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Abstract. Optical fiber measurement systems have recently gained popularity following a multitude of inten-
sive investigations. A new technique has been developed for these measurement systems that uses Rayleigh
backscatter to determine the distributed strain measurement over the total length of a fiber. These measurement
systems have great potential in civil engineering and structural health monitoring.

This paper addresses some preliminary comparisons between three different fiber coatings and six different
adhesives on steel structures. The results are based on a bending test with specimens made of precision flat steel;
optical fiber strain measurements were compared with photogrammetric strain measurements.

Analysis of the test data showed a strong correlation between the optical measurement system’s results and
the theoretical results up to the yielding point of the steel. Furthermore, the results indicate that fibers with the
Ormocer® and polyimide coatings have almost the same strain values as the reference measurement method.

The main results of this investigation are a guideline describing how to attach optical fibers to steel surfaces for
distributed fiber optical strain measurements and recommendations for coatings to obtain realistic strain values.
Additionally, the advantages of distributed strain measurements were revealed, which illustrates the potential of
Rayleigh backscattering applications.

1 Introduction

Intensive investigations in recent years have brought atten-
tion to the distributed optical strain measurement system
(Czarske and Müller, 1994; Horiguchi et al., 1995; Parker et
al., 1997). This system represents a modern and innovative
method of measuring strain or temperature in the matrices
and surfaces of building materials, especially in the structural
health monitoring (SHM) field (Barrias et al., 2018; Inaudi
and Glisic, 2005).

Distributed optical strain measurements have distinct ad-
vantages over established measurement techniques such as
strain gauges. First, optical fiber methods are dielectric,
corrosion resistant, and immune to electromagnetic fields
(Samiec, 2012). Second, the measurements are distributed
over the entire length of the measuring fiber and not at pre-

defined points as in Fiber Bragg gratings (FBG; Weisbrich et
al., 2017).

Three distributed optical fiber systems have emerged
for SHM applications: Raman, Brillouin, and Rayleigh
backscattering (Lopez-Higuera et al., 2011). While Raman
scattering is only suitable for temperature measurements,
Brillouin and Rayleigh scattering can be used to measure
strain and temperature (Lopez-Higuera et al., 2011). The
main differences between Brillouin and Rayleigh scattering
are mainly the spatial resolution, fiber length, and accuracy.
Brillouin scattering can measure over several kilometers with
a spatial resolution in the meter range (Leung et al., 2015;
Parker et al., 1997), whereas Rayleigh scattering has a spatial
resolution of approximately 1 mm and is currently limited to
a maximum length of 70 m (Samiec, 2012). Further investi-
gations reveal that, with Brillouin backscattering, local reso-
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lutions in the centimeter range can be achieved with shorter
fiber lengths (Song et al., 2010). It has also been demon-
strated that Rayleigh backscattering can be used to measure
in the kilometer range (Zhou et al., 2015).

Two important features directly influence strain propaga-
tion in reinforced steel. The first is the fiber coating, which
is a sheathing that often consists of a polymer (e.g., acrylate,
polyimide) or a metal (e.g., copper; Schilder et al., 2013).
Depending on the material, slippage may occur between the
fiber coating and the fiber cladding, which can distort the dis-
played strains. The second aspect is slippage that might occur
between the fiber coating, adhesive, and substrate (Cheng et
al., 2005). The functional properties of the adhesive, such as
the strain transmission and long-term stability, are mainly de-
termined by the preparation of the adhesive area and execu-
tion of the gluing process (Ebnesajjad and Landrock, 2014).

Several research groups have investigated the influence
of fiber coatings on strain transfer. Schilder et al. exam-
ined the strain transfer between polyimide and copper coat-
ings on polymer surfaces (Schilder et al., 2013). Davis et
al. (2016) and Quiertant et al. (2012) investigated a com-
parison between nylon- and polyimide-coated fibers on rein-
forcing bars. Hoult et al. studied the influence of polyimide
and nylon fiber coatings on flat steel specimens (Hoult et al.,
2014). Schlüter determined significantly higher strain differ-
ences of Ormocer and acrylate coatings on aluminum sam-
ples compared to the reference measurement than the inves-
tigations on steel samples presented here (Schlüter, 2010).
Overall, these publications inadequately addressed the as-
pects of different coatings and adhesives as well as the prepa-
ration of the adhesive joint.

This study compares the influence of various coatings and
adhesives on strain measurements to improve the application
of distributed optical fiber sensors (DOFS) to steel bar rein-
forcements. For this purpose, three different polymer coat-
ings with six different adhesives were investigated. A four-
point bending test was used to evaluate the precision flat steel
test specimens, and a photogrammetric strain measurement
served as a reference method. The results show a high cor-
relation between the reference method and the analytical de-
sign for two of the three examined fiber coatings.

2 Experimental program

2.1 Coating materials and adhesives

In this study, the Ormocer® coating was tested in addition
to the polyimide and acrylate coating materials described in
the literature (Schilder et al., 2013; Davis et al., 2016; Quier-
tant et al., 2012; Hoult et al., 2014). The standard Ormocer
(organically modified ceramic) material was developed for
FGB fibers and offers good strain transfer (FBGS Interna-
tional N.V., 2015).

To increase the significance of the test, four test specimens
were prepared with the same coating material. Table 1 sum-
marizes the distribution of the coating materials.

To analyze and compare the application of the fiber sen-
sor, six adhesives composed of four adhesive types were used
(Table 2). The DOFS system manufacturer recommends,
among others, M-Bond 200 (Luna Inc., 2017), which was
one of three cyanoacrylate adhesives tested in this study.
Cyanoacrylate adhesives are often utilized for measurement
applications (e.g., M-Bond 200, Z70). However, unlike Z70
and M-bond 200, Loctite 4902 is a highly elastic cyanoacry-
late adhesive with an elongation at break greater than 120 %
(Henkel Corporation, 2015). Brockmann determined that
highly elastic systems can gradually rebuild connections dis-
solved by water (Brockmann et al., 2009). This observation is
particularly interesting for fiber sensors used on reinforcing
bars in moist concrete environments. Another way to pro-
tect the adhesive joint in the wet and alkaline environment of
concrete is a two-component epoxy resin (Luna Inc., 2017);
EA 3430 from Loctite was used for this purpose in this study.
The advantages of a rapid-hardening cyanoacrylate in combi-
nation with the resistance of an epoxy resin are offered by the
hybrid adhesive Loctite HY 4090. The methyl methacrylate
MD Megabond 2000 also has good adhesive properties in
damp, aggressive environments such as those found in con-
crete (Marston-Domsel GmbH, 2016).

2.2 Specimens, preparation, and application procedure

A precision flat steel S355J2+N with a yield strength of ap-
proximately 355 N mm−2 was used as the carrier material for
the fiber sensors (DIN Deutsches Institut für Normung e.V.,
2004). This material offers small geometric tolerances to en-
sure optimal comparability between specimens. The dimen-
sions of the test specimens are 70.3/15.3/500 mm, with tol-
erances in width and height of +0.4/− 0.0 mm.

Prior to applying the fiber, the steel surfaces must be pre-
pared for the application process (Ebnesajjad, 2010); this
preparation procedure can also improve the long-term sta-
bility of the adhesive joint (Ebnesajjad, 2010; Brockmann,
1976). The manufacturer’s recommendations were supple-
mented by a few steps, which led to the following preparation
approach (Luna Inc., 2017):

1. basic cleaning of the surface;

2. sanding the surface with 200 grit sandpaper, according
to the pattern in Fig. 2;

3. blowing debris off the surface;

4. sanding the surface with 400 grit sandpaper, according
to the pattern in Fig. 2;

5. blowing debris off the surface;

6. chemical cleaning of the surface with isopropanol;
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Figure 1. (a) Structure of a fiber; (b) Slippage between fiber core and substrate based on Cheng et al. (2005).

Table 1. Coating materials and sample assignment.

Coating material Coating thickness Assignment Fiber type Producer

Acrylate 250 µm A1-4

Polyimide 156 µm P1-4 SMF-28 FBGS

Ormocer® 186 µm O1-4

Figure 2. Sanding pattern of the specimen surface.

7. pretreatment of the surface with primer (M-Bond 200);

8. chemical cleaning and prefixing the fiber.

The quality of the adhesive joint is essential for the trans-
mission of the strain from the specimen to the fiber. For this
reason, this step must be performed with maximal accuracy.
After preparing the surfaces and prefixing the fiber, the ap-
plication procedure commenced. The adhesive was carefully
applied with foam swabs to avoid having either excessive or
insufficient adhesive on the steel surface (Luna Inc., 2017).
Figure 3 shows cross sections of representative optimal and
defective adhesive joints.

2.3 Test arrangement and procedure

A four-point bending test was used to evaluate the speci-
mens described in Sect. 2.2. The four-point bending test was
chosen for this purpose, because it has some decisive advan-
tages over the tensile test. Unlike the tensile test, specimens
in a four-point bending test lay on the supports and are not
clamped, which prevents the formation of offset moments.

Figure 3. Optimal and defective adhesive application based on
Skontorp et al. (2001).

Another advantage compared to the tensile test is the lack
of slippage on the supports. In previous studies, these disad-
vantages significantly distorted the results (Weisbrich et al.,
2017). Figure 4 illustrates the test setup and arrangement of
the fiber and reference measurement on the specimen. Six
fiber strands were applied to each specimen using the adhe-
sives listed in Table 2. For comparison, six marks were ap-
plied in the middle of the specimen for the photogrammetric
reference measurement.

The four-point bending test is suitable for this type of com-
parison, as shown in the moment and strain curves in Fig. 5.
There is a constant moment between the two load inputs that
forms the comparison area (cf. Fig. 4). This constant moment
leads to a constant strain curve (cf. Fig. 5).

The test was carried out in three consecutive load steps
at ambient temperature (Table 3). The load level was main-
tained for 5 min in each load step. A maximum load of
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Table 2. Adhesives for comparison.

Adhesive Type of adhesive Nomenclature

M-Bond 200 Cyanoacrylate 1: MB
Loctite HY 4090 Cyanoacrylate – 2k-epoxy hybrid 2: HY
Loctite EA 3430 2k-Epoxy 3: EA
Z70 Cyanoacrylate 4: Z70
MD-Megabond 2000 Methyl methacrylate 5: MD
Loctite 4902 Cyanoacrylate 6: L

Figure 4. Arrangement of the flat steel specimen and the measure-
ment technique.

Figure 5. Course of moments and strains on the four-point bending
test.

15.2 kN was chosen to reach approximately 98 % of the yield
strength of the precision flat steel.

Table 3. Load steps of the test and the calculated strain and stress
of the specimen.

Load step Force Analytic strain Stress
[kN] [µε] [N mm−2]

1 5.1 550 115
2 10.1 1,100 231
3 15.2 1,649 346

Figure 6. Test specimen equipped with measurement devices.

2.4 DOFS method and reference measurement

The interrogator ODiSI-B from Luna Inc. uses swept-
wavelength interferometry to measure the Rayleigh
backscattering as a function of the position in the optical
fiber. The strain along the fiber can be determined from the
frequency shift by using Fourier transformation. Several
studies contain additional information about the physical and
operating principles of DOFS based on Rayleigh backscat-
tering (Samiec, 2012; Weisbrich et al., 2017; Gifford et al.,
2005; Froggatt and Moore, 1998).

A point-tracking technique using photogrammetric cam-
eras served as a reference measurement. This method uses a
series of high-contrast, circular targets to detect the strain of
the specimen. Further information on the reference method
is presented by Baqersad et al. (2017).

2.5 Evaluation process

Distributed fiber optic strain measurements offer the possi-
bility of showing many strain states of a specimen; there was
a measuring point every 0.261 cm throughout the measure-
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Figure 7. Raw strain signal in the third load step.

Figure 8. Raw strain signal at fiber point “400” during the test.

ment range of the fiber. Accordingly, the entire measuring
range of the fiber, including rounding at approximately 1300
measuring points, corresponds to 339 cm (see Fig. 7). Fig-
ure 7 shows the entire fiber at one point in time during the
third load step. Furthermore, the figure illustrates the six fiber
strands with their respective adhesives.

With a test duration of approximately 20 min and acquir-
ing data at a frequency of 1 Hz, more than 1.56 million strain
values were produced for a single fiber. Figure 8 shows the
complete sequence of the test at the fiber position “400”, for
example (see Fig. 4).

To reduce the amount of data, the comparison range of the
respective adhesive was removed (59 fiber segments, 15 cm),
and measurement errors were filtered using cubic spline in-
terpolation. The resulting matrices for each specimen, load
step, and adhesive were combined into a vector using the me-
dian in Eq. (1), represented as follows (Fig. 9):

X̃jin =
[
µ̃ε1 · · · µ̃εm

]
. (1)

For better comparison with the reference measurements
and analytical calculation, the next step was to determine the
arithmetic mean of the vector in Eq. (2):

Xjin =
µ̃ε1+ µ̃ε2+ ·· ·+ µ̃ε59

59
. (2)

Figure 9. Nomenclature of the samples.

3 Results

The purpose of these experiments was to evaluate the dis-
tributed optical fiber sensor’s strain measurement for usage
in SHM, especially in embedded reinforcement bars used in
concrete construction. For this purpose, 12 test specimens
containing three different fiber coatings and six different ad-
hesives were examined.

Figure 10 depicts the mean strain value comparison of
the different coating materials and adhesives with the pho-
togrammetric reference measurement as well as the theoreti-
cal calculation for the three load steps. The results illustrate a
high correlation between the reference measurement, the the-
oretical calculation, and the polyimide and Ormocer® coat-
ings. Similarly, almost no variation exists between the poly-
imide coating and the Ormocer® coating, while high expan-
sion losses occurred with the acrylate coating. Since the dif-
ference between the adhesives is negligible, the distinction in
the strain (approx. 15 % for all load steps) among the acrylate
fiber and the two other fiber types is based exclusively on the
coating material and not on the adhesive.

The interpolated raw signal was used for a detailed com-
parison between the three fiber types. Figure 11 illustrates
a comparison of the samples A131, P131, and O131 (load
step three, M-Bond 200). While the strain curves of the poly-
imide and Ormocer® coatings are similar to the strain curve
in Fig. 5, the acrylate coating is shifted because of slippage
between the coating and the cladding of the fiber (cf. Fig. 1).

In summary, it can be shown that this test setup and ar-
rangement is suitable for testing different adhesives with var-
ious coating materials up to the yield strength of steel. All
specimens were prepared in the same way and displayed no
artifacts. It was also shown that an acrylate coating is rather
unsuitable for precise distributed optical strain measurement
on steel surfaces.
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Figure 10. Mean strain value comparison of different coating materials and adhesives with the reference measurement and the theoretical
calculation for the three load steps.

Figure 11. Comparison of the three fiber coatings in load step three.

4 Discussion

Optical fiber strain measurement offers some interesting ad-
vantages over established measurement technologies that
measure strain only at one specific point. However, the influ-
ence of slippage between the adhesive joint and the coating,
as well as between the coating and cladding, should be in-
vestigated before usage in large-scale experiments and SHM.
The preparation and execution of the adhesive joint used for
these situations must be analyzed as well. The correct sur-
face attachment of the fiber ensures the accurate reflection of
the test specimen’s strain values. In addition to the polyimide

coating, the Ormocer® coating can also be used without re-
striction for strain measurements on steel surfaces.

The results demonstrate that all adhesives used in combi-
nation with the preparation described above can be applied
to steel surfaces. The same applies to the Ormocer® and
polyimide coatings, which exhibited almost the same strain
values compared to that observed in the reference measure-
ment. There are two reasons why the photogrammetric ref-
erence measurement produces lower strain values than the
DOFS. First, photogrammetry has a higher measurement dis-
persion than DOFS. Second, photogrammetry only measures
the change in the position of the measuring marks (Fig. 6).
The deflection between the measurement marks, as a form
of an arc length, is missing. Unlike the two other coating
materials, the acrylate coating cannot reflect the real strain
curve. Since the loss of strain across the adhesive layer be-
tween the adhesives appears almost identical, it is assumed
that the loss of strain observed in the acrylate coating was
caused by slippage between the coating and cladding. Com-
pared to the analytical calculation, both measurement meth-
ods have lower strain values. It is assumed here that there is
a deviation between the forces indicated by the testing ma-
chine and the forces imparted on the test specimens. There
may also be minor deviations from the actual test setup and
design (cf. Fig. 4) that contribute to this misalignment.

The study provides a foundation for exploiting the advan-
tages of DOFS, especially in SHM and reinforced concrete
construction. However, further research is still required for
use on steel reinforcements in concrete. For instance, the ad-
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hesive joint and various coating materials must be observed
under the influence of moisture and in an alkaline environ-
ment. Here, it must be clarified what influence these effects
have on the displayed strains. In this context, the long-term
stability must be investigated as well. Both sensor cables and
covers can be used for mechanical protection against poten-
tial concerns, such as internal vibrators and aggregates. In
this context, the influence that a cover or sensor cable has on
the transmitted strains must be evaluated. Another important
aspect, which has not been extensively studied, is loading
conditions above the yield strength of steel. Preliminary in-
vestigations by the author have indicated that some types of
adhesives are not suitable for such loads. It is unclear what
influence the coating has on the strain transfer under such
loading conditions.

5 Conclusions

This study compared optical fibers with three different coat-
ings that were affixed to precision flat steel specimens using
six different adhesives. If adhesive joints are prepared and ex-
ecuted as mentioned above, accurate and reproducible results
can be achieved using DOFS based on Rayleigh scattering up
to the yield strength of the steel. The following conclusions
were drawn from the discussion above:

– The preparation of the bonding area and the design of
the adhesive joint are essential for the accurate trans-
mission of the strain from the material to the fiber.

– Ormocer® and polyimide coatings correlate closely
with the reference measurement and the analytical cal-
culation up to the yield strength of the steel specimen.

– In the case of the acrylate fiber, a high loss of strain
occurred due to slippage between the coating and
cladding, which shifted the strain curve produced by the
four-point bending test.

– All six adhesives used in this study had similar results
and can, therefore, be implemented without restriction
for similar applications.

– The high data volume requires an effective evaluation
process to clearly interpret the results.
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able request.
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