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Discussion: Tunnelling in weathered rock - Rock or soil mechanics

approaches?

M. Kavvadas
National Technical University Athens, Greece

ABSTRACT: It is atiempted to show that neither Soil nor Rock Mechanics approaches can be used effectively
in tunnelling through weathered rock. A new approach, the Weathered Rock approach, is proposed and its
main features, similarities and differences compared to the other two tumielling approaches are briefly
presented.

1 INTRODUCTION

Tunnelling in weathered rock appears to be an
intermediate case between tumielling in rock (where
typically rock mechanics approaches are used) and
tunnelling in soil (where soil mechanics approaches
are normally employed). Thus, one might expect that
tunnelling in weathered rock should be performed by
either of the two extreme approaches previously
mentioned. The objective of this presentation is to
show that tunnelling in weathered rock requires a
different approach (the Weathered Rock approach)
which obviously has many of the features of the Soil
and Rock Mechanics approaches but still is very
different than each of the two. The special
characteristics of the‘~_Weathered Rock approach are
due to the unique features of the weathered rocks
which are`briefly presented below.

\

2 MAIN CHARACTERISTICS or WEATBH-ERED

ROCKS

Soils typically have relatively low unconfined
compressive strengths (less than l MPa), their
response is controlled by stiffness and shear strength
parameters, they are usually treated as isotropic
materials in tunnelling and, finally, the development
and dissipation of excess pore pressures significantly
influences their behaviour under load. On the
contrary, rocks have high cohipressive strengths (in
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excess of 25 MPa), their response is controlled by
the strength of the intact rock and the interlocking
between rock blocks, usually they must be treated as
anisotropic (especially if they have a small number of
discontinuity sets) and, finally, excess pore pressures
rarely have an important effect on their behaviour.

Weathered rocks are produced by appreciable
alteration of intact rocks which results in a mixture of

completely altered soil-like material and rock blocks.
Usually there exists significant spatial variability in
the degree of weathering ranging between light
weathering (where the material resembles a heavily
crushed rock mass) and strong weathering (where
the material has the form of rock blocks “floating” in
a completely weathered soft matrix). Contrary to the
behaviour of intact rock-masses, interlocking
between blocks in weathered rock is usually weak or
non-existent. Furthermore, the weathering., process
causes a strength degradation of the remaining rock
blocks making them friable Highly weathered rocks
behave as isotropic materials in the scale of the
tunnel and, if the products of the weathering process
are cohesive, excess pore pressures may become
important. Generally, the weathering process
gradually transfomis the original rock-mass to a soil
like material and, similarly, the engineering properties
of the weathered rock range between the two
extreme states of rock and soil depending on the
degree of weathering. As a result of the above
differences, a special approach is required in
tunnelling through weathered rock.



3 THE WEATHERED ROCK APPROACH IN
TUNNELLING

The special features of the weathered rock approach
appear in all stages of tumielling: the geotechnical
investigation, the design and the construction. In the
following, the main characteristics of the weathered
rock approach will be briefly described in each of the
tunnelling stages.

3.1 Geotechnical Investigation
Sampling and testing in soils usually relies on
undisturbed samples and soil mechanics tests. In
rocks, a parallel procedure involves coring and rock
mechanics tests. On the contrary, weathered rocks
are usually extremely difficult to sample and, even in
the cases where samples are recovered, they are
rarely representative of the large-scale characteristics
of the material. Finally, laboratory tests on weathered
rock samples are very difficult to perform and usually
give misleading results. Thus, in weathered rocks the
selection of material parameters tobe used in design
usually relies on procedures developed for the
description of rock-masses, namely the use of
empirical indices such as the Rock Mass Rating 
RMR (Bieniawski, 1979) or the NGI Q index.
However, the indiscriminate use of 'such indices in
the description of weathered rock has serious
disadvantages and makes their application impractical
or introduces significant errors in.the subsequent
selection of material parameters. More specifically,
weathered rocks usually give values in the low range
of the index scale, since practically all empirical
indices were developed for unweathered rock-masses

and intended to describe mainly the degree of jointing
rather than. the degree of weathering. While both
jointing andiweathering result in degraded material
response, their effects on the engineering properties
are different and thus their description via a common
index may lead to gross errors in the selection of
material parameters. Two such examples are listed
below:

1. The RNIR index of the weathered Athenian
phyllite has values in the range 15-30 (Figure 1).
The higher values (30-45) shown in Figure 1
correspond to isolated beds of sandstones and
limestones which do not play a significant role in
tunnelling through the weathered and highly
tectonised phyllite. The value of the RMR in this
material (which .has intact strength not exceeding
5 MPa and almost always zero RQD) is controlled
by the “condition of discontinuities” component
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Figure 1: Typical distribution of the RMR index
in the weathered Athenian phyllite.

which has a value equal to 10 (if the thickness of
the soft gouge materialbetween intact pieces is
less than 5 mm) and equal to zero (if the thickness
of the soft material between intact pieces is over 5
mm). In the weathered Athenian phyllite, the
decision whether a value of 10 or O is more
appropriate for this component is not straight
forward but has very significant consequences
since it represents about 50% of the total RMR
value. The cause of this difficulty is that the
“condition of discontinuities” parameter is
intended for the description of “real”
discontinuities rather than the weathered soil-like



mass surrounding the cobble-sized intact pieces of
the weathered Athenian phyllite.

2. The commonly used empirical correlations_ of the
rock-mass indices (e.g._ RMR) with engineering
parameters very often give unrealistic results when
applied to weathered rocks. This is especially true
for 'values of the index in the low range of its

' domain. As an example, the well-known empirical
fonnula by Serafim and Pereira (1983) relating
RMR to the deformation modulus:

(RMR-10)40E=-10
appears to provide adequate estimates of the
deformation modulus for typical rock masses but
gives too high values for the weathered Athenian
phyllite. The back-calculated values of the
deformation modulus from NATM tumiels in the
Athenian phyllite (Rh/IR=15-30) are in the range of
300-800 MPa, while the previous formula gives

-values in the range 1300-3200 -MPa. A. possible
explanation for this difference may be the governing
effect 'of the relatively thick seams of completely
weathered material in conjunction with the low
deformation modulus of the intact phyllite. In fact,
the Serafim and Pereira formula is independent of
the properties of the intact rock, presumably
because in hard rocks the deformation modulus is

controlled by the discontinuities rather than the
intact blocks. In weathered rocks, the stiffness of
the intact blocks is comparable to the average
stiffness of the rock-mass and its effects should be

considered: for example by including the stiffness of

the intactiblocks (or indirectly the compressive
~ strength of the rock) in the empirical formula which
“ relates the modulus of the rock to the index value.

A remedy to these problems could involve the use of

a new Weathered Rock Classyfication Index (WRCD
in a manner analogous to the use of the RMR or Q
indices for hard rock-masses. As an alternative, the
Geological Strength Index (GSI) proposed by Hoek
et al (1995) to replace RMR for poor quality rock
masses may also be used for the classification of
weathered rock. The GSI relies upon straight
forward geological judgement ofthe structure of the
material (blocky, very blocky, blocky/seamy,
crushed) and the surface condition of the
discontinuities (good, fair, poor slickensided, very
poor with soft clay coatings) rather than the
summation of individual ratings of difficult to
measure quantities. It should be pointed out that it is
always advantageous to incorporate local experience
in formulating an index for weathered rock. This
implies that the proposed index may be rock-typeQ 339

specific and its extension in other types of weathered
rocks will require re-calibration of the index. While
thismay seem like a serious defect, it often does not
limit the usefulness of the index in view of the large.
extent of modern tumielling projects in a single
geological formation (e. g. tunnelling in a large city).

The Weathered Rock Classification Index, should
then be correlated with the relevant engineering
properties of the weathered rock (such as the
deformation modulus and ~ the shear strength
parameters). The use of local experience is of great
importance in the successful selection of such
correlations. As an example, Hoek (1996) has
proposed the following improvement of the Serafim
and Pereira formula for the estimation of the
deformation modulus of poor quality rock-masses:

E 2 §g_10(2?)
100

where oc (expressed in MPa) is the compressive
strength of the intact rock and the deformation
modulus is computed in GPa. Application of this
formula in the Athenian phyllite (oc = 5 MPa,
GSI=15_-30) gives E=300-700 l\/[Pa. These match
very well the deformation modulus back-calculated
from the measured response of NATM excavations.

3.2 Design procedures
In designing tunnels in weathered rock, proper
attention should be given in controlling ground
deformation. In soils, ground deformation is usually
deleterious because the soil surrounding the tunnel
exceeds its peak strength and goes into the strain
softening domain. For this reason, tunnelling in soils
usually _aims at minimising ground deformation by
excavation in multiple drifts, installation of the
temporary support as early as possible, use of rigid
support systems and closure _of the tunnel invert as
early as possible. On the contrary, limited wall
convergence is desirable in hard rocks because it
helps to mobilise the rock strength (via interlocking)
thus reducing the loads on the temporary support.
For this reason, the installation of the temporary
support is usually delayed, excavation is performed in
a single stage or (in more difficult conditions) in a
few drifts and a flexible support system is preferable
(such as bolting and a thin layer of sprayed concrete).

The control of ground deformation in weathered
rock depends on the degree of weathering and the
strength of the intact material and ranges between the
“zero” deformation approach (for highly weathered
rocks) and the limited deformation approach (for
slightly weathered rocks). In addition to that,



tunnelling in weathered rock has the following
special features: I
1. Tendency for roof collapse in the _case of poor

cohesion between the products of the weathering
process (e.g. in weathered granite).

2. Tendency for swelling when the products of
weathering are argillaceous and plastic (e.g.
weathered schist or mudstone).

3. Tendency for face instabilities in the case of deep
large diameter tunnels in highly weathered rock.

4. The loads on the final lining ofthe tunnel may
increase appreciably with time in the case of
creep-sensitive weathered or squeezing rocks.

5. Failures in weathered rock often give little
warning in terms of pre-failure ground movements
and thus their results can be catastrophic.

3.3 Construction practices
Tunnel construction in weathered rock also requires
a special approach. The selection of the excavation
method, namely excavation by a full~face machine, a
roadheader or by conventional excavation (using
back-hoe excavators or the drill-and-blast method),
depends not only on geotechnical considerations but
also on the length of the tunnel, its geometry, the
available time schedule, the availability and cost of
man-power, previous experience, the available
technology, etc. Specifically in weathered rock, the
existence of intact rock blocks in the rock mass
presents significant problems in TBM tunnelling
(similar to the problems with encountering boulders
in soft ground tumielling). The selection of the type
of the cutterhead and of the muck removal system is
also influenced by the existence of intact rock pieces
and the significant spatial variability of the degree of
weathering which is very common in weathered rock.

As a result, tunnelling techniques which are adaptable
to-variable ground conditions should be selected.

Roof collapses are a very common problem in
weathered roclc tunnelling, especially when the
products of the weathering process have low
cohesion. Roof collapses can also be triggered by
large intact rock blocks near the roof of the tunnel,
especially in TBM tunnelling when the cutterhead
loosens them by partial grinding. In such cases the
advance of the shield is often problematic and over
cutting is usually required. Finally, protection against
face collapses requires the selection of an appropriate
face shield ranging between the simple open face
excavation and the more sophisticated air-pressure,
slurry or EPB shields..-.The extreme spatial variability
of the degree of weathering as well as the existence
of large boulders of intact rock in the weathered
mass should always be considered in selecting the
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type of face shield. In many cases, shields which can

operate in more than one modes (such as the mixed,
open and EPB shields) have been very successful inf
tunnelling through weathered rock. i

4 CONCLUSIONS

From the previous discussion it is obvious that
tunnelling in weathered rock requires a new
approach, the so-called Weathered Rock approach.
This approach is different than the standard Soil or
Rock Mechanics approaches, but shares features with

each of them depending on the degree of weathering_
The main characteristics of the Weathered Rock_

approach in tunnelling are:
1. It requires a special weathered rock classification

index and correlations between this index and the

relevant engineering properties. The new index'
may not be universal but should be based on local
experience with the specific weathered rock. The
size of the tunnelling projects (e.g. tunnelling in a
big city for the construction of an underground
transit system) usually justifies the development of
a special purpose index for a specific weathered
rock and the calibration of the empirical
correlations between this index and the relevant

engineering properties by back-analysis of the
measured response of the tunnels.

2. It usually requires careful control of ground
deformation in a manner similar to tunnelling in
sof`t ground, especially in rocks with an
appreciable degree of weathering and/or relatively
weak constituents.

3. It requires proper account of the extreme spatial
variability of the degree of weathering as well as
the existence of large intact rock blocks in the
weathered rock matrix.

4. It requires appropriate analysis and construction
procedures which can handle the significant spatial
variability of the weathered rock and the existence
of boulders of intact rock in the weathered mass.
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