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SUBTASK 5.2.3 APPENDIX A - 
GEOMETRY GENERATION OF MACRO-
SCALE NUMERICAL MODEL OF 
MOURILHE TUNNEL IN FLAC3D 
  





be ignored. Therefore, by applying the gravitational acceleration on grids causes body forces to act on 
all gridpoint. These body forces correspond to the weight of material surrounding each gridpoint. If no 
initial stresses are present, the forces will cause the material to move (during stepping) in the direction 
of the forces until equal and opposite forces are generated by zone stresses. Given the appropriate 
boundary conditions (e.g., fixed bottom, roller side boundaries), the model will, in fact, generate its 
own gravitational stresses that are compatible with the applied gravity.  

 

Belgian excavation method: 

Mourilhe tunnel is excavated in hard rock media with a relatively low overburden. The Belgian 
excavation method is simulated as follow; 

1a) excavation of a 3 m cut in top arc; 

1b) Installation of masonry lining to support the excavated part; 

2a) excavation of a 3m cut in right side; 

2b) Installation of masonry lining in right side; 

3a) excavation of a 3m cut in left side; 

3b) Installation of masonry lining in left side; 

4) excavation of remain rock in the bench. 

The Belgian excavation simulation phases are shown in Figure 3-18. In order to take into account the 
time interval between excavation and lining installation, a number of solving steps have been 
considered for each excavation phase as the stress relaxation, and after installing each lining step, the 
model has been run until equilibrium is reached.  

  

(a) (b) 
Figure 3-18: a) Schematic view of Belgian excavation method, b) Simulation phases of Belgian excavation method 

Rock mass parameters estimation 

   

The Geological Strength Index (GSI), developed by Hoek et al. 2000, is a rock mass classification system 
that uses properties of intact rock and jointing to determine/estimate the rock mass deformability and 
strength. GSI values can be estimated based on the geological description of the rock mass and this is 
well suited for rock mass characterization without direct access to the rock mass from tunnels (Cai et 
al. 2002). GSI system concentrates on the description of two factors, structure and block surface 
conditions (Figure 3-19) (Hoek and Brown 1997). 









Figure 3-22: Determining the cohesion and friction angle parameter using RocLab software. 

Consequently, the cohesion and friction angle for Mohr-Coulomb model would be 1.9 MPa and 37.59 
degrees respectively in Mourilhe tunnel model. 

 

























The experimental and obtained numerical shear stress-displacement response of the sample for each 
level of normal stress are compared in Figure 3-31. It should be noticed that the numerical shear stress 
is obtained by dividing the applied shear load by the joint surface area, which is equal to, 100×100 
mm2, and corresponding sliding is obtained from the difference between the displacements of two 
adjacent points in line with the joint. Figure 3-31 reveals a desirable accuracy of the FEM approach 
implemented in FEMIX to predict the shear response of the sample.  

Taking advantage of the model, the influence of normal stress on the bond-sliding relationship was 
evaluated. The obtained results are depicted in Figure 3-32, according to which and as expected the 
bond properties of the joint improve significantly with the increase in the level of normal stress. 

  

(a) (b) 

 

(c) 
Figure 3-31: Comparison of experimental and numerical shear stress-displacement response of normal stress level of (a) 0.5 MPa, (b) 1.0 MPa, 

and (c) 1.5 MPa 
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Figure 3-32: Shear stress-displacement responses of different levels of normal stress 

The mesh refinement impact on the results obtained by numerical simulation was also studied by 
adopting the two extra generated mesh of Mesh2.5 and Mesh10 depicted in Figures 3-33a and b, 
where shotcrete and rock are generated by 2.5×2.5 mm and 10×10 mm mesh, respectively, in the joint 
area.  The influence of the mesh refinement is represented in Figure 3-34, which reveals the size-
independency of the carried-out FEM simulation. 
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(b) 
Figure 3-33: FE mesh generated for simulating the direct shear test (a) Mesh 2.5 and (b) Mesh 10 

   

(a) (b) 

 

(c) 
Figure 3-1/34: Mesh refinement effect on shear stress-displacement response of normal stress level of (a) 0.5 MPa, (b) 1.0 MPa, and (c) 1.5 

Mpa 
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TLP gelb (Adressatenkreis) 

 
Figure 7 View into the central manhole 
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TLP gelb (Adressatenkreis) 

 
Figure 8 3D plan of thermoplastic fittings at the bottom of the manholes 

 

 
Figure 9 Flushing lines (red) during installation and the manufacture of the intersection block. Semmering Base Tunnel, 
August 2020. 
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TLP gelb (Adressatenkreis) 

 
Figure 13 Tests at Pummersdorf Tunnel: high-pressure pump with auxiliary units 
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TLP gelb (Adressatenkreis) 

 
Figure 14 Tests at Pummersdorf Tunnel: steerable high-pressure nozzle combined with HD camera and data cable 
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TLP gelb (Adressatenkreis) 

 
Figure 15 Tests at Pummersdorf Tunnel: hose drum with high-pressure hose 
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TLP gelb (Adressatenkreis) 

 
Figure 16 Tests at Rekawinkler Tunnel: casing of steerable high-pressure nozzle (left) and hose drum with high-pressure 
hose (right) 
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TLP gelb (Adressatenkreis) 

 
Figure 19 Assets4Rail: flushing equipment at intersection between running tunnel and cross-passage 

 

 

 
Figure 20 Assets4Rail: hose drum with high-pressure hose 





https://onlinelibrary.wiley.com/doi/abs/10.1002/geot.202200017
https://www.tugraz.at/events/versinterung2022/programm
https://www.fcc-group.eu/en/austria/services/other-services/sewer-and-drainage-pipe-cleaning/drainage-cleaning-for-pipelines-in-arterial-roads-as-street-and-railways.html
https://www.fcc-group.eu/en/austria/services/other-services/sewer-and-drainage-pipe-cleaning/drainage-cleaning-for-pipelines-in-arterial-roads-as-street-and-railways.html
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TLP gelb (Adressatenkreis) 

 

6. Data to be managed 

 

No data to be managed. 

 

 

 

 

 

 

 

 





 
 

                 
 

 

 

Appendix F: Scanning and production 
of perfect-fit 3D printed parts for 

tunnel patch repair
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Figure 1. Net-shaped infill. 

The patch repair of volumes that present a reduction of cross-section closer to the surface of the lining 
could become an issue as the net-shape part might not pass through the opening at the surface. A 
similar problem would occur if the substrate along the thickness of the lining presented irregularities 
forming small cavities that could act as obstacles to the perfect placement of the manufactured part. 
To mitigate these problems, workers could be instructed during the removal of defected brickwork to 
avoid producing sides with an inclination that compromises the introduction of net-shape parts. 
Alternatively, the 3D shape could be modified to prevent creating shapes that could not be introduced 
through the opening. In this last scenario, either additional space left would need to be filled by the 
adhesive, or the part should be subdivided into smaller units to be assembled on-site (the assembly 
would start with the units at the perimeter and finish with the inner units). 

The manufacturing and installation tolerances should be considered when defining the geometry sent 
to the production process. Using the exact scanned shape of the void would lead to some net-shape 
parts not fitting due to the manufacturing tolerances or make the installation process more complex 
and longer due to the challenge of identifying the perfect installation position. By contrast, a part 
slightly smaller than the scanned void would lead to fewer installation issues and allow redistribution 
of the adhesive over the back surface of the net-shape part, thus contributing to a more intimate 
connection with the substrate.  

3. Overview of scanning technologies  
This section presents the four most common types of technology for defect and general scanning in 
different industries: LiDAR, laser, structured light, and infrared.  

LiDAR (Light Detection and Ranging)- LiDAR enables the collection of massive and high-quality 3D 
spatial quickly and automatically. This scanning technique combines range and angular sensors that 
emit a brief laser pulse reflected by a target point and received by a photodetector. LiDAR technologies 
are classified based on the setup in airborne (fixed to an aircraft or drone) or terrestrial (either mobile 
if set to a moving vehicle or static if placed on a tripod on the ground). Mobile LiDAR would be 
appropriate for tunnel inspections. This setup is efficient, economical, low risk and rapid. Some 
limitations of the mobile LiDAR system include the range of the sensor and occlusions or shadowing 
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that could potentially affect the data acquisition. Several studies from the literature explored the use 
of LiDAR for monitoring tunnel profiles (Han et al. 2013a), tunnel deformations (Han et al. 2013b), 
detecting road tunnel luminaires (Puente et al. 2014), mapping underground mines (Kim & Choi 2021) and 
assessing vertical clearance and cross-section (Puente et al. 2016). Figure 2 shows an example of the 3D 
model from a tunnel obtained using LiDAR. 

 

Figure 2. Image of a tunnel entrance (a) and 3D model obtained with LiDAR technology (b) (Puente et al. 2016) 

Laser scanning- Laser scanning relies on projecting single beams of light to produce large accurate 
models of buildings or terrain. An infrared laser beam is applied to a spinning mirror, which projects 
the light over the surroundings. The 3D model is obtained by assessing the reflections of these lasers. 
This technology's acceptable accuracy level is 1.9mm at 10m, 2.9mm at 20m and 5.3mm at 40m. The 
most significant advantage of using laser scanning is its ability to produce 3D models of surrounding 
areas quickly and accurately.  

Infrared scanning- Infrared scanning relies on detecting heat radiation emitted from a surface, with 
different levels being pinpointed and indicted by a gradient in a colour or grey scale. Within defect 
scanning, infrared cameras are mainly used for highlighting sub-surface cracks and holes, making it 
obvious to users where there are large build-ups of water ingress or air, indicated by cooler area on 
the surface.  

Structured light scanning- This scanning technology uses narrow light patterns to illuminate an object 
and detects distortions on those patterns from different viewpoints. Compared to other technologies, 
the greatest attributes of structured light scanning are its speed and mobility. This is due to scanning 
multiple points or an entire field of view simultaneously. Traditionally white light has been used for 
structured light scanning, but modern devices now utilise blue LED lights. The blue light has an 
increased accuracy and higher resistance to disruptive forces like reflections. The scanning output is 
done using triangulation, with areas of high complexity requiring a larger number of triangles 
compared to large flat surfaces. These scans do not work as well on glossy surfaces as this reduces 
accuracy due to the inconsistent reflection from the surface.  

a) b) 
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4. Laboratory trials  
The purpose of the experimental study is to assess and potentially recommend a cost and time-
efficient scanning technology for inspecting masonry tunnels. Therefore, the technology must be 
compatible with a tunnel environment and obtain high-quality 3D data of potentially damaged areas 
to generate a model that will support the repair solution. Considering the above, significant emphasis 
is placed on the time to complete the scan and the data processing to produce the model. Additionally, 
the potential additive manufacturing of perfect-fit parts for patch repair in masonry tunnels was also 
evaluated. 

The experimental program was developed in 5 stages, according to Figure 3: 

 

Figure 3. Stages of the experimental program. 

4.1 Small-scale masonry tunnel models 

The small-scale models consisting of a flat surface reproducing the wall of the tunnel (no curvature) 
and a curved surface recreating the arch were built to simulate the shape of a standard railway 
masonry tunnel. Slip bricks with a varying thickness of 20 to 22 mm (Figure 4a) were attached to 
plywood board using an adhesive (Figure 4b) and arranged in the brickwork pattern, with the slip 
bricks simulating the brickwork and the adhesive acting as the mortar. The defect or damaged area 
was recreated by allowing a gap or void in the brickwork.  

 
Figure 4. Dimensions of slip bricks (a) and application of the silicone sealant (b). 

Building small-
scale models

Scanning of void 
area

Generation of the 
3D models 3D printing Instalation of 

perfect-fit piece

a) b) 
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The flat surface model was built using a 20 mm thick plywood board with an overall surface smaller 
than 1 x 1 m2 (Figure 5a). The damaged area corresponded to the gap of 3 bricks. An image of the 
finished model is presented in Figure 5b. 

 

Figure 5. Dimensions of the flat surface model (a) and the finished model (b).  

The curved model was constructed using an L-shaped arrangement of timber joists, with a flexible 
plywood surface to connect between the extremities bent to emulate the curved section of a masonry 
tunnel (see dimensions in Figure 6a). The plywood sheet was nailed to the curvature of the joists, 
whereas the plywood bases adding stability to the small structure were applied using an adhesive. The 
finished curved surface model is shown in Figure 6b. 

 

 

Figure 6. Dimensions of the curved surface model (a) and the finished model (b).  

a) b) 

a) b) 
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Figure 7. a) Scanning of the curved model with handheld scanner Artec 3D Eva and b) model visualised in Artec 
Studio software. 

4.2.2 Faro Laser Scanner 

The FARO laser scanner utilises lasers and a reflective mirror to produce highly accurate 3D models 
from the surrounding environment. Used mainly in site surveys and environmental modelling, this 
system has a range of 350m with a single scan taking only 1 minute with lower resolutions. Due to the 
normal use of this system being on construction sites, the device is protected against dirt, dust, fog, 
rain and heat/cold. 

The scanner is based atop a tripod that can be manoeuvred easily by hand, lifting and separating the 
scanner from the tripod to avoid damage. The scanner can be completed to a full 360 degrees, with a 
2mm accuracy at 10m. This device works similarly to a total station, producing accurate 3D models 
constructed from multiple positions. The scans from different locations can be overlayed to create 
thorough models with high accuracy.  

The output file of the scan can be accessed live if connected to the internet using a proprietary stream 
app along with cloud upload. The file system can then be converted to an STL file used for 3D printing. 
The size of the file and scanning radius could allow multiple defects to be completed; however, for the 
required detail needed for the printing process in a real tunnel, a higher resolution may be necessary, 
which may take longer.  

The Faro Laser scanner used in this study was set up on a tripod, ensuring a flat plane for accurate 
horizontal gauging (Figure 8). With the dial set to 0° and the scanner on, the resolution was set to 1/5 
with 4x quality. These values stroked a balance between the accuracy of the scan and the time to 
complete the scan. The scanning process was initiated using the home interface. Once finished, the 
scanned area was visualised on the scanner's screen (see details of the dial and the scanner interface 

a) b) 
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in Figure 9). This visualisation allowed verifying if the scanning covered the entire target area. The 
process was repeated from three locations, scanning the same area to minimise potential errors. The 
data obtained with the scanner was retrieved using an SD card and a laptop or PC with the software 
Autodesk Recap Pro.  

 

Figure 8. Setup of the FARO Laser scanner for the trials. 

 

Figure 9. a) Rotation dial at the base of the scanner, b) Faro laser scanner home interface and c) display for 
scanning area. 

4.2.3 Metascan 

This app-based solution developed by Abound Labs Inc offers a handheld, simple, easy-to-use scanning 
system that relies on cameras and sensors built in mobile phones. It is mainly applied by design-
focused users who want to digitalise products users have found or modelled. Scans can be converted 
to files to be 3D printed. The app uses photogrammetry and LiDAR scanning depending on the model 
of the phone, with only the Apple pro models with LiDAR capabilities. Due to the reliance on Apple 




































































































































































































































































