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Abstract

Distributed fiber optic sensors (DFOS) are used to determine the deformation of engineering structures (ob-
jects). This measurement method analyzes changes in the backscatter signal along a fiber in order to determine
changes in length and/or temperature. Various analytical and setup procedures make it possible to separate
thermal and mechanical influences affecting the fiber. The geometric object changes can be directly derived
as strain. The information of strain is not sufficient for a number of object state descriptions, so that further
variables, such as inclinations, curvatures and coordinates, must be derived. In order to determine these vari-
ables, several fibers are often installed in a suitable geometric arrangement along the deformation directions.
For example, a curvature can be determined from two fibers running parallel at a known distance. Deriving
coordinates from curvatures or other intermediate values is much more complex and uncertain. This work fo-
cuses on the derivation of coordinates and coordinate changes for circular or elliptical objects (e.g. boreholes,
tunnels or shafts) by means of length change measurements. Two approaches are evaluated in which some of
the geometric constraints can be controlled. On the one hand, a popular approach using an adjustment of local
circles is evaluated. On the other hand, an approach based on divided lines and a line network adjustment is
developed. A highly precise test data set is created for the development and evaluation of the methods. The
test dataset consists of DFOS, laser tracker and photogrammetric measurements of a test object in different
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deformation states.
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1 Introduction

Distributed fiber optic sensors (DFOS) enhance the
traditional geodetic, mining surveying and geotech-
nical measuring systems that are used to determine
geometric changes of an object. Fibers as sensors
can be installed in soil and constructions with low
effort. The main advantages of DFOS are the high
local density of measured values, the low set-up ef-
fort for subsequent measurements, the high preci-
sion and reliability of the strain measurement (rel-
ative) and the capability of installing the sensors
in existing constructions. To determine geometric
changes with the fiber, primarily the strain along the
fiber is used. By arranging the fiber in specific con-
figurations and measuring the fibers position, posi-

tion and height changes as well as object deforma-
tions can be determined in an evaluation process.
Applications for DFOS with such following eval-
uations include the monitoring of dams and land-
fills (Doring et al., 2016), the monitoring of bored
piles (Franz et al., 2023) or the monitoring of tun-
nel structures (Monsberger et al., 2022). From these
applications it becomes clear that strain alone is not
sufficient for an effective description and evaluation
of the object condition, so that coordinate changes
(polar and cartesian) must be determined. In this
paper, two central evaluation approaches are con-
sidered (section 4) and evaluated in a laboratory ex-
periment (section 3). The second method is to our
knowledge novel and can simplify the evaluation for
geotechnical applications (section4.2). The results
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of the experiment and the challenges that arise in
object monitoring are discussed (section 5).

2  State of the art

The initial developments in DFOS were driven by
the emergence of lasers and optical fibers in the
1960s and 1970s (Hartog, 2017). The DFOS tech-
nology enables target-oriented and locally high-
resolution monitoring of deformation in the con-
struction and operational phases of tunnels, mines,
walls, dams and bridges (Minardo et al., 2012;
Lopez-Higuera et al., 2011; Ye et al., 2014).

2.1 DFOS Principle

The specific physical phenomenon employed to de-
termine object deformations based on strains in op-
tical fibers varies depending on the distributed fiber
optic sensor in use. However, all distributed fiber
optic sensors utilize the scattering effects of light
that is penetrated into the optical fiber. The back-
scattered or phase-shifted light from the interaction
with fiber is then analyzed. Three distinct types of
light scattering or phase-shifted methods are em-
ployed in DFOS, namely Rayleigh, Raman and Bril-
louin. The latter DFOS sensing principle is em-
ployed in the present study using Brillouin optical
frequency domain analysis (BOFDA). Laser light is
coupled into the fiber from both ends with the ob-
jective of detecting the specific Brillouin frequen-
cies at which the light wave stimulates the fiber at
an acoustic level (Hartog, 2017; No6ther, 2010). The
Brillouin frequency shift is then used to derive either
the temperature or/and the strain at every location in
the fiber.

2.2 Application and approaches for defor-
mation monitoring in mines or tunnels

With respect to the application of DFOS in min-
ing, a number of studies have addressed the mon-
itoring of surface mines, including different geolog-
ical strata of coal mines (Cheng et al., 2015; Hu
et al., 2020; Xie et al., 2023). In underground min-
ing, Naruse et al. (2007) have presented an under-
ground monitoring system based on DFOS to de-
tect the deformation of gallerias. To the present
day field research in underground mines is ongo-
ing, e.g. to show the economic use of temperature
and strain monitoring during mining activities (John

and Hoehn, 2024). In all cases BOFDR has been
employed to monitor the stability of the structures.

Since the 2010s, fiber optic sensors have also been
used in tunnels to assess the structural integrity of
the latest exceptionally long traffic tunnel projects.
For instance with Fiber Bragg Gratings Sensors
(de Battista et al., 2015; Henzinger et al., 2018)
and later with Brillouin and Rayleigh-based Sensors
(Monsberger and Lienhart, 2021) in a tunnel cross-
section. Based on the strain measurements mathe-
matical approaches to describe the deformation are
developed. This approach of complex evaluation to
determine indirect target variables (position changes
of points or radial changes) forms the focus of this

paper.

3 Experiment and reference

methods

The aim of the experiment is to evaluate the suit-
ability of the DFOS measuring system and the eval-
uation methods for determining the deformation of
circular objects. In a down-scaled laboratory ex-
periment the deformation of a Hula hoop can be
caused and determined at the two points where the
anchors pull or push. This deformation corresponds
to the distance moved and adjusted by the anchors.
The deformation at all other points of the hoop can
only be determined using another measuring sys-
tem. Photogrammetric measuring systems, coor-
dinate measuring machines, articulated measuring
arm or laser trackers with and without precision
laser scanners are suitable for this measurement,
because of their reliable, precise and locally high-
resolution measurement readings. The experimental
setup is briefly explained in section 3.1. The imple-
mentation and evaluation of the two reference mea-
surements are outlined in sections 3.2 and 3.3.

3.1 Experimental setup

The plastic Hula hoop with a diameter of 0.8 m (cir-
cumference approx. 2.54m) serves as the test ob-
ject, which can be deformed in a test rig along an
axis based on fix parameters. In the test rig, the
hoop can be pulled or pushed at two points (Fig-
ure 1). The tension resp. compression points are
opposite each other so that the axes of the main de-
formation (axis across these points and orthogonal
to this axis) are known. Each anchor point is moved
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in several epochs in 5 mm or 10 mm steps so that a
uniform strain should occur. The maximum defor-
mation of the hoop in the main axis is 90 mm, so
the maximal diameter is 0.890 m and the minimal
diameter is 0.710 m.

Figure 1. Experimental setup: Instruments, Hula
hoop (test object) and test rig.

The reference measurements provide the target de-
formation of the hoop as a continuous point cloud
and as discrete surface points. The radial deforma-
tion is derived from the point cloud or the coordi-
nates. Due to the experimental setup, only deforma-
tions of the hoop in the plane (x- and y-axes) were
observed in the reference data.

The DFOS measurement is carried out with the in-
terrogator 7B 5020 using the BOFDA-mode, which
has a minimal spatial resolution of 0.2m (special
mode) or 0.5 m and records strain with an accuracy
of around 2 um/m (20) (fibrisTerre Systems GmbH,
2020). The bare single mode Corning Ultra fiber is
installed inside and outside the hoop by the SikaFast
555L05 two-component adhesive (Figure 2).

Figure 2. Hola hoop with installed fiber to mea-
sure the strains and compressions inside and on the
outer edge. Anchors 1 and 2 can be moved.

3.2 Photogrammetric measuring system

The  photogrammetric =~ measuring system
(ARAMIS) used enables the highly accurate
and kinematic recording of strains and position
changes in a small measurement volume under
controllable environmental conditions. For this pur-
pose, either discrete targets or prominent points are
tracked in a stochastic pattern on the measurement
object surface over the experiment period. Position
changes or the new positions are determined by
the static stereo camera system so that very high
temporal resolution monitoring is possible. The po-
sitions of the discrete target points in relation to the
initial position and the defined coordinate system
were primarily determined in five static epochs.
The practical accuracy for position change was
estimated to be less than 0.1 mm in the experiment.

3.3 Lasertracker

A three-dimensional point cloud of the hoop can
be measured by means of the AS1 handheld scan-
ner and the AT960 LR laser tracker for each epoch.
The accuracy of the points is estimate with 0.1 mm
(20). The point cloud is referenced to the center of
the initial circle center point. The distances between
points on the hoop edge and the center point can be
determined after manually cleaning the point cloud.
The distance for an edge point to the center point is
the local or segment radius. For the evaluation, one
point for each segment is determined.

4  Methods of deformation param-
eter analysis

The aim of the following evaluation methods is to
determine the change in the local radii and the coor-
dinate displacement of points on the circumference
from the strain and compression measurements with
DFOS. These parameters are established for the de-
scription of the deformation of circular objects and
can be determined directly using the measurement
techniques (section 3) and the evaluation methods
described in sections 4.1 and 4.2. Two central ap-
proaches are described in the literature for the deter-
mination of radial changes and the coordinate dis-
placement of circumferential points. The first ap-
proach involves calculating curvatures from several
fiber cables that run parallel in a circle. The cur-
vatures are then the basis for calculating the radial
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changes or the point displacements in an adjustment
(Monsberger and Lienhart, 2021; Pei et al., 2013).
The local curvatures can also be used for the di-
rect determination of local radii (section 4.1). The
second approach uses a special fiber cable with a
fixed block in which several fibers are embedded at
fixed positions. The fix distances between the fibers
can be used to determine the changes in direction
via trapezoids along the fiber (Bednarz et al., 2021).
Due to the large cable, this approach cannot be used
in the experiment and is not considered in more de-
tail. An approach for determining the parameters
with only one fiber per cable using the local circum-
ferential change directly is presented in sections 4.2.

4.1 Curvature-based method

Fibers can primarily be used to measure changes
along the laying axis. If two or more fibers run
parallel and their distance is precisely known, then
the strain measurement can be used to determine a
change orthogonal to the axis of the fiber course.
This can be applied in two applications as shown
in Figure 3. If the fibers are run in a straight line,
the inclination of the axis parallel to the fibers can
be determined after integration with calculated dis-
tances (Figures 3 a and b).
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Figure 3. Inclination calculation with two parallel
fibers. a) State with no inclination. b) Inclination
state expressed by an inclined plane. Strong cur-
vature at the quarter circle. c) Straight object. d)
Curved object. Determination of the radius of cur-
vature from elongation and shortening at the inner
and outer edge.

With the two parallel fibers, also the curvature can
be derived from the changes of the circumferential
segments. Figures 3c and d illustrate how the lin-
ear relationship between radius r and circumference
exists. The principle can be illustrated using the ex-
ample of bending a straight. The outer side of the

pipe is lengthened and the inner side is shortened
in the same way. The bending radius is determined
by the strain (outside), the compression (inside), the
original pipe length and the diameter. Equation 1
can be used to calculate the local curvature x for
each segment s (Monsberger and Lienhart, 2021).

_ L _ Eout(s) - gin(s)
K6 =15 d(s) M

The distance between the fibers d must be known.
The distance and the segment size (area over which
the strain is measured) are further parameters that
influence the quality of the curvature calculation and
must be determined as precisely as possible. The
smaller the segment, the more directly the deforma-
tion can be represented. Influences of longitudinal
stress are compensated for by applying the mean
strain from equation 2. The segment curvature k()
can be calculated by equation 3 (Monsberger and
Lienhart, 2021).

E‘(s) _ Eout (S) ;’ Ein (S)
Eout (S) — &in (S)

d(s)*(1—&(s))

(2)

K(s) = 3)

Equation 4 is used to calculate the local change in
curvature 0k along the circumference of the circle.
The initial curvature of the circle Ky, cannot be
detected directly by the fiber. As described in sec-
tion 3.3, a laser scan can be used to derive the local
radii for any segment and determine the local curva-
tures. A local radius can than be calculated for each
location on the circumference using the initial cur-
vature and the curvature changes according to equa-
tion 5. This radius does not take into account the
influences of the neighborhood. In addition, incor-
rect measurements are not detected with this purely
numerical solution.

55 = 5703 @
1 1

A more reliable evaluation is provided by the seg-
ment curvature approach described in Monsberger

4
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and Lienhart (2021); Monsberger et al. (2022) us-
ing double integration in an adjustment model. For
this approach, the three segment radii w of a curva-
ture segment with width /4 are calculated according
to equation 6. This approach requires a solid know-
ledge of the stochastic model for all the parameters
mentioned above and knowledge of absolute or ini-
tial states.

1
m:ﬁ*(wi-&-l_z*wi"‘wi—l) (6)

4.2 Circumference change-based method

In many applications, the global circular deforma-
tion (e.g. towards an ellipse) is of primary inter-
est, so that deformations can be represented by few
points. With this prior knowledge about the inter-
pretation of the measurement results and potential
deformation trends, an efficient evaluation approach
based on parameterizable geometries can be imple-
mented. In a circle, the global deformation can be
represented sufficiently well by eight points, so that
an equilateral octagon is placed in the circle. The
eight points create circumference sections B. In the
deformation-free state, the points of the octagon lie
on the circumference of the circle and the sides of
the octagon are chords of the circle a,. Further
chords between every second point can be intro-
duced into the model by two squares b,. Finally,
the diameters of the circle d, are defined by these
points. The complete network of lines is shown in
Figure 4.

Figure 4. Circle with geometries to represent the
geometric relationships.

By introducing the mesh of lines and the circumfer-
ence points, circular deformations can be caused via

line changes, so that there is a relationship between
changes in the circumference length and the line
lengths. This relationship can be expressed by the
equations 7 to 9. The sectional changes in the length
of the circumference can be determined by integrat-
ing the strain measurements. With the change in
length of the circumference sections 8B, the chords
can be calculated with equations 7 and 8 and the
eight diagonals (diameters) with equation 9.

o 8« (B—0B) )
) ﬂ*\/4+2*ﬂ
b — (3—533:2* V2 @®
dx:(B—SB)*2 ©)
v/

The eight circumferential points are used to describe
the deformation. Their approximately position is
known from the geometry or can be roughly calcu-
lated using the arc section method, if the circular
deformation has already progressed. With the re-
dundant lines and the two-dimensional coordinates
of the circumferential points, the final point coor-
dinates can be determined in a Gauss-Markov line
mesh adjustment. The results for a simulation are
shown in Figure 5.

Yo

o6

Initial point N
Shifted point 01 '.

Figure 5. Adjusted mesh of a deformed circle with
simulated data. A convergence is present in the x-
axis. This leads to a divergence in the y-axis (cre-
ated with JAG3D).

5 Results and Discussion

The presented methods can be used in theory to de-
termine local radial changes and changes in the 2D
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circumferential coordinates. In a simulation with
discrete and locally high-resolution strain measure-
ments, as well as the known position of the fiber, the
mathematical relationship has been confirmed. A
transfer of the methods to the measurement results
of the experiment is possible with significant limi-
tations. Central limitations arise due to the coarse
local resolution, mixed strain measurements at the
edges of the measurement sections, local stresses of
the hoop, uncertainty in determining the fiber posi-
tion and the interaction of the composite adhesive
with the fiber and the hoop.

The first method (section 4.1) performs a curvature
calculation for each segment in the first step. Since
each segment must be 0.2 m long and the circum-
ference is approximately 2.5 m (12.7 segments), the
first and last segments will always contain strains of
the feed fiber. The first and last segments therefore
do not provide the true curvature or radius so that a
ring closure is not possible (Figures 6 and 7).
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Figure 6. Radial changes at 17 mm push of each
anchor.
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Figure 7. Radial changes at 22 mm push of each
anchor.

Figures 6 and 7 show the local radii of each seg-
ment for epochs 4 and 5 compared to the corre-
sponding radii calculated from the point cloud. It
can be seen from these figures that there is a qual-

itative correlation between DFOS-derived radii and
the radii determined from the point cloud. There
is also a phase shift between FOS and reference val-
ues, which is probably caused by the low spatial res-
olution. This required the estimation of the radius
for the first segment. The deviations between radii
are primarily due to the coarse sampling of the strain
measurement so that the radial change is amplified.
Due to this uncertainty and indeterminacy, the ad-
justment model (step 2 of method 1) cannot return
a plausible result. Adjustments that would make an
evaluation possible would be to move the start seg-
ment to a deformation-free / low-deformation area
so that initial curvatures can be estimated more ac-
curately. An improvement in local resolution could
be achieved by using a different measuring princi-
ple, e.g. Rayleigh method. An alternative would
be to use it only at low strains so that the stochastic
variables can be better estimated.

100 t+ + FOS

75

length change at segment [mm]
N

0.0 05 10 15 2.0
segment position [m]

Figure 8. Change in length of the circumferential
segments at 17 mm push of each anchor.

The second method is based on the change in length
of the circumference in each segment. Each seg-
ment has a length of approximately 306 mm in the
deformation-free state at eight support points and
is formed by interpolation (mathematical increase
in spatial resolution) and later addition of the inter-
polated segments. By integrating over the segment
length, the segmental change in length can be de-
termined. Only the inner fiber needs to be analyzed
for this. Figure 8 shows that the change in length of
the segments occurs as a dependency of the radial
change. This observation leads to the conclusion
that the changes in circumferential length lead to a
displacement of the eight support points. According
to section 4.2, the distances between the points are
calculated from the arc segments and a distance ad-
justment is made. The deformation-free position of
the points is used as an approximation. The result
of the adjustment for the divergence case is shown
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in Figure 9.
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Figure 9. Result of the mesh adjustment without
support. Marking 1: point in deformation-free
zone. Markings 2 and 3: points in deformation
zone (created with JAG3D).

The load case from the experiment shows that the
hoop is pulled to the right and left so that stretch-
ing is expected in the x-direction. This expectation
is not completely consistent with the result in Fig-
ure 9. Extensions are also recognized in the y- or
xy-direction. This method cannot be used without
supporting the model (a priori knowledge), as dis-
placements from the circumference also act in the
deformation-free area and thus lead to a reduction
of the deformation in the actual deformation direc-
tions.

Alignment with model knowledge

Initial point : ™ : y
Shifted point . & a

Figure 10. Result of the mesh adjustment with sup-
port. Marking 1: point in deformation-free zone.
Markings 2 and 3: points in deformation zone (cre-
ated with JAG3D).

The model can be supported by introducing ad-
ditional distance measurements, as shown by the
marked square in Figure 10. The deformation at
marking 1 is reduced and leads to reinforcement at
markings 2 and 3 (deformation areas). Remaining

deviations from the target position are due to the
above-mentioned influences of strain measurement
or result from an inaccurate alignment of the hoop.

6 Conclusion and outlook

Two methods for determining the coordinate dis-
placements of the boundary points are introduced
and analyzed in an experiment. Both methods are
applicable with simulated data and with deforma-
tions of a hoop within one defined axis. The exper-
iment shows that neither of these methods can be
applied without significant limitations. Both meth-
ods can only be plausibly used to calculate the de-
formation parameters (boundary point coordinates
and radial changes) for small deformations or when
external constraints are introduced. In particular,
the discretization of the start and end segments and
the deformation of these segments can only be sup-
ported by external and absolute measurements (e.g.
with total stations, distance sensors or extensome-
ters). The central improvement is seen in the op-
timization of the stochastic model for method 1.
For method 2, it is conceivable that the relationship
between radius and circumference changes can be
investigated in more detail. The experimental re-
sults demonstrate that in order to apply the meth-
ods to a real shaft, the position of the fiber must
be known very precisely and the absolute deforma-
tions must be recorded with additional sensors or
measurements so to enable a plausible calculation
of deformation parameters. Method 1 assumes that
two parallel fibers can be installed with a distance
of several centimeters around the shaft. In practice,
this is often not possible in existing structures. The
longer circumference of the shaft means that only
global deformations are detected with method 2.
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