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ABSTRACT: This study aims to evaluate the use of distributed fiber-optic strain and temperature sensing for structural health
monitoring in underground mining drifts and chambers including 3D mobile laser scanning. This method seeks to create a digital
twin to improve safety and efficiency through better digital planning. Temperature and deformation data from distributed fiber-
optic sensing (DFOS) cables will serve as boundary conditions of the combined ventilation and geomechanical models of the drift
and chambers. Initially, a 60-meter-long drift will be monitored using fiber-optic cables. Next, deformations of a flexible arch
support, induced by hydraulic cylinders, will be observed. A hydraulic cylinder will then apply load orthogonally to the rock.
Fiber-optic cables will be inserted and cemented into the rock, along rock bolts, and in boreholes around each bolt to measure
deformations from rock bolt pull-out tests. Preliminary examinations identified the best adhesive bonding method for DFOS
cables, considering the specific ambient conditions. A 3D point cloud will be used to plan and validate the cable installation. The
meshed 3D cloud will serve as the foundation for the combined ventilation and geomechanical models, creating a virtual reality-

capable digital twin enhanced with live DFOS measurements.
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1 INTRODUCTION

In the recent years, digital twins have increasingly been
investigated within the realms of tunnel construction [1] and
mining [2], [3] with promising results. All digital twins must be
provided with real data to capture and model reality as closely
as possible (e.g. [1], [3], [4]). Depending on the particular use
of the digital twin, various types of datasets and sensors are
used including 3D laser scanners, environmental data such as
temperature and humidity [1] and information on geology and
rock deformation [3] to name only a few. Since the beginning
of modern fiber-optic development in the 1960s, distributed
fiber-optic sensing (DFOS) has found a wide range of
applications ranging from infrastructure health monitoring [5],
[6], river dikes [7], volcano monitoring [8] and tunnel
monitoring as well as underground mine monitoring [9], [10].
In the context of the latter, the DFOS technique enables the
detection of small temperature and strain changes and their
resulting deformations [9], [10]. In the realm of DFOS based
measurement principles, the Brillouin optical frequency
domain analysis (BOFDA) technique [11] allows for
distributed measurements along several kilometers with a
spatial resolution below 1-meter [7] and has been successfully
used for structural health monitoring [5], river dike monitoring
[7] and tunnel inspection [9].

In this paper, the BOFDA based fiber-optic solution provided
by fibrisTerre Systems GmbH (Germany) is used. The mine
used for installation of the fiber-optic cables and for
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construction of the underground lab is the research and
education mine “Forschungs- und Lehrbergwerk (FLB) Reiche
Zeche” at TU Bergakademie Freiberg (TUBAF) in Germany.
The fiber-optic cables will be installed in a 60 m long drift and
additionally in four chambers for experimental setups. Both the
main drift and the chambers form part of the FLB mine and are
referred to underground lab in the following. The first part of
the installation of the fiber-optic cables is scheduled to be
completed by September 2025.

The strain and temperature measurements will be used as
boundary conditions for geomechanical and ventilation
models, which will be coupled including a geometrical and
geological model of the underground lab. The creation of an
artificial intelligence (Al)-supported coupled model will enable
real-time visualization of changes in physical parameters in the
coupled geomechanical and ventilation model, which will
ultimately lead to development of a digital twin. For a more
detailed overview about the individual models see [12]. To our
knowledge, fiber-optic sensing data was not yet used for
providing temperature and strain measurements as boundary
conditions for creating a digital twin in an underground mine.
Therefore, the overall aim of the collaborative research project
“MOdel coupling in the context of a VIrtual underground lab
and its development process” (MOVIE) is to develop a digital
twin of the underground lab provided with fiber-optic sensing-
based temperature and strain data, which will ultimately be
visualized using a Meta Quest 3 mixed-reality headset (see
Figure 1).
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Figure 1 MOVIE project overview. Special emphasis in this paper is on fiber-optic sensing and laser scanning (Geometry).

The MOVIE project includes partners at five different
departments at the Clausthal University of Technology (TUC)
and one department at the TU Bergakademie Freiberg
(TUBAF). Additionally, one external industry partner is
included, fibrisTerre Systems GmbH (fibrisTerre). The project
is led by the Chair of Geomatics for Underground Systems
within the Institute of Geotechnology and Mineral Resources
(IGMR) at the TUC. Despite the MOVIE project covering
various aspects of geomechanical and ventilation modeling and
Al application, this paper focuses on the installation of the
fiber-optic cables, supported by a 3D point cloud acquired with
a Zoller+Fréhlich (Z+F) FlexScan 22 mobile mapping SLAM
platform. Additionally, the meshed surface of the underground
lab, i.e., the geometrical model, generated from the 3D point
cloud is of concern in this paper.

2  MATERIALS AND METHODS

2.1  The underground lab

Geologically, the FLB mine consists of ortho- and
paragneisses and is veined with silver/lead/zinc mineralization.
From the first discovery of silver-rich ores in 1168, active
mining was maintained until 1969 with a focus on lead and zinc
in the last exploitation stage [13]. Currently, the mine hosts
more than 30 national and international collaborative research
projects conducted in the underground space. The decision to
plan the underground lab here is based on this particular part of
the mine being relatively isolated from the other mine workings
and experiments. The area of the underground lab can only be
accessed via two raises from a lower level, however, only one
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of the raises has a mine ladder, while the other access is
intended for material transport via winches. This isolated
location allows the conditions to be well controlled, particularly
in terms of temperature and ventilation. The underground lab
(see Figure 5) consists of a 60 m long main drift and four
chambers with variable roof heights ranging between 2.75 and
4.9 m.

2.2 3D point cloud acquisition and data processing

Two 3D point clouds of the underground lab were acquired in
two different field campaigns using a Z+F FlexScan 22 mobile
mapping SLAM platform (Figure 2). The first point cloud was
acquired in March 2024 containing a total of 368,291,128
points (~9.75 GB in e57-format). The second point cloud was
acquired in May 2024 containing a total of 621,441,614 points
(~16.5 GB in e57-format). The Z+F FlexScan 22 system
incorporates a Z+F IMAGER 5016a laser scanner mounted on
a backpack, merging the high spatial resolution of a stationary
laser scanner with the versatility of a mobile platform. This
technology is based on the simultaneous localization and
mapping (SLAM) approach, which enables to create a map of
the environment while data capturing [14].

The acquired 3D point clouds were processed using the
software Z+F Lasercontrol 10.0.7.1. including loop closure,
intensity based filtering and manual cleaning of noisy data
points. Additionally, the 3D point clouds were aligned and
registered wusing the open-source software packages
CloudCompare 2.13.2. In the next processing stage, the
resulting aligned and registered 3D point cloud was meshed
based on a Poisson-Surface reconstruction approach using the
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open-source software package MeshLab 2023.12 to generate
triangular meshes with variable spatial resolutions. The
generated mesh, i.e., the geometrical model, serves as the input
to the geomechanical and ventilation models created by the
project partners at TUC. Additionally, the geometrical model
was visualized using the software package LiquidEarth One
provided and developed by Terranigma Solutions GmbH. This
software package was specifically designed for the
visualization of geologic models in virtual reality including the
use of a Meta Quest 3 VR headset and serves as the target
software for visualization of the digital twin to be developed in
the MOVIE project.

Figure 2 Z+F FlexScan22 mobile mapping SLAM platform.

2.3 Gluing experiments on fiber-optic cables using epoxy
resin glue and injection mortar

The use of the fiber-optic cable type Fibrasens DSS-S and the
fiber-optic cable type Solifos BRUsens DFOS B-DTS 2SMF
was decided due to their specific design to perform strain and
temperature measurements, respectively. Additionally, the
cables have an overall good flexibility and proved to be reliable
in former projects of fibrisTerre.

Especially for fiber-optic strain measurements, optimal
bonding conditions to the object to be measured have to be
ensured. Typically, DFOS cables for strain and temperature
measurements are installed on pre-existing structures, e.g. in
geotextiles [7], along rock bolts [10] or on reinforcement grids
[9]. However, in the underground lab, none of these structures
are present and installation along, e.g., rock bolts would result
in a spatial discretization of the deformation measurement to
the span interval between the rock bolts, e.g., [10]. Therefore,
gluing experiments using the Fibrasens DSS-S strain cable
were conducted on-site in the underground lab and under room
temperature conditions in the Geomatics Indoor Lab at the
IGMR using hand specimens taken from the underground lab
to identify the optimal adhesive bonding method. Based on
experiences of fibrisTerre, the epoxy resin glue Sikadur 31+
from Sika and the injection mortar FIS VS Low Speed 300 T
from Fischer were tested. The Sikadur 31+ consists of two
components that must be mixed in an external container before
application. One container of the epoxy glue, containing a total
of 1.2 kg, was used for the test. The epoxy glue is a moisture-
tolerant adhesive designed to bond a variety of different
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materials including concrete, natural stone, ceramics etc. and is
used for repairs, joint fillings and crack sealing. According to
the manufacturer information [15] the Sikadur 31+ has a
compressive strength of ~50 MPa and a tensile strength of
~6 MPa after 3 days curing time at +10°C. The shear strength
is reported as ~16 MPa. In contrast, the FIS VS Low Speed
300 T is delivered in a cartridge press containing 490 g of two
components that are instantly mixed in the press upon handling.
This injection mortar has approved use in water-filled drill
holes and is used for fixations in cracked and non-cracked
concrete as well as masonry. Due to its preferred use with
anchors in drill holes, the strength metrics of the FIS VS Low
Speed 300 T depend on the diameter of the anchor/rod used and
the composition of the concrete/masonry. Information on
bonding strength metrics were taken from the manufacturer
homepage [16]. According to manufacturer information,
permissible tensile loads are in the order of 0.34 kN up to
3.43 kN and permissible shear loads are in the order of 0.26 kN
to 3.28kN for solid and perforated masonry. In normal
concrete, values for permissible tension and shear loads ranging
from 3.9 kN up to 121.2 kN are reported depending on the
anchor/rod type used. The characteristics of the epoxy resin
glue and the injection mortar were estimated to be suitable to
securely bond the Fibrasens DSS-S cable with a weight of
9 kg/km to the gneiss host rock.

Handling and application were tested using both a cartridge
press and a trowel. The behavior of both the epoxy glue and
injection mortar under dry and wet surface conditions was
tested. Before gluing a cable to the wall or the specimen, the
surface was prepared using a scratch brush to remove loose
particles and dust. For temporarily fixing the fiber-optic cable
to the rock surface, two fabric tapes were tested. The first was
a standard tape for domestic use, and the second was the natural
rubber tape “Beton- und Mauerband Premium, 44 mm x 50m”
specifically manufactured for use on poorly adhering surfaces
such as walls and concrete [17].

2.4  The DFOS measurement system

The fiber-optic measurements presented in this paper are based
on the DFOS principle, specifically using the BOFDA, which
enables spatially resolved strain and temperature measurements
along the profile of the fiber. The measurement hardware
consists of an interrogation unit (model name: fTB 5020), a
fiber-optic switch for channel extension (a total of 12 channels
for this project), an industrial PC and an ethernet switch for
internet connection (Figure 3). For data analysis, the software
fTView will be used and the cloud platform fTScope for data
storage (not shown in Figure 3).

The BOFDA measurement enables a range of spatial
resolutions for temperature and strain measurements of 0.2 m
to 2.5m depending on the fiber length. The minimum
resolvable event is >2 microstrain [ue] and >0.1°C for
temperature measurements. Total fiber lengths of up to 80 km
are possible [18].

The BOFDA technique makes use of the so-called Brillouin
frequency shift of the fiber, which in a first instance is
dependent on the intrinsic properties of the fiber material itself.
However, small changes in the local density also impact the
Brillouin frequency shift, which are interpreted in terms of
changes in temperature and strain [7].
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The conversion from Brillouin frequency shift [GHz] to
temperature and strain for each position along the fiber is
performed using the following relationships:

fe=frot € ¢ 1)
fe =frot+ (T =Ty cr (2)

where fg is the measured Brillouin frequency shift [GHz], T is
the temperature [°C] and ¢ is the applied strain in
microstrain [pe]. The calibration parameters fgo, Ce and cr are
dependent on the specific optical fiber and cable type used
(strain or temperature cable).

To test the DFOS measurement configuration, an aluminum
frame was installed in the Geomatics Indoor Lab at the IGMR,
which will be equipped with clamping jaws and deflection rolls
to enable test strain and temperature measurements using both
cable types.

2.5  Fiber-optic cable installation configuration and
experimental setup in the underground lab

On-site in the underground lab, the fiber-optic sensors will be
installed along the main drift to obtain longitudinal temperature
and strain along the entire drift. These sensors will be installed
with the aim of providing continuous measurements throughout
the MOVIE project period. In contrast to the strain cable, the
temperature cable in the main drift is planned to be installed
disconnected from the drift wall using clamps, as
measurements of the temperature of the air inside the drift is of
interest. The temperatures on the surface of the rock, where the
fiber-optic strain sensing cable is installed, are assumed to be
overall stable and in equilibrium with air temperatures, with no
sudden variations to be expected. The temperature distribution
retrieved from the fiber-optic temperature sensing cable will

Internet connection

Ethernet switch
PC

fTB 5020
Interrogator unit S

B B

fiber-optic switch for
channel extension (12 channels)

- S S N
- — e e

12 fiber-optic loops
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therefore be suitable to temperature compensate the strain
measurements along the drift, where the fiber-optic strain
sensing cable is largely running in parallel to the temperature
sensing cable. For the strain cable installations that are directed
further into the gneiss body, being the rock bolt test
installations, the temperature is assumed to be even more stable
and constant over the cable length. The temperature impact on
these strain measurements will therefore be neglected, and no
temperature compensation is assumed to be necessary. To
induce measurable deformation in the gneiss that is large
enough to be wused as boundary conditions for the
geomechanical model, three test rigs will be installed in three
of the four chambers to perform short-term push and pull
experiments. In the first chamber, an arch support will be
installed in such a way that a distance from direct contact with
the rock is maintained, allowing exertion of pressure on
specific points of the support structure. In the second chamber,

a hydraulic cylinder will be installed, which enables to transfer
a load orthogonally onto the rock.

For both chambers, stress and strain changes will be recorded
with fiber-optic cables installed superficially either in the
support structure of the arch or directly on the chamber wall
surrounding the hydraulic cylinder.

In the third chamber, four separate configurations of 4 m long
anchor boreholes surrounded by four 5 m long measurement
boreholes are planned, resulting in a total of four anchor
boreholes and 20 measurement boreholes to be drilled. The
fiber-optic cables will be directly cemented into the rock along
the rock bolts. For each of the four configurations separately,
the rock bolt cemented in the anchor borehole will be pulled
and deformations of the surrounding concrete and rock will be
measured in the measurement boreholes along the cemented
fiber-optic cables.

\

~~“~fiber-optic temperature sensing cable

lead cable to fiber-optic sensing cable loops

Figure 3 fibrisTerre measurement setup (principle).

Additional numerical simulations were conducted by the
Geomechanics department at the TUC based on the rock
elasticity modulus, the mechanical properties of the steel and
the detection limit of the fibrisTerre interrogation unit of 2 pe
to ensure optimal fiber-optic cable installation planning. The
simulation parameters are based on the dimensions of the
planned experiments. For the hydraulic cylinder in chamber 2,
a steel plate with diameters of 0,30 m was modeled, which was
placed on a rock cube 1.5 min diameter with an assumed elastic
modulus of 50 GPa. A maximum pressure of 182 MPa was
exerted on the steel plate. The simulation results were used to
identify the maximum radius in which a superficial strain
change can still be measured if a load is transferred onto the
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rock. Results showed a maximum radius of ~52 cm around the
steel plate to be maintained for the cable installation (Figure 4).
For the rock bolt pull out test in chamber 3, a borehole with a
radius of 38 mm and a depth of 4 m was assumed, in which a
rod with radius 25 mm and a length of 3975 mm is installed.
The scenario was modeled under the assumption of inelastic
grout and steel and a rock elasticity modulus of 50 GPa. The
simulation results were used to identify the maximum distances
between the anchor and measurement boreholes in which a
strain change in the measurement borehole is expected to be
still measurable. The results showed a maximum distance of
~36.2 cm to be maintained (Figure 4).
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Figure 4 Geomechanical simulation results of (A) plate load test and (B) rock bolt pull out test. A strain cut off value of 10-was
used in both cases. To save computational effort and under the assumption of radial symmetry, only one fourth of the geometry
was simulated.

The 3D point cloud acquired in May 2024 was used for fiber-
optic cable installation planning for the main drift and the test
rigs separately. The Trace Polyline tool available in the
software package CloudCompare 2.13.2. was used to draw
polylines in the 3D point cloud representing the fiber-optic
cables to be installed. To estimate the overall lengths of the
cables, the individual polylines were summed up in
CloudCompare. Since the 3D point cloud only allows for
estimating the lengths of cables installed superficially, the
lengths of the cables needed for the rock bolts were added to
the calculated superficial installation lengths.

All cables from the main drift installation and the test rigs will
be installed in a loop configuration from and towards a fiber-
optic cable termination box connected with the fibrisTerre
measurement configuration, which both will be installed
roughly opposite of chamber 2.

3  RESULTS

3.1  Visualization of 3D point cloud and determination of
fiber-optic cable positions and their lengths

The 3D point cloud acquired in May 2024 was scanned with
an average spatial resolution, i.e., average point distance, of
approximately 0.76 mm in roughly 29.5 minutes. Due to
computational performance reasons, a subsampled version of
the original 3D point cloud with a resolution of ~3.63 mm
(22,378,105 points; ~417 MB in .e57-format) was used for
planning the installation of the fiber-optic cables, which still
captured enough details to ensure realistic positioning of the
cables. Figure 5 shows the subsampled 3D point cloud of the
underground lab, including its four chambers. Additionally,
Figure 5 shows the meshed 3D point cloud visualized in the
target software for the digital twin LiquidEarth One. Figure 6
presents views within the 3D point cloud, showing the
polylines representing the positions of the fiber-optic cables for
the main drift and exemplary for chambers 1 and 2. Based on a
high resolution meshed version of chamber 2, a relatively flat
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section extending across a large portion of the roof was
identified, making it an ideal candidate for the installation of
the hydraulic cylinder unit and the cables surrounding the
terminating steel plate of the cylinder (see Figure 6C).

Table 1 Estimated lengths [in meters] of the Fibrasens strain
cable and Solifos BRUsens temperature cable based on
polylines drawn in the 3D point cloud

Position Experiment  Cable type Length
setup [m]

Main drift Continuous Strain 138
monitoring

Chamber 1 Arch support  Strain 29
structure

Chamber 2 Hydraulic Strain 35
cylinder

Chamber 3 Rock bolt Strain 387
pull out

SUM [m] 589

Main drift Continuous Temperature 138
monitoring

The lengths of the cables to be installed were determined in the

3D point cloud supported by the results of the geomechanical
simulations. The overall length of the Fibrasens strain cable to
be installed for the main drift and the test rigs was estimated to
be roughly 600 m, while the overall length of the Solifos
BRUsens temperature cable was estimated to be roughly
140 m. Table 1 presents the detailed estimated lengths for the
strain cable along the main drift and the test rigs separately.
Since temperature measurements are only performed along the
main drift, the estimated length of the temperature cable is
added at the bottom of Table 1.
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(A]

Chamber 1

Chamber 4 Chamber 3 Chamber 2

main drift

15m

Figure 5 (A) 3D point cloud of underground lab including main drift and four chambers (chambers numbered 1 to 3 are used for
installation of the test rigs); (B) Meshed 3D point cloud visualized in software LiquidEarth One developed by Terranigma
Solutions GmbH; (C) View inside the underground lab in LiquidEarth One using a Meta Quest 3 VR headset.

Tomporuro cable main drift

Hydraulic cylinder installation planning (Chamber 2) Strain cable (hydraulic cylinder, Chamber 2)

Figure 6: Views in the 3D point cloud (and mesh) showing the positions of the fiber-optic cables to be installed as polylines (A)
BRUsens temperature cable in main drift, (B) Fibrasens strain cable in the arch support structure (Chamber 1), (C) Meshed 3D
point cloud of Chamber 2 for estimation of distances (in meters) to the walls for installation planning of the hydraulic cylinder.
The terminating steel plate of the hydraulic cylinder is shown as a dark red square on the chamber roof (D) Fibrasens strain
cable around the steel plate of the hydraulic cylinder (dark red) in Chamber 2 (view towards the chamber roof)
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3.2 The gluing experiments

Several gluing tests were conducted to ensure optimal
bonding between the Fibrasens strain cable and the drift wall
(Figure 7). For temporarily fixing the cable to the rock
surface, the tape for domestic-use did not provide sufficient
adhesion for both dry and wet surfaces. However, the special
wall and concrete tape adhered well to a dry surface. Under
room temperature conditions in the Geomatics Indoor Lab at
IGMR, the Sikadur 31+ epoxy resin glue achieved its
maximum bonding strength one day after application, with
no observable differences for wet and dry surfaces. After
mixing, the epoxy resin glue remained usable for
approximately 60-70 min, but became sticky (and therefore
unworkable) after roughly 90 min. Once applied, the cables
were securely fixed to a rock specimen in the Geomatics
Indoor Lab or on-site on the drift wall and could not be
removed by pulling on the cable. In contrast, the FIS VS Low
Speed 300 T injection mortar reached maximum bonding
strength after just 3.5-5 min. However, on damp surfaces, the
cured mortar broke off with slight force. Application of both
the glue and the mortar to a vertical wall and overhead was
challenging, as a lot of material crumbled or fell off and did
not adhere to the rock. The use of a cartridge press and a
trowel partially solved this problem and proved to be the
most effective method to best apply both the glue and the
mortar to the rock.

Figure 7 Gluing tests with Fibrasens strain cable on a hand
specimen (A) using a cartridge press and (B) a trowel; (C)
Fibrasens strain cable glued to drift wall on-site in the
underground lab (measuring rod for scale)

4  DISCUSSION

4.1 3D mobile laser scanning and determination of fiber-
optic cable positions/lengths

The Z+F FlexScan22 mobile backpack laser scanner
solution proved capable of accurately capturing the complex
wall geometry of the underground lab with a very high
resolution of approximately 0.76 mm in about 29.5 min
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acquisition time. Compared to a classical terrestrial laser
scanning system, at least about eight different stationary
scanner positions would have been necessary to capture the
underground lab, resulting in a much longer data acquisition
time. Despite the high data acquisition speed, a shortcoming
of the mobile laser scanning system are omnipresent noise
pixels in the drift, which requires greater (manual) cleaning
efforts compared to data acquired with a stationary terrestrial
laser scanner system. In contrast, the registration of
independently acquired 3D point clouds is not necessary
when using a mobile laser scanner system, which should
result in an overall shorter time for data acquisition and
processing using the Z+F FlexScan22 solution.

Using this approach made it possible to identify optimal
positions for the fiber-optic cables and to estimate their
required lengths in the 3D point cloud. Due to the high point
density, it is not possible to click every successive point in
the 3D point cloud as a vertex point of the polyline. This
might lead to some of the distances between individual
vertex points being shorter than in reality, since some of the
line segments between individual vertex points might not
follow the wall roughness, which might result in a slight
underestimation of the cable lengths. Conversely, due to
uncertainties in the distance measurements themselves
stemming from intrinsic device errors and external factors
such as dust particles and/or humidity, the points in the 3D
point cloud are slightly spread, i.e., not exactly matching
with their position on the wall. This might lead to greater
roughness in the 3D point cloud compared to the drift wall,
which could, in contrast, result in a slight overestimation of
the cable lengths. However, for the practical installation of
the cables on-site, the estimated positions and cable lengths
will act as a guiding principle and do not need to be accurate
on a centimeter-scale. Additionally, the practical installation
of the cables requires consideration of the maximum allowed
bending radii, which are 3.8 cm for the Fibrasens strain cable
and 9.6 cm for the Solifos BRUsens temperature cable. Due
to the large roughness of the drift walls, the bending radii
might be exceeded in some places particularly for the strain
cable.

4.2  The gluing experiments and fiber-optic cable
installation configuration

The Geomatics Indoor Lab and on-site experiments
presented in this paper showed that gluing the strain cable to
the drift wall is a difficult task, since most of the glue and
mortar crumbles or falls off especially when working on a
perpendicular wall or overhead. Still, direct installation on
the wall is necessary in this project, since there are no pre-
existing structures present in the underground lab, which the
cable can be installed at and direct installation on the wall
allows to make full use of the system’s spatial resolution. To
overcome this issue, cutting a ~3-25 mm deep and ~4 mm
wide slit in the drift wall is planned with the strain cables
placed in. After its installation, the slit will be closed with
the injection mortar due to its easier handling and the shorter
setting time if compared to the epoxy resin glue. Before
application of the mortar, the acquisition of another 3D point
cloud is planned to document the position of the slit (and
therefore the position of the fiber-optic cable).
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The overhead installation of the cables might still be
challenging, but could be successfully addressed with
combined use of the cartridge press and trowel. If needed,
“modeling” rough parts using the injection mortar is
possible, which will ensure optimum bonding between the
strain cables and the drift wall. Cable installation within the
arch support structure and installation along the rock bolts
for the rock bolt pull out test requires a different setup, which
is in the planning phase at the time of writing this paper.

The current fiber-optic cable setup plans the installation of
a termination box and the fibrisTerre measurement
configuration in the underground laboratory. This results in
the shortest possible spanned distances between the
termination box and the individual test rigs (see Table 1).
The same applies for the temperature and strain cables
installed in the main drift for continuous measurements.
Still, the planned setup in chamber 3 requires longer cable
lengths if compared to the installations in chamber 1 and 2
due to cable installation along the 4 to 5 m long rock bolts.
Additionally, each of the four configurations of anchor and
measurement boreholes must be connected to the
termination box separately, as the cable will most likely be
destroyed after performing a pull out test. Besides pure cable
installation with the help of a 3D point cloud, meshes were
created for visualization purposes and a highly resolved
mesh of chamber 2 was used for installation planning of the
hydraulic cylinder. The mesh allowed to identify a region
most suitable for installation of the terminating steel plate
and to precisely determine the distances to the wall to ensure
enough space for installation of the cylinder foot.

It is planned to prepare the cables based on the determined
lengths in the Geomatics Indoor Lab at IGMR before
installing them in the underground lab. This preparatory step
might be beneficial, since the very sensitive splicing work
should be kept away from the harsh and dark environment of
an underground environment.

4.3  Long-term stability of the BOFDA measurement
system

Due to its primarily measured material parameter being the
intrinsic density of the optical fiber, the BOFDA technology
is specifically long-term stable and free from the
requirement of on-site sensor calibration both at the initial
baseline measurements and during long-term operation.
With the above calibration parameters known for the fiber-
optic sensing cables in use (to be acquired from one-time lab
tests), the Brillouin frequency shift from each measurement
iteration can be converted into absolute values for
temperature and strain, with no drift being caused by aging,
fatigue, or changes in the optical properties of the cables and
connectors. Therefore, the technique is especially suitable
for the monitoring of the underground structure over a time
horizon of many years. More critical, however, will be the
long-term behavior of the bonding between the fiber-optic
strain sensing cable and the rock and grout structures under
test.

4.4  Preparation of data fusion and comparison to El
Teniente mine (Chile)

A first attempt at fusing the fiber-optic position data, i.e.,
the polylines, with the BOFDA strain and temperature
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measurements provided promising results via exporting the
strain and temperature data from fTView and merging them
with the exported fiber-optic position data from
CloudCompare using a Python script. When merged, the
strain and temperature data can be re-loaded into
CloudCompare as scalar fields of the position data and can
be visualized. The strain and temperature measurements will
serve as the boundary conditions for a coupled
geomechanical and ventilation model provided by our
project partners. As a first step towards visualization, the
meshed version of the acquired 3D point cloud, i.e., the
geometrical model, was uploaded and visualized in the target
software for our digital twin LiquidEarth One using a Meta
Quest 3 VR headset. The final product, i.e., the digital twin,
to be visualized in LiquidEarth One and using virtual reality
will be a coupled geomechanical and ventilation model
provided with measurements from the fiber-optic sensors as
boundary conditions and speeded-up with Al to shorten
processing times and to enable real-time user interaction.
The planned Al based approach is currently developed at
TUC and is based on the Equilibrium Neural Operator
(EquiNO) for solving steady-state multiscale modeling
problems [19]. The expected results of the MOVIE project
might be transferable to active mining environments such as
e.g. the El Teniente mine in Chile. In this mine, fiber-optic
sensors were installed in the ventilation level of a201 mlong
test field and measured deformations were interpreted in
terms of mining activities conducted in the production level
[10]. The results presented in this paper are expected to be
transferable to mines in a hard rock setting, such as e.g., the
El Teniente mine [cf. [20]]. Additionally, the use of a digital
twin, as described in this paper, might simulate the impacts
of mining activities in terms of geotechnical parameters and
ventilation even before a particular mine is opened, thereby
enhancing safety and efficiency. Due to the capability of the
BOFDA technology to measure within a range of up to
80 km, the results of this project should also be scalable to
large mining areas. However, challenges remain in installing
and protecting fiber-optic strain sensing cables when
considering the occurrence of (locally constrained)
deformations in the macrostrain region, such as e.g., in coal
mines [21]. With both metallic and non-metallic fiber-optic
sensing cable designs being typically specified for operation
up to 1% strain, other strategies than straight gluing and pre-
strained anchoring will need to be considered.

Since this is an ongoing research project, future changes to
the described configurations and workflows might apply.
Nevertheless, the results presented show the great potential
of using 3D mobile laser scanning data for installation
planning of fiber-optic cables in the underground space.

CONCLUSION

This paper presents the current state of the work done within
the larger collaborative research project MOVIE with the
aim of developing a digital twin of a 60 m long underground
lab located in the FLB research mine in Freiberg (Germany)
including real-time DFOS based temperature and strain
measurements and visualization in VR. The installation
planning of the fiber-optic cables was supported by SLAM
based mobile laser scanning using a Z+F FlexScan 22
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platform. The acquired 3D point cloud was successfully used
to estimate the lengths of the fiber-optic strain and
temperature cables to be installed for both a continuous
measurement setup and additional temporary experimental
setups. Additionally, a meshed version of the 3D point cloud,
i.e., the geometrical model, was visualized in virtual reality
using a Meta Quest 3 VR headset. Since no pre-existing
structures are present in the underground lab, several gluing
tests under dry and wet conditions using the epoxy resin glue
Sikadur 31+ from Sika and the injection mortar FIS VS Low
Speed 300 T from Fischer were conducted. Overall, the
injection mortar outperformed the epoxy resin glue due to its
shorter setting time and easier handling and application.
Future steps in the project will include installation of the
strain cables in a slit cut in the drift wall and subsequent
gluing with the injection mortar, which will enable a safe
installation of the cables. An additional 3D point cloud will
be acquired to document the positions of the cables once
installed. The results of the DFOS temperature and strain
measurements will be used as boundary conditions for a
coupled geomechanical and ventilation model, which is
supported with an Al model to enable real-time visualization
of changes in physical parameters.
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