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Summary

This paper is a contribution to the study of tunnelling in difficult conditions, with attention paid
to large time-dependent deformations, which may develop either during construction, causing
instabilities of the tunnel heading and of the face, or during the service life of the tunnel. Under
these circumstances the construction costs may rise due to the delays in excavation time, the
stabilisation and heavy support measures that need be adopted. Following a review of characteri-
sation and modelling of time-dependent behaviour in rock, the mechanical behaviour of Clay
Shales (CS), a structurally complex formation of the Apennines (Italy), is described. Then, the key
factors involved in the selection of the constitutive model for CS are identified. Two constitutive
models are selected and discussed and their specific material parameters determined. A case study
of a large size tunnel is presented where numerical modelling by the finite difference method is
carried out. The results of modelling are compared with the monitoring data in terms of radial
convergence of the tunnel and extrusion of the tunnel face.

Keywords: Constitutive laws, numerical modelling, clay shales, time-dependent behaviour,
tunnelling.
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cy primary consolidation coefficient
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Fo.fo stress reference unit
part of the yield function dependent on the stress state
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e Maxwell shear modulus

g potential function

Joe»  second invariant of the viscoplastic strain deviator
K swelling coefficient, bulk modulus
k hydraulic conductivity
m constitutive parameter
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p mean stress
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t 2D deviator, time
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friction angle
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part of the yield function dependent on the viscoplastic strain rate
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1. Introduction

The construction of large size tunnels in rocks which exhibit a time-dependent behaviour
often involves operational difficulties in relation to the stability of the tunnel heading
and of the face, mainly in connection with conventional full face excavation (Barla,
2006). In such cases, special care must be taken of many design aspects, with respect to
the choice of the stabilisation measures and the construction sequences to be adopted.

When time-dependent deformations are accompanied by the presence of rock
masses with a complex structure, the necessity of understanding the most important
features of the mechanical behaviour rises in connection with the importance of finding
a reliable approach for predicting the tunnel response to excavation. Laboratory testing,
monitoring and numerical modelling are fundamental components of a comprehensive
design approach.
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Raticosa Tunnel .
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Fig. 1. Longitudinal section of the Raticosa tunnel: LC Chaotic Complex Clay-Shales; OL Olistostromes;
RMA marly formations and sandstones

This paper investigates the mechanical behaviour of the Apennines Clay Shales
(CS), pertaining to the so called Chaotic Complex. The aim is to identify the key fac-
tors influencing such a behaviour and to assess the relations between laboratory test-
ing, monitoring and numerical modelling of tunnel excavation. The case study presented
(Fig. 1) is part of the Italian High Speed Railway project, between Bologna and Firenze
(Lunardi and Focaracci, 1999). The presence of CS, which exhibit squeezing and/or
swelling behaviour, associated with the morphologic characteristics of the Apennines,
may lead to serious difficulties in tunnel construction.

2. Review of Characterisation and Modelling

Clay Shales (CS) cannot be confidently studied and modelled with the classical ap-
proaches of Soil and Rock Mechanics. Common in many countries, in Italy they are
mostly Meso-Cenozoic, deformed by the Alpidic orogenesis (A.G.I., 1979).

2.1 Characterisation

CS are usually the result of depositional or post-depositional events of physical, chemi-
cal or tectonic origin and pertain to formations outcropping along the Apennines, which
sedimented some tens millions years ago in a marine environment due to turbid
flows at the base of the continental shelf. Their main characteristics depend on the
shape of the basin, the subsiding period and the nature and grading of terrigenous
contribution.

During the last decades many factors have been widely investigated in order to
understand the implications on the mechanical behaviour of CS. Depositional events
(marine /continental environment), chemical (pore fluid composition, bonding or ce-
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mentation), climatic conditions (glaciations) and tectonics (large scale movements, land-
slides) are the most significant. The effects of these factors act by modifying structure,
texture, porosity, fissure pattern and grain size distribution. Only the fundamental as-
pects are considered in the following.

The term Clay Shales has been used with many meanings, such as presence of
bonding between particles or aggregates (Leroueil and Vaughan, 1990), or arrange-
ment of particles, particle groups and pore spaces (Mitchell and Soga, 2005).
In general, the term itself should be preferably used to imply the combined effects
of fabric, composition and inter-particle forces. The classification of CS given by
A.G.I. (1979) has been recently refined by Picarelli et al. (2000) who introduced
a connection between structure and behaviour at laboratory and field scale. It
has been shown that weathering, cycles of wetting and drying and stress release
induce further changes to the structure of CS (D’Elia, 1980; Cicolella and
Picarelli, 1990).

In CS, the grain size distribution obtained by conventional methods does not usu-
ally reflect the real content of clay minerals (A.G.I., 1979). The soil matrix is gener-
ally made of fragments of hard clays, which may form bonded aggregates. Few cycles
of wetting and drying determine a significant reduction of the fragments size (Picarelli
and Olivares, 1998). Consequently, the index properties and the Atterberg limits of
CS are quite variable. Several studies, on compressibility, state boundary surfaces, and
swelling behaviour of CS have started from the adoption of the reconstituting tech-
nique due to Burland (1990), thus introducing a debate on the appropriate reference
material for characterisation.

The influence of physical-chemical interactions on CS was addressed by per-
forming ion diffusion experiments during compression/swelling oedometer tests.
Different pore liquids were employed for this purpose. The first results showed that
all the clay minerals present in CS are sensitive to pore fluid composition, though the
extent and the way of response may change from case to case (Di Maio and Fenelli,
1997).

2.2 Modelling

There is clear evidence in laboratory testing of CS that they often show a time-
dependent behaviour (D’Elia, 1991; Bonini, 2003), which develops in the form of
swelling or squeezing behaviour. The first models used to describe the swelling
behaviour are a direct consequence of the frameworks in which are embedded the
experimental tests used to identify and quantify the phenomenon. For instance, Grob’s
law (Huder and Amberg, 1970; Grob, 1972) and the early developments due to Wittke
(1978) and Pregl et al. (1980) follow respectively from the results of the Huder-
Amberg swelling tests, applied to either one- or three-dimensional swelling laws, and
multi-axial tests.

The choice of other possible physical-chemical-mechanical processes as a basis
of the phenomenon brought modelling developments away from the pure laboratory
evidence. Laboratory testing was still a basic ingredient, at least for parameter de-
termination and law validation, but was not the exclusive component of the constitu-
tive models developed. Models of this type are due to Wittke (2000), Gysel (2002),
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Bellwald (1990), Aristorenas (1992) and Einstein (2000). Anagnostou (1991, 1995)
introduced a continuum-mechanical stress-analysis-based model where swelling is de-
scribed as a coupled hydraulic-mechanical process, taking into account the influence
of saturation on hydraulic conductivity.

According to Alonso et al. (1999), the behaviour of unsaturated expansive
clays is closely associated with the mechanical and physical-chemical phenomena
occurring at particle level, which are a consequence of the properties of the active
clay minerals contained in the soil. Loret et al. (2002) developed a model based
on the mixture-theory approach introduced in the study of clay barriers and petro-
leum drilling according to which water in nano-pores (<10~°m) corresponding to
the size of clay interstices has properties very different from the properties of bulk
water. The models due to Pimentel (1996) and Wong (1998) take into account the
reduction of water content, shear strength and stiffness involved in the process of
swelling.

Whatever may be the classification of the model used (total/effective stresses,
micro/macro-scale, phenomenological /mechanistic), a model of the swelling behav-
iour should not lack of the following features: a coupled framework considering ef-
fective stresses and experimentation based on the use of triaxial tests, which allow for
the consideration of real boundary and stress history conditions.

The models developed for simulating the squeezing conditions generally aim at
focusing on the creep behaviour dependent or independent of the mobilised stress level,
damage and/or failure (Barla, 2001). The most simple and frequent creep laws contain
time as explicit variable (explicit time functions) and derive from direct observation of
experimental data. They include primary and secondary creep laws.

Otherwise, implicit time functions include visco-elastic (Maxwell’s linear and
Kelvin-Voigt’s, Burgers’ or Zener’s non linear models) and visco-elastic-plastic ana-
logical models (for example, obtained summing up a visco-elastic Burgers model with
the Mohr-Coulomb yield criterion) where the creep component is independent of fail-
ure. Recently, more complex elasto-visco-plastic models have been proposed with the
intent of modelling also tertiary creep as a function of stress and strain level (Gioda and
Cividini, 1996).

The most advanced and recent visco-plastic models are formulated on the basis of
potential laws (Olszak and Perzyna, 1964; Perzyna, 1966; Lemaitre and Chaboche,
1996), which associate plasticity theory to recent studies of rheological phenomena.
These elasto-visco-plastic models differ from the elasto-plastic models for the defini-
tion of possible states out of the yield surface, that is df >0. It is therefore impossible
to determine the plastic flow law through the consistency condition.

The above models have both advantages and disadvantages. The rheological mod-
els assume that time-dependent deformations derive from the material viscous nature.
Most of them lack the component related to volumetric deformation and time-depen-
dent phenomena accompanied by moisture changes are neglected. The advantage of
using a rheological model is that, since parameters are derived from measured data,
the model will correctly simulate the observed behaviour. The applicability of the
model to other cases is however uncertain. Rheological parameters should be treated
like material parameters; this implies the use of systematic and economical ways to
conduct laboratory and in-situ tests to derive the parameters.
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On the other hand, potential laws allow for the consideration of a more wide
concept which groups elasto-plastic and visco-elasto-plastic laws in the same frame-
work. The effective stress principle is taken into account. Although theoretically
appealing, potential laws introduce the problem (common to complex rheological
models) of determining not physically based model parameters.

3. Geotechnical Characterisation of Clay-Shales

The specimens involved in this study (a description of the site is given in Sect. 5.) were
retrieved from cubic samples cut directly from the tunnel face (Fig. 2), at chainage
116 m (22 m depth) in the Raticosa tunnel (landslide area) and at chainages 590 m and
620m (140 m depth) in the Osteria access adit. Considering the presence of lithic
components such as calcareous, marly and sandstone blocks in the form of disarranged

Fig. 3. Specimen preparation
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elements, cylindrical specimens (to be used in laboratory tests) were obtained with
great difficulty (Fig. 3). The material in excess was used to determine the physical
properties and the mineralogical composition and to perform oedometer tests on
reconstituted material.

3.1 Physical and Mineralogical Properties

The grain size distribution proved to be variable; silt and sand may be present, although
most significant is the presence of clay particles. According to the Plasticity Chart, the
CS are classified as “inorganic clays of low to average plasticity”. Table 1 shows the
physical properties. Based on X-ray diffraction analyses the clay fraction is more than
50%. As the clay content evaluated from the grain size distribution is less than this
quantity, one can infer that some of the larger particles (more than 0.002 mm in diame-
ter) are made of attached clay grains. The remaining minerals are quartz, calcite and
albite (in traces). The clayey minerals reported in Table 2 are listed by decreasing
Cation Exchange Capacity (decreasing swelling potential). The CS contain expandable
minerals in ratio of 20—50% of the total of the clay minerals.

The hydraulic conductivity is influenced by a two-fold aspect: the clay matrix
exhibits a very low permeability and the close network of fissures which are present
contributes significantly to the overall hydraulic conductivity. At shallow depth these
fissures may have a considerable influence, while the natural water content (5-22%),
as well as the degree of saturation (80-98%), increases with the overburden. The
values of the primary consolidation coefficient ¢, and of the hydraulic conductivity
k calculated from the oedometer tests are in the range 1 x 10~7—1 x 10~¥ m?/sec and
1 x 107°=1 x 107" m/sec, respectively. From the oedometer tests performed on
natural and reconstituted materials, it is shown that the hydraulic conductivity is
strictly dependent on the void index even if the structure is essentially different. This
means that, at least at the sample scale, the fissures have a negligible influence on
hydraulic conductivity.

Table 1. Physical properties of the CS*

Tunnel Ya (kN/m3) G, (—) wy (%) LL (%) PL (%) PI (%)
Raticosa 20.5 2.7 11.5 40-43 21-22 ~20
Osteria 21.7 2.7 7.0 34-43 18-20 14-25

* ~4 drained unit weight; G, specific weight; w, natural water content; LL liquid limit; PL plastic limit;
PI plastic index

Table 2. Results of the X-ray diffraction analyses

Soil Smectite (%) Illite (%) Illite-Smectite (%) Chlorite (%) Kaolinite (%)
Raticosa 5 25-50 10-20 40-50 -
Osteria (sample 1) 5 20-40 10-25 30-40 -
Osteria (sample 2)  5-10 10-25 25-50 30-40 -
Osteria (sample 3) 5-15 5-20 25-50 20-30 -
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3.2 Swelling Properties

The swelling potential of CS is well illustrated in Fig. 4. Each point in the triangular
plot is defined by three percentages of clay minerals, quartz and carbonate content,
respectively, as shown clockwise from O to 100%. The diagram does not account for
the effective amount of swelling shown by the different clay minerals (smectite, illite,
etc.). An average to high swelling potential is shown to characterize the CS. The
swelling potential has also been investigated by means of the Huder-Amberg modified
oedometer test (Madsen, 1999). This allows for the determination of the swelling
coefficient K (4.1% for Raticosa tunnel, 4.9-10.6% for Osteria access adit) on the
diagram giving the vertical strain versus the effective vertical stress as shown in Fig. 5.

100% Quartz A Osteria access adit (Bonini, 2003)
A : high swelling potential
B : medium swelling potential
C : low swelling potential

B Raticosa tunnel (Bonini, 2003)
® Caneva (Barla, 1999)
a S. Donato (Barla et al., 1986)

o Varicolori clay shales (Barla et al., 1990)
0 Terravecchia claystone (Barla et al., 1990)
+ Opalinus Shale (Aristorenas, 1992)

x Lias alpha Shale (Aristorenas, 1992)
French marls (Bultel, 2001)

100% Clay minerals 100% Carbonate content

Fig. 4. Swelling potential of CS compared to other rocks
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Fig. 5. Results of swelling tests
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Fig. 6. Compression curves from oedometer and triaxial tests

The compressibility characteristics of CS may be inferred by comparing the results
of oedometer tests on natural and reconstituted samples, which allow for the determi-
nation of the influence of structure and material intrinsic properties. For the purpose of
this study, the natural material was remoulded with a pestle and sieved through the
ASTM sieves nr. 10 and 40. Aggregates included in the matrix were thus separated
from the rest. The materials were mixed at a water content equal to 1.5 the liquid limit.
Moreover, the chemical composition of the pore fluid was changed (i.e. adding NaCl
and vice versa) in order to check the sensitivity of expandable minerals (Fig. 6).
Chemical consolidation and swelling were induced and the swelling index determined
to be a function of cation concentration. The swelling strain obtained during exposure
to distilled water (higher than the consolidation strain due to exposure to NaCl solu-
tion at the same load) may be due to a decrease of the pore fluid ionic concentration to
a value lower than the initial one.

3.3 Mechanical Behaviour

Triaxial tests in closely controlled stress-path conditions are a useful tool for the
simulation of the tunnel short- and long-term behaviour at laboratory scale. With

Table 3. Triaxial tests performed™

Test  Type B (—) bp.(kPa) o, (kPa) ¢, (mm/min) fp. (kPa) s}, (kPa) Au (kPa)
OST3 CID - 0 900 0.0005 538 1438 —

RTC1 CIU 0.81 400 486 0.001 170 555 —65
RTC2 CIU+cr 0.75 403 496 0.01 181 524 —28
RTC3 CIU +cr 0.77 399 497 0.005 148 480 18
RTC4 CIU+cr 0.80 404 488 0.005 94 453 31
RTC5 CIU+cr+dr 0.65 396 501 0.001 134 491 9

* B Skempton’s parameter; b.p. back pressure; o’ consolidation effective stress; ¢, axial strain rate in
the shearing phase; fmax = (05 — 04) ax /25 Smax = (0 + Of)max /2 Au eXcess pore pressure

“max
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reference to the Raticosa tunnel, a total of six triaxial tests (Table 3) were performed
by means of the Soft Rock Triaxial Apparatus (SRTA) available at the DIPLAB
(DIsaster Planning LABoratory) of Politecnico di Torino. The aim was to simulate
at laboratory scale the tunnel behaviour in short and long term conditions.

The testing procedure adopted for triaxial testing was designed for the charac-
terisation of soft rocks showing swelling behaviour and/or subjected to squeezing
conditions (Barla, 1999). It consists of seven phases: the sample preparation is carried
out with great care in order to avoid any possible disturbance. The flushing phase is
to saturate the dry back-pressure circuit, preventing swelling due to the contact with
water. The saturation of the specimen takes place by a step by step increase of back-
pressure and the degree of saturation is controlled during each step by evaluation of

Fig. 7. Typical specimen after failure
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Fig. 8. Stress—strain behaviour for different axial strain rates
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Table 4. Strength parameters (mean values)™

Tunnel ¢, (kPa) CI,) (kPa) ¢! (kPa) @ (%) qSI’, ©)

X X DS X DS X DS X DS
Raticosa 100-900 16-540 16 - 16 -
Osteria — 48 23 15 20 29 22 17 7

* ¢, undrained shear strength; c;,, ¢, peak and residual cohesion; gp;, ¢! peak and residual friction angle

the Skempton’s pore pressure parameter. The consolidation phase brings the specimen
to its original stress conditions. Once the desired conditions are attained, stresses are
maintained constant for the time required to reach a creep rate lower than 0.05%/day.

At this point the specimens were subjected to s = (o + 03)/2 constant stress path,
typical of an element of ground located at the tunnel sidewall. A typical failure surface
in the specimen is shown in Fig. 7. The stress—strain curves obtained for the Raticosa
tunnel (Fig. 8) exhibit a hyperbolic behaviour, influenced by the rate of axial displace-
ment and saturation degree. The strength parameters inferred from both triaxial (TX)
and direct shear (DS) tests are shown in Table 4.

Once the desired mobilised deviatoric stress level is reached, the sample is sub-
jected to a constant stress level until a creep level lower than ¢, < 0.05%/day is
attained. Since the short-term behaviour near the tunnel face is expected to be un-
drained, the drainage is still closed. During this phase, the sample exhibits a time-
dependent behaviour as shown by the strain rate versus time plots under deviatoric
loading (Fig. 9). Time-dependent strains develop for a mobilised strength nearly equal
to 50% of the failure value. Moreover, the strain rate is shown not to increase signifi-
cantly as the stress increases.

Finally, the drainage is opened in order to simulate the drained conditions which
occur around the tunnel in the case of a standstill or as face advance takes place. Due

100 T
= -&-SL=55%
S o- a
S 10 + Ao t-a \ -o0--SL =78%
~ o Q
= o -<o-SL=87%
£ oo
§ 1+ sl o\f:*o—v\\ -o-SL =100%
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% S~ - \j‘o\:q\
= 4 S
= o Ty
g Ny
@ dﬁ’%&nﬁ“ﬁ
E 0.01 + \\f (S RTEEN
”
<
0.001 } } } {
0.1 1 10 100 1000

Time [min x 100]

Fig. 9. Axial strain rate versus time obtained for different stress levels (SL)
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to the difficulties associated with the creep phase, only the RTCS5 specimen was
subject to the drained phase (Table 3), which was very difficult to interpret. The dif-
ficulties lay mostly in the superimposition of various effects like mechanical swelling
due to stabilisation of pore pressure, to the beginning of chemical swelling as a
consequence of water ingress and to unavoidable creep strains.

3.4 Discussion

Oedometer tests performed on natural and reconstituted samples evidence the very low
void index of the natural samples and the sensitivity to the ionic concentration of the
pore fluid for the reconstituted samples. The swelling potential is from average to
high, with magnitudes as shown by other Clay Shales (see: Bonini et al., 2003; Barla
et al., 2004 for more details).

Triaxial tests performed in closely controlled conditions exhibit an isotropic
behaviour. It is not possible to determine a unique effective stress path for the per-
formed tests. The effective stress path is dependent on the saturation degree and on the
axial strain rate. The strength parameters are generally influenced by particle arrange-
ment and orientation of discontinuities, saturation degree, loosening and stress release
due to sampling, etc. Failure in TX tests often takes place along planes on which
fragments tend to align. The strength parameters are influenced by the direction of
shearing.

During the creep tests and during the creep phases of the triaxial tests, most of the
samples under deviatoric loading exhibit significant time-dependent strains. The time-
dependent behaviour is shown to be present also at low stress level. In particular,
during the drained phase of the RTCS test (Table 3), mechanical swelling, chemical
swelling and creep are shown to occur simultaneously.

The following conclusions can be drawn:

— when time-dependent strains are negligible, the Mohr-Coulomb yield criterion
can be used with confidence;

— the hydraulic conductivity and the natural water content are very low.
Notwithstanding the presence of swelling minerals, the on-set of swelling is pre-
vented, at least in the short-term. It is expected that CS undergo a time-dependent
behaviour.

4. Time-Dependent Constitutive Models

On the basis of the evidences highlighted during laboratory tests (low water perme-
ability, high inelastic and viscous strains), two constitutive models have been used to
simulate the mechanical and time-dependent behaviour of CS: a viscoelastic-plastic
model (CVISC) and an elastic-viscoplastic model (VIPLA).

4.1 Visco-Elastic-Plastic Model (CVISC)

The CVISC model (Itasca, 2001) is an analogical model which couples, in series, the
Burgers viscoelastic model with a plastic flow rule, based on the Mohr-Coulomb yield
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Fig. 10. Sketch of the CVISC model

criterion, as shown in Fig. 10. The main assumption of this model is to split the
mechanical behaviour of the material into volumetric and deviatoric components. In
terms of strain and stress, one writes:

Evol = Ekk and Evol = Ef/ol + 6501 (1)
Evol ve
eij:e’fl‘j—él‘j'T and ;= e +ef (2)
Okk
_ KK 3
P=- 3)
sij = 05 — by - (4)

The volumetric behaviour is only elasto-plastic and is governed by the linear elastic
law and the plastic flow rule (Fig. 10a), while the deviatoric behaviour is viscoelastic-
plastic and is driven by the Burgers model and the same plastic flow rule (Fig. 10b).
This means that the viscoelastic strains are deviatoric and depend only on the devia-
toric stress sy, instead the plastic strains are both deviatoric and volumetric and depend
on oy in accordance with the chosen flow rule.

The viscoelastic part can be described by the following relations, which hold true
for the Kelvin element (superscript X) and for the Maxwell element (superscript ¥),
respectively (these relations form, in series, the Burgers model):

e}}e _ e;}el( + €5eM (5)
Kelvin element: sij = 2G ey + ek (6)
Maxwell element: é?fM = ZSGUA/I + Zj;"l (7)
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The plastic strains follow the general flow rule of plasticity:

9g
=g ®)

y

dg | Og | Og
P = >\ . 9
€V0] 80']1 80'22 80'33 ( )
Og el

=\ — & - 10
ij aUzj 7 3 ( )

where ) is the plastic multiplier and g the plastic potential, with the same shape of the
Mohr-Coulomb yield criterion, but controlled by the dilation angle 1.
Finally, the elastic part of the volumetric behaviour is described by the relation:

p = K(ewi — ) (1)

The model is characterised by nine parameters as follows: elastic properties (bulk
modulus K), viscoelastic properties (Maxwell dynamic viscosity n and shear modu-
lus GM, Kelvin dynamic viscosity 7% and shear modulus GX) and plastic properties
(cohesion c, friction angle ¢, uniaxial tensile strength o, and dilation angle ).

The constitutive parameters can be derived by means of analytical and numerical
fitting of experimental data. The elastic and plastic parameters can be determined from
classical deformation and strength tests following a standard procedure. The visco-
elastic parameters can be derived from triaxial tests (creep, relaxation, constant strain
rate tests). It is however more reliable to use creep tests.

In the case of creep tests, the main assumption is that the stress level is lower than
the yield strength: without the plastic component the CVISC model reduces to the Burgers
model. For a cylindrical specimen subjected to axial and radial stresses, o, and o,, the
induced axial and radial viscoelastic strains, ¢, and ¢,, are:

P q q q G*
.= 1 1 —exp( =2t 12
T3k T3ion T3 TT3GR [ eXp( e >] (12)

p q q q G*
;= - - t— |1 —exp| ——-1 13
TT3K 66" 6. T 6. GK [ Xp( e )] (13)
Both these relations allow one to determine the required parameters by means of
numerical fitting. It is observed that Eq. (12) is more suitable for this purpose, because
the axial strain &, is in general measured in a more accurate and reliable manner. The

axial creep strain ."°°P is obtained by subtracting the instantaneous elastic axial strain
from the total axial strain e,:

EZreep :é‘a*52 =g, — <L+L)

3-K 3-GM

q q q G*
= -t -exp|——-t 14
3-GK+3-77M +3-GK Xp( 771( ) ( )
Equation (14) is the sum of three terms: the first is a constant, the second is linear
with time and the third tends exponentially to zero. It is necessary to find the contri-
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Fig. 11. Procedure for the evaluation of parameters 7" and GX for the CVISC model

bution of each term to determine the viscous parameters. The experimental data can be
interpolated in a range of the creep curve where the slope is almost constant (i.e.
where the contribution of the third term in Eq. (14) is practically negligible). The slope
of the fitting curve is equal to ¢/(3-n™) while its intercept is g/(3 - GX) and the
parameters 7 and GX can be easily derived.

This procedure is applied in Fig. 11 for typical creep tests performed on CS spec-
imens as described above. As tests were carried out at different stress levels, the axial
strain was normalized to ¢, deriving an average representative curve. The values ob-
tained for 7™ and GX are listed in Table 5.

The parameter n% can be computed by evaluating the gap A between the experi-
mental data and the linear part of Eq. (14), which is known once 7™ and GX are
known:

q q . g G*
A = goreep _ — JPRES : 2y 15
TR 3o T 3G exp( s ) 13

Table 5. Parameters of the CVISC model for the Raticosa tunnel, at laboratory and in situ scale

" (kPa) ) Y () o; (kPa)
Laboratory 20 16 0 5
Tunnel 100
K (kPa) GM (kPa) GX (kPa) 7™ (kPa- year) 7* (kPa - year)
Laboratory 41.7 x 10° 19.2 x 10° 30.7 x 10° 1338 34

Tunnel 866 x 10° 400 x 10° 1522 x 10° 34
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Fig. 12. Procedure for the evaluation of parameter 7% for the CVISC model

By dividing this equation by ¢/(3 - GX), introducing the natural logarithm, and
changing sign, A’ can be obtained:

A’:—ln(ﬁ)ég—fﬁ (16)

The slope of the curve fitting the experimental quantity A’ versus time ¢ and
passing through the origin is equal to GX /nX. Then, the parameter 77X can be comput-
ed as shown in Fig. 12 and in Table 5.

4.2 Elastic-Visco-Plastic Model (VIPLA)

The VIPLA model belongs to Perzyna’s general theory of elasto-visco-plasticity, which is
an extension of the classical theory of plasticity. It was originally proposed by Lemaitre
and Chaboche (1996) for metal alloys and extended by Pellet et al. (2005) to the study of
the time-dependent behaviour of rocks. The model has been shown to be in good agree-
ment with both laboratory and in situ data derived for claystone (Boidy, 2002).

According to the theory of elasto-visco-plasticity, the strain rate tensor £; can be
split into elastic &f; and visco-plastic éi”f components to give:

Ej =€+ ég’ (17)
The visco-plastic strain rate tensor é;” can be derived by the general flow rule:
, og
P — o~ D((FY) - 18
& = 2(F) 5 (18)

where 7y is a viscous constitutive parameter, F is an over-stress function representing
the distance from the yield surface f = 0, ®((F)) is the so-called viscous nucleus, g is
the visco-plastic potential and o;; the stress tensor.
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The time-dependency is introduced by modifying the classical flow rule of plas-
ticity and by discarding the consistency rule (df = 0, f < 0), thus allowing the yield
function f to be positive or negative. The visco-plastic potential g defines the direction
of ézp , while F influences its modulus by means of the viscous nucleus ®.

In the VIPLA model ® is assumed to be a power law and F to be represented by

the yield function f:
F n n
o) = (g) = (L) n=1 (19)
Fy 0

where Fy, fo is the stress reference unit and n is a constitutive parameter.
The yield function f is splitted into a part f, which depends only on the stress state,
and a part x, which depends only on the visco-plastic strain rate, according to:

floy)
= . 20
For the function f a Von Mises’s yield criterion is assumed:
flog) =4 (21)
A potential hardening is introduced by means of the function «:
K(E) = e (22)

where m is a constitutive parameter (1 —n <m < 0) and ¢,, is the so-called equiva-
lent visco-plastic strain, e,, = \/4/3 - Jo.», where J; . is the second invariant of the
visco-plastic strain deviator.

Under these assumptions, the yield surface f = 0 is reduced to the hydrostatic axis
and it does not change with time. The visco-plastic potential g is supposed to be equal
to f (i.e. the flow rule is associated). With these assumptions, the visco-plastic strains
depend on the deviatoric state only and do not induce volumetric strains. Therefore,
Eq. (18) becomes:

p 3 n—1 m
€ =57 d e sy (23)

The constitutive parameters n and m define, respectively the dependence of the
visco-plastic strain rate tensor on the deviatoric stress and on the equivalent visco-
plastic strain, whereas the parameter v defines the amplitude of the visco-plastic
strains. Equation (23) results in a closed-form solution only when ¢ is constant;
otherwise a numerical method is required.

The visco-plastic parameters can be derived by fitting of the experimental data.
The most reliable and simple technique is to use the results of triaxial creep tests per-
formed at different stress levels. During creep tests the deviatoric stress g is constant
with time and Eq. (23) can be solved analytically. For a cylindrical specimen subjected
to axial and radial stresses, o, and o,, the solution is:

1 o
gup:a-qﬂ~ta With:oz:m; ﬂzlilm:n'oﬁ az(g) (24)
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withg =0, — o, and g, = € = —1 /2 - €. Equation (24) can be written in logarith-
mic form, to obtain the following linear relations:

In(e,,) =In(x) +a-In(r) with: y=a-¢” and In(x)=In(a)+3-In(q) (25)

For each test considered, the parameter «; is defined as the slope of the line
obtained by interpolation of the experimental data on the plane In(e,,) — In(¢). The
parameter « is chosen as the arithmetic mean of all the parameters «;. Figure 13 shows
this procedure as adopted for CS. The value of « is reported in Table 6. Then, for each
test the experimental curve €,, — t is normalized with respect to * and the parameter
x; 1s assumed to be the arithmetical mean of the curve obtained.

The parameters 3 and a are selected as the slope and the natural exponential of the
intercept with the y-axis of the linear interpolation of the couples y; — ¢; evaluated for
each test, on the plane In(;) — In(g;). Finally, the parameters v, m and n are derived
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Table 6. Parameters of VIPLA model for the Raticosa

tunnel at laboratory scale (stress in kPa and time in
years)
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according to Eq. (24). Figures 14 and 15 illustrate the computational steps performed
for CS; the corresponding parameters are given in Table 6.

4.3 Discussion

A comparison between the experimental data of triaxial creep tests and the results of
numerical computations, carried out using both the CVISC model and the VIPLA
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Fig. 16. Comparison between experimental data and numerical analysis performed using CVISC and
VIPLA models

model, is shown in Fig. 16. In either case the agreement is good. The VIPLA model is
found to reproduce better than the CVISC model the shape of the creep curve, espe-
cially in its first part, and the dependency of the visco-plastic strain on the deviatoric
stress.

5. Case Study

The Raticosa tunnel is one of the most significant underground works along the Bologna-
Florence high-speed railway line (Lunardi and Focaracci, 1999). This 10.5 km long tunnel
crosses the CS (through a length of 5.5km), a marly formation and an arenaceous
formation (Fig. 1).

The tunnel at the North portal has been excavated through a landslide area, formed
of intensely tectonised Clay Shales, under a limited overburden (from a few meters
to 100m). The landslide is active with displacement rates ranging from more than
4 mm/year to 0—1.5 mm/year, with obvious implications on the tunnel response dur-
ing and following excavation.

The tunnel (14 m span, 160 m> cross-section), excavated full face (Fig. 17) with a
fibre-glass dowel reinforcement of the face and a heavy support system installed at the
heading, underwent significant extrusion of the tunnel face. A detailed monitoring
programme was adopted during tunnel excavation thus providing a data-base of radial
convergence of the tunnel and extrusion of the tunnel face.

The construction stage consisted of excavation (in steps of 1.5m length ap-
proximately), followed by immediate installation of heavy steel sets (every meter)
embedded in shotcrete. The final lining invert was cast within a distance of about one
tunnel diameter from the face and the length of each cast segment was generally 11 m.
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Fig. 17. Raticosa tunnel full face excavation (courtesy of Rocksoil, Milano)
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Fig. 18. Detail of the construction-excavation sequence

Finally, the concrete lining was completed at about 30—40 m behind the face. Figure 18
shows the detail of the construction-excavation sequence.

Numerical analyses were performed using the finite difference method and the
Flac code (Itasca, 2001). Axis-symmetric models were adopted (Fig. 19) which re-
produce the full excavation sequence of an equivalent circular tunnel (R.q=7m) at a
depth of 50m (initial state of stress po=1.25MPa, pore pressure 0.40 MPa). The
reinforcement was represented by a core annulus ahead of the face with increased
parameters, while the support was simulated with a 0.3 m-thick circular elastic ring
(elastic modulus E = 29000 MPa, Poisson’s ratio ¥ = 0.2). The models did not include
the final lining. The excavation sequence used in the numerical models during ad-
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vancement is shown in Fig. 20. According to the low permeability of the CS, as deter-
mined during laboratory tests, the analyses were performed in undrained conditions.

With consideration given to the time-dependent behaviour, as observed during

laboratory testing and in situ monitoring, the numerical analyses were performed by
using the CVISC and VIPLA models. Different computational procedures for the
simulation of face advancement were used depending on the tunnel excavation.
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Preliminary analyses, carried out with the CVISC model, demonstrated that this does
not reproduce the tunnel response satisfactorily if the constitutive parameters derived
from laboratory tests are used. Then, a series of parametric analyses were performed in
order to evaluate these parameters at the tunnel scale. To reduce the computation time, a
simplification was introduced in the model and a constant average rate of advancement of
1 m/day simulated, without considering the advancement stops.

The results obtained with the parameters of the CVISC model shown in Table 5 are
illustrated in Figs. 21 and 22, where the computed values are compared with the
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monitored data. It is shown that the CVISC model represents reasonably well the
mean tunnel convergence and the extrusion of the tunnel face, except for the 15 and 16
July data. The disadvantage lies in the need to scale-up the parameters with respect to
the laboratory values.

Different from the CVISC model, the analyses performed with the VIPLA model
show that the monitored data can be well reproduced by using the parameters deter-
mined at laboratory scale. In this case, the excavation-construction sequence is simu-
lated in detail, according to the time schedule shown in Fig. 18. With the laboratory
visco-plastic parameters given in Table 2, and the same elastic parameters of the
CVISC model (E = 1000 MPa, v =0.3), the results illustrated in Figs. 23 and 24 are
obtained.

It is shown again that the mean tunnel convergence versus time is well reproduced
(Fig. 23). As far as the extrusion of the tunnel face the agreement is rather good for the
July 4 and 5 sets of measurements, as it becomes less satisfactory for the July 6, 15
and 16 data.

The response in terms of tunnel convergence (Figs. 21 and 23) is quite similar for
the two models. However, the primary lining exhibits a softer behaviour with the
CVISC model. With reference to the longitudinal displacements (Figs. 22 and 24), a
difference is to be found in the shape of the curves. The CVISC model leads to
“smooth’ curves while a slope change can be noticed in the VIPLA response, when-
ever a stop of face advancement takes place.

6. Conclusions

The studies carried out on the Apennines Clay Shales (CS) in order to describe their
time-dependent behaviour at laboratory and tunnel scale have been described in this
paper. The interest has been posed on the geotechnical characterisation of specimens
taken at the face of the Raticosa tunnel. It has been shown that the time-dependent
behaviour of CS cannot be neglected and a constitutive law accounting for elastic,
plastic and viscous components of behaviour need be adopted in modelling.

Two constitutive laws appear to be adequate for the description of the mechanical
behaviour: a visco-elastic plastic model (CVISC) accounting for the Mohr-Coulomb
yield criterion and the elastic visco-plastic Lemaitre’s model (VIPLA). In fact, the
elasto-plastic constitutive laws do not reproduce the full range of behaviour of the
tunnel. Based on fitting of the experimental data at laboratory scale, the constitutive
parameters have been determined for each model.

Numerical analyses performed on axis-symmetric finite difference models have
shown that the ground response at the tunnel face and in its surrounding can be described
in detail. In particular, the same set of parameters has been used both at laboratory and
at tunnel scale for the VIPLA model; on the contrary, the CVISC model required param-
eter scaling in order to match the monitoring data. The role of time-dependent constitu-
tive laws in the analysis of tunnels during full face excavation has been underlined.

Based on the present work, the following conclusions can be drawn: (a) the time-
dependent behaviour of CS is a significant factor to be taken under close consideration
for the assessment of the tunnel response to excavation; (b) laboratory testing is nec-
essary in order to determine the relevant features of the mechanical behaviour of the
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material, however the parameters determined from laboratory tests cannot be always
directly used for appropriate prediction of tunnel behaviour; (c) monitoring is essential
for the assessment of the tunnel response (stability of the face and of the core ahead of
the face), including the effectiveness of the stabilization measures and of the primary
lining, and the time of its installation.
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