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ABSTRACT: In a context of global risk analysis for tunnel projects, the prediction of settlements due 
to shallow tunneling is a huge challenge for design firms. The finite element simulations, in two or in three 
dimensions, tend to provide poor predictions of the settlements induced at the surface. This is why the 
empirical method, based on Peck’s works, is often privileged. This paper illustrates on an example the use 
of a new method to predict settlements due to urban tunneling. The method is grounded on finite element 
simulations based on a new constitutive model for soil. It discusses also the modeling and influence of pre-
support structures. This example highlights the capacity of this new way of modeling to help the designer 
to choose the right construction process to manage the risk of settlement on surface structures.

2 A GRAND PARIS EXPRESS TUNNEL

2.1 Geometry and site characteristics

As an example for this study we consider a section 
typical for a tunnel excavated with conventional 
method for the Grand Paris Express project.

The tunnel axis is 17  meters deep. The tunnel 
section has a quasi-circular shape with a 4 meters 
radius. The lining is constituted of sprayed con-
crete with steel ribs. The unsupported span is 
equal to 2 m. It has been homogenized in the finite 
element model to one thickness of 30  cm with a 
Young’s modulus of 10 GPa and a Poisson’s ratio 
of 0,2. The excavation is full face with the possibil-
ity to use an umbrella arch system and/or glass-
fibers bolt in excavation face. The model length is 
equal to 70 m.

We reproduce 13 excavation steps. The settle-
ment trough is calculated from the differential 
settlement on the last excavation phase following 
(Möller, 2003). We privileged a three dimensional 
modeling to have a better accuracy on deviatoric 
stress path above the tunnel crown.

The geometry in the transverse section is shown 
in Figure 1.

The stratigraphy is given on Table  1. The soil 
properties are obtained from two pressumeter 
tests and five triaxial tests, three drained and two  

1 INTRODUCTION

The Grand Paris Express is a project of  190 km 
of  new underground metro lines with 68 stations 
in the very dense Parisian region. These massive 
undergrounds work have been started in 2016 
and will be finished in 2030. This unusual project 
gives opportunities for the design firms for work-
ing on their method and introducing innovations 
(Jullien et  al. 2015). This study proposes a new 
method for the evaluation of  settlements due 
to conventional tunneling works. This method 
includes two common pre-supports systems: 
umbrella arch method and excavation face rein-
forcement with fiberglass bolts.

This method is applied on a characteristic site 
with look-like geotechnical site investigation. It 
is divided in two parts. First we describe the new 
constitutive model for settlement prediction in 
urban tunnel context, and then we introduce the 
modeling of pre-supports with three dimensional 
finite element. Both elements combined with the 
risk analysis framework permit to design the pre-
supports structures in consistency with the sensi-
tivity of surface buildings.

All the finite element models and develop-
ment of constitutive model have been made with 
the 3D finite element package CESAR-LCPCv6 
 (Humbert et al. 2005).
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undrained. The coefficient of earth pressure at rest 
K0 is equal to 0.5.

2.2 Need for a dedicated constitutive model

According to the recommendation from ITA (2006) 
based on work by Peck (1969) and O’Reilly &  
New (1982), for those kinds of soil the settle-
ment trough profile in transverse direction is well 
described by a Gaussian curve, Equation 1.

S y S y KH( ) exp( / ( ) )max= − 2 22  (1)

where Smax is the maximum settlement at tunnel 
axis, K is a coefficient depending of the nature of 
soil from 0.30 (gravels) to 0.5 (clay) and H is the 
depth of the tunnel axis (17 m in this case).

Considering the nature of soil, fine sand, and also 
recent experiences in the Parisian region (Ferrari 
et al. (2014)), the coefficient K is taken equal to 0.35. 
The inflexion point is so at 6 m from tunnel axis.

If  Smax can be derivated from volume loss with 
accuracy for tunnel boring machine, it is much 
more difficult in the case of conventional excava-
tion. That is one of the reasons to use numerical 
simulations for these excavations. A first simulation 
has been conducted with a linear elasticity with 
the usual Mohr-coulomb plasticity criterion, with 
parameters values in Table 1. The settlement profile 

is shown in Figure 1. We fitted the parameter Smax 
of the Peck model with the numerical one.

Without surprise the settlement trough given by 
the numerical simulation is wider than the empiri-
cal one. It could leads to an underestimation of 
damage on structures. Indeed differential settle-
ment and deflection are the main causes of dam-
ages on structures (see for instance ITA (2006), 
Karakus (2007) or Franzius (2005)).

The prevision of displacement with an elasto-
plastic model whose elastic part is linear is incor-
rect. More complicated models do not really 
permit to better fit the empirical curve. This has 
led to introducing a new constitutive model with 
this objective.

3 A DEDICATED CONSTITUTIVE MODEL

3.1 Confining stress dependency

Following the work of Harding & Richart (1963) 
the stiffness at low deformations is described as a 
function of the mean effective stress p′, defined by:

′ = + +p ( ) /σ σ σ1 2 3 3′ ′ ′  (2)

The shear modulus is given by Equation 3.

G G A
p

p
ref

ref

r

0 = +








  (3)

where Gref is the shear modulus when p′ = 0, A is an 
increase coefficient, r is recommended around 0,7 
for granular soils and 1 for fine ones, pref is equal to 
20 kPa to obtain a dimensionless ratio.

It appears that the mean stress is quasi con-
stant around a tunnel, which explains why this  
formulation give almost the same results as a depth 

Figure  1. Geometry of the tunnel in the transverse 
section.

Table 1. Soil parameters.

Z 
(m)

E
(MPa)

ν 

(−)

c
(kPa)

ϕ

(deg)
ψ 

(deg)

Backfill  1 20 0,2 – – –

Sandy silt 10 30 0,2 42 34,6 5

Clayey sand 30 75 0,2 42 34,6 5

Limestone >30 >300 0,2 – – –

Figure 2. Settlement troughs with linear elasticity and 
Peck model.
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dependent elastic modulus. The pressure meter 
tests are used to calibrate the different parameters. 
For our case Gref  = 4 MPa, A  = 5 MPa and r  = 0,7 
(Figure 3).

The settlement trough is slightly narrower with 
this formulation of elasticity but still wider than 
empirical ones.

3.2 Deviatoric stress dependency

For the deviatoric stress dependency, an elastic 
non-linear behavior for the tangent shear modulus 
has been proposed (Equation  4 and Equation  5). 
Regarding the tangent Poisson’s ratio the Bulk’s 
modulus remains constant to avoid an unrealistic 
increase of volumic strains with the decrease of G 
(Equation 6).

q = − + − + −[ ]( ) ( ) ( ) /σ σ σ σ σ σ1 2
2

3 2
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1 3
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where ξ is a form parameter and qi is the deviatoric 
stress at initial stress state. ν0 is the initial value of 
Poisson’s ratio.

Contrary to hyperbolic formulations inspired 
by Duncan & Chang (1970), such as the models 
proposed by Fahey (1992) or the Hardening Soil 
Model (Schanz et al., 1999), the deviatoric stress is 
normalized by its initial value and not the failure 
value. The two mechanisms are then independent 
and the stiffness at initial step is well defined, the 
decrease in shear modulus being only a function of 
the deviatoric stress.

This kind of model has no significant impact on 
the settlement trough width but permits to adjust 
the maximum settlement (Gilleron et al., 2016).

We calibrate the ξ parameter from triaxial tests 
as well as the parameter for Mohr-Coulomb fail-
ure criterion (Figure 4).

3.3 Cross-anisotropic behavior

Following (Lee & Rowe, 1989), several numeri-
cal simulations have been done on different  

Figure 3. Shear modulus versus depth.

Figure  4. Triaxial tests: model (plain lines) vs experi-
mental results (dashed lines).

Figure 5. Influence of Gvh on deformations for several 
structures.
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geotechnical structures to finally underline the 
high sensitivity of  the shear modulus in vertical 
plane Gvh on the maximum settlement for urban 
tunnels. We introduced a cross-anisotropic elas-
ticity to take this into account.

The ratio between the horizontal Young’s modu-
lus Eh and the vertical Young’s modulus Ev is equal 
to 0,6. It has been determined on undrained tri-
axial tests following the observations on the stress 
path made by Grammatikopoulo (2015).

The tangent shear stiffness in the vertical plane 
Gvh,t is equal to 40% is isotropic value Ev,t/2(1+νt). 
This parameter has an impact on the settlement 
trough shape and especially its width. With these 
values the shape of the trough is much closer from 
empirical ones (Figure 6). It gives confidence in the 
new constitutive model.

4 DESIGN OF PRE-SUPPORTS

4.1 3D modeling of pre-supports

The cyclic installation process and complex geom-
etry of the umbrella arch system have been simpli-
fied in order to obtain a quite simple model. We 
consider that the length of each inclusion ahead 
of the tunnel face remains constant for each exca-
vation step (10 m for fiberglass bolts and 6 m for 
umbrella arch). The section of the tunnel is not 
modified due to umbrella arch and all the pre- 
support are parallel to the tunnel axis (Gilleron 
et  al., 2015). These two simplifications are close 
to those commonly done in analytical situation. 
By this way of modeling, the main effect of pre-
supports can be underlined. We also avoid a too 
complicated model which could lead to numeri-
cal difficulties. It also permits to easily adjust the 
geometry, density or stiffness of pre-supports for 

sensitivity analysis. As the plasticity first occurs 
on sidewall due to the anisotropic initial stress 
state, an angular opening of 230° for the umbrella 
arch has been chosen. The finite element model is 
shown in Figure 7.

The face nailing limits the decrease of axial 
stress and increase of deviatoric stress in exca-
vation face. It leads to a greater shear modulus 
according to equation 5 and a reduction of plas-
tic strains. Finally extrusion on excavation face is 
divided by a factor two with the pre-support. The 
umbrella arch has a similar effect but located on 
the unsupported span. Finally the combination 
of these systems reduces the maximum settlement 
to less than 15  mm. It is remarkable that these 
systems have no impact on the settlement trough 
width. It illustrates the only soil dependence of the 
settlement trough width noticed by O’Reilly and 
New (1982).

4.2 Risk analysis

Risk is defined as the combination of the prob-
ability of an event weighted by the sensitivity of 
the structure. The risk analysis of effect of the tun-
neling on surface buildings permits to design the 
pre-support.

Figure 7. Finite element model with pre-supports.

Figure 8. Settlement troughs calculated with and with-
out pre-support system.

Figure 6. Settlement trough with the anisotropic non-
linear constitutive model.



201

First, the method described previously permits 
to have an estimation of the probability of settle-
ment. We assume that several calculations com-
bining different values of Mohr-Coulomb failure 
criterion and elastic parameters make it possible 
to evaluate the probability P(Smax) of  a settlement 
lower than Smax, for three different situations of 
support and pressuports (E2-B1-VP1, E2-B2-VP2 
and E1-B1-VP1 on Figure 9).

In our situation, the event is the consequence 
due to an excess of settlement on the structure or 
function of the building. The category of damage 
evaluation can be conducted following the recom-
mendations by Mair (1996).

Besides, the analysis introduces the notion of 
vulnerability of a structure: the same level of dam-
age does not have the same consequences according 
to its use (hospitals should not undergo damages 
of category >1 for instance whereas warehouses 
can bear more severe damage).

Three buildings with different vulnerabilities 
and behavior with respect to the level of settle-
ments are studied in Table  2. The probability of 
settlement (taken from Figure 2) yields the prob-
ability of damage on the building. This data asso-
ciated with the vulnerability (from 1 to 4) gives the 
risk on the structure, on a 1–3 scale. If  the risk level 

is 1, tunneling is safe. If  the risk level is 2, protec-
tion has to be introduced on structure and accom-
panied by special auscultation. For a risk level of 3, 
tunneling works have to be reconsidered.

This can be used as a basis to adjust the con-
structive method in order to control the risk on 
the structure. Furthermore we avoid oversizing the 
pre-supports structures by systematically choosing 
the less settlement prediction.

For building A, the vulnerability is low, and a 
probability of 35% of damage category 3 (E2-B2-
VP2) leads to a risk level of 1.

For building B, the same probability leads to a 
risk level of 2. We prefer to introduce stiffer pre-
support systems (E2-B1-VP1) to decrease this 
probability to 20% and the level of risk to 1.

For the building type C, even the higher pre-
support (E1-B1-VP0) leads to a probability of class 
4 damage equal to 20%. As the vulnerability of this 
building is the highest, the risk associated is 2. We rec-
ommend the use of stiff pre-support, with a reduced 
unsupported span (E1-B1-VP0) but also protection 
on the building to reduce its sensitivity and to per-
form a very detailed monitoring during works.

5 CONCLUSION

This paper illustrates on an example the use of a 
new method to predict settlements due to urban tun-
neling. The method is grounded on finite element 
simulations based on a new constitutive model for 
soil. It discusses also the influence of pre- support 
structures. This example highlights the capacity of 
this new way of modeling to help the designer to 
choose the right construction process to manage the 
risk of settlement on surface structures.
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