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Parameters for predicting deformations due to tunnelling
Parametres pour la prédiction des déformations lors de la construction des tunnels

R.K.ROWE, Geotechnical Research Centre, University of Western Ontario, London, Canada
K.M.LEE, Geotechnical Research Centre, University of Westem Ontario, London, Canada

SYNOPSIS: The implications of stress path with respect to the selection of elastic and plastic para-

meters are Aiscussed.

The importance of each soil parameter is evaluated and an approximate scheme

for determining soil parameters suitable for use in the preliminary analysis of deformations caused

by tunnelling in soft clays is suagested.

1. INTRODUCTION

Finite element techniques have been successfully
used to predict the deformations of the ground
surface due to the construction of a tunnel.
However, the relevance of deformation calcula-
tions using these techniques is dependent upon
the reliability and appropriateness of the input
parameters. In the determination of soil para-
meters, it is essential to consider the stress
path experienced by the soil during tunnel exca-
vation and erection of the lining. The object
of this present paper is to discuss the implica-
tions of stress path upon the selection of soil
parameters for use in predicting deformations
caused by tunnelling.

2. STRESS PATHS IN TUNNEL EXCAVATION

It has been recognized (Lo and Rowe, 1982; Ng,
1984) that the stress path experienced by the
soil during tunnel excavation and lining erec-
tion is quite different from that experienced by
a soil sample during a conventional triaxial
compression test. The stress path followed by a
soil element depends both on its position and
the cdetails of the construction procedure. In
general, it is not possible to precisely define
this stress path for practical problems; how-
ever, both theoretical analyses and field obser-
vation indicate that the stress relief around
the tunnel boundary would result in "unloading”
and extensive stress reorientation of the soil
mass around the tunnel opening (Lee and Rowe,
1988a) . The general trend of the stress path
above the tunnel, therefore, would be closer to
the triaxial test conducted in "extension" mode
than in "compression" mode and consequently
parameters determined from conventional triaxial
compression tests may not be appropriate in the
critical region above the tunnel.

3. SELECTION OF DESIGN PARAMETERS

In most soft ground tunnelling there will be
significant plastic deformation within the soil.
Thus, modelling the soil response involves se-
lection of both the correct elastic parameters
as well as providing a reasonable model of the
plastic behaviour.

Since non-linearity, stress level and aniso-
tropy play important roles in stress path depen-
dency, the physical aspects of these effects
will be examined.

3.1 Deformation parameters
3.1.1 Effect of stress path on the elastic
modulus

Lo and Rowe (1982), Ng (1984) and Muckle (1984)
have considered the implication of stress path
upon the selection of modulus parameters for the
soil adjacent to the Thunder Bay Sewer Tunnel
(see Lo and Rowe, 1982). Conventional CKgE

and CKgoC triaxial tests were performed on good
quality samples in both the extension and com-
pression modes. It was found that in the exten-
sion tests, the stress-strain behaviour for both
the drained and undrained tests were virtually
identical and consequently the resulting elastic
moduli are virtually identical (this can be ex-
plained by the effect of Poisson's ratio as dis-
cussed in the following section); however, very
different responses were observed for the tests
in the compression mode. Furthermore, a series
of special "stress path tests" were also per-
formed (see Ng, 1984 for details) corresponding
to the stress path expected above the crown (de-
noted as "extension mode") and at the sprinogline
(denoted as "compression mode"). These results
are summarized in Table 1. It is noted that in
extension, Young's modulus determined from the
stress path tests is approximately the same as
that obtained from CKy,E tests. This is pri-
marily because the stress paths are approximate-
ly the same in these tests. llowever, in com-
pression, there is a significant difference bet-
ween the stress paths followed in these tests
and the test corresponding to the drained stress
path test gave a modulus (i.e. 9.5 MPa) inter-
mediate between the conventional drained and un-
drained values (i.e., between CKyDC of 6.1 MPa
and CKoUC of 16 MPa).

From these results, it is clear that the
stress path can have a substantial effect on the
modulus. For predicting final equilibrium
settlement, ideally, the deformation parameters
should be evaluated from stress path tests by
following field stress paths typical of that ex-
pected at the crown and the springline region.
However, for most practical situations where
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Table 1. Comparison of moduli from different
tvpes of tests (after Ng, 1984).

Type of Modulus

Test Extenaion Compression

E E'
u

Servo 11.6 11.6 - -
Total

Streas

Controlled 11.8 11.48 16.4* 9.5¢
CKoE or

CK,C 11.3 11.3 16 6.1*

*Note: There is a signiflicant difference between
the stress pathe followed in these tests.

there is limited data, an approximate value of
elastic modulus obtained by CK,UE test can be
adopted. Where only the result of a convention-
al CID compression test is available, a correc-
tion factor (usually greater than 1.0) should be
applied.

3.1.2 Anisotropic elastic parameters

Io et al. (1977) describe a technique which was
developed for the determination of the anisotro-
pic elastic properties of soils. This approach
was used by Ng (1984) and Yuen (1976) to obtain
results for three clayey soils, and the results
are summarized in Table 2. Examination of these
results indicates that:

i) The elastic modulus (both vertical and
horizontal) in unloading are consistently higher
than the loading modulus. The ratio of unload-
ing to loading modulus for all three types of
soils was approximately two.

ii) The modulus ratio Eh/Ev is lower in the

Leda clay (Eh/Ev = 0.55, EH/E; = 0.67; note: *
denotes unloading) than the other two clays.

Table 2. Anisotropic elastic parameters from CID
tests for loading and unloading condition (based
on data from Ng and Lo, 1986; Yuen, 1976)

AnTsotropic Thunder Bay Gloucester
Elastic Silty varved Leda Clay
Farameters Clay Clay Depth
Depth Depth 2.4m
10.15m 13.4m
E ~ [MPa) [3%:3 10.1 4.7
E; (MPa) 12.1 21.4 9.7
E, (MPa) 5.3 6.8 2.6
ES  (MPa) 10.9 15.8 6.5
th (MPa) 2.1 3.0 1.2
Gﬁh (MPa) 3.4 5.9 2.5
th (NPa) 2.9 4.3 2.1
G;h (MPa) 1.3 1.7 2.7
Yhh .17 .13 0.10
Yuh .12 .07 0.08
Vh .15 .11 0.08
“ih .45 .33 0.29
“ﬁv 41 20 0.2]
“;h -46 ] 0.30
Eh/Ev .a1 .67 0.5S
Eﬁ/E; .90 .68 0.67
th/Ev .42 .43 0.45
G;h/E; .27 -20 0.28
E;/Ev 1.9 2.1 2.1
Eﬁ/Eh 2.1 2.3 2.5

Note: * denotes unloading.
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This indicates that the deformation behaviour of
the Leda clay is more anisotropic. However, the
sensitivity study performed by Lee and Rowe
(1988a) suggests that even this degree of aniso-
tropy will not significantly affect prediction of
deformations (this will be discussed later).

iii) There is a significant difference between
the Poisson's ratios measured in compression and
extension. In particular, the Poisson's ratio
in extension is significantly higher than that
in compression and hence one would not expect
much volume change due to dissipation of excess
pore pressures in undisturbed soil above the
tunnel. This probably explains the almost iden-
tical stress-strain responses of the CK,UE and
CK,DE tests discussed in the previous section.

1v) The independent shear modulus determined
in extension and compression only differed by a
maximum of 35% for the Leda clay and less than
20% for the Thunder Bay clays, which indicates
that Gyp is relatively insensitive to stress
path (i.e., unlike Young's modulus). This find-
ing is confirmed by the values of Gy obtained
independently using the Norwegian simple shear
apparatus (Lo and Rowe, 1982). As a consequence,
the ratio of GyL/E, differs significantly between
compression and extension (with G*h/Eg being
significantly smaller than G"h/EvY- This is
important because 1) the independent shear modu-
lus has an appreciable effect on the shape of
the settlement trough (this will be discussed in
more detail later); and 2) the assumption of
isotropy for unloading conditions (i.e. assuming
G;h/E; = 0.5/(1+v)) would greatly overestimate

the independent shear modulus (G;h).

3.1.3 Finite element analysis

Rowe et al. (1983) performed a sensitivity study
for a shallow tunnel constructed in clay using a
closed face tunnelling machine. This study
showed that:

1) Stress relief due to tunnelling will give
rise to a predicted heave of underlying soil.

If the correct soil parameters are adopted this
predicted heave will be small (as it usually is
in practice). However, careful attention must be
given to the selection of an appropriate modulus
for the soil below the tunnel. The adoption of
a modulus that is too low will result in a large
heave and an underestimate of the surface
settlement.

2) In cases where there is only moderate loss
of ground, subsidence will be largely governed by
plastic deformation above the tunnel. Thus, pro-
vided the elastic parameters are not unreason-
able, a precise determination of these parameters
is not generally necessary. In this regard, it
may be better to err by overestimating rather
than underestimating the bulk modulus provided
that a reasonable shear modulus is adopted.

Elasto-plastic finite element analyses were
also performed by Lee and Rowe (1988a) to deter-
mine the effect of elastic anisotropy on the sur-
face settlements caused by tunnelling. This
study showed that:

1) The effects of varying the ratio of horizon-
tal modulus to vertical modulus (En/Ey) and of
varying Poisson's ratio vhp, Vyp were examined
and it is found that, in general, anisotropy in
terms of these parameters (i.e., for ER/E\<1.5
and Vhh#Vyp) does not greatly affect the surface
settlement for typical ranges of these parame-
ters.

2) The effects of Gyp on the surface



settlements caused by (a) a surface loading, and
(b) tunnelling are shown in Fig. 1. The results
are presented in terms of the ratio (R,) of the
maximum surface settlement obtained for a given
ratio of Gynh/E, divided by the value obtained
for an isotropic soil. It can be seen that for
Gyh/Ey in the typical range from 0.2 to 0.4, for
the case of surface loading, the effect of neg-
lecting anisotropy is quite small (i.e., less
than 15%). However, for the case of tunnelling,
the settlement may vary significantly (i.e., by
up to 70%) from that obtained assuming isotropy,
and the deviation from isotropy increases for
lower Gynh/E, ratios. This is particularly im-
portant since, as discussed earlier, the ratio
of Gyh/Ey under unloading condition for most
soils is lower than the isotropic value of Gyp/
EY = 0.5/(1l+v). Lee and Rowe (1988a) did a
finite element analvsis on the results of a cen-
trifugal model test conducted at Cambridge Uni-
versity (Mair et al., 198l1). It is found that
the independent shear modulus has a significant
effect upon the shape of the settlement trough
and that reasonable agreement between observa-
tion and theory is obtained for G;h/E; between

0.2 and 0.25. This range of values is consistent
with the values shown in Table 2. It is there-
fore concluded that when attempting to predict
settlement induced by tunnelling, attention
should be given to the effect of elastic aniso-
tropy and, in particular, to the ratio of the in-
dependent shear modulus GJj, to vertical modulus
E¥.

3.2 Strength parameters

3.2.1 Effective stress parameters (c' and ¢')

A study on the effects of test type and stress
paths on the effective failure envelope has been
conducted by Ng (1984) and Muckle (1984) on the
Thunder Bay silty clay. When plotted together,
the results obtained from conventional CID,CKyD,
CKoU and special stress path tests each fell
close to the same envelope, indicating that the
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Figure 1. Effect of modulus ratio on settlements
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strength envelope is not sensitive to test type
or test path employed. The failure conditions
for the "extension" tests also fall in close
proximity to the mirror image of the compression
failure envelope. It is apparent that the effec
tive failure envelope of this elastically aniso-
tropic soil is essentially isotropic and is not
significantly affected by the test type and
stress path.

In spite of the ambiguity which sometimes
exists in the computation of effective stress
parameters, literature suggests that anisotropy
in terms of c' and ¢' is more likely to be en-
countered in macro-anisotropic soils (e.g. stra-
tified Welland clay; Conlon et al., 1971) or
soils having complex microstructures (e.g. aniso-
tropic Winnipeg clay; Freeman and Sutherland,
1974) and in the case of sensitive marine clays
(Lo and Morin, 1972). Although some particle
parallelism is likely to exist in homogeneous
clays and some particle alignment during shear-
ing, the effective strength parameters (espe-
cially ¢') tend to exhibit only modest aniso-
tropy with differences in the order of less than
3 degrees as observed by Muckle (1984).

3.2.2 Undrained shear strength (cu)

In soft ground tunnelling, the determination of
undrained shear strength is mainly associated
with the establishment of the stability ratio,N.
This ratio is used as an "index parameter" to aid
in selection of an appropriate tunnelling techni-
que (e.g. type of shield or use of compressed
air) .

The undrained shear strength is also required
for predicting deformations. Irrespective of
methods of ground control that are used, some
three-dimensional movements at and in front of
the face usually take place during excavation of
the working face. Since these three-dimensional
soil movements will develop at a distance of not
more than a few tunnel radii away from the face
of the tunnel, for soft clays these movements may
often be considered to be undrained. Similarly,
movement of soil into the tailpiece void of the
tunnelling machine alsc often occurs under es-
sentially undrained conditions. A method of
estimating the three-dimensional soil displace-
ments ahead and behind the tunnel machine is cur-
rently being developed by Lee (1988). Based on
limited available data and the results of theo-
retical studies it would appear that for a shield
driven tunnel with moderate value of "face loss",
a reasonable estimate of the undrained shear
strength can often be obtained from field vane
tests (exceptions arise out of the discussion
below) .

3.2.3 Effect of strength anisotropy on surface
subsidence

Elasto-plastic finite element analyses, which in-
corporate the anisotropic strength theory pro-
posed by Davis and Christian (1971), were per-
formed by Lee and Rowe (1988b) to determine the
effect of strength anisotropy on the ground de-
formation. Based on a survey of published data,
the authors classified the undrained anisotropy
into three basic categories: "M-anisotropy",
where the horizontal strength c,n is the minimum
strength (compared with any other direction);
"C-anisotropy", where cy, is the maximum streng-
th; and "K-anisotropy", where the minimum
strength is obtained at an orientation other than
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vertical or horizontal (typically it is about
45°). It is found that, for a lined tunnel, the
effect of strength anisotropy upon the surface
settlement profile will depend upon the size of
a so-called "gap" parameter. In a plane strain
finite element analysis, the "gap" represents
the net effect of loss of ground and some "work-
manship" factors (see Rowe et al., 1983; and Lo
et al., 1984 for details). Increasing the "gap"
eases the restrictions imposed by the tunnel
lining upon possible soil deformations, thereby
increasing the effect of strength anisotropy.
However, it is shown that for a lined tunnel with
a moderate value of "gap", the detailed conside-
ration of strength anisotropy may not be neces-
sary. On the other hand, for the case of an un-
lined tunnel or large loss of ground, attention
should be given to the effect of strength aniso-
tropy particularly for a soil possessing type
"K-anisotropy". For this type of anisotropy.,
the vane test may not provide sufficient and
adequate data for predicting deformation or sta-
bility.

4 SUMMARY AND CONCLUSIONS

In numerous cases analyzed by the authors and
co-workers (Lee and Rowe, 1988a; Ng, 1984; Rowe
and Kack, 1983), the use of appropriate elastic
and strength parameters determined for the ex-
pected stress path greatly improved the shape of
the calculated surface settlement trough as well
as the lateral deformations. Although it is al-
ways desirable to determine all parameters from
actual tests, the authors have found that in
many cases an approximate scheme of determining
soil parameters for preliminary design analysis
of tunnelling in soft clays may be suggested:

1. Determination of soil stratigraphy and gene-
ral soil properties by conventional methods for
an overview of soil behaviour. In addition, the
initial state of stresses (i.e., Kg) should be
estimated (in many cases empirical relationships
may be adequate).

2. Determination of a continuous undrained
shear strength profile with depth (e.g. using
the field vane test). This information will
facilitate the choice of tunnelling technique
and the estimate of the "loss of ground" ahead
of the tunnel face (Lee, 1988).

3. The elastic parameters under "extension"
mode may be evaluated from CK,UE tests. Where
only the result of conventional CID compression
tests are available, the vertical modulus in ex-
tension can, as a first approximation, be taken
to be twice the modulus in compression (i.e.,

E} = 2 Ey).

4. Independent shear modulus, Gyh, can be ap-
proximately obtained using drained triaxial tests
in compression to determine E, and v and then
assuming isotropy to obtain Gy (i.e. assuming
Gyh in extension is approximately equal to that
in compression, G;h = th = 0.5 Ev/(1+v)).

5. Determination of the effective stress fai-
lure envelope by CIU tests is desirable. It is
often sufficient to assume that it is isotropic.

It should be noted that the variation of the re-
quired parameters with depth should also be es-
tablished.

Clearly, care is required in applying any gene-
ralized approximations such as those noted above.
The appropriateness of parameters for any given
project must be assessed by a qualified geotech-
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nical engineer. For important projects, (i.e.
projects where the consequences of excessive de-
formation are high), any preliminary estimate of
parameters should be confirmed by appropriate
testing.
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