Copyright © 2009 Tech Science Press CMES, vol.52, no.3, pp.279-295, 2009

Contact between a Tunnel Lining and a
Damage-Susceptible Viscoplastic Medium

Frederic L. Pellet!

Abstract:  In this study, the contact and interaction between a tunnel lining sup-
port and a damage-susceptible viscoplastic medium is investigated. First, back-
analysis of the time-dependent behaviour of a drift excavated across a carbonifer-
ous rock mass which exhibited large delayed displacements was undertaken. Drift
closure was simulated using an elasto-viscoplastic constitutive model that included
the strength degradation process. This 3D numerical simulation was performed
taking into account both stage construction sequence and rate of excavation ad-
vancement. A comparison of the numerical results with the data measured on site
allowed for the calibration of the model parameters. Subsequently, the installation
of a concrete lining was simulated to account for contact with the rock mass. This
blind numerical simulation aimed to optimize the tunnel cross-section and estab-
lish the dimensions of a suitable concrete supporting lining. Three months after
installation, the stresses measured in the concrete lining were in agreement with
the numerically predicted stresses.

Keywords: Damage, viscoplasticity, tunnel support, soil structure interaction,
soft rock.

1 Introduction

In geotechnical engineering, soil and rock masses often need to be supported by
structural elements to prevent collapse or instability. The contact between struc-
tural elements and the surrounding medium is therefore of primary importance and
appropriate numerical simulations are required in order to optimize the construction
sequences and the establishment of the dimensions of the lining support.

In this paper we present a case study of the interaction between a tunnel lining and
the surrounding rock mass, which has experienced large time-dependent displace-
ments due to rock creep and damage.
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Several authors have studied this phenomenon, for example, Kropik and Mang
(1996); Boidy et al. (2002); Dhawan et al. (2002); Sandrone et al. (2006); Sterpi
and Gioda (2009), Pellet et al. (2009). However, there is still a lack of knowledge
especially when comparing numerical results to measured field data. Therefore
additional investigations are needed to validate the numerical simulation of the ob-
served behaviour of soft rocks.

From a more theoretical point of view, this problem raises different questions re-
lated to advanced numerical modelling such as 3D analysis (Tan et al. 2009, Sladek
et al. 2009), large deformation computations (Dinis et al. 2009) or rate-dependent
damage (Luming, 2009).

2 Presentation of the encountered drift

2.1 Geological context and construction process

The tunnel under study was a drift excavated for a high speed railway project,
linking France to Italy across the Alps (Triclot et al., 2007). During the drift ex-
cavation, a highly fractured carboniferous rock formation was encountered. In this
formation, at 300 meters depth, large displacements of the tunnel wall, of about 0.9
meter, were observed. The drift was subsequently re-excavated and the concrete
lining support system was modified as reported by Rettighieri et al. (2008).

Due to the nature of the geological formations it was foreseen that the principal
difficulties in the tunnel excavation would be due to:

* High overburden stress in the highly disturbed and tectonised geological for-
mation,

* Rocks prone to creep with poor mechanical properties (soft rocks),
The drift was carried out in the following sequence:

* 5-meter long sections were excavated using the “drill and blast” method,

* light temporary supports made of shotcrete, rock bolts, and steel sets were
installed,

¢ the next section of excavation was undertaken.

The time to complete each cycle was approximately 5 days; thus the average ad-
vancement rate was 1 meter per day.
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2.2 Characterization of the mechanical properties of the rock mass

The mechanical properties of the rock, both elastic and plastic, were assessed based
on laboratory tests (triaxial compression tests) and in-situ investigations (Russo,
2009). For the latter tests, rock mass classifications such as GSI (Geological Strength
Index) and RMR (Rock Mass Rating) were used to calibrate the Hoek and Brown
failure criterion (equation 1) parameters at the scale of the rock mass.

(o]] “
01 = 03+ 0 (mo +S> (D

Cl

where: o7 is the principal stress

03 is the minor principal stress

o,; is the unconfined compressive strength of the intact rock
m,s, and a are the model parameters

Using the suggested method (ISRM, 2007), the following set of values for the peak
strength and for the residual strength were obtained (Table 1).

Table 1: Parameters for generalized Hoek and Brown failure criterion

Intact rock | Rock mass: peak values | Rock mass: residual values
m; =7 m;,=0.687 m, =0.481
O, =20 MPa s =0.00073 s =0.00024
a=0.516 a=0.531

2.3 Data from tunnel monitoring

During the drift construction an extensive monitoring program was undertaken (Tri-
clot et al. 2007; Rettighieri et al. 2008). Variations in the tunnel diameter, or tunnel
convergence, were measured, and extensometers were used to measure displace-
ments inside the rock mass in the vicinity of the drift.

For the purpose of this study, three cross-sectional areas were selected. Figure 1
shows the radial displacement of the tunnel wall versus time as well as the face
advancement of the excavation for all three sections (Russo et al. 2009). The max-
imum displacement was almost 90 cm after about 100 days. It should be noted that
the displacements increased with time even when the excavation stopped. Later,
this time span will be used to calibrate the rock rheological parameter.
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Figure 1: Measurements of wall displacements at different sections with respect to
time and face advancement. Sections were located at 1284, 1278 and 1297 meters
from the tunnel entrance

3 Numerical modelling of drift excavation

In order to tackle the problem of large delayed displacements within the drift, a
3D model using the finite difference numerical code, FLAC 3D, was run. This
code was selected mainly because it allows for large displacements to be taken into
account. Due to the explicit scheme of resolution precautions needed to be taken
when choosing the critical time steps (Marti and Cundall 1980; Cormeau, 1975).

The objective of the numerical simulation was to optimize the tunnel cross-section
in order to establish the dimensions of a suitable supporting system.

3.1 Geometrical model, stages of calculations and constitutive model
3.1.1 Geometrical model and boundary conditions

The geometrical model for the drift was a block of 105 m in length, 80 m in height
and 50 m in width (Figure 2). The boundary and the initial conditions were taken
as follows:

» Zero normal displacements at the lower face and the rear face of the model
as well as at the symmetry plane,

¢ An initial stress of 7.5 MPa on the other three faces of the model.
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Figure 2: Model dimensions and boundary conditions

3.1.2 CVISC constitutive model

Based on the experimental data it was obvious that the chosen constitutive model
has to be capable of computing both instantaneous strains and time-dependent
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strains including strength degradation or damage. Several authors (Selvadurai,
2004; Pellet et al. 2005) have proposed models to handle this problem.

For this study we chose to use the CVISC constitutive model which allows for
the computation of both instantaneous and delayed deviatoric strains (Boidy et
al., 2002). Instantaneous strains are computed using an elasto-plastic constitutive
model involving a Mohr-Coulomb failure criterion. Therefore it requires two elas-
tic parameters (the elastic modulus, E, and shear modulus, G) and three plastic
parameters (the dilatation angle v, friction angle ® and cohesion c).

For time-dependent behaviour, a Burger visco-plastic model is coupled to the elasto-
plastic model. The Burger model is composed of a Kelvin unit for primary creep
(transient creep) and a Maxwell unit for secondary or stationary creep. Two param-
eters are required for the Kelvin unit (Kelvin viscosity and Kelvin stiffness) and
two for the Maxwell unit (Maxwell viscosity and Maxwell stiffness).

The last feature required is the time-dependent damage, which will simulate strength
degradation with respect to time (tertiary creep). In the model, cohesion was de-
creased from 100% to 25%. The evolution law was calibrated versus the data pro-
vided by Russo (2009).

The rheological units for the CVISC constitutive model are shown in Figure 3 and
the constitutive equation is written as follows:

N . T Nk  Ex Eg
Ng*Y+Gg*xy nK*EM+‘c*<1+nM—|—EM>—|—T*nM 2)
where: 7 is the shear stress,
7 is the distorsion (shear strain),
Ny s the Maxwell viscosity,
Nk is the Kelvin viscosity,
Gy is the Kelvin shear modulus,
Ey is the Maxwell modulus,
E¥ is the Kelvin modulus.

3.1.3 Stages of computation

After stress initialization in the model, excavation was simulated in 5-m long sec-
tions of 5 meter length. For each excavation stage, computation begins with an
elastoplastic analysis. As soon as the model equilibrium is reached, the creep model
is activated for a time span of five days. The sequence is reiterated until the model
is fully excavated.

It should be mentioned that the creep model utilizes a routine for the management
of time steps based on the ratio of unbalanced forces. Technically, this time step
varied between 2.5 1073 day (216 s) to 5 102 day (4320 s).
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3.2 Back-analysis of convergence data for constitutive parameter calibration
3.2.1 Computational steps and calibration

One of the main difficulties for this type of numerical simulation is the selection
of representative values of the different constitutive parameters. Indeed, there is a
scale effect and the in situ characteristics differ from those measured in the labo-
ratory (Han-Ping-Chin and Rogers, 1987; Korzeniowski, 1991; Fabre and Pellet,
2006). Therefore, the first step of the computation was to back-analyse the time-
dependent behaviour of the drift based on the monitoring data. This was done in
order to constrain and to calibrate the parameters of the constitutive model used to
simulate the mechanical behaviour of the rock mass.

Instantaneous properties were calibrated using both the analytical solution and nu-
merical model; they are the Maxwell properties, namely the Maxwell shear modu-
lus, Gy, and the Maxwell modulus, E), (Figure 3). Time-dependent characteristics
were constrained using an analytical equation (Sulem et al., 1987).
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Figure 3: Rheological units for CVISC constitutive model

The Mohr-Coulomb peak characteristics were deduced from the Hoek and Brown
criterion, which was itself calibrated using the Geological Strength Index (ISRM,
2007). Viscosities were given by the convergence curves (i.e. displacements versus
time).

The following properties were used in the CVISC model:

* Instantaneous Elastic properties:

— Maxwell modulus Ey; = 1.98 GPa
— Maxwell shear modulus Gy; = 0.76 GPa

* Plastic properties:
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— Cohesion ¢ = 0.6 MPa
— Friction angle & 26°
- Dilation angle y 15°

* Viscoplastic properties:

— Maxwell viscosity 1y = 2.6 10° MPa.s
— Kelvin viscosity ng = 2.6 103 MPa.s
— Kelvin modulus Gx = 0.18 MPa

3.2.2  Field of instantaneous displacements

The numerical model provided an instantaneous elastic (reversible) radial displace-
ment of 3.1 cm at a distance from the tunnel face. This maximum value is close to
the value obtained from a 2D stress analysis around a circular excavation in plane
strain conditions (2.7 cm). The difference between the analytical solution and the
numerical results is due to the fact that the state of stress is different; the inter-
mediate principal stress is neglected in the plane strain analysis. Moreover, the
non-circular cross section brings in some discrepancy.

The instantaneous plastic displacement profile along the drift axis is shown in
the Figure 4 for different positions of the excavation face. The maximum radial
displacements are located about 25 cm from the excavation face. One can see
from Figure 4 that each excavation stage leads to an uneven profile because of the
stress concentration at the junction between the excavation face and the tunnel wall.
This stress concentration may initiate the damage and the development of fractures
around the tunnel (Eberhardt, 2001; Pellet et al., 2009).

3.2.3  Field of delayed displacements

The evolution of delayed convergences with respect to time was compared to the
measured data (Figure 5). The section under consideration was section C (PM
1297). Convergence measurements were recorded every week for different direc-
tions. Computed values indicate a jump in the radial displacement after each stage
of excavation. These jumps progressively decreased as the distance from the face
increased and they completely vanished at a distance of 20 to 25 meters.

A noticeable decrease in the slope of the curves occurred after 5 weeks (35 days).
This indicates that the drift face is far from the section under consideration. There-
fore the drift face no longer has any influence on the convergence; in other words,
the observed deformations were no longer due to the face advancement but to the
time-dependent behaviour of the rock mass. It should be noted that the numerical
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Figure 4: Profile of instantaneous radial displacements along the drift axis for dif-
ferent positions of the excavation face. Stress concentration, located at the junction
between the excavation face and tunnel wall leads to a break in the displacement
profile.

model underestimates such displacements. The maximum difference was observed
for the direction 1-5, where the discrepancy reaches 23 cm at 35 days after the face
excavation. At 78 days, this discrepancy was reduced to 16 cm. The difference
in the displacement between the different directions is mostly due to the shape of
the drift cross section (horse-shoe cross section). The in situ initial state of stress
which might be not perfectly isotropic, could also account for some discrepancy.

Overall the comparison between the observed displacements and the numerical re-
sults is good, even if the conclusion has to be mitigated because of the high sensi-
tivity of the numerical results to the accuracy of the in situ measurements, which
are not easy to achieve in a civil engineering context.

3.3 Lining support installation

As stated in the introduction, large displacements led to the drift closure. There-
fore it was necessary to re-excavate the drift cross-section in order to maintain the
designed clearance (Rettighieri et al., 2008). Moreover, the installation of a stiff,
strong concrete arch lining was required to support the ground pressure.

The numerical simulation was extended to compute the thickness dimensions of
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Figure 5: Convergence versus time in section C for different directions: comparison
between numerical results and the measured data

the concrete lining, using the rock constitutive model whose parameters were pre-
viously calibrated versus in-situ measurements. This was achieved in blind condi-
tions before completion of the work.

Modelling the interaction between the support and the rock mass required spe-
cial attention (Cantieni and Anagnostou, 2009a; Carranza-Torres and Diederichs,
2009). In this computation a concrete lining was installed 10 meters from the ex-
cavation face. The lining thickness was 1.0 meter. The Young’s modulus and Pois-
son’s ratio of the concrete were 20 GPa and 0.3, respectively. Figure 6 shows the
evolution with respect to time of the radial displacement of the tunnel wall. As a
comparison, the radial displacement for the unsupported drift is also reported.

3.3.1 Stress distribution around the drift

The evolution of the stress at the contact between the lining and the rock mass is
shown in Figure 7. At the start, the radial stress was zero at the tunnel wall because
of the excavation. After the concrete lining was installed (10 days) the radial stress
increased gradually to reach 5 MPa after 150 days; however, this value is still less
than the initial stress (7.5 MPa).

Different profiles of the orthoradial stress corresponding to different times are pre-
sented in Figure 8. Immediately after the excavation, the rock surrounding the drift
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at different times after the concrete lining support was installed
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exhibited plastic behaviour. The extension of the plastic zone was approximately
8 meters. Ten days after the excavation was completed the lining support was in-
stalled. Therefore the maximum orthoradial stress started to decrease because of
time-dependent damage and stress relaxation. On the other hand, at the drift wall,
the orthoradial stress starts to increase because of contact with the concrete lining,
which provided a confining pressure.
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Figure 8: Distribution of orthoradial stress with respect to distance to the drift wall
at different times after the concrete lining support was installed

3.3.2 Stress path at the contact between the rock and the concrete liner

The progressive mobilization of the stress at the contact between the rock and the
concrete liner was analysed by Pellet and Roosefid (2007) as well as by Cantieni
and Anagnostou (2009b) and Sandrone and Labiouse (2009). Figure 9 shows the
stress history from the initial state of stress to the final equilibrium for different con-
stitutive models, namely elastoplastic, and elasto-viscoplastic (CVISC) with and
without support. For the case under study (CVISC with support), the computa-
tions show that the radial stress decreases to zero after excavation. Subsequently,
after excavation but before installation of the lining support, the rock creeps and
viscoplastic deformations take place. After the concrete lining support installation,
the radial stress progressively increases until equilibrium is reached. It has to be
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noted that before lining installation the two numerical simulations (with and with-
out support) do not give the same displacement, as might be expected. This is due
to the fact that in the present case, the drift is excavated and supported in stages.
Therefore the displacement in the unsupported section, before installation of the
lining, is affected by the sections that are already supported and located behind the
unsupported section.
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Figure 9: Radial stress at the contact between the concrete lining support and rock
mass versus radial displacement for different situations

The evolution of the orthoradial stress in the lining with respect to time was anal-
ysed. After 80 days, normal stress reached about 35 MPa at the intrados of the
lining and 5 MPa at the extrados (Figure 10). The average maximum normal stress
is 18 MPa which is somewhat greater than the 14 MPa measured in the lining (Ret-
tighieri et al., 2008).

4 Conclusion

In this paper it was shown that the time-dependent behaviour of a drift excavated in
a soft rock can be properly modelled using a viscoplastic damageable constitutive
equation. In this numerical simulation, all the construction sequences were taken
into account, including the stages of tunnel excavation and the contact with the
concrete lining support.
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Figure 10: Normal stress distribution in the concrete lining support 80 days after
its installation

The calibration of the constitutive parameters used in the computation was achieved
with the simulation of a lightly supported section; this aimed to fit the computed
displacements to the measured displacements. The critical parameter identified is
the rock viscosity because it may vary with the state of stress. For Kelvin viscosity,
the order of magnitude is consistent with the values proposed in the literature for
this kind of rock. In addition, it is shown that the parametrical values are of the
order of magnitude range of those assessed using rock mass classification systems.
Nevertheless, the choice of appropriate values to account for the scale effects is still
the key point of such analysis, especially for rock dilation angle and rock viscosity.

As expected, the contact between the lining support and the rock mass drastically
slows and finally stops the drift closure. The predictions of the stresses acting in
the concrete lining are close to those that were measured. Overall, the analysis,
achieved under blind conditions, provided a good average maximum value of the
final stress in a concrete lining and therefore proved to be an appropriate tool for
the design of the drift support system.
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