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Abstract: This paper discusses the numerical analysis of
a specific part of the deep seated Gotthard Base Tunnel.
A section of the western tube situated in the Clavaniev
Zone was simulated with the finite element programme
ABAQUS. Geological and geotechnical documentation
from the design stage and the construction stage as well
as daily and monthly reports of the construction site were
provided by AlpTransit Gotthard Ltd. This documentation
has been used to perform 3-dimensional analyses with
implementation of support elements in a realistic con-
struction sequence. For the simulations different constitu-
tive laws were used. The aim of this research project was
to investigate whether measurements of radial deforma-
tions and the core extrusion in front of the face can be
matched with the results of 3-dimensional FE simulations
based on information available during the design and the
construction stage.

Keywords: Gotthard Base Tunnel, 3-dimensional numeri-
cal simulation, Depth-dependent Young’s modulus

3-dimensionale numerische Simulationen unter Beriick-
sichtigung von geotechnischen Messergebnissen

Zusammenfassung: In diesem Paper werden die Ergeb-
nisse 3-dimensionaler numerischer Simulationen eines
Abschnitts der Westrohre in der geologischen Formation
der Clavaniev Zone des tiefliegenden Gotthard Basistun-
nels angefiihrt. Die geologische und geotechnische Doku-
mentation aus der Planungs- und der Ausflihrungsphase
sowie die Tages- und Monatsberichte wurden von der
AlpTransit Gotthard Ltd zur Verfigung gestellt. Auf Basis
dieser Dokumentation wurden 3-dimensionale Simula-
tionen unter Verwendung verschiedener Materialmodelle

Dipl.-Ing. C. Volderauer (0<)

ILF Consulting Engineers ZT GmbH, Feldkreuzstral3e 3,
6063 Rum, Austria

e-mail: Christian.Volderauer@ilf.com

durchgefihrt. In diesem Forschungsprojekt wurde unter-
sucht, ob die Messergebnisse der radialen Verformun-
gen sowie der axialen Verformungen vor der Ortsbrust
mit den Ergebnissen der 3-dimensionalen Simulationen
Ubereinstimmen.

Schliisselworter: Gotthard Basistunnel, 3-dimensionale
numerische Simulation, Tiefenabhéngiger Elastizitdtsmo-
dul

1. Introduction

Major tunnelling projects with very high overburdens were
built in Switzerland within the last decades. One famous
example is the Gotthard Base Tunnel, the longest railway
tunnel in the world. For a research project including the
Chair of Subsurface Engineering, Montanuniversitaet Leo-
ben and ILF Consulting Engineers ZT GmbH, geological
and geotechnical documentation from the design and the
construction stage as well as daily and monthly reports
of the construction site and results from measurements
were provided by AlpTransit Gotthard Ltd for a specific
part of the Gotthard Base Tunnel. AlpTransit Gotthard Ltd
is the constructor of the Gotthard axis of the New Rail Link
through the Alps with base tunnels through the Gotthard
and Ceneri. The aim of this research project was to investi-
gate whether the measurement results from the construc-
tion site can be matched with the results of 3-dimensional
FE simulations based on information available during the
design and the construction stage.
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2. Gotthard Base Tunnel

2.1 Geological and Geotechnical Parameters
for the Investigated Section

For the actual research project a 35 m long section of the
western tube of the new Gotthard Base Tunnel situated in
the Clavaniev Zone (CZ) between the northern interme-
diate Tavetsch formation (TZM) and the Aare Massif was
investigated. The section of interest is at the end of the
Clavaniev Zone at the transition to the Aare Massif (Fig. 1),
starts at chainage 2090 and ends at chainage 2125. This
section was chosen based on the available documentation
of:

* monitoring of stratification and cleavage;

®* measuring data of deformations in the tube due to an
intensive monitoring programme;

® geotechnical parameters, gathered during design and
construction stage;

e excavation and support measures;

e measuring data of the installed reverse-head exten-
someters (RH extensometers).

The Clavaniev Zone and the intermediate Tavetsch for
mation consist of gneisses, slates and phyllites in layers
of decimetres to decametres. The quality of these rock
masses varies from intact to more or less kakiritic.

A laboratory testing programme in the design stage
was performed to investigate the strength and deforma-
tion properties of specimens retrieved from a 1,700 m
long exploratory borehole [2]. By means of this borehole
the expected squeezing conditions in the intermediate
Tavetsch formation and the Clavaniev Zone were investi-
gated. During the construction stage laboratory tests were
performed on specimens retrieved from boreholes from
the tunnel face [3].

2.2 Construction Method

Full face excavation of the tunnel was carried out using
tunnel excavators with lengths of rounds of 1.34 m to
1.0 m. The excavation radius was between 5.89 and 6.24 m
with an over-excavation of 0.5 and 0.7 m to accommodate

cz

the predicted deformations.To handle these deformations,
two overlapping rings of sliding steel arches (TH 44/70)
were installed as yielding support elements after each
round, with a spacing of 0.66 or 0.5 m. After convergences
subsided, these two rings were rigidly connected by clos-
ing friction loops. Furthermore, up to 26 rock bolts, each
with a length of 8 m, were installed over the whole circum-
ference of the tunnel after each round. About 30 m behind
the face a shotcrete lining of 0.5 m was applied.To provide
a safe face, 50 to 60 pieces of 12-18 m long IBO-bolts with
an overlap of 6-9 m and a 0.1 m thick shotcrete lining were
installed.

2.3 Measurement Programme

Optical measurements were performed with 5-7 points
per cross section in a distance between measuring sec-
tions from 4 m to 13 m. RH-Extensometers [4], a new
development in the field of geotechnical monitoring for
determining the pre-displacements in front of the face,
were installed in the Gotthard BaseTunnel for the very first
time. The core extrusion was measured with seven pieces
of 24 m long RH-Extensometers at the axis of the tunnel.
Each set of RH-Extensometers overlapped 4-8 m with the
preceding ones to provide a continuous measurement of
the core extrusion. The results from the measurement of
the core extrusion are shown in Fig. 2.

The magnitude of the measured deformations in front
of the face is about 400 mm for three RH-Extensometers.
The others are significantly smaller and vary from 10
to 230 mm. The difference in this dimension most likely
results from changing geological/geotechnical conditions.

3. Finite Element Model
3.1 Model Design

For 3-dimensional numerical simulations a model was
generated with a size of 100 m in depth, 200 m in height
and 118 m in length, with a total of 135,000 hexagonal lin-
ear elements using the software ABAQUS.The overburden
of the selected area is about 960 m, by choosing a specific
weight of 25 kN/m? a primary stress level of 24 MPa was
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Fig. 2: Measurement results from 50 T 2180
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Fig. 3: a Front view of the model including dimensions. b Side view of
the model including dimensions and mesh

calculated. For numerical simulations a side pressure coef-
ficient of K;=1.0 was used. At the bottom of the model,
vertical and horizontal boundaries were applied, at the
sidewalls of the model, movements in horizontal direc-
tions were set to zero.The advance was modelled by deac-
tivating elements of the circular tunnel using the “Model
Change” function of ABAQUS. In the initial stage all sup-

TABLE 1:

Ground parameters using a Mohr-Coulomb failure
criterion

port elements were deactivated and re-activated again
continuously with ongoing advance.

Three ground layers normal to the tunnel axis were
implemented in accordance with the geological section
(Fig. 3a).The first two layers are part of the Clavaniev Zone,
Layer 3 is characterized by the more competent Aare Massif.

At the end of Layer 1, the tunnel was expanded from
5.89 m to a radius of 6.24 m over a length of about 7 m
and at the beginning of the Aare Massif reduced again
to 5.18 m over a length of about 10 m (Fig. 3a). Figure 3b
shows a cross section of the tunnel and the applied mesh.

3.2 Implemented Constitutive Laws

For numerical simulations linear-elastic ideal-plastic con-
stitutive laws were used. First numerical simulations were
performed with a Mohr-Coulomb failure criterion, using
ground parameters gathered during the design stage.The
rock mass parameters, cohesion (c), friction angle (¢) and
dilatancy (y) are given inTable 1.

Afterwards a Drucker-Prager failure criterion was used.
Models were simulated for the Drucker-Prager crite-
rion with parameters for a compression cone and for an
approximation cone to obtain comparable results with the
Mohr-Coulomb failure criterion. The parameters, cohesion
(d), friction angle (B) and dilatancy (y) are shown inTable 2
for the different ground layers for the approximation cone
of the Drucker-Prager failure criterion.

TABLE 2:
Ground parameters using a Drucker-Prager failure cri-
terion

Layer ¢ (kPa) () v () Layer d (kPa) BO) v()
1 500 26 5 1 740 35.9 8.2
2 300 26 2 445 35.9 8.2
3 1100 298 7 3 1570 295 11.4
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TABLE 3:
Young’s moduli in dependence of the depth for the different layers

Confining Stress 0 (MPa) 2 (MPa) 5 (MPa) 9 (MPa) 15 (MPa) 20 (MPa)
Layer
1 1.6 3.0 5.4 1.8 10 10
0.8 15 2.7 3.9 5.8 15
4.4 8.3 14.9 21.5 31.9 4.3
40 : = using the assumptions given in Asef and Reddish [5] and
35 A _ ;Zzgaelngﬁeigess 1 Verman et al. [6] according to Egs. 1 and 2.
30 / 20059 +b
— Eozty = Eo3u=00 a5 —— (1)
EZS ?j +b
3 / _
0 20 / with:
£ 45
® / b =15+ 60e 018 o (2)
10
5 / Afterwards Young’s moduli for side pressures of 15 and
0 6.2&]/16.0| 260 | |36.0 | 500 70.0 20 MPa (Eq. 1 and Eq. 2) were calculated using Egs. 1 and
0 20 40 60 80 100 120 2. Young's moduli for ground layers 1 and 3 were gath-
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Fig. 4: a Determination of the distance to the tunnel perimeter. b Dis-
tribution of the differentYoung’s moduli in the numerical model

3.3 Use of a Depth-dependent Young’s Modulus

Observations show an increase of Young’s modulus of
rock mass with increasing distance to the tunnel [5]. This
depth dependency is even more pronounced in weaker
rock masses [6]. As results of first numerical calculations
using the initial stiffness properties did not match the
measurement data, a depth-dependent Young’s modulus
was implemented in the numerical model for the different
ground sections. Basic data for this approach were results
from triaxial tests performed at the Institute of Geotechni-
cal Engineering of the ETH Zurich [3] with lateral pressures
of 2, 5 and 9 MPa for Layer 2. With these test results the
Young’s modulus without side pressure was determined

ered with extrapolation from ground layer 2, based on the
original Young’s moduli used in the design stage. The cal-
culatedYoung’s moduli and the applied side pressures can
be seen inTable 3. As mentioned before, layer 1 and 2 con-
sist of intact and/or kakiritic gneisses, slates and phyllites.
The highest value for Young’s moduli for these sections
was chosen to be the modulus of intact phyllite, which is
about 10 GPa.

With these results the distances to the tunnel perimeter
for the different Young’s moduli were calculated using an
analytical approach according to Sulem et al. [7] (Fig. 4a).
The implementation in the model and the range of each
Young’s modulus can be seen in Fig. 4b.

During each excavation round, Young’s moduli in front
of the face and in radial direction were adjusted (Fig. 4b).

3.4 Implementation of Support Elements

The amount of the implemented support was gathered
from the monthly project reports and the design drawings.

Face bolts and rock bolts in radial direction were imple-
mented with a passive cohesion increase as suggested by
Egger [8] and Wullschlager [9]. The installation of the steel
arches was simulated with beam elements in the numeri-
cal model. The beam elements were activated at a distance
of 15-20 m behind the face, simulating closing the friction
loops on the construction site. The distance of closing the
friction loop and installing the steel arches in the numeri-
cal simulation was determined by investigating the time-
displacement lines of the measurement results for the
different cross sections. This distance varied between 15
and 20 m behind the face. The shotcrete was installed at a
distance of about 30 m to the face where radial deforma-
tions already declined.
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Fig. 5: a Measurement results and 0
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4. Results and Discussion

4.1 Use of a Depth-dependent Young’s Modulus

Figure 5a shows the measured deformations of the tunnel
at the crown and the sidewalls. Results at the crown from
simulation with and without the use of a depth-dependent
Young’s modulus when installing the steel arches in a dis-
tance of 15 m behind the face are also shown. Figure 5b
shows the axial extrusion in front of the face when using a
depth-dependentYoung’s Modulus and installing the steel
arches in a distance of 15 m behind the face.

The measurement results for the investigated section
show that the deformations vary from 100 to 250 mm at the
beginning and the middle of the section and decrease to
a value of about 50 mm at the transition to the more com-
petent Aare Massif. The measurable deformations from
the numerical simulations without a depth-dependent

Chainage [m]

Young’s modulus vary from about 750 mm at the begin-
ning to about 70 mm at the end of the investigated section.
With the implementation of the depth-dependent Young'’s
modulus these deformations decrease to 180 mm at the
beginning and 30 mm at the end of the investigated sec-
tion. Figure 5 shows that deformations are over-predicted
by far when using only a homogenous Young’s modulus.
With the use of a depth-dependent stiffness approach the
simulation results meet the measurements from the con-
struction site. The axial extrusion varies between 50 and
230 mm for the different RH-Extensometers. Comparison
with the measured core extrusion shows that the simula-
tion results are in good comparison with most of the mea-
surement results from the RH-Extensometers installed at
the construction site.
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Fig. 6: a Simulation results for 0
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4.2 Distance of Closing the Friction Loops

With an increasing distance to the face when installing the
steel arches, the radial deformations increase as well from
180 mm to 220 mm at the beginning of the investigated
section. When entering the more competent Aare Massif
the radial deformations for all investigated simulations
are similar. Comparison of the core extrusion for differ-
ent installation distances of the steel arches (Fig. 5b and
Fig. 6b) show similar results.

4.3 Different Constitutive Laws

A Mohr Coulomb and a Drucker Prager failure criterion
were used. For the simulations using the Drucker Prager
failure criterion two parameter sets were used as men-

tioned in Sect. 3.2. Figure 7a shows the radial deforma-
tions when installing the steel arches in a distance of 15 m
behind the face for the different constitutive laws used. In
Fig. 7b the core extrusions when using the Drucker Prager
approximation cone is shown.

With the parameter set for the approximation-cone the
simulation results are similar to the ones using the Mohr
Coulomb failure criterion. By using the parameters for the
compression cone the deformations are smaller. The core
extrusions on the other hand are higher than the simula-
tion results using a Mohr Coulomb failure criterion.

In addition, it is interesting to mention Cantieni et al.
[10], who investigated the connection between radial dis-
placements and the core extrusion in front of the face for
the Gotthard BaseTunnel. It was found that it is only possi-
ble to a certain extent to predict radial deformations based
on results from RH-Extensometers.
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Fig. 7: a Results for simulations 0
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er Prager failure criterion. b Core -20 -
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5. Conclusion

It has been shown that it is possible to obtain comparable
results between numerical simulations and measurement
results of such a challenging construction site as the Gott-
hard BaseTunnel.This is valid when looking into radial dis-
placements and the extrusion of the face.

A prerequisite for these simulations is to have very
good geological and geotechnical documentation during
the design and the construction stage as was the case dur-
ing the construction of the Gotthard Base Tunnel. Espe-
cially the determination of Young’s moduli with different
side pressures has great relevance for predicting deforma-
tions in tunnels with squeezing conditions.

Furthermore it has been shown that the installation
time of the support elements has an influence on the radial

displacements, but nearly no influence on the core extru-
sions in front of the face.
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