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ABSTRACT: This paper discusses the results of a numerical simulation of a closed face tunnelling. Two-dimensional and three-
dimensional finite element methods were used to find the surface settlement due to closed face tunnelling. A case study of the Second 
Heinenoord tunnel in Netherlands was analysed by using PLAXIS program. Different installation procedures were used coupled with 
different constitutive laws for modelling the soil. The results are verified by the measurements of the site found in the literature. The 
three-dimensional finite element results seemed to simulate the closed face tunnelling problem better than two-dimensional one. The 
numerical simulation of tunnelling shows that the results are more influence by installation procedures rather than the constitutive 
laws of the soil. 

RÉSUMÉ : Cette étude examine les résultats d'une simulation numérique d'un tunnel à face fermée. Des méthodes d'éléments finis 
bidimensionnels et tridimensionnels ont été utilisées pour trouver le nivellement de surface  dû à la tunnelisation à face fermée. Une 
étude de cas du deuxième tunnel de Heinenoord aux Pays-Bas a été analysée à l'aide du programme PLAXIS. De différentes procédures 
d'installation ont été utilisées, accompagnées de différentes lois constitutives pour la modélisation du sol. Les résultats sont vérifiés à 
l’aide des mesures du site trouvées dans la littérature. Les résultats des éléments finis tridimensionnels semblent mieux simuler le 
problème des tunnels fermés que ceux des deux dimensions. La simulation numérique des tunnels montre que les résultats sont plus 
influencés par les procédures d'installation plutôt que par les lois constitutives du sol.
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1 INTRODUCTION 

Prediction of settlement caused by tunnelling is an important 
aspect, especially in urban areas when tunnelling is going 
through soft ground at shallow depths. There are several 
methods for analysis of a tunnel, beginning with simple 
empirical and analytical methods and ending with most 
advanced numerical methods. Nowadays numerical methods are 
used quite a lot for the analysis of a variety of engineering 
problems. One of these problems is tunnelling, which is 
considered as one of the most complex geomechanical 
problems. Numerical procedures have the ability to incorporate 
complex factors in the problem e.g.; nonlinearity, dynamic 
loads, discontinuity and non-homogeneities that cannot be 
handled by a closed form of analytical solution or an empirical 
procedure. Advances in computer abilities make them more 
efficient and economical. Moreover, numerical procedures are 
more incorporated in practice field and also in scientific 
research. More details about numerical methods in geotechnical 
engineering can be found in Desai (1977). Finite element 
method (FEM) is the most used numerical procedures, Bathe 
(1982).   

Numerical modelling is the most modern and accurate 
technique for analysis of the tunnel. There are different 
numerical methods for modelling of tunnelling processes 
includes: finite difference method, boundary element method, 
finite element method... etc. Finite element method is the most 
common used numerical procedure especially for continua 
model of tunnelling in soft ground, and there are many 
programs based on this method.  Today more advances 
computer help for modelling tunnelling process by using more 
sophisticated package programs. This program can simulate 

tunnelling process in three-dimensional with more accurate soil 
and lining material laws. Tunnelling installation can be 
numerically simulated using two- and three-dimensional 
modelling. Different constitutive laws for modelling stress-
strain behaviour for soil were available, which was studied by 
Benz (2006). Studying of the effect of installation procedures 
and different constitutive models for soil in FE-Modelling of 
tunnelling are presented also by Möller (2006). Comparison 
between 2D and 3D FE-Modelling of tunnel was studied by 
Üçer (2006). In this paper, different installation procedures and 
different constitutive laws for modelling of soil were used, and 
the results were evaluated by comparing them to the 
measurements that found by Bakker (1999).   

2 GROUND DEFORMATIONS DUE TO CLOSED FACE 
TUNNELLING 

 
Figure 1: Principal components of ground deformation for closed shield 
tunnelling (after Mair and Taylor (1997)) 

 
Soft ground is more sensitive to induced deformations caused 
by tunnelling process. In urban area when tunnelling going in 
shallow depth the best choice for the construction method is by 
using Tunnel Boring Machine (TBM). This machine applies a 
face pressure at the head of a tunnel and radial pressure at the 
tail of the machine to stabilize the ground and reduce the 
amount of deformations. Figure 1 shows the primary 
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 components of ground deformation associated with closed 
shield tunnelling which are summarized by Mair and Taylor 
(1997) as follows: 

1. Movement of the ground towards the face, due to 
stress relief.  

2. Radial ground movement towards the shield, due to 
over-cutting and ploughing.  

3. Radial ground movement into the tail void, due to a 
gap between shield and lining.  

4. Radial ground movement towards the lining, due to 
deformation of the lining.  

5. Radial ground movement towards the lining due to 
consolidation. 

3 NUMERICAL MODELLING OF TUNNELLING 

Numerical methods can be divided into different methods that 
deal with continua and discontinua modelling of ground 
medium. Finite element method is used for modelling of 
continua medium e.g. tunnelling in soft ground. There are 
different installation procedures for numerical modelling to 
simulate the tunnelling process. However, tunnelling is a three-
dimensional process, 3D numerical methods allow simulating 
this three-dimension stress-strain situation more realistically. 
Although the tunnelling process cannot be modelled accurately 
with every aspect, still assumptions are required. For tunnelling 
the process is discontinuous, this leads to step-by-step 
numerical procedures, which had been initiated by Hanafy and 
Emery (1980) for open face tunnelling. This method is also 
incorporated and modified for modelling of closed shield 
tunnelling by providing face and radial pressures to simulate the 
TBM, and it was entitled by the step-by-step pressure method. 
Because of the size of the model in 3D FEM, it needs highly 
computation efforts which consumes more time, so 2D FEM 
shows to be more practical. In 2D FEM the absence of the third 
dimension provide some source of insecure in analysis. So this 
must be includes in mind when model a 3D actual process in a 
2D numerical model for analysis. Different installation 
procedures used in 2D FEM for modelling of tunnelling. Two of 
them were used in this paper. The first one is the grout pressure 
method developed by Möller (2006) which is replaces the initial 
stress by a given grout distribution with limiting the ground 
deformation by the outer diameter of the tunnel lining. The 
second one is the contraction method developed by Vermeer 
and Brinkgreve (1993), where the ground loss is simulated by a 
certain tunnel contraction. In this paper, these methods were 
used for modelling of the Second Heinenoord Tunnel. 
Another important factor for numerical simulation is the choice 
of constitutive law for model of the soil. This law describes the 
stress-strain relationship for the soil. For proper modelling of 
the soil, it is crucial to consider it as a nonlinear stress-strain 
material. Linear elastic or elasto-plastic Mohr-Coulomb (MC) 
constitutive model are used for modelling the soil as the first 
choice by many, PLAXIS 3D (2006). The Hardening-Soil (HS) 
model describes the pre-failure soil behaviour by using three 
input stiffnesses with adopting a pressure dependent 
formulation according to the idea of Ohde (1951). The 
influence of these constitutive laws on the results of surface 
settlement for the Second Heinenoord Tunnel was studied in 
this paper. Tunnel lining is almost modelled by using shell 
element with linear-elastic behaviour. Segmental lining which 
more accompany with closed shield tunnelling did not need 
age-dependent model that used for sprayed concrete lining. 
Details of modelling sprayed concrete can be found in Thomas 
(2009). 

4 CASE STUDY: THE SECOND HEINENOORD 
TUNNEL 

 
Figure 2: Measuring area at North Bank of river "Oude Maas"   
(Bakker, 1999) 
 
The bored tunnelling part was started in February 1997 from the 
North bank, and ended there too, in June 1998, after turning on 
the south bank. The cross-section consists of two tubes with an 
external diameter of 8.30m. The total length of the tunnel is 
1350m with a bored part of 950m for each tunnel (Bakker, 
1999).  
 
Table 1: Heinenoord ground parameters (Möller, 2006) 

 
Table 1: Additional ground parameters as used for the HS-Model 
(Möller, 2006) 

Layer νur 

[-] 
Eoed

ref 

[MPa]
E50

ref 

[MPa] 
Eur

ref 

[MPa] 
m 

[-] 
OCR

[-] 
1 0.2 14 14 42 0.5 1 

2 0.2 35 35 105 0.5 1 

3 0.2 35 35 105 0.5 1 

4 0.2 7 12 35 0.9 1 

 
Tables 1 and 2 give the properties of the soil layers, the depth of 
the layers from the ground surface was 4m, 19.75m, 23.25m and 
27.5m for the layers 1, 2, 3 and 4 respectively. The depth of 
ground water table was 1.5m below ground surface.The depth 
of the tunnel axis was 16.65m below the ground surface. The 
lining of the tunnel was a concrete segmental lining (7segments 
+ key segment) with 1.5m in length and 0.35m in thickness. The 
material properties of the concrete are E= 30GPa and v= 0.2. 
The soil parameters to model drained ground behaviour with the 
MC and HS-Model are listed in Tables 1 and 2 respectively. The 
stiffnesses of the MC-Model given in Table 1 are the absolute 
stiffnesses which have been adjusted to the stress level acting in 
the middle of the respective layers. The values of Eur

ref as used 
for the HS-Model (Table 2) are reference values and are thus 
different from the absolute stiffnesses of the MC-Model. 
Whereas the HS-Model automatically makes distinction 
between primary loading and unloading-reloading stiffnesses, 
the MC-Model uses a constant stiffness, no matter the loading 
history. In order to account to some extend for the unloading 
behaviour in the MC-Model, the layers underneath the tunnel 
have been assigned the unloading-reloading stiffness, whereas 
the layers on top were assigned the stiffness for primary loading.  
The tunnel lining has been modelled linear elastically, using 
shell elements. The flexural rigidity has been reduced to 
account for joints between segments. Following Muir Wood 
(1975) a reduction factor of four has been applied to the flexural 
rigidity of the tubing (Möller, 2006). 

Layer γdry 
[KN/m3]

γsaturated

[KN/m3]
ν 

[-] 
Eoed 

[MPa] 
c 

[kPa]
Φ
[o]

K0 
[-] 

1 16.5 17.2 0.34 8 3 27 0.58

2 20 20 0.30 40 0.01 35 0.47

3 20 20 0.30 120 0.01 35 0.47

4 20 20 0.32 48 7 31 0.55
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  4.1 Three-dimensional finite element model     

The Second Heinenoord tunnel was modelled using 3D finite 
element method. Three-dimensional mesh block with 15-noded 
triangular elements was modelled using PLAXIS 3D Tunnel 
program, and the sizing of the model was assigned to encounter 
the boundary effect as found in Möller (2006). All layers are 
assumed to behave drained. Mohr-Coulomb soil parameters as 
listed in Table 1 were available from the site report of Bakker 
(1999). For the 3D analysis, also the Hardening-Soil Model was 
applied. Ground parameters of the HS-Model are listed in Table 
2. The TBM was modelled according to the step-by-step 
pressure method. The slurry at the face of the tunnel is 
simulated by an axial pressure of about 230kPa at the tunnel 
crown and increasing with depth according to its density γ = 
15kN/m3, the shield of the TBM is simulated by a radial 
pressure and the fresh grout in the tail void behind the shield is 
also simulated by a radial pressure of about 125kPa at the 
crown and also increasing with depth according to the density 
of γ = 15kN/m3, Bakker (1999) and Möller (2006). These 
applied pressures were taken as close as possible to the reality. 
To simulate the excavation and support sequence, a step-by-step 
pressure approach has been applied. At every step or phase, one 
slice of the ground is removed with one slice of the lining is 
activated, which simulates the TBM advancing. The calculation 
took 40 phases, each phase excavated 1.5m length, resulting in 
total excavation length of 60m. A 20cm gap between the outer 
diameter of the lining and the excavated diameter was assumed.  
This gap simulates the difference in diameter between the TBM 
and the lining, moreover includes the overcutting. This gap is 
filled by grouting process.  
   
 
 
 
 
 
 
 
 
 
 

 
Figure 3: Transverse settlement troughs of 3D grout pressure method 
and different constitutive models 
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Figure 4: Transverse settlement troughs of 3D grout pressure method 
and different constitutive models 
 
Figure 3 shows the results of 3D grout pressure with FE-
modelling. The measured settlement appears to be well matched 
by using a crown pressure of 125kPa with MC-Model for the 
soil. The HS-Model gave high settlement of 3.3cm at the tunnel 
centre with a same crown pressure of 125kPa. By increasing the 
crown pressure in the HS-Model to 130kPa, the result matched 
the measurement at the centreline. In Figure 4, both models 
show a slightly wider settlement trough with respect to the 

measurements. From these analyses, it is obvious that the 
results are extremely sensitive to grout pressure. 

4.2 Two-dimensional finite element method   

Two-dimensional FE-mesh was used to model the Second 
Heinenoord tunnel. Besides the evaluation of the influence of 
constitutive models, the influence of different installation 
procedures for shield tunnels, namely the contraction method 
and the grout pressure method, was studied. Ground parameters 
from Tables 1 and 2 were used. In the grout pressure method, 
radial pressure was modelled with the gap element. This 
method contains two steps. The first one is removing the ground 
elements inside the tunnel and applying the radial pressure. 
While the second one is removing the radial pressure and 
activating the lining. The contraction method applies the ground 
loss as contraction percentage. Also, this method comprises of 
two steps. The first one is removing the ground inside the 
tunnel with activating of the lining. And the second one is 
applying contraction to the lining.  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: Transverse settlement trough using the grout 2D pressure 
method and different constitutive models 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Transverse settlement trough using the grout pressure method 
and different constitutive models 
 
The results of the 2D grout pressure method are shown in 
Figure 5. A slightly increase in radial pressure to 136kPa for the 
MC-Model has been adopted so the results match the 
measurements. This increasing is due to the absence of the face 
pressure in the third dimension. This indicates that the face 
pressure of the 3D analysis does not contribute more to the 
development of the surface settlements. Figure 5 also shows the 
HS-Model gives larger settlement trough. Fig. 6 shows results 
of the transverse settlement trough of the grout pressure method 
using MC and HS constitutive models. In this figure, the 
difference between the measurements and the settlement trough 
of the HS-Model is moderate, but slightly higher crown 
pressures of 143.8kPa had to be applied to match the maximum 
settlement.  
Fig. 7 shows the results of transverse settlement troughs of MC 
and HS constitutive models, using the contraction method. 
Contraction percentages higher than the measured ground loss 
were applied, so that the result matches the measurement at the 
centreline. This method gives significantly wider settlements 
trough for the MC and the HS Model with respect to the 
measurements. 
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Figure 7: Transverse settlement troughs using the contraction method 
and different constitutive models 

5 DISCUSSION OF THE RESULTS 

In 3D FE-modelling with the grout pressure simulation with 
MC-Model gives a maximum settlement of about 2.6cm, and 
with HS-Model is about 3.3cm using the same crown pressure 
of 125kPa. This crown pressure is equal to the measured one, 
and the maximum measured settlement is about 2.6cm. This 
indicates the MC-Model matched this value while the HS-
Model give higher one. The distribution of the MC-Model in 
Figure 3 shows very slight difference from the measurements. 
Figure 4 shows the curve of the HS-Model by increasing the 
crown pressure to 130kPa. This value is found about 4% more 
than the applied one, so the maximum settlement of about 
2.6cm was given, which is matched the measured one. However, 
the settlement trough is very slightly wider.      
In 2D FE-modelling using the grout pressure method, an 
increased crown pressure of 136kPa was applied in the MC-
Model to gives the maximum settlement of about 2.6cm, Figure 
5. The increasing value is about 9% more than the applied 
crown pressure in the reality. This proves that the contribution 
of the deformation at the face is very small to the final 
deformation in closed face tunnelling. Also, the HS-Model 
gives deeper and wider settlement trough when a 135kPa radial 
pressure was applied. Increasing this pressure to 143.8kPa was 
done to get a maximum settlement of about 2.6cm as shown in 
Figure 6. Figures 3, 4, 5 and 6 demonstrate the fact that the 
ground displacements are very sensitive to the variation of the 
grout pressure. And also, they show that the MC-Model gives 
better results than the HS-Model with lower crown pressure, 
which is closer to the measurements of the applied grout 
pressure in the reality.         
In 2D FE-modelling using the contraction method, higher 
contraction percentages were applied in both MC and HS 
Models to give a maximum settlement of about 2.6cm. Figure 7 
demonstrates that the results of MC-Model for soil were better 
than the results of the HS-Model, but by using larger 
contraction of 1.25% instead of using 0.97% as in the HS-
Model. The contraction percentage must represent the volume 
loss of the ground, and the actually measured loss is about 0.7%. 
The MC-Model needs larger contraction percent than the HS-
model to match the maximum settlement at the centre of the 
tunnel, but it gives lesser wide settlement trough.  
Figures 6 and 7 show that, the shape of the transverse 
settlement trough is more affected when applying different 
installation procedures rather than different constitutive models. 
Using the MC and HS Model, the settlement trough of the 
contraction method is far more flatter than for the grout 
pressure method. Obviously numerical installation procedures 
are more important for the shape of the settlement trough. 
Better solutions for estimation of the ground deformation that 
have good agreement with the measurements were found by 
using the MC-Model as constitutive model for the soil rather 
than the HS-Model. Constitutive models depend upon the input 
parameters that depend on the degree of sampling and testing to 
extract the behaviours of soil. The sophisticated the constitutive 
model was, the more input parameters were needed. MC-Model 

simulates the soil by one stiffness parameter for both loading 
and unloading condition, and it is an absolute value, which not 
depend on pressure value. In all methods HS-Model gives wider 
settlement trough. The stiffness in MC-Model was adjusted 
according to the pressure at the middle of each layer.     

6 CONCLUSIONS 

Using the grout pressure method in 3D FE-modelling of closed 
shield tunnelling gives very good results by applying the same 
pressure distribution in reality.  
The grout pressure method in 2D FE-modelling gives good 
results by less effort. The different in the grout pressure 
between 2D and 3D FEM to match the measured surface 
settlement at the centreline was found to be small. The 
contraction method over predict the settlement trough. The 
results were shown to be more sensitive to the installation 
procedures rather than the constitutive models of the soil.  
MC-Model is very simple especially when there is lack of data 
for soil. Good results were given from it by using the adjusting 
stiffness at the middle of the soil layer. When a good data about 
soil is available, it is appropriate to use HS-model.  
Numerical procedures are very good tool for analysis, but the 
results extremely depend on the input values and modelling 
process adopted, which depend on user,s experience.      
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