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Abstract
Deformation monitoring and structural reliability assessment are key components in modern conventional tunneling. The 
state-of-the-art monitoring design is usually based on displacement measurements of geodetic targets using total stations 
paired with pointwise geotechnical sensors inside the tunnel lining. In recent years, distributed fiber optic sensing (DFOS) 
has become more popular in tunneling applications. DFOS measurements basically deliver internal strain and temperature 
distributions, but no direct relation to the tunnel shape’s behavior. This paper introduces a novel sensing and evaluation 
concept, which combines DFOS strain measurements and geodetic displacement readings for distributed shape assessment 
along curved structures, such as tunnel cross-sections. The designed system was implemented into shotcrete tunnel cross-
sections as well as shaft linings and enables the determination of displacement profiles with high spatial resolution in the 
range of centimeters. Evaluations of continuous monitoring campaigns over several weeks as well as epoch-wise measure-
ments performed by different DFOS sensing units in combination with stochastic analysis demonstrate the high potential of 
the developed approach and its capability to extend traditional monitoring methods in tunneling.

Keywords Distributed fiber optic sensors · Shape sensing · Shotcrete tunnel lining · Displacement sensing · Field 
applications · Tunneling

1 Introduction

The design of excavation and supporting methods in modern 
tunneling is usually based on geotechnical monitoring and 
reliable data interpretation to enable an assessment of the 
structural integrity and, finally, to guarantee a safe construc-
tion and operation. State-of-the-art monitoring approaches 
utilize displacement measurements of geodetic targets at the 
inner surface of the tunnel using total stations [22, 24, 25], 
which are however time-consuming and always require a line 
of sight between the instrument and the measured object. 
Therefore, the measurements might interfere with the regular 
tunnel construction work, involve risks for the surveying 
team, and can cause construction delays every time they are 
performed. Electrical sensors, e.g., vibrating wire sensors 
[23] or extensometers [2], may be installed in addition to 

3D monitoring targets inside the shotcrete lining to provide 
continuous in situ measurements. Nevertheless, the number 
of sensors inside the lining is limited due to practical reasons 
as each electrical sensor needs its own connecting cable to 
the data logger, and hence, information can only be obtained 
at particular locations of the lining.

Distributed fiber optic sensors (DFOS) are advantageous 
as the cable itself acts as the sensitive element and distrib-
uted measurements can be performed along the entire sens-
ing fiber. Only one lead-in cable is necessary to realize a 
large number of monitoring points, that which significantly 
reduces the installation effort to gather strain values in the 
tunnel lining with a high spatial resolution. The DFOS uti-
lization might be, however, limited, if major impairments 
with huge crack widths become prevalent along the lining 
or yielding elements are used to control large deforma-
tions. Although the sensing cable installation procedure is 
critical due to the harsh tunnel environment, DFOS have 
already been successfully implemented inside shotcrete tun-
nel linings. These existing installations are mainly focused 
on investigations of mechanical stress as a result of creep-
age, shrinkage, and/or rock pressure [9, 19, 28], as well as 

 * Christoph M. Monsberger 
 christoph.monsberger@tugraz.at

1 Institute of Engineering Geodesy and Measurement Systems, 
Graz University of Technology, Steyrergasse 30, 8010 Graz, 
Austria

http://orcid.org/0000-0003-0937-014X
http://crossmark.crossref.org/dialog/?doi=10.1007/s13349-020-00455-8&domain=pdf


338 Journal of Civil Structural Health Monitoring (2021) 11:337–350

123

convergence analysis [4, 10], but do not deliver concepts 
for fully distributed shape analysis along the lining. This 
paper introduces a distributed fiber optic shape sensing and 
evaluation approach, which utilizes DFOS strain measure-
ments along different sensing layers in combination with 
pointwise displacement readings for fully distributed shape 
assessment along curved structures, such as tunnels. The 
developed system was implemented into shotcrete tunnel 
cross-sections as well as shaft linings at a railway tunnel cur-
rently under construction and extends conventional geodetic 
readings, which are carried out anyhow. The installations 
were interrogated by different DFOS sensing units based 
on Rayleigh and Brillouin scattering, whose basic charac-
teristics are described in the following (sect. 2). Moreover, 
the designed shape sensing algorithm and its capabilities by 
means of stochastic analysis (sect. 3) are presented. Results 
of continuous monitoring campaigns and evaluations of 
epoch-wise follow-up measurements are shown and dif-
ferent evaluation setups are discussed (sect. 4). Finally, the 
outcomes are concluded and an outlook on future research 
aspects is given (sect. 5).

2  Distributed fiber optic monitoring system 
and practical aspects

Distributed fiber optic sensing systems use natural scatter-
ing of optical signals during the forward propagation along 
the sensing fiber. Small parts of these intensity losses are 
backscattering effects, whose spectral characteristics carry 
information about geometrical, physical, or chemical quan-
tities. Backscattering effects can be basically divided into 
linear (Rayleigh) and non-linear (Raman and Brillouin) scat-
tering. Raman-based systems are only sensitive to tempera-
ture, whereas Rayleigh as well as Brillouin instruments are 
sensitive to both, strain and temperature changes [8]. Their 
capabilities regarding spatial resolution and measurement 
accuracy are however significantly different, which is why, 
the applications presented in this paper were partially inter-
rogated by two different sensing units to assess potential 
impacts of the DFOS characteristics on the shape sensing 
approach.

The used Rayleigh backscattering system OBR 4600 
[14] from Luna Innovations Inc. enables distributed strain 
sensing with high spatial resolution of some millimeters, a 
measurement precision in the range of 1 μm/m, and a meas-
urement frequency of about 0.1 Hz. The usual sensing range 
is limited to 70 m, but can be extended up to 2 km using 
specially developed software components. This, however, 
results in limitations of the feasible measurement resolution 
of 4.1 μm/m using a spatial resolution of 3 cm according to 
the manufacturer. These specifications can be confirmed by 
IGMS (Institute of Engineering Geodesy and Measurement 

Systems at Graz University of Technology) experiences in 
practical environment.

Unlike Rayleigh sensing units, Brillouin interrogators 
provide measurements over tens of kilometers, though with 
limitations in the measurement capabilities and, typically, 
significantly longer measurement times of several minutes. 
Based on the BOFDA (Brillouin Optical Frequency Domain 
Analysis) technique, the fTB 5020 from FibrisTerre GmbH 
(Germany) allows monitoring over 25 km with a spatial 
resolution of 0.5 m [5]. Under geotechnical conditions, a 
measurement precision between 2 and 10 μm/m can be usu-
ally achieved depending on the sensing network.

In addition to the interrogation unit itself, the reliability 
and robustness of the DFOS cable are highly relevant to 
guarantee the integrity of the optical sensing fiber in harsh 
tunnel environment. Different manufactures offer such cables 
especially developed for strain monitoring in geotechnical 
applications, e.g., [26]. These can protect the optical fiber by 
a metal tube or even by a special steel armoring. The cables 
show good resistance against mechanical impacts and their 
suitability could be proven by various successful installa-
tions at different construction sites, e.g., [13, 16, 28]. The 
outer surface of selected cables is also structured to provide 
a solid connection with the surrounding shotcrete material. 
Since Rayleigh and Brillouin systems are strain and tem-
perature sensitive, appropriate temperature compensation is 
important in practical applications. For that reason, specially 
designed temperature sensing cables [27] or sensing cables 
in loose tubes are typically installed parallel to the strain 
sensing cable to numerically correct the temperature impact.

The temperature-corrected raw measurement quantity 
(i.e., wavelength, frequency, or intensity) must be finally 
converted into strain. The parameters of the sensor charac-
teristic curve often vary depending on the cable type as well 
as different batches of the same cable in some cases. Cable 
calibration is therefore essential to achieve accurate sensing 
results. IGMS developed a unique calibration facility [29] 
which enables highly precise, fully automatic calibration of 
strain sensors with lengths of up to 30 m under stable labora-
tory conditions. Individual calibrations are carried out prior 
to field applications to provide reliable conversion param-
eters for the used cable. Further information on the design 
of different strain sensing cables from Solifos AG and cor-
responding strain calibration results are presented in [17].

3  Shape sensing algorithm

3.1  Functional model

DFOS systems deliver distributed strain (and temperature) pro-
files along the longitudinal axis of the installed sensing fiber. 
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Multidimensional information can however also be captured 
if two or more fibers are parallelly aligned along the structure. 
This setup enables the determination of curvature profiles in 
case of bending orthogonal to the DFOS sensing direction.

It is known from elastic bending theory (e.g., [15]) that the 
deflection w at one specific sensing element s along an object 
can be described by

where M is the bending moment, E the modulus of elastic-
ity, and Iy the moment of inertia at the observed position. 
The deflection w can also be expressed by the segment’s 
curvature � and, therefore, by the bending radius R. The 
relation of the bending radius and the measured strain along 
the outer layer �out and the inner layer �in in combination with 
the distance between the fibers d enables a direct curvature 
acquisition from the DFOS measurements:

Beside influencing shear stresses, the concrete object might 
also be affected by longitudinal stresses due to shrinkage, 
creepage, or temperature-induced expansion. These effects 
are taken into account by the longitudinal strain, which is 
equal to the mean strain value of both sensing layers �:

To obtain displacements orthogonal to the sensing direc-
tion, the distributed curvature values can be numerically 
double-integrated based on the difference equation method, 
as already introduced by [21]. The relation between the cur-
vature � at the i-th position along an object and the deflec-
tion value w is described by

where h is the distance between the sensing points and, 
therefore, equal to the spatial resolution of the DFOS sys-
tem. The linear functional model is given by

(1)w(s) = ∫ ∫
M(s)

E ⋅ Iy
= ∫ ∫ �(s),

(2)�(s) =
1

R(s)
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.
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1

h2
⋅ (wi+1 − 2 ⋅ wi + wi−1),

where ��� describes the stochastic of the observations. A 
least-square adjustment based on the Gauß–Markov model 
can be finally used to derive the estimated deflection values 
ŵ:

The absolute position and orientation of the object is how-
ever unknown. The normal equation matrix N has therefore 
a rank deficiency of 2 and cannot be inverted without fur-
ther information. For linear structures in geotechnics, this 
boundary-value problem is commonly solved using the can-
tilever beam approximation, where the starting point (i.e., 
the bottom point) and its orientation is assumed to be fixed.

For curved structures like tunnel linings, two sensing 
cables may be installed in circumferential direction, but 
with different distances to the center, see Fig. 1a. This 
results in slightly different sensing segment lengths d(s) 
along the outer and inner layer, which can be taken into 
account by the installation radii of the different layers [18]. 
Nevertheless, the values resulting from Eq. 2 only repre-
sent the curvature change due to shear stresses acting on 
the single sensing segment, i.e., stresses orthogonal to the 
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Fig. 1  Shape sensing principle: a Schematic representation of cross-
section profile; b detail of one single sensing segment along the lining
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tangent to the lining. Considering the curved initial geom-
etry, the curvature impact within the two-dimensional 
coordinate system can be rewritten and expressed by:

where � is the orientation of the sensing segment relative to 
horizontal coordinate axis x (Fig. 1b). This geometry param-
eter can be initially retrieved from the planning model. The 
numerical integration process is performed individually 
for each coordinate direction. In contrast to the cantilever 
approximation, the boundary-value problem can be solved 
by extending the functional model with additional obser-
vations, e.g., pointwise displacements of geodetic targets (
�xTS, �yTS

)
 recorded by total stations at the j-th position of 

the fiber optic installation along the lining:

The number of geodetic points is basically variable, but must 
be at least 2 to solve the boundary-value problem. Using 
more than two supporting points provides an estimation with 
redundancy, which enables an assessment of the correctness 
of the functional and the stochastical model.
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The derived curvature values �x
i
 and �y

i
 are always related to 

the geometry of the lining. The workflow can hence be under-
stood as an iterative approach, see Fig. 2, where the lining’s 
geometry ( � ) is continuously updated. This evaluation proce-
dure is performed as long as the total sum of squares (TSS) of 
the coordinate differences between the current and the previ-
ous iteration is decreasing. The coordinates in both directions 
can be finally determined by adding the estimated differential 
supplements �xi and �yi to the initial model shape.

3.2  Stochastic analysis

It is obvious that measurements from different sensing tech-
nologies are recorded with different stochastics. Appropriate 
weighting of the different observation types is therefore essen-
tial to guarantee the suitability of the estimation model.

Geodetic measurements in tunneling are usually performed 
with modern total stations with a distance measurement pre-
cision of 1 mm for prisms or 3 mm for bi-reflex targets and 
a standard deviation of 1” (= 0.3 mgon) for angle readings 
[12]. These specifications typically result in standard devia-
tions between 1 and 5 mm for displacements in both coor-
dinate directions depending on the target type as well as the 
measurement configuration.

The curvature values are represented by a combination of 
different measurement quantities, i.e., the DFOS strain meas-
urement � , the distance between the fibers d and the orienta-
tion of the sensing segment � (cf. Eq. 2 and 9). Their standard 
deviation in both coordinate directions can be derived using 
variance propagation:
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Fig. 2  Basic determination workflow of the designed DFOS shape 
sensing approach
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According to the manufactures of the used sensing units 
(see Sect. 2), the DFOS strain readings can be performed 
with a standard deviation between 2 and 10 μm/m. The 
distance between the fibers is basically determined by the 
planning model, which, however, does not exactly rep-
resent the actual installation in most cases due to practi-
cal reasons on-site. To analyze typical variations between 
model and realization, the positions of the DFOS cables 
at one selected construction site were captured by reflec-
torless total station measurements before the respective 
shotcrete layer was applied (see Fig. 3a). From the interpo-
lated cable routes along both installation layers, the DFOS 
cable spacing can be continuously derived in circumfer-
ential direction. The resulting profile (Fig. 3b) along the 
lining depicts deviations to the mean value of up to 10 cm. 
Although the mean value itself is basically in accordance 
with the planning model ( dmodel = 17 cm), these variations 
with a standard deviation of 4.1 cm must be considered as 
an essential part of the combined curvature’s measurement 
uncertainty.

Analogous to the cable spacing, the initial geometry of 
the lining is also retrieved from the planning model. Laser 
scans may be carried out after the shotcrete lining is con-
structed to investigate the excavation accuracy (Fig. 3c). The 
orientation angles of the differential sensing segments in cir-
cumferential direction derived from the model and the laser 
scan of the observed cross-section are shown in Fig. 3d. This 
comparison delivers variations with a standard deviation of 
3.41◦ , which should be also incorporated for thorough vari-
ance propagation.

The appropriate combination of all affecting measure-
ment quantities enables a simulation of the achievable stand-
ard deviation of the resulting displacement profiles in both 
coordinate directions, see Fig. 4. The analysis was done 
using different measurement uncertainties for the geodetic 
displacement observations as well as different specifica-
tions for the DFOS strain readings according to Sect. 2. The 
results show that the standard deviation basically increases 
from the tunnel crown to the side walls. This seems logical, 
since the integration process is less well-controlled at the 
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outside due to the setup of supporting points (c.f. locations 
of total station targets in Fig. 3). While the geodetic readings 
have major influence, different DFOS instrument capabilities 
depict only a small effect on the precision of the resulting 
displacement profiles. This is why, strain profiles measured 
by Brillouin sensing units, typically with lower measure-
ment precision, but significantly longer sensing range, may 
be also appropriate to determine capable displacement dis-
tributions. The standard deviation is similar for both coor-
dinate directions with small deviations in the central area. 
It is obvious that particular orientations tend the curvature 
value to 0 (e.g., approx. 90◦ for �x ). The curvature uncertain-
ties of these positions have significantly lower influence on 
the estimation, which, therefore, provides a better result in 
x-direction at the tunnel crown area.

4  Field applications and monitoring results

As part of the European TEN-T Network Corridor, the Sem-
mering Base Tunnel (SBT) is one of the main railway infra-
structure projects currently under construction in Europe. 
The original 150-year-old railway track crosses the mountain 
ridge with small curvature radii and large height gradients 
and, therefore, the train speed is low. The two tunnel tubes, 
with a total length of 27.3 km each, will be part of a high-
speed rail connection, which will reduce the traveling time 
between Austria’s capital Vienna and the second largest city 
Graz by about 30% in the future. The optimized track routing 
through the tunnel additionally enables significantly better 
capabilities for rail goods traffic.

As discussed in [6], the geological conditions along the 
tunnel track are challenging and most parts are being exca-
vated by conventional tunneling based on the New Austrian 
Tunneling Method (NATM). This requires extended moni-
toring of the tunnel construction itself as well as of criti-
cal infrastructure nearby. DFOS monitoring systems were 
installed by IGMS at each construction lot (Fig. 5) to assess 
the structural integrity of individual construction parts and, 
finally, to increase the work safety on-site. These installa-
tions include monitoring of conventional tunnel cross-sec-
tions [19, 28] and shaft linings [13] (SBT 1.1), reinforced 
earth structures [20] (SBT 2.1) as well as pipelines [11] 
(SBT 3.1).

4.1  Conventional tunnel cross‑sections

The outbreak in conventional tunneling based on the NATM 
is performed in different, well-defined sequences, which 
enables the rock to support itself. Both instrumented cross-
sections presented in this publication were constructed in 
two steps: first, the upper part of the tunnel (so-called top/
heading) was excavated and supported with two shotcrete 

Fig. 4  Standard deviation of resulting displacement profiles in lateral 
direction (solid) and height (dotted)

Fig. 5  Semmering Base Tunnel: project overview and IGMS monitoring sites (based on [6])
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layers. DFOS sensing cables were installed in different con-
figurations along the supporting wire meshes of both layers 
using cable ties. Their routing was retrieved by reflector-
less total station measurements before the shotcrete was 
applied, which guarantees an exact spatial allocation of the 
cables within the cross-section for data analysis (Fig. 6a). In 
practice, this may also be an appropriate solution for future 
installations performed by workers on-site without IGMS 
support, since these measurements can be carried out by the 
surveyor on-site. About 5 days later, the lower part (so-called 
bench/invert) was removed and the lining ring was closed. 
Wagner et al. (2020) give detailed information on the DFOS 
concept and installation inside the tunnel [28].

DFOS monitoring was started immediately after the 
installation and was continuously performed over several 
weeks, while the further tunnel excavation continued. The 
first instrumented cross-section was interrogated by a Ray-
leigh sensing unit, which can provide a spatial resolution 
of 3 cm over measurement ranges up to 2 km (cf. Sect. 2). 
Figure 6b shows the strain profiles along both DFOS cables 
about 5 days after the installation. Both layers basically 
depict negative strain due to the interacting rock pressure as 
well as shrinkage and creepage effects. Differences between 
the layers at the tunnel shoulders and the side walls indicate 
bending along the lining, which is confirmed by the derived 
curvature changes (Fig. 6c). The observed behavior seems 
logical, since the bench/invert section was excavated and 
supported about 5 days after the installation of the top/head-
ing. The entire top/heading section therefore moves down-
wards before the support and the lining is bent due to the 
resistance of the bench/invert.

Distributed displacements along the cross-section can be 
determined by combining the DFOS curvature profiles with 
displacement readings of five geodetic targets using the algo-
rithm presented in Sect. 3. The derived displacement profile 
in Fig. 6d shows good agreement to the pointwise geodetic 
observation, even if this behavior is partly implied by the 
correlation within the sensing algorithm. The correctness 
of the functional as well as the stochastical model is how-
ever additionally confirmed by the estimation’s redundancy, 
which delivers an a-posteriori variance factor �̂�2 of about 
1.06.

The DFOS displacement profile can be estimated for each 
geodetic measurement epoch (usually once a day) to analyze 
typical deviations between the different sensing techniques 
over time. Figure 7 depicts the coordinate residuals at the 
supporting point locations over the first 24 days of continu-
ous monitoring. The first measurement of both sensing tech-
niques exactly at the same time is only available about 12 h 
after the initial DFOS measurement, which is why the dis-
played curves are referenced to this second geodetic epoch 
after construction. The results present deviations of about 
±3 mm in x-direction and ±4 mm in y-direction. These are 
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in accordance with the 3-� range of the theoretical analy-
sis (cf. Fig. 4) and confirm the capabilities of the designed 
approach.

The continuous construction process in conventional tun-
neling requires fixed installation equipment (air ventilation 
system, electricity supply, etc.) and heavy tunnel machinery, 
which can restrict the field of view to geodetic targets. Con-
sequently, some monitoring points of selected cross-sections 
may be partially unavailable for displacement measurements 
by total stations. The DFOS-based estimation can be per-
formed using only a selected number of supporting points 
(min. 2) to overcome these limitations and to provide dis-
placements along the entire top/heading section.

The estimated displacement profiles of different set-
ups (utilized supporting points, respectively, marked in 
red) are shown in Fig. 8. Estimations with uniformly dis-
tributed supporting points (Fig. 8, top-left and top-right) 
depict a very good agreement with residuals smaller than 
3 mm to the reference profile (dotted red line), which rep-
resent the estimation result with all supporting points (cf. 
Fig. 6d). Unilateral configurations with three geodetic 
points (Fig. 8, bottom-left) might be the most common 
limitation in tunneling. Even with this non-uniform sup-
porting arrangement, the DFOS approach can deliver 
displacement profiles with maximum deviations of about 

Fig. 7  Coordinate residuals at supporting point locations over first 24 
days of continuous monitoring
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3.5 mm to the geodetic readings. This can be advanta-
geous, especially if one side is blocked by tunnel infra-
structure over longer periods.

Limitations of the DFOS-based estimation become 
visible if only two supporting points at one tunnel side 
are used (Fig. 8, bottom-right). Using this configuration, 
uncertainties of the curvature profiles might lead to a pro-
gressive error propagation starting from the supporting 
points, which finally result in large deviations at the oppo-
site tunnel side.

Geodetic monitoring in conventional tunneling involves 
significant risks for the surveying team on-site. Since the 
instrument is often positioned in the middle of the tunnel 
axis to obtain an optimal measurement setup, surveyors 
must always be attentive not to be overlooked by work-
ers driving heavy tunnel machinery. Tragically, disastrous 
working accidents cannot be ruled out completely [1]. For 
that reason, every monitoring system which may reduce 
the physical human presence inside the tunnel is a real 
benefit.

It is obvious that the DFOS approach also requires dis-
placement readings to solve the boundary-value problem 
of the double integration. However, if geodetic readings 
are not available over longer periods of time, the displace-
ments at the supporting point locations may be estimated 
from the recorded DFOS strain values. The approximated 
strain–displacement relation can be defined linearly by a 
minimum of two arbitrary measurement epochs i and j to 
predict the displacement value at k-th epoch

where � represents the mean strain at the geodetic target 
position. Using more than two measurement epochs might 
optimize the prediction, but requires more presence of the 
surveyor inside the tunnel.

For concept proofing, the displacements at the instru-
mented cross-section after 175 h were predicted from the 
readings about 12 and 36 h after the installation to support 
the DFOS-based estimation. The results in Fig. 9a demon-
strate that the prediction method can provide displacement 
profiles with maximum deviations of about 5 mm to the 
exact solution. The prediction was subsequently performed 
for all DFOS epochs of the continuous monitoring campaign 
(Fig. 9b) to analyze the method’s long-term suitability. The 
supporting points over the first 175 h are derived from the 
geodetic readings on the first and second day after construc-
tion (indicated with I in Fig. 9b). After this point in time, 
the bench/invert of the cross-section was already excavated, 
supported as well as refilled, which essentially changes the 
deformation behavior. For that reason, the prediction model 
is updated with two displacement observations for all fol-
lowing monitoring epochs, see II in Fig. 9b. The comparison 
between the DFOS-based estimations and the geodetic read-
ings basically depict good agreement for all target positions 
with a mean deviation of about 1.2 mm in x-direction and 
0.9 mm in y-direction over the entire monitoring period. The 

(17)
[
�x

predict

k

�y
predict

k

]
=

[
�xTS

j
− �xTS

i

�yTS
j

− �yTS
i

]
⋅

�k

�j − �i
,

(a)

50.0 mm

22.03.2017 11:00

(approx. 175 h after installation) 

20/0
3

25/0
3

30/0
3

04/0
4

15/0
3

-10

0

-20

-30

-40

di
sp

 [m
m

]
he

ig
ht

40

60

20

0

-20

-40

-60

di
sp

 [m
m

]
la

te
ra

l

09/0
4

14/0
4

19/0
4

(b)

I II LeftBot

Top

RightTop

RightBot

Geodetic

LeftTop

Fig. 9  Displacement profile estimation based on supporting point pre-
diction: a cross-sectional displacement profile; (b) displacement val-
ues at supporting point locations derived from DFOS curvature pro-

files over 35 days of continuous monitoring compared to pointwise 
geodetic measurements



346 Journal of Civil Structural Health Monitoring (2021) 11:337–350

123

maximum deviation of about 5 mm can be observed at the 
left-sided targets shortly before the update of the support-
ing points about 175 h after installation. The displacement 
profile of this epoch is already displayed in Fig. 9a, which, 
therefore, represents the estimation with the highest devia-
tions to geodetic observations. Although this displacement 
accuracy might be insufficient for high-precise geotechnical 
monitoring applications, the resulting information certainly 
allows general conclusions on the deformation behavior 
with significantly lower presence of the surveyor inside the 
tunnel, in this example, 4 instead of 35 daily monitoring 
epochs. Moreover, distributed displacement profiles can also 
be determined for DFOS epochs without simultaneous geo-
detic measurements, which further extends the capabilities 
of the DFOS-based approach.

Even if the used Rayleigh sensing unit provides strain 
profiles with high spatial resolution, the sensing range is 
restricted with a maximum of 2 km. Especially in tun-
neling applications, sensing over longer distances can be 
advantageous to monitor numerous cross-sections using 
only one interrogation unit, which is placed at a protected 
place, preferably outside the tunnel. Brillouin sensing sys-
tems usually enable measurements over tens of kilometers, 
but are limited in the spatial resolution and the measure-
ment precision. To evaluate potential effects on the cross-
sectional strain and subsequently derived displacement 
profiles, the DFOS system was installed within another 
cross-section at the same construction lot and continuous 
measurements were performed using a BOFDA sensing 

unit (see Sect. 2). Further information on the installation 
as well as strain and temperature monitoring results may 
be found in [3].

The derived displacement curve of one selected epoch 
about 82 h after the installation is shown in Fig. 10a. The 
estimation was supported by seven geodetic targets along 
the cross-section. Their displacements are in accordance 
with the shape derived from the BOFDA measurements, 
whose estimation redundancy delivers an a-posteriori vari-
ance factor �̂�2 of about 1.33. This also confirms the cor-
rectness of the statistical model at a significance level of 
95%.

Analogous to Fig. 7, the DFOS displacement profiles 
can be estimated at each geodetic measurement epoch to 
analyze the typical variations between the different sens-
ing approaches. The coordinate residuals at all seven geo-
detic target positions over the first 15 days of continuous 
monitoring are displayed in Fig. 10b. The different curves 
were referenced to the second geodetic epoch about 10 
h after installation, where simultaneous results of both 
technologies are available for the first time. The derived 
deviations are within a range of about ±5 mm in both 
coordinate directions, except for the right-bottom target, 
and comparable to Rayleigh sensing results. The higher 
number of supporting points could, however, also be used 
for data snooping to detect and eliminate potential outli-
ers in the curvature profiles or the supporting point dis-
placements. This would potentially further optimize the 
estimation result.
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4.2  Tunnel shaft linings

Intermediate headings with shaft constructions are widely 
used in modern conventional tunneling to shorten construc-
tion times. The SBT project includes shafts at three con-
struction lots with depths of up to 400 m [6]. As shown 
in Fig. 11a, the Göstritz intermediate access as part of the 
SBT 1.1 (Fig. 5) requires a complex construction system. 
Two horizontal access tunnels with a total length of more 
than 1 km each were built with a massive cavern at the end, 
which subsequently enabled the construction of two vertical 
shafts with a total depth of approximately 240 m to reach the 
planned altitude of the future railway line.

Exploration drillings revealed very challenging geologi-
cal conditions for the shaft constructions, which is why an 
extended monitoring program was set up to detect any degra-
dation of the structural stability of the linings. Conventional 
geodetic measurements of shaft walls using total stations are 
very difficult because of very steep, almost vertical sightings 
as well as water intrusion at the shaft floor. Furthermore, the 
shaft construction must always be completely paused during 
the time-consuming measurements, which, therefore, delay 
the construction process as a whole. After completion of the 
shaft construction itself and the installation of corresponding 
infrastructure, geodetic measurements additionally become 
almost impossible due to the limited field of view.

To overcome these limitations, DFOS cables were 
embedded into five selected shaft cross-sections based on 
the geological conditions to measure distributed strain and 
temperature profiles in circumferential direction of the shot-
crete linings. An instrumentation along both shotcrete layers 
also enables an assessment of potential curvature changes. 
The cable routing was recorded by total station measure-
ments before shotcreting to ensure the exact position along 
the lining. These measurements as well as the installation 

itself were challenging due to small working space inside the 
shaft as well as permanent water intrusion (Fig. 11b). The 
sensing cables of all cross-sections were guided from water-
proof connection boxes at the cross-section locations to an 
instrument box at the shaft head, from where measurements 
can be carried out without any interference of the regular 
construction.

Contrary to partial excavations in conventional tunneling, 
the continuous construction of tunnel shaft linings enables 
an installation along the entire cross-section at the same 
time and can provide a closed ring system along both sens-
ing layers. Based on this configuration, the boundary-value 
problem of the DFOS-based estimation can be solved by 
assuming that the displacement value and its gradient at 
the starting point must be equivalent to the last integration 
position by extending the functional model with constraints 
instead of pointwise displacement readings (cf. Eq.  10 
to 14). These constraints can be realized in various ways, 
e.g., by pseudo-observations:

The extension allows an estimation of relative displacement 
profiles along the shaft lining free of external observations. 
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Although rigid-body motions of the linings remain 
unknown, this procedure can be very valuable to obtain the 
shaft’s deformation behavior without any interruption of the 
shaft construction.

The initial measurement of the instrumented shaft lin-
ings was taken immediately after the installation using the 
BOFDA interrogator. Up to now, follow-up monitoring has 
been conducted epoch-wise on request of the geotechnical 
engineer on-site. Relative displacement profiles may be 
derived for each monitoring epoch based on the DFOS strain 
measurements, which are detailedly introduced in [13].

The evaluated profiles of two monitoring epochs along 
one selected cross-section (shaft 02, 228 m) are shown in 
Fig. 12a. These present only small displacements within a 
range of about ±13 mm for both epochs, but allow conclu-
sions on the cross-sectional deformation behavior and its 
progress: the first measurement already displays a squeezed 
shape orientated to the right-bottom side with small mag-
nitude, which has significantly further developed about 171 
days after installation.

To verify the DFOS-based approach (blue), the deforma-
tion shape can also be approximated by an ellipse based on 
the geodetic displacements measured by total station (red). 
The individual profiles of both technologies must however 
be reduced by their respective mean value, since the DFOS 
approach depicts only relative deformation within the lining. 
The orientation of the geodetic ellipse represents the defor-
mation process well, which confirms the above concluded 
assumption, although the estimation shows lower deforma-
tion magnitudes. Numerical deviations between the sensing 

techniques at the geodetic target positions are within a range 
of some millimeters (Fig. 12b) and, therefore, only slightly 
lower than the total deformation amount. The differences 
generally increase over time, which might be related to the 
increasing sighting steepness due to the further shaft sinking 
process. This usually results in higher measurement uncer-
tainties for geodetic monitoring. The DFOS-based approach 
can therefore be a valuable substitute to capture the relative 
deformations profiles along shaft linings without physical 
access of the surveyor or delays of the construction process.

5  Conclusion

This paper introduced an innovative shape sensing and 
evaluation approach, which enables fully distributed shape 
assessment along curved structures, such as tunnel cross-
sections, based on distributed fiber optic sensing combined 
with geodetic displacement readings. The designed system 
was installed inside conventional tunnel cross-sections as 
well as shaft linings and interrogated by different DFOS 
sensing units based on Rayleigh and Brillouin scattering. 
The special setup of the used sensing cable in combination 
with appropriate installation techniques can enable success-
ful installations with survival rates of more than 95%, even 
in the harsh tunnel environment.

The sensing concept is related to the double integration 
of distributed curvature values derived from DFOS strain 
measurements along two layers in well-known arrange-
ment along the structure. Stochastic analysis could show 
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that the curvature’s measurement uncertainty is not only 
related to the DFOS strain measurements, but also to the 
distance between the fibers and the accuracy of the geo-
technical planing model. The standard deviation of the 
estimated displacement profile also strongly depends on 
the geodetic measurement precision.

Evaluations of continuous monitoring of tunnel cross-
sections demonstrate that the distributed displacement 
shape can be assessed without any gaps along the entire 
top/heading section. The results depict maximum devia-
tions of about 4 mm to displacements measured by total 
stations at the geodetic target position, which confirms the 
stochastic analysis. Additionally, the deformation behavior 
might be also captured by laser scanning in future appli-
cations to independently verify the derived displacement 
shape. The DFOS-based approach is also capable to pre-
dict supporting information based on the measured strain 
values. It could be shown that the displacement profiles 
can be determined with mean deviations of about 1 mm 
in both coordinate directions at the supporting point loca-
tions by using only 4 instead of 35 geodetic measurement 
epochs. This significantly reduces the surveyor’s physical 
presence inside the tunnel.

The closed ring system along tunnel shaft linings ena-
bles an estimation of relative displacement profiles, even 
without external observations. The resulting shape allows 
conclusions on the deformation behavior of the instru-
mented shaft cross-section, whose deformation progress 
and orientation could be verified by evaluations of an 
ellipse estimated from pointwise geodetic displacements. 
The deformation behavior along the instrumented cross-
sections is mostly homogeneous and the deformation’s 
magnitude is small, especially at the tunnel shafts. Long-
term monitoring of the installations is currently being per-
formed to detect and quantify potential structural integrity 
anomalies. The outcomes will further prove the suitability 
of the designed shape sensing approach and will also give 
information on the long-term behavior of the DFOS tunnel 
installations.
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