plots, indicates that only
the geological / geotechnical environment can by no means be
considered as the unique controlling parameter of the deforma-
tion and shear behavior of a rock-mass surrounding an unsup-
ported tunnel. Obviously, there is the need to consider also the
effects of factors such as depth and size of the underground
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Figure 5. Ratio of tunnel convergence to equivalent tunnel radius
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Figure 6. Ratio of plastic zone radius to equivalent tunnel radius versus

TSF.

openings, in order to obtain a complete framework for the esti-
mation of the severity of tunnels stability problems.

The governing role of the proposed TSF in the tunnels sta-
bility is verified with the construction of Figures 6 and 7, where
the ratios r,/ro and /Ty are plotted against the calculated TSF
values

It is remarkable that in spite of the very wide range of condi-
tions included in the finite element analyses, the results in both
figures tend to follow a very similar trend. In addition, the fitted
curves are considered that can give a satisfactory indication of
the average tunnel behavior, without including the effects of the
primary support

Figure 7 gives a set of approximate guidelines on the critical-
ity of tunnels stability that can be encountered for different lev-
els of the ratio u;/ro. More specifically these levels can be con-
sidered that give a first estimate of tunnel squeezing problems.

It is noted that from Figure 7 it can be derived the following:
e For TSF<0.20, 5%<u/r,<10% Very severe squeezing

problems.

e For 0.20<TSF<0.30, 2.5%<u/1,<5% Severe squeezing
problems.

e For 0.30<TSF<0.60, 1%<ui/ry<2.5% Minor squeezing
problems.

e  For TSF>0.60, u,/ry <1% Few support problems.
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Figure 7. Ratio of tunnel convergence to equivalent tunnel radius versus
TSF.

The atorementioned strain levels are suggested on the basis of
experience. According to the examined cases, strain levels of
less than 1% occur in relatively better rock-masses with GSI
greater than 40 for all the considered depths.

Another useful conclusion derived from Figures 6 and 7 is
that when TSF falls below (.30, both plastic zones and deforma-
tions of tunnels increase substantially, indicating that unless the
appropriate support is installed, collapse mechanisms are likely
to occur.

The curves shown in Figures 6 and 7 are defined by Equa-
tions 8 and 9.

% N =043

o-r-
21 ®
=18

7} i [+
L 20005y ——= 9
n 3[711“”D°" y ©)

4 CONCLUSIONS

This paper has considered the importance of the Tunnel Stability
Factor on the prediction of deformation and shear behavior of
weak rock-masses surrounding advancing tunnels without any
type of support

The results of a parametric study involving 73 non-linear fi-
nite element analyses have been presented. In these analyses the
depth of tunnels varied between 50 to 500m and the rock-mass
GSI values ranged between 15 to 50.

The major conclusion from the performed parametric study is
that the Tunnel Stability Factor (TSF=6/ YH" °D"?*) can play a
governing role in predicting adequately possible tunnel stability
problems.

The proposed new framework of approach to the problem of
the tunnels stability was verified with the construction of two
dimensionless plots: (1) r/To vs. TSF and (ii) uy/ro vs. TSF. These
plots have been used to determine strain levels for different
ranges of TSF values, which are directly related to tunnel
squeezing problems of different degree of sevenity.
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