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1. Abstract 9 

Optical fiber measurement systems have recently gained popularity following a multitude of 10 
intensive investigations. A new technique has been developed for these measurement systems 11 
that uses Rayleigh backscatter to determine the distributed strain measurement over the total 12 
length of a fiber. These measurement systems have great potential in civil engineering and 13 
structural health monitoring. 14 

This paper addresses some preliminary comparisons between three different fiber coatings and 15 
six different adhesives on steel structures. The results are based on a bending test with 16 
specimens made of precision flat steel; optical fiber strain measurements were compared with 17 
photogrammetric strain measurements. 18 

Analysis of the test data showed a strong correlation between the optical measurement system’s 19 
results and the theoretical results up to the yielding point of the steel. Furthermore, the results 20 
indicate that fibers with the ORMOCER® and polyimide coatings have almost no loss in the 21 
strain measurements. 22 

The main results of this investigation are a guideline describing how to attach optical fibers to 23 
steel surfaces for distributed fiber optical strain measurements and recommendations for 24 
coatings to obtain realistic strain values. Additionally, the advantages of distributed strain 25 
measurements were revealed, which illustrates the potential of Rayleigh backscattering 26 
applications. 27 

2. Keywords 28 

Optical fiber; flat steel; bending test; fiber coating; adhesives; Rayleigh backscatter; distributed 29 
optical strain measurement 30 

3. Introduction 31 

Intensive investigations in recent years (Barrias et al., 2018) have brought attention to the 32 
distributed optical strain measurement system. This system represents a modern and innovative 33 
method of measuring strain or temperature in the matrices and surfaces of building materials, 34 
especially in the structural health monitoring (SHM) field (Inaudi and Glisic, 2005).  35 

Distributed optical strain measurements have distinct advantages over established measurement 36 
techniques such as strain gauges or Fiber-Bragg-Gratings (FBG). First, optical fiber methods 37 
are dielectric, corrosion resistant, and immune to electromagnetic fields (Samiec, 2012). 38 
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Second, the measurements are distributed over the entire length of the measuring fiber and not 39 
at predefined points as in FBG (Weisbrich et al., 2016). 40 

Three distributed optical fiber systems have emerged for SHM applications: Raman, Brillouin 41 
and Rayleigh backscattering (Lopez-Higuera et al., 2011). While Raman scattering is only 42 
suitable for temperature measurements, Brillouin and Rayleigh scattering can be used to 43 
measure strain and temperature (Lopez-Higuera et al., 2011). The main differences between 44 
Brillouin and Rayleigh scattering are mainly the spatial resolution, fiber length, and accuracy. 45 
Brillouin scattering can measure over several kilometers with a spatial resolution in the meter 46 
range (Leung et al., 2015), whereas Rayleigh scattering has a spatial resolution of 47 
approximately 1 mm and is currently limited to a maximum length of 70 m (Samiec, 2012). 48 

Two important features directly influence strain propagation in reinforced steel. The first is the 49 
fiber coating, which is a sheathing that often consists of a polymer (e.g., acrylate, polyimide) 50 
or a metal (e.g., copper) (Schilder et al., 2013). Depending on the material, slippage may occur 51 
between the fiber coating and the fiber core, which can distort the displayed strains. The second 52 
aspect is slippage that might occur between the fiber coating and adhesive (Cheng et al., 2005). 53 
The functional properties of the adhesive, such as the strain transmission and long-term 54 
stability, are mainly determined by the preparation of the adhesive area and execution of the 55 
gluing process (Rasche, 2012). 56 

 57 
Figure 1. (a) Structure of a fiber; (b) Slippage between fiber core and substrate based on Cheng et al., 2005 58 

Several research groups have investigated the influence of fiber coatings on strain transfer. 59 
Schilder’s group examined the strain transfer between polyimide and copper coatings on 60 
polymer surfaces (Schilder et al., 2013). Davis et al., 2016 and Quiertant et al., 2012 61 
investigated a comparison between nylon- and polyimide-coated fibers on reinforcing bars. 62 
Hoult’s group studied the influence of polyimide and nylon fiber coatings on flat steel 63 
specimens (Hoult et al., 2014). Overall, these publications inadequately addressed the aspects 64 
of different coatings and adhesives as well as the preparation of the adhesive joint. 65 

This study compares the influence of various coatings and adhesives on strain measurements to 66 
improve the application of distributed optical fiber sensors (DOFS) to steel bar reinforcements. 67 
For this purpose, three different polymer coatings with six different adhesives were 68 
investigated. A 4-point bending test was used to evaluate the precision flat steel test specimens; 69 
a photogrammetric strain measurement served as a reference method. The results show a high 70 
correlation between the reference method and the analytical design for two of the three 71 
examined fiber coatings. 72 
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4. Experimental Program 73 

4.1. Coating materials and adhesives 74 

In this study, the ORMOCER® coating was tested in addition to the polyimide and acrylate 75 
coating materials described in the literature (Schilder et al., 2013; Davis et al., 2016; Quiertant 76 
et al., 2012; Hoult et al., 2014). The standard ORMOCER (Organic Modified Ceramic) material 77 
was developed for FGB fibers and offers good strain transfer (FBGS International N.V., 2015).  78 

To increase the significance of the test, four test specimens were prepared with the same coating 79 
material. Table 1 summarizes the distribution of the coating materials. 80 

Table 1. Coating materials and sample assignment 81 

Coating material Assignment 
Acrylate A1-4 
Polyimide P1-4 
Ormocer® O1-4 

 82 

To analyze and compare the application of the fiber sensor, six adhesives composed of four 83 
adhesive types were used (Table 2). The DOFS system manufacturer recommends, among 84 
others, M-BOND 200 (Luna, 2017), which was one of three cyanoacrylate adhesives tested in 85 
this study. Cyanoacrylate adhesives are often utilized for measurement applications (e.g., M-86 
BOND 200, Z70). However, unlike Z70 and M-BOND 200, LOCTITE 4902 is a highly elastic 87 
cyanoacrylate adhesive with an elongation at break greater than 120% (Pomykala, 2015). 88 
Brockmann determined that highly elastic systems can gradually rebuild connections dissolved 89 
by water (Brockmann, 2008). This observation is particularly interesting for fiber sensors used 90 
on reinforcing bars in moist concrete environments. Another way to protect the adhesive joint 91 
in the wet and alkaline environment of concrete is a two-component epoxy resin (Luna, 2017); 92 
EA 3430 from LOCTITE was used for this purpose in this study. The advantages of a rapid-93 
hardening cyanoacrylate in combination with the resistance of an epoxy resin are offered by the 94 
hybrid adhesive LOCTITE HY 4090. The methyl methacrylate MD MEGABOND 2000 also has 95 
good adhesive properties in damp, aggressive environments such as those found in concrete 96 
(Marston-Domsel GmbH, 2016). 97 

Table 2. Adhesives for comparison 98 

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 

 99 
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4.2. Specimens, preparation and application procedure 100 

A precision flat steel S355J2+N with a yield strength of approximately 355 N/mm² was used as 101 
the carrier material for the fiber sensors (DIN Deutsches Institut für Normung e.V., 2004). This 102 
material offers small geometric tolerances to ensure optimal comparability between specimens. 103 
The dimensions of the test specimens are 70.3/15.3/500 mm with tolerances in width and height 104 
of +0.4/-0.0 mm.  105 

Prior to applying the fiber, the steel surfaces must be prepared for the application process (Neeb, 106 
2000); this preparation procedure can also improve the long-term stability of the adhesive joint 107 
(Neeb, 2000; Brockmann, 1976). The manufacturer's recommendations were supplemented by 108 
a few steps, which led to the following preparation approach (Luna, 2017): 109 

1. Basic cleaning of the surface 110 
2. Sanding the surface with 200 grit sandpaper according to the pattern in Figure 2 111 
3. Blowing debris off the surface 112 
4. Sanding the surface with 400 grit sandpaper according to the pattern in Figure 2 113 
5. Blowing debris off the surface 114 
6. Chemical cleaning of the surface with isopropanol 115 
7. Pretreatment of the surface with primer (M-BOND 200) 116 
8. Chemical cleaning and prefixing the fiber 117 

 118 
Figure 2. Sanding pattern of the specimen surface 119 

The quality of the adhesive joint is essential for the transmission of the strain from the specimen 120 
to the fiber. For this reason, this step must be performed with maximal accuracy. After preparing 121 
the surfaces and prefixing the fiber, the application procedure commenced. The adhesive was 122 
carefully applied with foam swabs to avoid having either excessive or insufficient adhesive on 123 
the steel surface (Luna, 2017). Figure 3 shows cross-sections of representative optimal and 124 
defective adhesive joints. 125 
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 126 
Figure 3. Optimal and defective adhesive application based on Skontorp et al., 2001 127 

4.3. Test arrangement and procedure 128 

A 4-point bending test was used to evaluate the specimens described in Chapter 4.2. The 4-129 
point bending test was chosen for this purpose because it has some decisive advantages over 130 
the tensile test. Unlike the tensile test, specimens in a 4-point bending test lay on the supports 131 
and are not clamped, which prevents the formation of offset moments. Another advantage 132 
compared to the tensile test is the lack of slippage on the supports. In previous studies, these 133 
disadvantages significantly distorted the results (Weisbrich et al., 2016). Figure 4 illustrates the 134 
test setup and arrangement of the fiber and reference measurement on the specimen. Six fiber 135 
strands were applied to each specimen using the adhesives listed in Table 2. For comparison, 136 
six marks were applied in the middle of the specimen for the photogrammetric reference 137 
measurement. 138 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2018                   doi:10.20944/preprints201806.0173.v1

Peer-reviewed version available at Journal of Sensors and Sensor Systems 2018, 7, 601-608; doi:10.5194/jsss-7-601-2018

http://dx.doi.org/10.20944/preprints201806.0173.v1
http://dx.doi.org/10.5194/jsss-7-601-2018


6 
 

 139 
Figure 4. Arrangement of the flat steel specimen and the measurement technique 140 

The 4-point bending test is suitable for this type of comparison, as shown in the moment and 141 
strain curves in Figure 5. There is a constant moment between the two load inputs that forms 142 
the comparison area (ct. Figure 4). This constant moment leads to a constant strain curve (ct. 143 
Figure 5).  144 

 145 
Figure 5. Course of moments and strains on the 4-point bending test 146 
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The test was carried out in three consecutive load steps (Table 3). The load level was maintained 147 
for five minutes in each load step. A maximum load of 15.2 kN was chosen to reach 148 
approximately 98% of the yield strength of the precision flat steel. 149 

Table 3. Load steps of the test and the calculated strain and stress of the specimen 150 

Load step Force [kN] Analytic strain [µε] Stress [N/mm²] 
1 5.1 550 115 
2 10.1 1,100 231 
3 15.2 1,649 346 

4.4. DOFS method and reference measurement 151 

The interrogator ODISI-B from LUNA INC. uses swept-wavelength interferometry to measure 152 
the Rayleigh backscattering as a function of the position in the optical fiber. The strain along 153 
the fiber can be determined from the frequency shift by using Fourier transformation. Several 154 
studies contain additional information about the physical and operating principles of DOFS 155 
based on Rayleigh backscattering (Samiec, 2012; Weisbrich et al., 2016; Gifford, 2005; 156 
Froggatt and Moore, 1998). 157 

A point tracking technique using photogrammetric cameras served as a reference measurement. 158 
This method uses a series of high-contrast, circular targets to detect the strain of the specimen. 159 
Further information on the reference method is presented by Baqersad et al., 2017. 160 

 161 
Figure 6. Test specimen equipped with measurement devices 162 

4.5. Evaluation process 163 

Distributed fiber optic strain measurements offer the possibility to show many strain states of a 164 
specimen; there was a measuring point every 0.261 cm throughout the measurement range of 165 
the fiber. Accordingly, the entire measuring range of the fiber, including rounding at 166 
approximately 1300 measuring points, corresponds to 339 cm (see Figure 7). Figure 7 shows 167 
the entire fiber at one point in time during the third load step. Furthermore, the figure illustrates 168 
the six fiber strands with their respective adhesives. 169 
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 170 
Figure 7. Raw strain signal in the 3rd load step 171 

With a test duration of approximately 20 minutes and acquiring data at a frequency of 1 Hz, 172 
more than 1.56 million strain values were produced for a single fiber. Figure 8 shows the 173 
complete sequence of the test at the fiber position “400” for example (see Figure 4). 174 

 175 
Figure 8. Raw strain signal at fiber point “400” during the test 176 

To reduce the amount of data, the comparison range of the respective adhesive was removed 177 
(59 fiber segments, 15 cm), and measurement errors were filtered using cubic interpolation. 178 
The resulting matrices for each specimen, load step, and adhesive were combined into a vector 179 
using the median in equation (4-1) (Figure 9). 180 = …  (4-1) 

 181 
Figure 9. Nomenclature of the samples 182 
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For better comparison with the reference measurements and analytical calculation, the next step 183 
was to determine the arithmetic mean of the vector in equation (4-2). 184 = + +⋯+59  (4-2) 

5. Results 185 

The purpose of these experiments was to evaluate the distributed optical fiber sensor’s strain 186 
measurement for usage in SHM, especially in embedded reinforcement bars used in concrete 187 
construction. For this purpose, twelve test specimens containing three different fiber coatings 188 
and six different adhesives were examined. 189 

Figure 10 depicts the mean strain value comparison of the different coating materials and 190 
adhesives with the photogrammetric reference measurement as well as the analytical calculation 191 
for the three load steps. The results illustrate a high correlation between the reference 192 
measurement of the analytical calculation and the polyimide and ORMOCER® coatings. 193 
Similarly, almost no variation exists between the polyimide coating and the ORMOCER® 194 
coating, while high expansion losses occurred with the acrylate coating. Since the difference 195 
between the adhesives is negligible, the distinction in the strain (approx. 15% for all load steps) 196 
among the acrylate fiber and the two other fiber types is based exclusively on the coating 197 
material and not on the adhesive. 198 

 199 
Figure 10. Mean strain value comparison of different coating materials and adhesives with the reference measurement and the 200 

analytical calculation for the three load steps 201 
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The interpolated raw signal was used for a detailed comparison between the three fiber types. 202 
Figure 11 illustrates a comparison of the samples A131, P131 and O131 (load step three, M-203 
BOND 200). While the strain curves of the polyimide and ORMOCER® coatings are similar to 204 
the strain curve in Figure 5, the acrylate coating is shifted because of slippage between the 205 
coating and the cladding of the fiber (cf. Figure 1). 206 

 207 
Figure 11. Comparison of the three fiber coatings in load step three 208 

In summary, it can be shown that this test setup and arrangement is suitable for testing different 209 
adhesives with various coating materials up to the yield strength of steel. All eleven specimens 210 
were prepared in the same way and displayed no artifacts. It was also shown that an acrylate 211 
coating is rather unsuitable for precise distributed optical strain measurement on steel surfaces. 212 

6. Discussion 213 

Optical fiber strain measurement offers some interesting advantages over established 214 
measurement technologies that measure strain only at one specific point. However, the 215 
influence of slippage between the adhesive joint and the coating, as well as between the coating 216 
and cladding, should be investigated before usage in large-scale experiments and SHM. The 217 
preparation and execution of the adhesive joint used for these situations must be analyzed as 218 
well. Correct surface attachment of the fiber ensures the accurate reflection of the test 219 
specimen’s strain values. In addition to the polyimide coating, the ORMOCER® coating can also 220 
be used without restriction for strain measurements on steel surfaces. 221 

The results demonstrate that all adhesives used in combination with the preparation described 222 
above can be applied to steel surfaces. The same applies to the ORMOCER® and polyimide 223 
coatings, which exhibited almost no losses compared to that observed in the reference 224 
measurement. There are two reasons why the photogrammetric reference measurement 225 
produces lower strain values than the DOFS. First, photogrammetry has a higher measurement 226 
dispersion than DOFS. Second, photogrammetry only measures the change in the position of 227 
the measuring marks (Figure 6). The deflection between the measurement marks, as a form of 228 
an arc length, is missing. Unlike the two other coating materials, the acrylate coating cannot 229 
reflect the real strain curve. Since the loss of strain across the adhesive layer between the 230 
adhesives appears almost identical, it is assumed that the loss of strain observed in the acrylate 231 
coating was caused by slippage between the coating and cladding. Compared to the analytical 232 
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calculation, both measurement methods have lower strain values. It is assumed here that there 233 
is a deviation between the forces indicated by the testing machine and the forces imparted on 234 
the test specimens. There may also be minor deviations from the actual test setup and design 235 
(ct. Figure 4) that contribute to this misalignment. 236 

The study provides a foundation for exploiting the advantages of DOFS, especially in SHM and 237 
reinforced concrete construction. However, further research is still required for use on steel 238 
reinforcements in concrete. For instance, the adhesive joint and various coating materials must 239 
be observed under the influence of moisture and in an alkaline environment. Here, it must be 240 
clarified what influence these effects have on the displayed strains. In this context, the long-241 
term stability must be investigated as well. Both sensor cables and covers can be used for 242 
mechanical protection against potential concerns, such as internal vibrators and aggregates. In 243 
this context, the influence that a cover or sensor cable has on the transmitted strains must be 244 
evaluated. Another important aspect, which has not been extensively studied, is loading 245 
conditions above the yield strength of steel. Preliminary investigations by the author have 246 
indicated that some types of adhesives are not suitable for such loads. It is unclear what 247 
influence the coating has on the strain transfer under such loading conditions. 248 

7. Conclusion 249 

This study compared optical fibers with three different coatings that were affixed to precision 250 
flat steel specimens using six different adhesives. If adhesive joints are prepared and executed 251 
as mentioned above, accurate and reproducible results can be achieved using DOFS based on 252 
Rayleigh scattering up to the yield strength of the steel. The following conclusions were drawn 253 
from the discussion above: 254 

- The preparation of the bonding area and the design of the adhesive joint are essential 255 
for accurate transmission of the strain from the material to the fiber. 256 

- ORMOCER® and polyimide coatings correlate closely with the reference measurement 257 
and the analytical calculation up to the yield strength of the steel specimen 258 

- In the case of the acrylate fiber, a high loss of strain occurred due to slippage between 259 
the coating and cladding, which shifted the strain curve produced by the 4-point bending 260 
test. 261 

- All six adhesives used in this study had similar results and can, therefore, be 262 
implemented without restriction for similar applications. 263 

- The high data volume requires an effective evaluation process to clearly interpret the 264 
results. 265 
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