Proceedings of the XVIII| ECSMGE 2024
GEOTECHNICAL ENGINEERING CHALLENGES

TO MEET CURRENT AND EMERGING NEEDS OF SOCIETY
© 2024 the Authors

ISBN 978-1-032-54816-6

ECSMGE 24

/ XVIII EUROPEAN CONFERENCE
ON SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

——
DOI 10.1201/9781003431749-167
Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license

Simplified finite element modeling of TBM tunneling

Mod¢lisation numérique simplifiée du creusement au tunnelier

H. Zaiter", H. Mroueh
Université de Lille, Lille, France

E. Bourgeois
Université Gustave Eiffel, Marne-la-Vallée, France

“hadia.zaiter@univ-lille.fr

ABSTRACT: Numerical modelling of TBM tunneling remains a difficult problem due to the complexity of the phenomena
involved and the large number of parameters that need to be taken into account. Conventional numerical models generally
associate stress relaxation forces on the tunnel contour and compressive forces representing the action of both the TBM and
the grout on the ground. These models have certain drawbacks, the main one being the difficulty of calibrating the parameters
used. In this paper, we propose a model that takes as input data the control parameters of the TBM and models the injection
of the grout by applying compressive forces to the contour of a zone of the mesh. This model combines stress relaxation
forces and compressive forces in a single step by applying the final stress directly to the tunnel contour. In particular, it
allows the grouting pressure to be taken into account only where it is greater than the initial mean stress in the soil. The
approach is implemented in the finite element code CESAR and compared with experimental data from the TULIP project
(Tunneling and Limitation of Impacts on Piles); in particular, the influence of the model parameters on the width of the
surface settlement trough and the lateral displacements of the soil at different depths are discussed.

RESUME: La modélisation numérique du creusement des tunnels au tunnelier reste un probléme difficile en raison de la
complexité des phénoménes mis en jeu et du grand nombre de paramétres a prendre en compte. Les modeles classiques
associent le plus souvent des forces de déconfinement sur le contour du tunnel et des forces de confinement représentant
I’action du tunnelier et du mortier de bourrage sur le terrain. Ces modeles présentent un certain nombre de limites, la
principale étant la difficulté de caler les paramétres utilisés. Dans ce papier, on propose un modele qui prend comme données
d’entrée les paramétres de pilotage du tunnelier et modélise les injections de bourrage en imposant une contrainte sur le
contour d’une zone du maillage. Ce mod¢le combine en une seule étape des forces de déconfinement et des forces de pression
en appliquant directement la contrainte finale sur le contour du tunnel. Il permet notamment de prendre en compte la pression
d’injection uniquement aux endroits ou elle est supérieure a la contrainte moyenne initiale dans le sol. L’approche est
implémentée dans le code de calcul par éléments finis CESAR, et mise en ceuvre sur les données expérimentales du projet
TULIP (Tunneliers et Limitation des Impacts sur des Pieux) ; on discute en particulier I’influence des paramétres du modeéle
sur la largeur de la cuvette de tassement en surface et les déplacements latéraux du sol en profondeur.
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1 INTRODUCTION

In recent years, TBM excavation has been increasingly
used, particularly in projects like the Grand Paris
Express in France, which involves over 20 TBMs
excavating more than 200 kilometers of tunnels.
Understanding the TBM's impact on foundations is a
complex challenge. In 2021, the TULIP project
prediction exercise (Berthoz et al, 2022) was
enlightening. It showed a lack of consensus in b
simulating excavation and its effects on deep
foundations: a wide variety of numerical approaches
were adopted by the participants. Results exhibited a
large discrepancy and diverged significantly from

by means of “prescribed strains” applied to groups of
elements in the mesh, which proved efficient to discuss
the response of existing piles to the TBM passage. The
calculations are straightforward to implement, but the
technique takes as input data the volume loss: a
modelling technique taking as input data the TBM
parameters would be of greater practical interest.

A SIMPLE MODELLING APPROACH
FOR TBM TUNNELING

2.1 Basic principle of the approach

measurements. To provide a simple methodology,
Mohamad (2022) proposed to model the TBM advance
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In the context of modelling the excavation process, a
new approach is proposed, taking into account the
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control and injection parameters as input data. This
approach, called the "swelling model", accurately
incorporates these parameters to provide a simplified
method with the same accuracy as conventional
methods. It consists in defining a "reference stress"
type loading. The definition of such a reference stress
at each integration point makes it possible to calculate
a vector of nodal forces, resulting in the application of
a surface force on the boundary of the swelling zone,
as shown in Figure 1.

2.2 Implementation

The calculation principle entails correcting stresses in
a designated mesh zone at integration points,
transforming these corrections into nodal forces. This
indirect method imposes swelling stress on element
groups within the corrected zone. In the application
under discussion, the zone subjected to the “swelling
stress” corresponds to the space in which grout is
injected between the lining and the ground. It must be
underlined that this zone must be given an extremely
low Young's modulus (with respect to the properties of
the adjacent materials), so that the surfaces forces
applied to the ground and the lining are actually equal
to the prescribed value (otherwise part of the applied
nodal forces is required to deform the grout zone).
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Figure 1. Principle of the swelling model.

In CESAR, the data for the swelling stress model
are provided among the properties of the groups of
elements (or zones) in the mesh, using a keyword
"GONF" and a sequence of integer or reals parameters.
The approach makes it possible to account for various
types of reference stress (isotropic or not,
homogeneous or not, etc.). In general, the reference
stress is associated with a pressure varying linearly
with depth, defined by the value of a reference
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pressure prr at a given depth z.r and the pressure
gradient, i.e. the group volume weight.

Tests have been carried out to check that the
procedure gives the same results as the classical
procedure, which combines stress relaxation forces
and weighing fluid pressure forces. However, the
preparation of the data is very simple with the new
procedure.

The approach offers the possibility to calculate the
difference between the final applied stress (derived
from the grout pressure) and the stress in the ground
before grouting operations, specifically at the end of
the TBM shield. This is illustrated by the red curve in
Figure 2, where correction of the stress state is taken
into account only at the points where the grout pressure
is larger than the initial stress: the model attempts to
represent the fact that no grout can be injected if the
pressure is not large enough.

stress

Modification of
stresses due
to injection

Final
stress

Initial Swe|||ng
stress gtress

de‘plnth
Figure 2. "GONF" model with loads defined by difference
with the initial stress.

2.3 Application

During the TULIP (Tunnelling and Limitation of
Impacts on Piles) research project, led by the Society
of Grand Paris in collaboration with the French Centre
for Tunnel Studies (CETU), ENTPE, and Université
Gustave Eiffel, a full scale experiment has been carried
out to study the influence of a TBM on existing deep
foundations, in the area of the future Line 16 of the
Grand Paris Express.

23.1

A plane strain model of the TULIP experiment was
used (Figure 3). The layers found in the site are a layer
of made ground (MG), Saint Ouen limestone layer,
divided into two parts, one above the water table
(SOLdry), and a second below the water table
(SOLsat), and three layers of Beauchamp (BS), Marly
Limestone (ML) and Coarse limestone layer (CL).
Furthermore, pile P3 from the TULIP project is
included in the modelling. Calculations are performed
in greenfield condition, or in the presence of the pile,
either loaded with a 2100 kN applied load at the head
or unloaded. Moreover, the behavior of the grout is

Presentation of the problem
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assumed to be elastic, and the shield conicity is
neglected.

The soil mechanical properties are modelled with
the Hardening Soil Model (HSM) in all layers, except
the CL layer, considered as a very stiff elastic layer.
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Figure 3. Geometry of the model..

The values of the mechanical parameters, presented
in Table 1, are taken from (Mohamad, 2022). Both
vertical and horizontal displacements at set to zero at
the base of the mesh, as well as horizontal movements
at the left and right edges of the mesh. The initial
(effective) stresses are assumed to be geostatic,
defined by the unit weight and the earth pressure
coefficient (Ko) for each layer.

Table 1. Reference model parameters
MG SOLdry SOLsat BS ML

z top of layer (m) 0 -3.5 -115 -133 -235

Unit weight (kN/m3) 19 18 18 21 20
Esoret (MPa) 102 180 327 504 790
Eurrer (MPa) 307 541 982 1510 2370
prer(kPa) 17 71 111 142 198

v 0.3 0.3 0.3 03 03

¢’ (kPa) 0 10 10 5 15

¢ () 28 33 33 35 38

¥ () 0 3 3 5 8

R 0.95 095 095 095 095

m 05 05 05 05 05
Coefficient of earth ; ;5 045 045 043 038

pressure Ko

We have used the CESAR solver and the CESAR
pilot which can be used to script the calculations in
Python (CESAR, 2023), i.e. to specify properties of
different mesh zones, boundary conditions and
loadings. Additionally, the external open source
software GMSH was used to generate the mesh. The
surface mesh was composed of approximately 3400
quadratic triangular elements, and 7200 nodes.

2.4 Calculation Results

We present three simple parametric studies to illustrate
the results of the proposed approach.
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24.1

As mentioned in the introduction, the results obtained
with the “swelling stress” approach depends on the
stiffness of the concerned zones. Figure 4 shows the
variation of the settlement trough width i (according to
the familiar Gaussian distribution proposed by (Peck,
1969), i is the distance from the axis for which the
settlement is equal to 60% of the maximum settlement)
for different values of the Young's modulus of the
swelling layer En. The injection pressure is equal to
100 kPa (no gradient). The results stabilize for values
of Ei, values below 20 kPa. It should be noted that this
module allows the parametrization of the grout layer
behaviour for computational purposes, ie. is not a
physical parameter, and does not need to be calibrated
to a realistic value.

Influence of the swelling zone stiffness
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Figure 4. Influence of Young’s modulus E,, on the width of
the surface settlement trough.
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In this section, the injection pressure at the depth of the
tunnel axis (equal to 21.5 m) is set to pref, with a
vertical gradient of 22 kN/m3. Figure 5 shows the
surface settlement distribution (in the case of a loaded
pile), for different injection values of the reference
pressure prer: 70, 100 and 180 kPa.

Influence of the reference pressure prer
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Figure 5. Influence of the reference pressure on the
surface settlement.
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The variations in the settlement trough width i is
shown in Figure 6, in greenfield conditions, with the
pile loaded or unloaded. The width of the settlement
trough width depends on the reference pressure, which
is noteworthy, since many models propose
correlations between the settlement trough width and
the nature of the ground alone, disregarding the
influence of the construction method.

The results also show that the width of the
settlement trough is reduced in presence of an
unloaded pile, and slightly increased for a loaded pile.

As calculation is performed into plane strain
condition, confining pressure at the front face is not
modelled. Moreover, in this condition, structural
element behave as plate element rather than one-
dimensional one.
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Figure 6. Width of surface settlement in greenfield
condition, in the presence of unloaded and loaded pile.
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In the last place, we have discussed the influence of
the injection pressure gradient. It does not notably
affect the results for prr equal to 100 and 180 kPa in
terms of maximum settlement and settlement trough
width (see Figure 7). However, for p..=70 kPa, a 7%
reduction is observed between the values of 8 kKN/m?
and 22 kN/m? of the injection pressure gradient.

Influence of the mortar density
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Figure 7. Width of surface settlement for different values of
mortar density.
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3 CONCLUSIONS

We have so far only validated the principle of the
approach, but tunnel applications clearly require 3D
calculations; this work is currently in progress. The
new approach makes it possible to take into account
the difference between injection pressure and in-situ
stress, which would be rather complex with a more
conventional modeling approach. It is recalled that it
is essential to adopt a very low stiffness in the area
where the injection occurs, which can be perceived as
a limitation of the method. We will seek to explore
ways to improve this aspect.

In the last place, it is worth noting that the
procedure makes it possible to discuss the influence of
injection pressure on the settlement trough width: it is
generally assumed that the width parameter depends
mainly on the characteristics of the soil being
traversed, but results presented here show here that it
also depends on the parameters of the tunnel-boring
machine.
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