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1 Introduction 

The aging infrastructure poses challenges for Germany, as 

well as many other European countries. Most bridges were 

built during the 1960s and 1970s [1] and are therefore 

slowly reaching the end of their service life. Demolishing 

the old bridges and rebuilding is not expedient from both 

ecological and economic perspectives. In order to ensure 

mobility, it will be crucial to maintain existing structures in 

the upcoming decades. Measured in terms of bridge area, 

approximately 69% of bridges on federal highways in Ger-

many were built in prestressed concrete and 17% in rein-

forced or plain concrete [1]. Thus, concrete structures play 

a significant role in the German bridge stock. 

Cracking is a major contributor to damages on concrete 

bridges, with spalling and exposed reinforcement being 

additional damage patterns that are favored by the pres-

ence of cracks [2]. Today, crack pattern and crack width 

are usually recorded manually in a time-consuming pro-

cess. In the future, the crack monitoring can be largely 

automated by using distributed fiber optic sensors (DFOS), 

which can lead to a more efficient use of limited personnel 

resources in structural inspections. 

Due its wide range of applications, the use of DFOS will be 

crucial in the future of structural health monitoring (SHM), 

both for existing and new structures to be built. Continu-

ous strain measurement enables to capture diverse infor-

mation on the structure's condition. One specific applica-

tion is crack monitoring, where the integration of DFOS 

into the structure or subsequently installed on the existing 

structures can automatically detect and locate cracks, as 

well as calculate crack widths. 

Fiber optic measurement technology is already used for 

various experimental investigations in laboratories [3–5]. 

By integrating DFOS into concrete, it becomes possible to 

gain insights into the material and bond behavior [6–8]. 

Even at low load levels, this technology allows for highly 

accurate strain measurement [9]. 

In the past, there has been a major research effort in the 

field of crack monitoring on concrete structures [10–12]. 

BERROCAL et al. [13] for example, used thin polyamide 

coated optical fibers that were bonded directly to the sur-

face of a rebar and proposed a method for crack width 

calculation on the basis of distributed steel strain meas-

urements. Both the crack locations and the crack widths 

could be determined with high accuracy. Filigree polyam-
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ide coated fibers are a relevant option for use in the labor-

atory, but are not a reliable solution for practical applica-

tions due to their low robustness. 

FISCHER et al. [14] compared the strain curves of both fil-

igree and robust DFOS during investigations on reinforced 

concrete beams. The thin polyimide-coated DFOS glued to 

the concrete surface in the tension zone did not provide 

reliable strain values due to the stiff bond which probably 

caused a fiber breakage. Plausible strain values were ex-

hibited by a robust, multilayer DFOS (V9) and a DFOS with 

an additional nylon buffer, with the latter one showing sig-

nificantly more pronounced strain peaks. 

The layered V9 was also used for crack monitoring in fur-

ther experiments [15; 16], whereby the cracks could 

mostly be detected, and the crack widths measured with 

high accuracy. However, in some cases, especially for 

closely spaced cracks, single cracks were not detected, 

leading to misinterpretations as shown later. 

While first practical applications of crack monitoring have 

been undertaken on tunnel shells [17; 18] and bridges 

[19–22], further research is required to determine the ap-

propriate DFOS type and application method for the given 

measurement task. In this study, the signal quality of ro-

bust DFOS with a multilayer and monolithic cross section 

is compared and evaluated in terms of reliability for crack 

monitoring. Additionally, the influence of the application 

technique is being investigated to identify subsequent 

DFOS installation techniques providing a reliable monitor-

ing of existing structures. 

2 Crack monitoring using DFOS 

2.1 Fiber optic measurement technique 

One of the main features of DFOS is the ability to measure 

strains due to temperature changes or mechanical effects 

along the fiber length. During the measurements, light is 

sent into the optical fiber. A small portion of the light is 

backscattered due to local defects and variations in the 

refractive index, see Figure 1. At the beginning of a meas-

urement, the so-called fingerprint of the DFOS must be 

determined. This is a fluctuating intensity profile of the 

backscattering along the fiber that remains stable under 

constant external conditions. Due to strains resulting from 

temperature changes and/or mechanical stresses, with the 

elongation of the fiber also frequency of the backscattered 

light shifts. To achieve continuous measurement, the 

DFOS is divided into small gauges (< 5 mm). Strains can 

be determined by analyzing local frequency shifts in the 

single gauges [23; 24]. 

For fiber optic measurements, three different types of light 

backscattering occurring within an optical fiber can be uti-

lized namely RAYLEIGH, BRILLOUIN, and RAMAN scattering 

[25]. BRILLOUIN and RAYLEIGH scattering are sensitive to 

thermal and mechanical strain changes, allowing the use 

for distributed temperature sensing (DTS) and distributed 

strain sensing (DSS). As it is indistinguishable, whether 

strains are due to mechanical or thermal influences, com-

pensation of thermal influences are necessary for mechan-

ical strain measurements under varying temperatures and 

vice versa [26]. 

Devises utilizing BRILLOUIN scattering enable measure-

ments across extended ranges of several kilometers, with 

the disadvantage of relatively low spatial resolution. As a 

result, BRILLOUIN scattering is primarily employed for mon-

itoring long linear structures, such as roads, dams, or tun-

nels. In contrast, devices using RAYLEIGH scattering cur-

rently support a maximum measurement length of up to 

70 m for DSS [24], but with much finer spatial resolution 

(as low as 0.65 mm), making it the preferred solution for 

crack monitoring. 

In construction industry, RAMAN scattering is mainly used 

to measure temperature profiles over longer distances 

with a spatial resolution of up to 50 cm. Therefore, it can 

be used for the temperature compensation for BRILLOUIN 

and RAYLEIGH measurements. 

 

Figure 1 Evaluation of the RAYLEIGH backscattering over individual 

gauges along the optical fiber 

2.2 DFOS choice and bond behavior 

Although there has been progress in SHM using DFOS and 

field applications have been demonstrated, accurate cal-

culation of crack widths for reinforced concrete structures 

is still challenging. The choice of DFOS type and applica-

tion technique strongly influences the reliability and accu-

racy of crack monitoring. The bond behavior between the 

glass core and the host material, such as the concrete sur-

face, is crucial for crack detection and localization. The 

stiffness of the composite is determined by the layered 

DFOS structure (glass core, cladding, coating and, if re-

quired for additional mechanical protection, buffer and 

jacket), as well as the application technique, including the 

type of adhesive and surface preparation. 

To enable reliable detection and localization of closely 

spaced cracks, the bond between the DFOS and host ma-

terial must be sufficiently stiff. However, a certain level of 

flexibility is also necessary to prevent DFOS breakage in 

the crack area, where high local strains occur, see Figure 

2. The stiffness of the coating and adhesive determines 

the quality of strain transfer and the transfer length lt, with 

stiffer coatings and adhesives resulting in shorter transfer 

lengths but also a higher risk of breakage. To ensure both 

reliable crack detection and prevention of breakage in the 

area of relevant crack widths, the DFOS-adhesive stiffness 

should be carefully selected. 

645
 25097075, 2023, 5, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/cepa.2012 by M
ax H

erbers - Saechsische L
andesbibliothek , W

iley O
nline L

ibrary on [25/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

Figure 2 Strain distribution in the area of a single crack for different 

bond stiffnesses (left) and multilayer structure of a DFOS consisting of 

coating, cladding and glass core (right) [27] 

Several analytical and also numerical models [28–32] ex-

ist in the literature that describe the strain transfer be-

tween the DFOS and the host material (e.g., concrete or 

reinforcement). However, for crack monitoring, it is not 

the “real” concrete strain that is of most interest, but ra-

ther the ability to detect each individual crack through 

strain peaks. In cases where the bond is too weak, two 

closely spaced cracks can be smeared within a single strain 

peak, leading to significant misinterpretations. As will be 

shown later, if all cracks are detected, the influence of the 

overall stiffness (DFOS type and application technique) on 

the calculated crack width is small. 

There are various types of DFOS available for measuring 

concrete strain. However, choosing the right DFOS is not 

trivial and depends on a multitude of factors, such as ro-

bustness, stiffness, maximum compressive or tensile 

strains, and durability [33]. Depending on the specific use 

case, very filigree DFOS with a diameter of less than 

0.2 mm as well as robust DFOS with an additional protec-

tive jacket to prevent mechanical damage can be em-

ployed [27]. 

2.3 Crack width calculation 

The characteristic crack widths wcr in reinforced concrete 

structures are determined in accordance with the regula-

tions by multiplying the difference between the mean 

strains of concrete εcm and steel εsm by the maximum crack 

spacing sr,max: 

𝑤cr = (𝜀sm − 𝜀cm) 𝑠r,max (1) 

Although steel strains can be measured with DFOS, they 

cannot measure the “real” concrete strains as the concrete 

embedded DFOS bridges the crack, resulting in large strain 

peaks in this area. In reality, the actual concrete strains 

drop to zero in the direct vicinity of the crack and increase 

again with increasing distance from the crack because part 

of the stresses are reintroduced by bond into the concrete. 

Approaches for calculating crack widths based on DFOS 

attached to the reinforcement or embedded into the con-

crete can be found in the literature [12–14]. Due to the 

lower installation effort as well as the more pronounced 

strain peaks, crack monitoring with DFOS embedded in 

concrete or subsequently applied to the surface is recom-

mended. This enables the detection of even the smallest 

strain peaks and thus the onset of crack formation. The 

finest cracks can be detected before they become visible 

to the human eye [34]. 

Both calculation methods are based on the assumption 

that the crack width results from the integral of the DFOS 

strain distribution εDFOS. For DFOS bonded to concrete, the 

measured strains are composed of the crack opening and 

a small part of elastic concrete strains. Hence, the effect 

of tension stiffening (TS) εTS must be compensated for: 

𝑤cr,i = ∫ 𝜀DFOS(𝑥) − 𝜀TS(𝑥) 𝑑𝑥

𝑙t,i
+

𝑙t,i
−

 (2) 

To define the integration range, the half crack spacing to 

the adjacent crack on the right 𝑙𝑡
+ and left 𝑙𝑡

− is chosen as 

the transfer length 𝑙𝑡 . Since concrete strains are not di-

rectly measured, for TS, it is assumed that it reaches its 

maximum of 100 µm/m between the cracks at the inte-

gration boundaries, decreasing linearly to zero as the dis-

tance to the crack decreases. The schematic approach is 

shown in Figure 3. As a first approximation, it is acceptable 

to neglect the effect of TS, as it is small. 

Further background information on crack width calculation 

using steel and concrete embedded DFOS and a sensitivity 

analysis of the different influencing parameters can be 

found in [35]. The authors provide an open source Python 

framework that enables a semi-automated calculation of 

crack widths. 

 

Figure 3 Crack width calculation method for concrete embedded DFOS 

3 Experimental investigations 

The objective of the laboratory experiments was to identify 

suitable DFOS fulfilling three key requirements: a) accu-

rately detect, b) localize, and c) measure the width of 

cracks within the range of the SLS in concrete structures. 

Two different DFOS were used for the measurements, 

which have a certain robustness due to their structure and 

can therefore withstand the harsh site conditions. Addi-

tionally, the study investigated the influence of the appli-

cation methods on the quality of the strain curves and con-

sequently of the crack monitoring. DFOS were either 

embedded in the concrete, installed in a groove or directly 
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glued to the concrete surface. It must be clarified whether 

reliable crack monitoring is also possible with DFOS that 

have been installed subsequently. To answer these ques-

tions, two reinforced concrete beams were loaded in a 4-

point bending test under service load level. 

3.1 Specimen and materials 

The 4 m long specimens have a rectangular cross section 

with b × h = 30 cm × 40 cm and a concrete cover of 

20 mm, see Figure 4. As there were no shear forces V pre-

sent, stirrups were omitted in the center of the field to 

avoid affecting the crack pattern. 

For concreting, a flowable concrete (consistency class F5) 

with a mean concrete compressive strength fc of 

42.7 N/mm² and a maximum aggregate diameter of 8 mm 

was used. The YOUNGS’S modulus Ec was determined to 

30300 N/mm². A detailed overview of the material param-

eters can be found in [27]. To reduce moisture evapora-

tion, polyethylene sheets were placed over the specimens 

after concreting. The beams remained in the same indoor 

climate (with a temperature of 21.0 °C ±2.0°C and rela-

tive humidity of about 40%) until loading, with the form-

work removed five days after concreting. Despite post-

treatment measures, shrinkage cracks occurred in the 

area of the stirrups. 

3.2 Test setup 

The specimens were loaded 29 days after concreting, us-

ing hydraulic jacks to prestress them against each other 

at the ends and steel cylinders to keep them apart, as de-

picted in Figure 5. This loading configuration is equivalent 

to a 4-point bending test, with the tensile zones located 

on the outer sides of the specimens to facilitate DIC-based 

crack monitoring. To minimize friction between the speci-

mens and the concrete foundation, a special multi-layer 

bedding was used. After reaching a target load of 50 kN 

per press, hexagon nuts were fixed at the load cells to 

maintain a constant deflection throughout the 112-day 

testing period, during which the constraint force, concrete 

and steel strains, and crack width development were mon-

itored. This contribution focuses on the results obtained 

during and immediately after the load application. The ef-

fects resulting from the viscous concrete behavior as well 

as the long-term behavior of the DFOS will be published 

subsequently. 

 
Figure 5 Test setup in top view and sensor layout 

3.3 Strain measurements 

As illustrated in Figure 4 and Figure 5, the concrete strains 

on the outer surface and at the level of the longitudinal 

reinforcement in the tension zone were recorded using dif-

ferent measurement techniques. 

Figure 4 Specimen geometry, reinforcement layout and applied sensors on beam 1 and 2 
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Within the experiments, both very filigree DFOS with a di-

ameter of less than 0.2 mm and construction site-compat-

ible, robust DFOS such as the V9 or the EpsilonSensor (ES) 

were compared. The results of the different filigree DFOS 

are primarily of interest for laboratory testing and can be 

found in [27]. This contribution focuses on the use of ro-

bust DFOS as shown in Figure 6. The V9 ( = 3.2 mm) 

has a layered cross section consisting of a polyamide (PA) 

buffer and a metal tube to protect the internal single-mode 

(SM) fiber. The ES, on the other hand, has a monolithic 

cross section with a diameter of 3.0 mm. In a pultrusion 

process, the SM fiber is integrated into polyester (PE) fi-

bers, which are impregnated with a special epoxy resin 

[22]. Both DFOS have a structured surface to ensure 

proper mechanical interlocking with the concrete. 

 

Figure 6 Comparison of the cross section design of robust DFOS 

(graphic: Max Herbers, photos: Stefan Gröschel) 

Of particular interest was the subsequent DFOS installa-

tion. Before gluing, the concrete surface and also the 

groove were cleaned with air pressure of dust and coarse 

dirt. At first, the DFOS were fixed in position with an epoxy 

adhesive at several points along the sensor length. The 

DFOS were then glued along the whole length with a 2-

component injection mortar with a short processing time, 

which also allows overhead installation on existing struc-

tures. 

The optical distributed sensor interrogator (ODiSI) 6100 

was used as a data acquisition unit. In order to be able to 

detect microcracks as well, the highest spatial resolution 

available was used with a distance of 0.65 mm between 

measuring points. For practical monitoring applications, a 

larger gauge length can be chosen due to the debonding 

effect between the concrete and the DFOS, leading to a 

smeared strain peak. During loading only two DFOS ap-

plied in the groove of beam 1 were measured with a sam-

ple rate of 1 Hz. After reaching the target load level, the 

remaining DFOS were each measured for about 30 s. Since 

frequency shift in fiber optic measurements results from 

both temperature changes and mechanical effects, tem-

perature compensation is essential for SHM. However, 

since the tests were carried out under nearly constant cli-

matic conditions, compensation was not necessary in the 

context of this study. 

In addition, the crack propagation in the tensile zone in 

the center of the field over a length of 600 mm was cap-

tured via digital image correlation (DIC). The commercial 

system GOM ARAMIS® with a stereo camera system with 

12 megapixels resolution was used. To measure local 

strains at the concrete surface, a strain gauge (SG) was 

placed at x = 1.333 m on the outer surface of each beam. 

4 Results and discussion 

4.1 Strain development during loading 

The strain development during loading is presented in Fig-

ure 7 for three different load levels: 0.5Fcr, 1.0Fcr and 

2.0Fcr, where the concrete cracking force Fcr was calculated 

with the characteristic concrete tensile strength 

fctk = 0.7fctm. The diagrams show the measured raw data 

without post-processing for the DFOS glued in the groove 

of beam 1. 

The strain curves are compared with the theoretical strain 

distribution according to the theory of elasticity. The 

strains in the tensile zone of the uncracked beam can be 

calculated using the following formula: 

𝜀c(𝑥) =
𝑀y(𝑥)

𝐸c𝐼y
𝑧 (3) 

where My(x) is the in-plane bending moment, z is the dis-

tance to the neutral axis, Iy is the ideal moment of inertia 

considering the different material stiffnesses, Ec is the 

modulus of elasticity of the concrete. 

At low loading (F = 0.5Fcr), both DFOS show good agree-

ment with the SG as well as the theoretical strain curves. 

Despite the low loading far below the cracking force Fcr, 

first peaks appear in the strain curves indicating the for-

mation of single cracks. These very small cracks can be 

attributed to pre-damage of the concrete structure in the 

area of the stirrups. Despite the measures after concret-

ing, first shrinkage cracks could already be identified. In 

the shear force-free areas, where no stirrups were pre-

sent, an almost constant strain curve is observed, which 

indicates an intact concrete matrix. At this very low strain 

level, the measurement noise of approximately 10 µm/m 

is evident. The noise depends on the choice of the gage 

pitch and increases with increasing measurement resolu-

tion [36]. If necessary, part of the noise can be smoothed 

during post processing. 

When the cracking force (F = 1.0Fcr) is reached, further 

cracks appear in the center of the field, which can be de-

tected by both DFOS types. However, compared to the V9, 

the ES shows much more pronounced strain peaks, which 

ensures that even the smallest cracks in the crack for-

mation stage can be detected by the monolithic DFOS. Due 

to the stiff bond within the cross section as well as between 

the DFOS and the concrete, the strains between the cracks 

decrease significantly. The V9 shows a much more 

damped strain curve. 

With further load increase (F = 2.0Fcr), these differences 

become more significant. While for the ES strain peaks of 

more than 3500 µm/m can be observed, the maxima for 

the V9 are not even half as large. Between the cracks, the 

measured strains of the V9 are also significantly higher 

than the theoretical maximum strain that can result from 

the TS of the concrete (εct ≈ 100 µm/m). Despite the 

clearly different strain curves, the average strain and thus 

the calculated elongation of the beam is approximately the 

same.
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a) ES for F = 0.5Fcr b) V9 for F = 0.5Fcr 

 
c) ES for F = 1.0Fcr d) V9 for F = 1.0Fcr 

 
e) ES for F = 2.0Fcr f) V9 for F = 2.0Fcr 

Figure 7 Strain development along the length for beam 1 at different load levels (DFOS installed in groove) 

It is assumed that the attenuated strain curves of the V9 

can be attributed to the multi-layer DFOS design (see Fig-

ure 6). As the load increases, slippage occurs between the 

layers, causing a strain redistribution from the highly 

stressed to the less stressed areas. On the other hand, ES 

shows proper strain transfer across the cross section due 

to its monolithic structure. Combined with the low axial 

stiffness, pronounced strain peaks occur in the area of the 

cracks, which enables a high reliability for crack detection. 

4.2 Influence of the subsequent installation 

DFOS can be integrated into formwork of newly built struc-

tures to monitor them from the beginning of their lifespan. 

However, for existing structures, the only option is to sub-

sequently mount the DFOS to the component. DFOS can 

be either glued directly onto the concrete surface or em-

bedded in a groove. Since the DFOS can only measure 

changes in crack width for existing structures, an initial 

measurement must be taken using a crack width ruler or 

crack magnifier to determine the absolute crack width. 

To ensure that the subsequent installation does not affect 

the reliability of the crack monitoring, it is necessary to 

determine its impact. It must be guaranteed that the DFOS 

bonded to the smooth concrete surface or in the groove 

have a sufficiently rigid bond with the specimens; other-

wise, single closely spaced cracks might remain unde-

tected. 

As an example for beam 1, the strain curves after reaching 

the target load are shown for different application tech-

niques in Figure 8. The V9 embedded in the specimen is 

no longer available for comparison of the application 

method, as it was damaged either during concreting or 

subsequent transport. The influences are discussed sepa-

rately for both DFOS in the following. 

4.2.1 Monolithic DFOS (ES) 

In Figure 8 a) it can be seen that for all three DFOS along 

the examined length of 1.0 m at the center of the field, six 

pronounced strain peaks occur. The strain peaks coincide 

with the visually perceived number of cracks. This indi-

cates that cracks can be detected irrespective of the 

method of installation. However, there are differences in 

the strain curves. Despite bonding to the smooth concrete 

surface, this DFOS exhibits the most pronounced strain 

peaks, indicating adequate bonding between the sensor 

and the specimen. To a small extent, the higher strains 

are due to the greater distance from the neutral fiber. For 

this reason, the DFOS embedded in the specimen should 

have lower strain peaks than the one glued into the 

groove. However, this is not the case. Possibly due to the 
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adhesive's short processing time which may have caused 

incomplete embedding of the DFOS within the adhesive's 

matrix in certain areas. In addition, during installation, the 

DFOS was first placed in the groove and then the high-

viscosity adhesive was filled in. This may have prevented 

the bond on the underside of the DFOS from being fully 

formed. As a result, the DFOS in the groove shows a 

slightly attenuated strain curve. 

4.2.2 Layered DFOS (V9) 

Unlike the monolithic DFOS ES, both V9 DFOS show only 

five strain peaks within the considered length. The closely 

spaced cracks detected with the ES at x ≈ 1.75 m are 

smeared with the V9 as one wider peak. There is no clear 

trend in the height of the minima and maxima, as they 

occur at about the same level. The strains measured by 

the DFOS on the surface occasionally exceed those rec-

orded by the groove DFOS, and vice versa. As with the ES, 

it is possible that the V9 was not fully embedded in the 

adhesive at some points. 

 
a) Strain curves for ES 

 
b) Strain curves for V9 

Figure 8 Influence of the installation method for beam 1 DFOS 

4.2.3 Conclusions on installation technique 

No significant differences were observed in the strain 

curves among the various installation methods. Even with 

a subsequent installation, a good bond could be achieved 

between the component and the DFOS using the 2C adhe-

sive, even if the DFOS were directly glued to the smooth 

concrete surface. Extensive surface preparation (such as 

exposing the aggregate) was not necessary. However, for 

the sake of robustness, e.g., against mechanical impact 

and fire, as well as to enhance durability, groove installa-

tion is recommended for long-term monitoring of existing 

structures. To ensure a reliable bond between the DFOS 

and the component, the groove should be chosen suffi-

ciently large to allow the DFOS to be fully embedded in the 

adhesive matrix. Before gluing, the groove must be 

cleaned of dust and coarse impurities. 

4.3 Crack width calculation 

In the following, the crack widths calculated from fiber op-

tic measurements are compared with those of DIC meas-

urements. Figure 9 a) illustrates the crack pattern and 

strain distribution of beam 1 over a measuring length of 

60 cm for DIC. Here, four cracks (C1 to C4) with crack 

widths from 0.17 mm to 0.34 mm, and a smaller crack, 

labelled as “micro-crack” (M1), with a width of 0.03 mm at 

the same height as the DFOS were recorded. Thus, there 

is a broad spectrum of crack widths that can be utilized for 

the verification of the DFOS measurements.  

 
a) Crack pattern, strains and crack widths from DIC 

 

b) Comparison of DIC and ES 

 
c) Comparison of DIC and V9 

Figure 9 Strain curves and crack widths for DIC and DFOS inside 

groove of beam 1 (cf. [27]) 

The DIC measurement shows that strains approach infinity 

in the area of the cracks (absence of concrete) and de-

crease strongly between the cracks. Note that despite the 
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relatively small measuring volume the noise is much 

higher than for the DFOS. The subfigures 9 b) and c) pre-

sent the strain curves and crack widths for different DFOS 

on beam 1, which were installed in the groove. The crack 

widths for the DFOS were calculated, following the method 

described in Section 2.3, using the half crack spacing as 

the transfer length lt and considering TS with a maximum 

strain of 100 µm/m. For automated crack detection, a 

peak finding algorithm is used. To define whether a peak 

is a crack, the term prominence is introduced, which de-

scribes how far a peak stands out from its surrounding 

[35]. Due to the low noise level, the prominence for auto-

mated crack detection could be set to 100 µm/m. 

As shown in Figure 9 b), proper strain transfer was ob-

served for the ES, with all cracks except for the microcrack 

detected. The presence of pronounced strain peaks ena-

bles precise localization of cracks. The crack locations and 

also the calculated crack widths show good agreement 

with the DIC measurement. Figure 9 c) shows the much 

smoother strain curve of DFOS V9, where the strain peaks 

of the closely adjacent cracks C1 and C2 are smeared into 

one peak, and consequently, the two cracks are inter-

preted as one, leading to a significant overestimation of 

the crack width (wcr,DFOS = 0.43 mm ›› 0.26 mm resp. 

0.17 mm). It should be noted that the sum of the two sin-

gle cracks corresponds to the calculated DFOS-crack width 

of 0.43 mm. In regions where single cracks are detected 

via strain peaks as such, the calculated crack widths are 

in good agreement with DIC. 

4.4 Verification of crack widths 

Finally, as shown in Figure 10, the accuracy of the crack 

width calculation is verified using DIC as a reference meas-

urement. Due to practical relevance, only cracks with a 

width of more than 0.10 mm were considered. Thus, there 

were four cracks available for comparison for each beam. 

In subfigures a) to c), the crack widths obtained from the 

DFOS measurement are plotted against the DIC crack 

widths for the three different application methods. If the 

calculated crack width lies on the bisector, the two meas-

uring techniques for crack width determination agree com-

pletely. The dotted line indicates the tolerance range of 

0.05 mm, which is assumed to be the maximum permis-

sible deviation for practical use. 

Figure 10 a) shows the results for the DFOS bonded to the 

smooth concrete surface of beam 1 (“B1”). For the ES, 

there is an almost perfect agreement with the DIC, which 

is also evident in the comparison of the mean crack 

widths: wcr,ES = 0.277 mm ≈ wcr,DIC = 0.273 mm. As pre-

viously illustrated (cf. Figure 9), only three cracks could 

be detected along the measuring length of 60 cm with the 

V9. Due to the fact that two cracks are smeared into one 

peak, the crack width is significantly overestimated. The 

mean crack width for the V9 is wcr,V9 = 0.370 mm and is 

therefore much higher than the DIC measurement. 

As shown in Figure 10 b), for the DFOS measurements in 

the groove, an ES and a V9 were available for beam 1 and 

2, respectively. A similarly positive result was obtained for 

the ES as in the previous analysis, where the DFOS were 

directly bonded to the surface. Despite more pronounced 

strain peaks for DFOS glued to the surface, the area under 

the strain curve remains approximately the same. There-

fore, the crack widths for the ES in the groove also agrees 

well with the reference measurement. Only for beam 2 

(“B2”), the crack widths are slightly underestimated in 

three cases, but the deviations between DFOS and DIC are 

within the tolerance range. Also with the V9 in the groove, 

the smoothed strain profile largely overestimates the 

crack widths in two cases. In two other cases, where the 

individual cracks were detected as such, the measured 

crack widths are also outside the tolerance range (overes-

timation of crack widths). 

As the cracks close towards the neutral axis, it is con-

sistent with the observation in Figure 10 c) that the DFOS 

crack widths measured at the level of the rebars are 

smaller than the crack widths detected with DIC on the 

surface. The crack widths for the ES are mostly between 

the bisector and the lower limit for the allowable deviation. 

The mean crack width for ES is 0.042 mm lower than the 

DIC crack width. In contrast, the crack widths of the V9 

fluctuate around the reference measurement. As before, 

two cracks were also smeared into one. The V9 installed 

in beam 1 has failed, as mentioned earlier. 

a) DFOS on surface b) DFOS in groove c) DFOS inside the beams 

Figure 10 Calculated crack widths compared to DIC depending on DFOS installation 
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In summary, it can be stated that the influence of the ap-

plication technique for the investigated robust DFOS on 

the crack width calculation is small. Reliable crack width 

determination is possible even for DFOS subsequently in-

stalled on existing structures. For the monolithic ES, max-

imum deviation from DIC was 0.044 mm and thus within 

the defined tolerance range of 0.05 mm. The layered V9 

showed significantly longer transfer lengths than the ES. 

Especially with small crack spacings, there is a risk that for 

two cracks only one strain peak is formed, resulting in a 

substantial overestimation of the actual crack width. In 

this paper, the use of robust DFOS with a diameter ∅ ≥ 

3 mm was investigated. For crack monitoring in laboratory 

tests, more filigree DFOS, e.g., with an acrylate or 

ORMOCER® coating, may also be suitable [27]. 

5 Conclusions 

In the past, several studies have demonstrated the gen-

eral feasibility of crack width measurement using DFOS. 

In order to ensure reliable crack monitoring on existing 

structures, in the present study, the influence of applica-

tion technique as well as the choice of the DFOS type on 

the signal quality was investigated. Two different robust 

DFOS, suitable for harsh construction site conditions, were 

compared. Therefore, two 4 m long reinforced concrete 

beams were loaded in a 4-point bending test under service 

load level. 

For subsequent installation, a stiff and homogeneous bond 

between the DFOS and the component over the entire 

measuring length must be ensured, as otherwise smeared 

strain curves may occur. The tests have shown that also 

for subsequently installed DFOS, a proper strain transfer 

can be achieved with the 2-component adhesive used. For 

DFOS bonded directly to the smooth concrete surface, 

even the most pronounced strain peaks were visible. 

Bonding in a groove involves the risk that the DFOS is not 

fully embedded in the adhesive matrix. Nevertheless, to 

increase robustness and ensure long-term measurement, 

installation along a groove is recommended. The groove 

size should be chosen sufficiently large to ensure that the 

DFOS can be fully embedded in the adhesive matrix. 

It was demonstrated that the choice of DFOS has a signif-

icant impact on the measurement quality. The advantages 

of monolithic over layered DFOS are in the stiffer strain 

transfer between the host material and the optical fiber. 

While layered DFOS result in attenuated strain curves due 

to possible slippage between individual layers, DFOS with 

a monolithic cross section exhibit distinct strain peaks, al-

lowing even very small cracks (<0.05 mm) to be detected, 

precisely located and their crack widths calculated accu-

rately. For all monolithic DFOS subsequently installed, the 

deviations for the calculated crack widths were within the 

tolerance range of 0.05 mm. The average absolute devi-

ation for the ES laid within a groove on beam 1 and 2 was 

0.015 mm, which indicates a perfect suitability for crack 

monitoring. The damped strain curves of layered DFOS can 

cause two closely spaced cracks be blurred within a single 

strain peak, resulting in a significant overestimation of 

crack widths. 

It was shown that the potential of crack monitoring using 

DFOS can also be exploited for existing structures, where 

the DFOS has to be installed subsequently. In the future, 

the efficiency of structural inspection is expected to be 

strongly increased with the use of fiber optic sensing. 

Thereby, the presented crack monitoring is just one ex-

ample of the numerous potential application fields. 
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