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ABSTRACT: The project for the 2nd main railway line in Munich consists of twin train tunnels (VTRs) and an exploratory and 
emergency tunnel (ERS), which is located between the two train tunnels. The overall length of the tunnels is approximately 7 km, and 
they run from west to east under a highly congested urban area containing critical structures, such as bridges, existing tunnels, railway 
stations and historical buildings.  This paper focuses on the western part of the line, particularly the tunnel section from Donnersberger 
Brücke to Marienhof. The tunnels in the western part have diameters of 8.4 m and 4.7 m for the VTRs and ERS, respectively. As part 
of the design, 3D FE analyses are performed to assess the expected deformations due to shield driving. The numerical analyses are 
conducted for the relevant areas where critical structures and facilities are located above the tunnel or in the tunnel's zone of influence. 
The tunnel boring machine (TBM) is represented in the FE model by the so-called pressure model, which defines a stress boundary 
condition. In the pressure model, the TBM is modelled by applying a support pressure along the face and excavation surfaces without 
activating the shield. The advance of the TBM is simulated by a step-by-step analysis with a rate of one tubbing segment (2 m and 1.2 
m for the VTR and ERS respectively) in a partially drained condition. The paper deals with the ground movements assessment for 
selected critical areas of the project using 3D FE deformation analysis. These computations are used to determine the support and grout 
injection pressures required to meet the deformation and tilting requirements at ground level and on the existing structures. The 
challenges involved in modelling and performing the calculations, including modelling the joints of existing tunnels, are discussed and 
representative results are presented.  
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1 INTRODUCTION 

The construction of a new double-track electrified railway line 
between the Laim and Leuchtenbergring stations, is part of the 
realization of the major project 2nd Munich suburban railway 
main line. Two tunnels, each about 7 km long and each with a 
railway track, form the core of the new east-west link. Figure 1 
provides an overview of the western section of the 2nd Main 
Line. The two traffic tunnels in the western part of the line, 
referred to hereafter as the VTR-N and VTR-S, are mainly 
advanced by tunnel boring machines with an inner diameter of 
~7.5 m and an outer diameter of ~8.4 m. Similarly, a smaller 
tunnel, referred to hereafter as the ERS (with an inner diameter 

of ~4.0 m and an outer diameter of ~4.7 m), is also driven 
between the two tubes for exploratory and emergency purposes. 

The tunnel sequence consists of ERS  VTR-N  VTR-S with 
an intermediate consolidation phase. 

A ground movement assessment is carried out with 3D 
numerical analysis for relevant areas in which important 
structures and facilities are located above the tunnel or in the 
area of influence of the tunnel construction. These areas include 
the main railway station, the Donnersberger Bridge (Dbb) and 
the Post Tunnel (PT), the Karlsplatz (Stachus) area with the 
U4/U5 underground station and the area around the 
Frauenkirche (Cathedral of Our Dear Lady). 

 
Figure 1. Site plan - western part of the line. 

2 THE UNDERGROUND 

The underground is typical for Munich and consists of tertiary 
and quaternary layers. The Quaternary consists mainly of dense 
layers of sand and gravel, the Tertiary of alternating layers of 
sand and clay/silt. The layer boundaries vary along the tunnel 
route. The tunnels start in the west partly in the Tertiary, partly 
in the Quaternary layers. To the east of Central Station, the 
tunnels are completely inside the impermeable Tertiary 

deposits. The impermeable Tertiary strata are locally 
intercepted by water-permeable sand lenses. 

3 MODELLING 

3.1 Modelling - Tunnelling Processes  

The TBM advance is simulated using the so-called pressure 
model. In this approach, the TBM is represented by applying a 
face support pressure (slurry) at the tunnel face and a 
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backfilling pressure (grout pressure) at the tail of the shield. 
Within the shield zone, the pressure distribution is either 
linearly interpolated between the face and tail pressures or 
applied uniformly, depending on the modeling assumptions. A 
continuous pressure distribution is assumed across the defined 
pressure zones. The tunnel lining, following the pressurized 
zone, is modeled using plate elements. Figure 2 illustrates the 
schematic distribution of pressure along the length of the TBM. 
The final support (SD) and grout injection pressures (MVPD) 
are determined based on the allowable ground surface 
settlement, heave, and tilt tolerances, particularly in relation to 
sensitive structures and their foundations. The implementation 
of the pressure model within the 3D finite element model is 
shown in Figure 3. 

The tunnelling process is simulated using a step-by-step 
analysis approach. The excavation length per calculation phase 
corresponds to the width of one segment: 2.0 m for the VTR 
and 1.2 m for the ERS, as shown in Figure 2. Accordingly, the 
tunnel advances by one segment per phase. The analysis is 
performed under partially drained conditions, accounting for 
the excavation advance rate - 10 m/day for the VTR and 
8.4 m/day for the ERS - so that each phase includes a 
consolidation component. For the Dbb and PT sections, this 
results in approximately 470 construction phases for a 230 m 
long model. Additional phases are introduced to simulate a 
stepwise reduction in face or air pressure in the event of an 
emergency access to the excavation chamber while the VTR is 
being driven beneath the Dbb pier foundations. 

 
Figure 2. Schematic representation of the pressure model. 

 
Figure 3. Implementation of the pressure model in the FE 3D model. 

3.2 Modelling – Joints (VTR/ERS) 

The segments are modelled as a homogeneous ring using 6-
node triangular plate elements. These elements are defined as 
linear-elastic with a constant cross-section and reduced stiffness 
according to Muir Wood (1975). The bending stiffness is 
adjusted by considering the geometry of the longitudinal joints 
(i.e. the contact surfaces between individual segments). The 
resulting reduced moment of inertia is calculated as follows: 

𝐼 ൌ  𝐼௦ ൅ 𝐼௡ ∙ ൬
4
𝑚
൰
ଶ

 (1) 

I = reduced moment of inertia, 
Is = moment of inertia of the contact area of the joints, 
In = Moment of inertia of the segment as a whole, 
m = number of the segments 

3.3 Modelling – Existing Tunnels Joints 

Depending on whether the tunnel segment or sprayed concrete 
lining (SCL) is modelled as a plate or as a solid volume, 
different approaches can be applied for modelling the joints of 
existing tunnels in PLAXIS 3D software. 

3.3.1 Tunnel lining as plate element 

There are two ways to simulate joints in the Plaxis software. 
These are (Figure 4): 
 Predefined joints, the so-called 'connections', 
 a small plate (e.g. 50 to 100 mm wide) with a realistic 

stiffness value of the joint material 

 
Figure 4. Schematic representation of the joints in FE-model - plate. 

In a 3D finite element model of approximately 230 m by 100 m, 
incorporating a realistic joint with a width of 50 to 100 mm may 
cause mesh quality issues, potentially leading to numerical 
instability. A comparative study of two modelling approaches - 
namely the 'Connection' method and shell elements with a 
100 mm width - demonstrates that the analysis results are 
comparable for box-shaped tunnels (Figure 5). 

 
Figure 5. Comparison of joint simulations - lining as plate element. 
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For the sake of completeness, the use of an explicit joint model 
with a 100 mm-wide solid has been investigated, and the results 
are identical to those of an explicit joint model with a narrow 
shell (plate) element as shown in Figure 5. 

3.3.2 Tunnel lining as a solid body 

For existing tunnels, where the tunnel lining (SCL) is modelled 
as a solid volume, two approaches are commonly used to 
simulate the joints between different tunnel sections (Figure 6): 
 A 50 to 100 mm wide solid element representing the joint 

with realistic stiffness properties of the joint material,  
 Interface (contact) elements with stiffness parameters 

reflecting the joint material properties.  

 
Figure 6. Schematic representation of the joints in FE-model - tunnel 
lining treated as a solid body. 

Comparative analyses have demonstrated that using interface 
elements to simulate actual joints produces results comparable 
to those obtained with a 100 mm solid volume element (see 
Figure 7), given that the magnitude of relative deformations is 
very small (<< 1 mm). 

 
Figure 7. Comparison of two types of joint simulation: tunnel lining 
treated as a solid body. 

4 EXAMPLES 

4.1 Donnersberger Bridge und Post-Tunnel (Dbb & PT) 

As shown in Figures 8 and 9, the 3D-FE-model is 230 m x 100 
m x 40 m in size and contains all the relevant structures and 
loads within the influence zone of the tunnels for the Dbb & PT 
area: The calculation model consists of: 
 2 x traffic tunnels - VTR-N & VTR-S (2nd main railway 

line, new), 
 1 x Exploratory and Emergency Tunnel - ERS (2nd main 

railway line, new), 
 Donnersberger Bridge (Dbb) Pier foundation (existing) 
 Post tunnel (PT) - open cut tunnel (existing), 
 2 x injection shafts (2nd main railway line, new) - for lifting 

the PT if required, 
 Various train loads at surface levels (existing), 
 Building loads (existing). 

The soil volume elements are assigned material properties 
according to the Hardening-Soil-Small-Strain (HSS) 
constitutive model, as recommended in the geotechnical 
interpretation report.  

 
Figure 8. 3D FE-Model overview – Dbb & PT 

 
Figure 9. 3D FE-Model - Dbb & PT: structural elements and loading 

The post tunnel (PT) is modelled using plate elements with 
linear-elastic behavior. The joints between the tunnel blocks are 
modelled with ‘Connections’, i.e. as hinges with free degrees of 
freedom in all directions, see section 3.3.1. 

4.1.1 Preliminary Investigations 

The finite element model shown in Figure 8 is computationally 
intensive, comprising approximately 500,000 elements and 
over 470 calculation phases (construction stages), including 
consolidation effects. Completing the full analysis may require 
several days of computation time. Therefore, a simplified 
model with dimensions of 130 m × 100 m × 40 m and relatively 
coarse mesh discretization was developed to perform 
parametric studies and to identify the limit support pressures 
required to satisfy the project-specific deformation and tilting 
criteria. The following variants were investigated: 
 Variant I (V-I): Lower bound of pressure at crown level 

from stability analysis: 
 ERS: SD = 148 kPa; MVPD = 188 kPa 
 VTRs: SD = 162 kPa; MVPD = 177 kPa 

 Variant II (V-II): Upper bound of pressure at crown level 
from stability analysis: 
 ERS: SD = 305 kPa; MVPD = 383 kPa 
 VTRs: SD = 262 kPa; MVPD = 352 kPa 

 Variant III (V-III): The minimum pressure at crown level 
required to fulfill the project requirement: 
 ERS: SD = 305 kPa = MVPD 
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 VTRs: SD = 262 kPa = MVPD 
 Variant IV (IV): the same as V-III, but MVPD = SD + 50 

kPa. The assumption behind this is that there will be a 
difference of at least 50 kPa in pressure between SD and 
MVPD during most of the tunnel operations, with the 
only exception being during the installation of the tubing 
rings. 

The surface settlements for all four variants, evaluated along a 
transverse section intersecting the point of maximum 
settlement, are presented in Figure 10. The diagram reveals 
significant differences in settlement among the variants. 
Notably, the lower-bound support pressures derived from the 
stability analysis (Variant I) lead to surface settlements that 
exceed the permissible limit. In contrast, the upper-bound 
pressures result in highly conservative settlement values. 
Variant IV indicates that ground deformations are particularly 
sensitive to the grout pressure (MVPD). The project 
requirements are best fulfilled when the applied pressures lie 
between these two extremes - closer to the upper limit. While 
Variant III also results in surface settlements well below the 
limit value, this outcome is primarily governed by the 
requirement that the bridge pier foundations exhibit a maximum 
uniform settlement of 5 mm. This is illustrated in Figure 11 for 
Variant III. The most critical foundation is Pier P-VI, located 
directly above the ERS and between the two VTRs. The 
corresponding tilting (differential settlements) is shown in 
Figure 12. 

 
Figure 10. Settlements at ground surface (z = 523.1 mNN) - Dbb & PT 

 
Figure 11. Vertical deformations of the P-VI at the corners and edge 
points – Variant III 

A summary of the preliminary analyses is provided in Table 1. 
Based on these findings, the support and grout pressures 
defined in Variant III have been adopted for the final 
calculation model. 

 

 
Figure 12. Tilting (differential deformations) of P-VI - Variant III 

Table 1. Summary of the preliminary investigations 

 

4.1.2 Final Results 

The final large-scale, finely meshed FE model (Figure 8) was 
analyzed using the support and grout pressures derived from 
Variant III of the preliminary investigations, in order to ensure 
that deformations and distortions remain within the allowable 
limits. The final results, summarized in Table 2, are consistent 
with the findings of the preliminary analyses.  

Table 2. Summary of final results 

 

Further results of the final FE model, which are not included in 
this paper, comprise the following aspects:  
 Three-dimensional displacements of the existing PT, 

including tilting of individual tunnel blocks and both 
absolute and relative displacements at the block joints.  

 Further results of the FE model not included in this paper 
comprise an assessment of the effects of a potential 
emergency incident during VTR-S tunnelling beneath the 
Dbb and PT, which could necessitate access to the 
excavation chamber. In this scenario, the impact of a 
gradual loss of support or air pressure on the bridge pier 
foundations has been investigated (Figure 13). 

 
Figure 13. Demonstration of the emergency incident simulation. 
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4.2 Frauenkirche 

The Cathedral of Our Dear Lady (Frauenkirche) is one of 
Munich’s most iconic landmarks, located in the city center at 
Frauenplatz (Figure 14). The Cathedral was constructed in the 
first half of the 13th century as a three-aisled, transeptless pillar 
basilica with two west towers. The upper closure of the interior 
space consists of net vaults (ribbed vaults) that span each bay 
between the rows of interior piers and the wall piers of the outer 
walls. The building is approximately 109m long and 40m wide, 
with its two distinctive western towers reaching a height of 
about 99m.  

The cathedral’s walls and interior piers consist of brick 
masonry. The foundations mainly comprise brickwork and 
mortared gravel. The foundation pressures beneath the 16 m × 
16 m towers reach up to approximately 770 kPa, while the 
pressures beneath the outer walls and interior piers reach about 
560 kPa and 310 kPa respectively. The sacristy, located in the 
north-eastern part of the cathedral, was constructed in the 
second half of the 15th century together with the main structure. 
Due to its historic and architectural significance, strict 
settlement and tilt limits apply during nearby tunnelling works. 
At the outset of the analysis, the deformation of the towers was 
of particular interest.  
 
The VTR-S tunnel runs closest to the Frauenkirche, with a 
horizontal clearance of about 10 m beneath the sacristy. The 
closest horizontal distance to the north tower is approx. 34 m. 
The vertical distance between the crown of the VTRs and the 
lowest foundation point is approx. 29m. 

 
Figure 14. Frauenkirche, view from southeast 

The 3D finite element model of the Cathedral of Our Dear Lady 
(Frauenkirche) spans 192 m × 183 m × 67 m. The entire brick 
foundation of the cathedral is represented within the model, 
with the Marienhof station beginning at the eastern boundary 
(see Figure 15). All relevant structural components of the 
cathedral’s foundation are explicitly modelled, including their 
geometry, stiffness, loading conditions, and interface elements 
along their boundaries. Other secondary loads - such as those 
from rail traffic, surface loads, or adjacent buildings - are 
incorporated as distributed flexible loads applied at the 
corresponding foundation depth. This approach is justified by 
the tunnel crown being located approximately 34 m below 
ground level. 

4.2.1 Preliminary Investigations 

The required support and grout pressures were determined 
following the same method as described in section 4.1.1 with a 
simplified model. Chosen calculation results of the preliminary 
analyses are shown in Figure 16 and Table 3. The magnitude of  
 

 

 

Figure 15. 3D FE-Model overview – Frauenkirche 

the support and injection pressure has a significant influence on 
the surface settlements. As anticipated, the maximum 
settlement of approximately 14 mm occurs when applying the 
minimum pressures required to maintain face stability. To meet 
the settlement requirements at ground level, the pressures must 
be increased to the values shown in Table 2, designated as ‘Var 
I’. These are approximately 0.8 bar lower than the maximum 
permissible pressures derived from the stability analyses. The 
settlement curves in Figure 16 assume that SD = MVPD. 

 
Figure 16. Settlement troughs with minimum pressure for stability 
requirements and required pressure for settlement limitation 

Table 3. Summary of selected calculation results for the 
Frauenkirche model 
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4.2.2 Results 
The final large-scale FE model was calculated using the support 
and grout pressures derived from the preliminary 
investigations. The model comprises of approximately 460,000 
elements and 400 calculation phases (construction stages), 
including consolidation effects. The results are consistent with 
the findings of the preliminary analyses and confirm that 
deformations and distortions at ground level remain within the 
allowable limits. 
In addition to the settlements at ground level, the deformations 
of the foundation and the underlying soil strata were evaluated 
in more detail. Figure 17 shows the deformed mesh (scaled up 
2000 times) of the immediate bearing strata and the foundation 
at the end of all tunnel drives. It can be concluded that the 
towers will be only minimally affected by the tunnel 
construction. The main impact is expected at the sacristy and 
the north-eastern outer wall.  

 
Figure 17. Deformed mesh (scaled up 2000 times) 

The calculated spatial deformations of all foundations were 
documented, allowing for the determination of strains within 
the foundation structures. Figure 18 illustrates the evaluation of 
settlements at selected foundation points throughout the various 
tunnel drives. The maximum settlement was calculated to be 
less than 4 mm. 

 
Figure 18. Foundation settlement throughout tunnel drives 

The maximum tilt due to tunnel excavation was calculated to be 
less than 1:26,000 at the northern tower foundation and less 
than 1:4,400 at the northern outer wall adjacent to the sacristy. 
Soil strains were also determined at various levels beneath the 
foundations. As an example, Figure 19 shows the total 
Cartesian strain yy immediately below the tower foundation. 
These results confirm that the major impact is not expected at 
the towers themselves, but rather at the sacristy and the adjacent 
northern outer wall.  
The calculation results are provided to a client-appointed expert 
for the Cathedral of Our Dear Lady, who will assess the 
acceptability of the calculated deformations and verify the 
structural integrity of this landmark.  

 

 
Figure 19. Total cartesian strain yy 

Further results of the FE model not included in this paper 
comprise an assessment of the effects of a potential emergency 
incident during VTR-S tunnelling beneath the Frauenkirche, 
which could necessitate access to the excavation chamber. In 
this scenario, the impact of a gradual loss of support or air 
pressure on the cathedral’s foundations was investigated. 
Figure 20 shows an examined location close to Frauenkirche, 
where the air pressure was gradually decreased.  

 
Figure 20. Examination of incident beneath Frauenkirche 

5 APPREVATIONS AND SYMBOLS 

ERS: Exploratory and Emergency tunnel 

VTR: Railway tunnel 

VTR-N: North Railway tunnel 

VTR-S: South Railway tunnel 

VTRs: the twin railway tunnels 

TBM: tunnel boring machine 

Dbb: Donnersberger Bridge (Donnersberger Brücke) 

PT: Post-Tunnel 

SD: support pressure (slurry) along the front face of the 
excavation 

MVPD: backfilling pressure (grout pressure) along the shield 
and tail of TBM 

HSS: Hardening-Soil-Small-Strain (HSS) 

FE: Finite Element 
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