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ABSTRACT:  In this study, the surface settlement induced by shield TBM excavation is simulated by using 

finite differences code Flac-3D. The proposed three dimensional simulation procedure is taking into account the 

main features of slurry shield TBM. The line D subway project in Lyon is chosen to validate the numerical 

simulations. The comparison of the numerical simulation results with the in-situ measurements shows that the 

proposed 3D simulation is relevant, in particular in the adopted representation for the different operations 

achieved by the tunnel boring machine. 

 
RÉSUMÉ: Dans cette étude, les tassements de surface induits par  le tunnelier à front pressurisé sont simulés. 

La procédure de simulation tridimensionnelle proposée prend en compte de manière explicite et complète les 

principaux paramètres de contrôle de la machine. La ligne D du métro de Lyon est choisie comme projet support 

pour valider les simulations tridimensionnelles. La comparaison des résultats de la simulation numérique avec 

les mesures in situ montre que la procédure de simulation 3D proposée est pertinente, en particulier dans la 

représentation adoptée pour les différentes opérations effectuées par le tunnelier. 
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1 INTRODUCTION 

There has been a dramatic increase in amounts of 

mechanized tunneling in urban areas. However, 

this innovative technology inevitably causes 

some ground movements that can have 

detrimental effects on the adjacent buildings and 

facilities. One of the major design and 

construction issues is the minimizing of induced 

ground movements.  These ground movements 

are strongly influenced by many features of the 

boring machine: Excavation, front support, taper 

of the TBM shield, over-cutting, injection 

procedure and rheology of the grout. This 

complexity makes an explicit numerical 

simulation very difficult. In plane deformation, 

we can cite Pantet (1991), Moroto (1995), 

Kastner (1996), Benmebarek (2000). For these 

authors, the deformations are controlled using a 

single parameter, the deconfinement rate. In 

addition, empirical prediction such as numerical 

approaches that directly simulate the final phase 

may be insufficient. Several 3D numerical 

simulation procedures of tunnel excavation using 

pressurized-face tunnel boring machines, in soft 

and saturated soils, have been proposed by 

various authors: Mroueh (1999), Dias (2000), 

Broere (2002), Kasper (2004), Bezuijen (2006), 

Demagh (2008-2009). The confrontation with 

field results shows that, in spite of advances in 

terms of computing resources, the phenomena 

induced by the passage of a tunnel-boring 

machine are still insufficiently known. 
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This paper presents a complete 3D numerical 

simulation of a tunnel boring process. This one is 

applied on the Lyon’s subway project for which 

well experimental data are available.  

2 GROUND CONDITION AND TBM 

2.1 Overview 

The project is part of the extension of the Lyon 

metro network, through an extension of the D line 

between the Gorge de Loup district and the Vaise 

station (Fig. 1). Two tunnels approximately 6.27 

m in diameter and 900 m long were excavated 

successively between June 1993 and February 

1995. The geology of the site is constituted of a 

superficial layer of fill, a layer of silty clay 

alluvium, a layer of sand and gravel, a base of 

gneiss and some conglomerate lenses. The silt 

that is most often located at the crown of the 

tunnel has a natural water content very close to 

the liquid limit and a low consistency index, 

making it a very sensitive soil for reshuffling. 

 

 
Figure 1. Plan view and profile of the site 

 

 

2.2 Experimental plots 

The experimental device implemented on two 

plots (Fig. 1) located in two different geological 

zones consisting of continuously measuring the 

displacements both on the surface and inside the 

massif in order to identify the origin of the 

movements as well as to follow their evolution. 

 

a) Plot 1: which was intended to test the 

operating parameters of the tunnel-

boring machine in a break-in area. It 

consists of two sections S1 and S2 of 

similar geologies. The presence of a 

retaining wall retaining an embankment 

six meters high makes the geometry of 

these two sections dissymmetrical. The 

section S2 is selected to qualify the 3D 

simulation procedure (Fig. 2). 

 

 

 

Figure 2. Geological profile 

 

b) Plot 2: (consists of a single section) is 

located at the end of the route about 800 

meters further. Its geometry is 

symmetrical, but we note the rise in the 

lower part of the bedrock outcropping 

three meters under the tubes. 

The geotechnical characteristics of the 

monitoring section is summarized in Tables 1.   
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Table 1.  Mohr-Coulomb parameters 

 

 

 

 

 

 

 

 
 

 

Table 2. Tunnel parameters 

 

 

 

 

 

 

2.3 Slurry shield TBM 

The knowledge of the nature of the terrain, the 

route located largely under the built-up area (old 

masonry buildings) and the low coverage  

led the group of companies to propose the 

technique of the slurry shield TBM. This tunnel-

boring machine consists of a shield (slightly 

conical) of about 7 meters long and 6.27 meters 

in diameter (Tab. 2), a 50-meter long back-up 

train and weighing nearly 300 tons. The machine 

is equipped with about fifty sensors recording the 

parameters of continuous operation. The tunnel is 

covered with prefabricated concrete segments 

(35 cm thick) placed under the shelter of the 

shield tail: when the tunnel boring machine 

moves forward and the ring escapes from the 

shield tail, there remains an annular void of 13.5 

cm (thickness of the shield tail) between the soil 

and the lining (Fig. 3) . In order to minimize 

settling, this void is immediately injected with a 

filling grout made of bentonite, sand and water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 COMPUTATIONAL MODELLING 

3.1  Finite difference model 

To assess the ground movements during slurry 

shield tunneling, a finite difference (FD) model is 

developed using Itasca Flac3D. The FD model is 

developed (Fig. 4) with zero transverse (x-axis) 

displacement at x= -120 m and x = 120 m, and 

zero longitudinal (y-axis) displacement at y = 0 

and y = 120 m, respectively. The top of the model 

boundary (z = 0) is set to be free, whereas the 

vertical movement at the bottom boundary (z = - 

30 m) is fixed. For this model, average soil 

parameters determined from the geotechnical 

tests are used (Tab. 1). The soil is modelled using 

solid elements with 8-grid points (155000 grid 

points). 

 

 

 

 

 

 

 

Layer Depth 
m 

G 
Mpa 

K 
Mpa 

 
kNm-3 

c’ 
kPa 

’ 
degrees 

’ 
degrees 

Fill 
Beige silt 
Ocher silt 
Grey clay 
Grey sand 
Purplish clay 
Sand and gravel 

0-7 
7-10 

10-13 

13-15 
15-17.5 

17.5-20 

20-30 

2.92 
2.74 

2.74 

1.57 
10.5 

5.16 

10.5 

7.8 
7.3 

7.3 

4.2 
28 

13.8 

28 

18 
19.5 

21 

16.5 
21 

18.5 

21 

30 
12 

15 

35 
5 

35 

0 

30 
33 

25 

27 
35 

27 

34 

17 
20 

14 

15 
21 

15 

20 

Section 
H 
m 

L 
m 

C/D 
- 

w 
m 

Dext 
m 

Dint 
m 

/2 
mm 

Φext 
m 

Φint 
m 

Liner 
width 
cm 

Liner 
thick 
cm 

P1-S2 18.9 7 1.6 8.3 6.27 6.24 15 6.0 5.3 100 35 
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Figure 3.  Tunnel, shield and liner parameters 

 

A linear elastic, perfectly plastic Mohr Coulomb 

constitutive model is employed with no-

associative flow rule. The retaining wall in cross 

is modelled by an elastic rule. The extent of the 

model, in the longitudinal direction, is 

conditioned by the position of the stationary 

section (Fig. 4). The model element lengths equal 

the ring width of 1m in the longitudinal direction 

within the tunnel excavation zone.  

A shield with conical shape, perfectly rigid (the 

nodes are fixed according to the method called 

fixed center) (Benmebarek, 2000), modelled with 

thin volumetric elements, is installed in a virgin 

ground solid mass for which an initial state of 

geostatic stresses is imposed with K0 equal to 0.5 

(normally consolidated soils), Benmebarek 

(2000), Demagh (2008, 2009). 

This monitoring section makes the three-

dimensional simulations more difficult, due to 

the presence of a retaining wall on the surface. 

This singularity forced us to consider the three-

dimensional model in its entirety. On the other 

hand, the three-dimensional numerical models 

found in the literature preferred vertically 

symmetric models, which made the elaborate 

simulation procedures less constraining. 

From the moment that the shield is completely 

installed (Fig. 5), the modelling sequence (Fig. 

6a) could be applied.  

 

 

 

 

Figure 5. Contour of vertical displacements after 

complete installation of the shield 

3.2 Modelling Sequence 

The excavation is simulated by the deactivation 

of disk element equal to the length of the lining 

segment (1 m). The stability of the front face is 

not the most important source of surface 

settlement Benmebarek (2000), so in our 

simulations, we considered that displacements at 

the front of the excavation are blocked by the 

shield. The shield passage, simulated by 

annulment of local tangential stresses, clears a 

volume loss that is immediately filled by soil 

convergence (very poor soils around the 

excavation). The interface which is on the shield 

is activated from the moment since a contact is 

established with the surrounding ground: the role 

of this interface is to block the radial ground  
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Figure 4. Flac3D finite difference model of slurry shield TBM tunneling. 

 

 

convergence and also to allow the tangential 

convergence by arch effect (Fig. 6b). 

The volume loss is partially compensated by the 

possible migration of the grout towards the face 

of the shield (there is a great uncertainty on the 

post-closing shape of the ground around the 

shield). This migration is simulated by the 

correction of the shield conical shape, set so as to 

reproduce a vertical displacement recorded on 

construction site (back analysis on surface 

vertical displacement), Dias (2000) and Demagh 

(2008). The liner is simulated by shell elements. 

It is characterized by a weaker Young modulus in 

order to take account of the seals between the 

prefabricated rings of liner. The injection of the 

grout in the annular void is controlled in volume 

and pressure. The position of the injection pipes 

was decisive in the choice of the pressure 

diagram. The maximum value of the injection 

pressure is fixed on the mesure of a maximum 

vertical displacement the closest to the vertical 

axis of the tunnel (recorded on building site).  

It shows in particular that the pressure really       

transmitted to the ground remains lower than the 

average pressure measured at the exit of the 

injection pipes. This difference is due to the 

pressure loss by friction following the flow of the 

grout like to its impregnation of the surrounding 

ground (Demagh and al, 2008). Uncertainty on 

the rheology of the grout brings to consider two 

principal phases (liquid and solid phase) 

intercalated by a transitional one (Fig. 7). 

This procedure is repeated throughout the shield 

progression, until reaching a stationary section 

(Fig. 4) after a few tens of excavation steps 

(approximately 50 meters after the passage of the 

front face). The simulations are carried out in 

drained conditions (effective stresses with taking 

into account of the submerged volumetric weight 

corresponding to the long-term behavior). The 

simulation results are confronted with in-situ data 

collected on construction tunnel site. 

 

 
Figure 6. Used mesh (a) View of different parts (b) 

Arch effect of the displacements at the soil/shield in-

terface 
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Figure 7. Complete phased simulation of TBM excavation process 

 

 

 

4 RESULTS 

 
Figure 8, compares the final transverse settlement 
trough against the corresponding simulation 
results. The settlement troughs resulting from the 
simulations are in agreement with the recorded 
measurements. . 

The final transverse settlement trough is larger 

than the observed one: this difference in trough 

width can be partly explained by the use of the 

elastic linear Mohr-Coulomb model, which is not 

well adapted for this type of soils. Another 

singularity, the effect of the retaining wall, is also 

clearly represented by 3D simulations, what 

shows the relevance of the choices for the 

simulation, in particular the maximum value of 

the injection pressure, fixed on the vertical 

displacement of depth point on central 

extensometer recorded on building site. In 

addition, the choice of the injection pressure 

distribution is justified by the grout ports position 

at the back of the shield tail. These settlements 

are very weak compared to the formed gap 

behind: this can be explained either by the 

migration of part of the grout injected under 

pressure forwards by decreasing the ground 

decompression, or by the insufficiency of time so 

that the soil closes completely the annular void. 

 

 
Figure 8. Transverse settlement trough at final state 
 

 
5. CONCLUSIONS 
 

A 3D simulation procedure has been proposed to 

account for all the different operations achieved 

by a TBM. The procedure has been applied to 

reproduce by back-analysis the movements 

recorded on two different case studies. 

The comparison of the results of simulations of 

the transverse troughs, with the recording support 

section, shows that the proposed 3D simulation 

procedure is pertinent, in particular in the 

representation of the different operations carried 

out by the tunnel boring machine. 

Singularities such as the presence of the retaining 

wall were also well simulated.  
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However, uncertainties related to grout injection 

remain; if the migration of the grout seems to be 

well simulated by a corrected conicity, the 

different phases of the injection are still difficult 

to simulate. 
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